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PREFACE 

Engineers and contractors have bee designing and installing pile foundations for many 
years. During the past three dee des this industry has experienced several major 
improvements including newer and more accurate methods of predicting capacities, 

highly specialized and sophisticate equipment for pile driving, and improved methods 

of construction control. 

In order to take advantage of these ew developments, the FHWA developed a manual 
in connection with Demonstration Pr ject No. 66, Design and Construction of Driven Pile 
Foundations. The primary purpose f the Manual was to support educational programs 
conducted by FHWA for transporta ion agencies. These programs consisted of (1) a 
workshop for geotechnical, struct ral, and construction engineers, and (2) field 
demonstrations of static and dynam c load testing equipment. Technical assistance on 
construction projects in areas cove ed by this Demonstration Project was provided to 
transportation agencies on request A second purpose of equal importance was to 
serve as the FHWA's standard ref rence for highway projects involving driven pile 

foundations. 

The original Manual was written by Suneel N. Vanikar with review and comment from 
Messrs. Ronald Chassie, Jerry DiM ggio, and Richard Cheney. 

After a decade of use it was neces ary that the Manual be updated and modified to 
include new developments that ha taken place in the intervening years and to take 
advantage of the experience gaine in using the Manual in the many workshops that 

were presented by Demonstration roject 66. The new version of the Manual was 
prepared by Goble Rausche Likins nd Associates, Inc. under contract with the FHWA. 

The Manual is presented in two volumes. Volume I addresses design aspects and 
Volume II presents topics related to driven pile installation, monitoring, and inspection. 

The new Manual is intended to serve a dual purpose. First, as a workshop participant's 
manual for the FHWA's National Hig way Institute Courses on Driven Pile Foundations. 

Similar to the earlier demonstration anual, this document is also intended to serve as 
FHWA's primary reference of recom ended practice for driven pile foundations. 
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Upon completion of NHI Course 13221, participants will be able to: 

1. Describe methods of pile faun ation design. 

2. Discuss driven pile constructi n materials and installation equipment. 

3. Describe the timing and sco e of the involvement of foundation specialists as a 
project evolves from concept hrough completion. 

4. Perform a foundation economic analysis and detmmine the need for a driven pile 
foundation. 

5. Recognize the pile type selecti n process and the advantages and disadvantages of 
common driven pile types. 

6. Compute single and group ca acities of driven piles to resist compression, tension 
and lateral loads. 

7. Identify when and how dyna ic formulas, wave equation analyses, dynamic pile 
testing and static load testing hould be used on a project. 

8. Discuss the components of s ructural foundation reports and controlling issues of 
specifications and contracting documents as related to a successful construction 
project. 

9. Describe the concept and proj ct influence of driveability, pile refusal, minimum and 
estimated pile toe elevations, oil setup and relaxation. 

Upon completion of NHI Course 3222, participants will be able to: 

1. Describe methods of driven pil construction monitoring and inspection practices and 

procedures. 'i 

2. Discuss pertinent driven pile stecification and contract document issues. 

I 
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3. Describe wave equation, dynami testing and static testing results in terms of their 

application and interpretation on construction projects. 

4. Identify the basic components and differences between various pile driving systems, 

associated installation equipmen , pile splices and pille toe attachments. 

5. Interpret a set of driven pile plan details and specifications. 

6. Inspect a drive pile project with nowledge and confidence. 

The authors' recognize the efforts of the project technical! manager, Mr. Jerry DiMaggio, 

FHW~ Senior Geotechnical Engine r, who provided invaluable guidance and input for 
the new manual. 

The authors' also acknowledge the additional contributions of the following technical 
review panel members listed in alp abetical order: 

Mr. Chien-Tan Chang - FHWA 
Mr. Richard Cheney - FHWA 

Mr. Tom Cleary - New Hampshir DOT 
Mr. Kerry Cook - FHWA 
Mr. Chris Dumas - FHWA 
Mr. Carl Ealy - FHWA 
Mr. Sam Holder - FHWA 

Mr. Paul Macklin - Colorado DO 
Mr. Paul Passe - Florida DOT 

Mr. Jan Six - Oregon DOT 

Mr. Suneel Vanikar - FHWA 

The authors' also wish to acknowle ge the following individuals of the author's internal 

peer review team for their technic I advice and contributions in preparing the new 
manual. 

Dr. Joseph Caliendo - Utah State University 
Dr. D. Michael Holloway - lnSituT ch 

Mr. Robert Lukas - Ground Engin ering Consultants 
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Lastly, the authors' wish to than the following Goble Rausche Likins and Associates, 
Inc. employees for their vital contr butions and significant effort in preparing this manual: 

Ms. Barbara Strader, Ms. Beth Ri hardson, Mr. Scott Webster, Mr. Neil Harnar, Mr. Jay 
Berger and Mr. Joe Beno. 
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1. NEED FOR A PILE MANUAL 

In 1985 the Federal Highway Admini tration published the first edition of this manual. 
The goals of that work are unchange , so it is useful to n:ipeat them here with modest 
updating. 

1. There exists a vast quantity of inf rmation on the subject of pile foundations which 
presently is not compiled in a for which is useful to most practicing engineers. 
There are proven rational design procedures, information on construction materials, 
equipment and techniques, and u eful case histories. Unfortunately, much of this 
information is fragmented and sea ered. Standard textbooks and other publications 
on the subject tend to be theoreti ally oriented; practicing design and construction 
engineers often find them lacking in practical aspects. 

2. Many of the methods currently in ractice often lead to unnecessarily conservative 
designs because they are base solely on experience and tradition with little 
theoretical background. Newer an more rational design procedures and techniques 
can be applied to provide more ec nomical pile systems which will safely support the 
applied structural loads without ex essive safety factors. 

3. During fiscal year 9~1. FHWA a d the State Transportation departments spent 
approximately 5.0 billion dollars fo constructing, replacing, or rehabilitating bridges. 
Of that amount approximately 1 .5 illion dollars were spent on bridge substructures 

and of that, at least 750 million dollars were ·spent on Ioundations. In addition, city 
and county governments, whose ractices closely follow the State practices, spend 
large amounts on construction of bridges. There are opportunities for substantial 
savings in foundation construction costs, specifically in the area of pile foundations. 

Cost savings can be achieved b the use of improved methods of design and 
construction technology. A minim m of fifteen percent of the substructure cost can 
be easily saved by utilizing such r11ethods and, in most cases, the savings are more 
significant. I 

1, 

4. A comprehensive manual has bJen needed for some time to transfer available 

technology and to upgrade the lev~I of expertise in pile foundations. This manual is 
intended to fulfill that need as well las to establish minimum design standards. 

I 
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5. Design criteria for major and nusual bridge structures is becoming more complex 
and sophisticated. Extreme esign events such as scour, debris loading, vessel 
impact, and seismic events produce great need for foundation performance under 
lateral and uplift loading, roup behavior, and substructure - superstructure 
interaction. This new series f performance criteria frequently result in foundations 
which are more costly, more omplex to design, and more difficult to construct. 

The original manual represented a major advance in that it included the most modern 
technology for pile design that w s available. At the same time, the manual presented 
this technology so that it was u able to the practicing engineer. The work was very 
successful helping many tran portation departments to modernize their design 
procedures. Ten years have sin e elapsed. Changes in pile design, construction, and 
performance requirements make it necessary to update the manual. 

1.1 SCOPE OF MANUAL 

Since most piles used for highw y structures are driven piles, and to keep this manual 
to a manageable size, this ma ual is limited to driven piles. The manual has been 
divided into two volumes. Volu e I covers the design of pile foundations and Volume 
II covers installation, construe ion control, and inspection. However, sufficient 
information is provided in Volum I so that spread footings and drilled/bored piles, e.g., 
drilled shafts, auger cast piles, e c., can be considered in the foundation type selection 
process. This manual is intende to serve as a reference to all practical aspects of the 
design and construction of drive pile foundations. 

All aspects of pile foundation de ign and construction, including subsurface exploration 
and laboratory testing, design analysis, foundation report preparation, and construction 
monitoring are covered in a sy tematic manner. Theoretical discussions have been 
included only where necessar . Specific recommendations are made wherever 
appropriate. Workshop exercis s are included to provide hands-on knowledge to 
workshop participants and man al users. 

It is important for design and construction engineers and pile construction inspectors to 
be familiar with pile driving eq ipment, accessories and inspection procedures. A 
separate section on this subject is included in this manual to fulfill this need. 
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During the period that the first edi ion of this manual was in use, several changes 
occurred in design requirements. F r example, more stringent requirements for scour, 
vessel impact and seismic events have been implemented in design. The scour 
requirements make pile driveability a alysis more critical. For vessel impact and seismic 
considerations, both pile uplift and la eral analyses are becoming more important. It has 
become much more common to co sider the effects of soil strength changes with time 
in the design and construction proc ss. In the past ten years, a better understanding 
of pile group behavior has been g ined and this knowledge is now being put into 
practice. Finally, Systems lnterna ional (SI) units are being adopted for highway 
construction and they will be used t roughout the updated manual. 

As with the previous document, this dition is still the basis for a course on the design 
of driven pile foundations. This co rse will continue thEl original goal of modernizing 
transportation department practice i this area. Also, new engineers continue to join 
transportation department organizati ns and require updating of their knowledge in the 
practical aspects of pile design and installation. 

The use of Load and Resistance Fa tor Design (LRFD) 1ror highway bridges has been 
approved by the Subcommittee for ridges and Structures of the American Association 
of State Highway and Transportati n Officials (AASHTO). This design philosophy 
includes foundations and, of course, driven piles. This manual will continue to follow the 
working stress design philosophy b t it is appropriate to include a brief discussion of 
LRFD here to offer a conceptual intr duction to the method. 

In the LRFD design approach, the tr ditional "Safety Factor11 is divided into a number of 
partial safety factors on the loads, oad Factors, as well as factors on the strength, 
Resistance or "CD-Factors." The Load Factors have been developed for the various loads 
and selected load combinations by structural engineers using probabilistic concepts. 
They have also developed the neces ary ct>-Factors for the various structural materials, 
elements, and failure modes. The esults of research studies have been extensively 
published and discussed in the s ructural design community. The CD-Factors for 
foundation design have also been s lected (Barker et al. 1991). 

The general methods of Load and esistance Factor Design have been presented in 
engineering schools for the past 30 ears in structural design courses but it is generally 
a new concept to most foundation s ecialists. 
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1.2 INFORMATION SOURCES 

The information presented in this manual has been collected from several sources. The 

information has been condens d, modified and updated as needed. The sources 
include state-of-the-art technical ublications, manufacturers' literature, existing Federal 
Highway Administration (FHWA) nd Transportation Research Board (TRB) publications, 

standard textbooks, and infor ation provided by :State and Federal transportation 

engineers. Reference lists are p ovided at the end of each chapter. 
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2. ECONOMICS F STRUCTURAL FOUNDATIONS 

Foundation design and construction involve engineering, economic, and constructability 
considerations pertinent to the partic lar site in question. The engineering considerations 
are addressed by determining the foundation loads and performance requirements, 
development of the foundation design arameters and design analysis. The design analysis 
coupled with past experiE3nce will pro ide several feasible foundation alternatives. 

The next step involves an economics e aluation of potential foundations. Several foundation 
alternatives may be satisfactory fo the subsurface conditions while also meeting 
superstructure requirements. Howeve , of all the foundation alternatives, generally only one 
will have the least possible cost. 

Last, the constructability of a pote tial foundation must be considered. A potential 
foundation solution may appear to be the most economical from purely a design 
perspective, but may not be most eco omical when limitations on construction activities are 
fully considered. Constructability issu s such as impact on adjacent structures, equipment, 
access, methods, work hours, etc., ust be considered in design. 

2.1 ALTERNATE FOUNDATION CO SIDERA TIONS 

To determine the most feasible found tion alternatives, both shallow foundations and deep 
foundations should be considered. eep foundation alternatives include both piles and 
drilled shafts. Proprietary deep found tions systems should not be excluded as they may 
be the most economical alternative in given condition. This manual covers the design and 
construction of driven pile foundation . Therefore, design and construction procedures for 
shallow foundations and drilled shaft will not be covered herein. Additional details on 
spread footings for highway bridges ay be found in FHWNRD-86/185 Spread Footings 
for Highway Bridges by Gifford et al. (1987). The FHWNADSC publication FHWA-Hl-88-042 
by Reese and O'Neill (1988) summari es design methods and construction procedures for 
drilled shafts. 

A cost evaluation of all feasible foun ation alternatives is essential in the selection of the 
optimum foundation system. Pile foundation cost data for completed projects can be 
obtained from statewide average bid prices available from state transportation agencies. 
Foundation contractors can also prov de rough estimates on foundation items. 
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Cost analyses of all feasible alter atives may lead to the elimination of some foundations 

qualified under the engineering st dy. Other factors that must be considered in the final 

foundation selection are availabi ity of materials and equipment, local contractor and 

construction force experience, as well as any environmental limitations/considerations on 

construction access or activities. 

For major project~, if the estimate costs of alternatives during the design stage are within 

15 percent of each other, then lternate foundation designs should be considered for 

inclusion in the contract docume ts. If an alternate design is included in the contract 
documents, both. designs shoul be adequately detailed. For example, if two pile 

foundation alternatives are detailed, the bid quantity pile lengths should reflect the estimated 

pile lengths for ea~h alternative. therwise, material costs and not the installed foundation 
cost will likely determine the low id. Use of alternate foundation designs will generally 

provide the most cost effective to ndation system. 

As noted earlier, proprietary pile ty es should not be routinely excluded from consideration. 

In a given soil con~ition, a propriet ry system may be the most economical foundation type. 
Therefore, a proprietary system sh uld be considered as a viable foundation alternate when 

design analyses indicate the cost t be within 15% of a conventional design. A conventional 

design alternate should generally e included with a proprietary design alternate in the final 

project documents to stimulate co petition. 

2.2 USE OF VALUJE ENGINEERIN PROPOSALS 

Value engineering iis a cost saving technique that can be used either in the pre-bid or post 

bid stage of a contract. Value en ineering consists of a five step logical thought process 

used to obtain the ,desired perform nee for the lowest cost achievable. The five steps may 

be described as fd>llows: 

1. Information gattr1ering. 

2. Information analysis to underst nd the problem. 

3. Creative thinking) to arrive at alt rnatives giving the same performance at lower costs. 
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4. Systematic judging of the results frpm step 3. 

5. Detailing of selected alternatives frq)m step 4. 

Value engineering cam readily be app ied to foundation en~Jineering by allowing the use of 
value engineering change proposals! in design or construction contracts. The obvious 
benefit of value engineering to the o{vner is a lower cost foundation. The consultant or 

contractor reward for an alternative fo~ndation solution is typically a percentage of the cost 

savings realized by the owner. 

For value engineerinm to be success~ul, the owner must IJe assured that the foundation 

performance criteria remain satisfied.j This requires the owner to engage knowledgeable 

experts to review and comment on su~mittals as well as to IJe actively involved in resolution 
of technical details. In some case$, design verification testing or more sophisticated 

construction control may be required! in order to confirm foundation performance criteria. 

Lastly, the review of submitted proposals must also be completed in a reasonable time 

period. 

Significant cost savings can result frtom value engineering. However, the cost savings 
I 

should not be achieved by acceptarke of unproven pile types, splices, etc. Proposed 

substitutions should be of equivalent Quality and have a documented performance record 
in similar foundation installation conditions. 

2.3 DESIGN - BUILD PROPOSALS 

Another potential cost saving method is the use of design - build proposals. In this 

approach, the owner details the general project scope and performance requirements and 

solicits design - build proposals. New cost effective solutions may emerge from the design 

- build method since multiple firms ar¢ looking at the design and construction issues rather 
than a single designer. The design - build method also allows contractors to use their 

knowledge of special equipment or procedures. In design - build projects, it is important 

for the owner to understand and clearly communicate the project scope, performance 

requirements, and desirHd end product as well as method of measurement for payment. 

Failure to do so may result in a constructed product not r;;neeting the owners expectations 
or failing to meet the agreed-upon budget. 
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2.4 EXAMPLES Q)F COST SAVIN S BY UTILIZING MODERN DESIGN AND 
CONSTRUCTION CONTROL PRACTICES 

There are many factors which ent r into the cost of a structure foundation. A failure to 
understand and c~nsider any one of them will add to the total cost of the work. Use of 
overly conservative designs and inappropriate construction practices may result in 
significantly great~r foundation c sts. These practices are also often associated with 
increased risk of large, change ord rs or claims. 

Use of modern de$ign and constru tion methods, techniques, and equipment can provide 
an efficient found~tion system wi hout compromising safety or the service life of the 
structure. Outdate~ pile foundatio practices usually lead either to extremely conservative 
and inefficient pilimg systems or nsafe foundations. Opportunities for rational design, 
construction, and· cost savings xist in several areas of pile foundations. These 
opportunities are summarized in T ble 2-1. 

Transportation ag~ncies that are aking advantage of modern design and construction 
control methods have reduced fou dation costs while obtaining greater confidence in the 
safety and the seritice life of their tructures. The following case histories present these 
facts very clearly: 
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- TABLE 2-1 COST SAVING RECOMMENDATIONS FOR PILE FOUNDATIONS 

Factor Inadequacy of Older Methods Cost Saving Recommendations Remarks 

A. Design structural load 1. Allowable pile material stresses 1. Use realistic allowable stresses for pile 1. Rational consideration of Factors 
capacity of piles. may not address site specific materials in conjunction with adequate A and B may decrease cost of a 

considerations. construction control procedures, i.e., foundation by 25 percent or more. 
load testing, dynamic testing and wave 
equation. 

B. Design geotechnical 1. Inadequate subsurface 1. Perform thorough subsurface exploration 1. Reduct, on of safety factor can be 
capacity of soil and rock to explorations and laboratory inr.h 1rling in-~ih I J:1nrl IJ:1bOrJ:1tnry ti:>~ting tn justified because some of the 
carry load transferred by testing. determine design parameters. uncertainties about load carrying 
piles. 2. Rules of thumb and prescription 2. Use rational and practical methods of capacities of piles are reduced. 

values used in lieu of static design. 2. Rational pile design will generally 
design may result in overly 3. Perform wave equation driveability lead to shorter pile lengths and/or 
conservative designs. analysis. smaller number of piles. 

3. High potential for change orders 4. Use design stage pile load testing on 
· and claims. - --- --- -· -

. . . . . ·~------· -·-- ·--- ... .. 
~-·· ""'::,~ )""'~ UI . .,,~ 1-''~1~~•~ LV -~•~•111111<, 

load capacities (load tests during design 
stage). 

I\) C. Alternate foundation 1. Alternate foundation designs are 1. For major projects, consider inclusion of 1. Alternative designs often generate 
I 

(J1 design. rarely used even when alternate foundation designs in the more competition which can lead 
possibilities of cost savings exist contract documents if estimated costs of to lower costs. 
by allowing alternates in contract feasible foundation alternatives are 
documents. within 15 percent of each other. 

D. Plans and specifications. 1. Unrealistic specifications. 1. Prepare detailed contract documents 1. Lower bid prices will result if the 
2. Uncertainties due to inadequate based on thorough subsurface contractor is provided with all the 

subsurface expiorations force the expiorations, understanding of avaiiabie subsurface information. 
contractors to inflate bid prices. contractors' difficulties and knowledge of 2. Potential for contract claims is 

pile techniques and equipment. reduced with realistic 
2. Provide subsurface information to the specifications. 

contractor. 

E. Construction determination 1. Often used dynamic formulas 1. Eliminate use of dynamic formulas for 1. Reduced factor of safety may 
of pile load capacity during such as Engineering News are construction control as experience is allow shorter pile lengths and/or 
installation. unreliable. Correlations between gained with the wave equation analysis. smaller number of piles. 

load capacities determined from 2. Use wave equation anarysis coupled 2. Pile damage due to excessive 
Engineering News formula and with dynamic monitoring for construction driving can be eliminated by using 
static load tests indicate safety control and load capacity evaluation. dynamic monitoring equipment. 
factors ranging from less than 1 3. Use pile load tests on projects to -- 3. Increased confidence and lower 
(i.e. failure) to about 20 (i.e. substantiate capacity predictions by risk results from improved 
excessive foundation cost). wave equation and dynamic monitoring. construction control. 



The Alsea River Bridge is a 890 me er long concrete arch structure that was completed in 

1991 at a cost of a~out $35 million. The bridge is supported on 33 to 43 meter long piles 

driven through thiqk sand and sil deposits to an underlying siltstone bedrock. The 
preliminary foundation design wa based on a design load of 1335 kN per pile. 

I 

Approximately 29,8$0 linear meters of steel pipe piling was anticipated in this foundation 
design. 

Early during the design stage of the lsea River Bridge project, a pile load test program was 

conducted as part qf FHWA Demon tration Project 66. The static load test frame, dynamic 

pile testing services, static load te ting services and associated technical support were 

provided as part of ~he FHWA dem nstration project. Both a 508 mm square prestressed 
concrete pile and a 610 mm diame er steel pipe pile with a wall thickness of 13 mm were 

driven and load tested. 

As a result of this d~sign stage test program, the final foundation design utilized a design 

load of 2670 kN or twice the design I ad anticipated in the preliminary design. This resulted 

in both the number ~f piles and the ile material quantity being reduced by about one half. 

As part of the final! dEisign, select d production piles were dynamically tested for pile 

capacity confirmatidn. 

Table 2-2 summarizes the test program costs as well as the foundation savings realized 
I 

from the design stage test program. The test program cost roughly $350,000 and resulted 

in a net foundation dost savings of $ .1 million or a benefit-cost ratio in excess of 6: 1. The 

foundation cost savir,gs do not cons der the cost savings from other items such as smaller 

footing and cofferd~m sizes or redu ed construction time making the actual savings even 

greater. The net foundation cost sa ings was 6% of the total bridge cost. 
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I 

TABLE 2-2 FOUNDATION CO$T SAVINGS FOR THE ALSEA RIVER BRIDGE 
! 

Test Program Costs Static ~oad Test $210,000 

I 

Load ~rame and FHWA Technical Services $100,000 * 
I 
! 

Dyna~ic Testing of Production Piles $40,000 

Total C ,OSt $350,000 

Foundation Savings Elimirn ation of 14,922 Linear Meters of $2,447,000 
Piling ft $164/m 

Small~r Footing and Cofferdam Sizes Not 
! Quantified 

Decre~sed Foundation Construction Time Not 
from ewer Piles Quantified 

I 

Total~ avings $2,447,000 

Net Cost Savings 
I 

$2,097,000 
I 

Benefit - Cost Ratio >6:1 

Net Savings as Percentage I 6% 
of Total Bridge Cost I 

* Estimated Cost 
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2. Washin ' artment of Tra ortation - Third Lake Washin · e 
' 

The Third Lake Washington Bridge is a 2560 meter long bridge that carries 1-90 over Lake 

Washington. The bridge has a tot I cost of approximately $96 million with $64 million for 

a floating main structure and the remainder for the approach structures that are pile 
supported. The approach structur s were located in water depths of up to 28 meters. 

The preliminary four,dation design f r the approach structures recommended a pile design 

load of 2670 kN for eit~1er 1219 mm diameter steel pipe piles with a wall thickness of 32 mm 
or 1372 mm diameter prestressed concrete cylinder piles. The soil profile consisted of 

loose sands and silts over a very ense granular glacial till. It was believed that the pile 

design load could be increased if ile capacity and driveability into the glacial till could be 

verified through a testing program. Pile driveability into the glacial till was a critical design 

requirement for both compression nd uplift loading. 

A pile load test program was cond cted as part of FHWA Demonstration Project 66. The 
static load test frame, dynamic pile testing services, static load testing services and 
associated technical support were rovided as part of the FHWA demonstration project. 

For the test program, 1219 mm clos d end pipe piles were chosen in order to develop high 

toe resistances in the glacial till and thereby support large compression loads. Preliminary 

wave equation analyses indicated th t a 19 mm wall thickness could be used instead of the 
32 mm wall thickness. To meet upl ft requirements, a short non-displacement pile section 

was spliced below the pipe pile cl sure plate. Two pipe piles were driven and statically 

load tested in both compression an tension as part of the test program. One of the two 

piles was fitted withi a 3 m long H- ile section below the pipe pile closure plate and the 
other with a 3 m long, 1219 mm di meter open pipe section. 

As a result of this desi~in stage test program, the final foundation design utilized a design 

load of 4450 kN, or a 67% increas from the design load anticipated in the preliminary 

design. Preliminary wave equation a alysis results confirmed by test program dynamic and 

static compression load test resul s made possible a 40% reduction in the pile wall 

thickness over the preliminary desig pile section. Based on the tension load test results, 

the H-pile section b¢1ow the pipe pil closure plate provided the higher uplift capacity and 
was therefore choseh for final desig . The test program reduced the number of foundation 

piles required and lowered pile mat rial costs. 
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Table 2-3 summarizes the test progr~m costs as well as the foundation savings realized 
from the design stage test program. !The test program cost roughly $500,000 and resulted 
in a net foundation cost savings of $51 million or a benefit-cost ratio of 10: 1. The foundation 
cost savings includes t11e cost savi~gs from the increased design load and thus fewer 
foundation piles, the reduced pile w$II thickness, and the smaller pile cap size. The net 
foundation cost savings was 15% of t~e pile supported approach structure cost. Additional 

I 

information on the Third Lake Wash,ngton Bridge project may be found in Vanikar and 
Wilson (1986). 

I 

TABLE 2-3 FOUNDATION COST ~AVINGS FOR THE THIRD LAKE WASHINGTON 
BRIDGE 1 

: 

Test Program Costs • 12-Compression Load Tests $500,000 

• :2-Uplift Load Tests 
1, 

I 

• i2-Reaction Pile and Frame Setups 
'1 

• :Dynamic Testing 

i 

Foundation Savings • \Fewer Piles through 67% Increase $5,500,000 
!in Pile Design Load 

• !Reduced Material Costs Resulting 
ifrom 40% Reduction in Pile Wall 
1Thickness 

• ;smaller Pile Cap Size 

I 

I 

Net Cost Savings $5,000,000 

Benefit - Cost Ratio >10:1 
' 

Net Savings as Percentage 15% 
of Approach Bridge Cost 
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The Oregon Depar~ment of Transp rtation has conducted static pile load tests during the 

construction stage iOf several bridg projects. The purpose for these load tests was to 

determine the pile len~~ths needed. Table 2-4 presents a summary of the cost savings 
achieved on three ©regon DOT pro·ects. 

' I 

At the Denny Road
1 
Interchange Pr ject, two 305 mm square prestressed concrete piles 

were load tested. The design load was 445 kN with an ultimate pile capacity of 890 kN. 

Static pile capacity ~alculations sho ed that 12 m long piles were needed. A 9 m long load 

test pile provided an ultimate capaci of approximately 1600 kN. The 9 m long piles (safety 

factor = 3.6) were used, providing 3 m reduction in pile length for each of the 542 piles. 

The reduced pile length resulted in net cost saving of $55,000. 

At the Allen Boulevard Interchange static analysis showed that 15 m pile lengths were 

needed for 305 mm '!square prestres ed concrete piles. The ultimate pile capacity was 1245 
i 

kN for piles with a tjesign load of 6 5 kN. Two piles each at two pier locations were load 
tested to failure. A :11 m long pile f iled at 117 4 kN. Another 11 m long pile and two 14 

m long piles failed at loads in exce s of 1780 kN. Therefore, a 12 m length was selected 

for production piles! with an ultimat pile capacity of 1245 kN. The 3 m reduction in pile 

length for 516 prediction piles resulted in a net cost saving of $60,000. 

At the Airport Roa~ Interchange (I 205), static analysis indicated that a pile length of 

approximately 40 ~ would be req ired to obtain an ultimate pile capacity of 1600 kN 

(design load of 800 kN) with som variations in length depending on the type of pile 

analyzed. The contrract documents I lowed the contractor the option to use HP 31 0x79 H

piles, 324 mm O.D.:, steel piles (clo ed ended and concrete filled) or 406 mm octagonal 

prestressed concret~ piles. The pr ject low bidder selected the 324 mm O.D. pipe piles. 

Two pipe piles were'1 tested at each f two pier locations. At each location 30 m and 33 m 
long piles were load tested. The ult mate capacities of four load tested piles ranged from 

1320 to 2260 kN. The final average length of production piles was 30 m compared to an 
! 

estimated length of f3.bout 40 m. A et cost savings of $135,000 was achieved on the 409 

production piles. 

These Oregon DOT projects were no large enough to justify the costs of separate load test 

programs during th~ dE!sign stage. However, these case histories show cost savings can 

be achieved from cd>nstruction stag load tests. 
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I 

-L 

-L 

Bridge 
Location 

SR 17 Denney 
Road 
Interchange, 
Washington 
County 

SR 217 Allen 
Boulevard 
Interchange, 
Washington 
County 

1-205 Airport 
Road 
Interchange, 
Multnomah 
County 

TABLE 2-4 FOUNDATION COST SAVINGS FOR OREGON BRIDGES 

No. of Pile Size Reduction Basis for Net Savings 

Pile and Type in Pile Reduction Actual % of 

Supported Length in Length Savings Bridge 

Foundation Cost 

Units 

14 305 mm square 3 m length Pile load $55,000 3.1% 

prestressed reduction in tests with 
concrete; 9 m long each of 542 factor of 
( combination of toe piles safety of 3.6 
resistance and shaft 
resistance in very 
stiff silty clay). 

12 305 mm square 3 m length Pile load $60,000 1.9% 

prestressed reduction in tests with 
concrete; 12 m long. each of 516 factor of 
(combination of toe piles. safety of 2 
resistance and shaft 
resistance in very 
stiff silty clay). 

23 324 mm 0.0. steel 9 m length Pile load $135,000 4.1% 

pipe, concrete filled; reduction in tests with 

30 m long. each of 409 factor of 
( combination of toe piles safety of 2 

resistance and shaft 
resistance in 
medium to dense . sand) . 

Savings Remarks 
% of 
Pile 

Cost 

26.0% More 
savings 
would have 
resulted 
from a 
reduction in 
factor of 
safety to 2.0. 

19.7% 

25.4% 



The North Carolin!a DOT provide two alternate foundation designs in the contract 

documents for the ~ual U.S. 17 Brid es over the Dismal Swamp Canal. Alternate No. 1 was 

the standard State, foundation design and consisted of 559 mm octagonal prestressed 

concrete piles. Alt$rnate No. 2 consisted of 1372 mm prestressed concrete cylinder piles. 

Only one contractor submitted a bi on Alternate No. 1 , the standard State pile foundation 

design. This bid totaled 3. 7 mi Iii n dollars for the foundation items. Five contractors 
submitted bids for Alternate No. 2. hese bids ranged from 2.9 to 4.4 million dollars for the 

foundation items. The low bid fort e bridge contract was for Alternate No. 2 with the 2.9 

million dollar bid for, the foundation i ems. Hence, an apparent savings of 0.8 million dollars 

was achieved over ithe State's stan ard pile foundation alternate. 

This case history illµstrates that alt mate designs generate competition and can result in 
cost savings. 
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3. OVERVIEW OF PILE FO~NDATION DESIGN AND CONSTRUCTION 
! 

3.1 DESIGN OF PILE FOUNDATIO~S 

I 

As stated by Professor R. B. Peck, "driving piles for a foundation is a crude and brutal 
process". The interactions among the piles and the surrounding soil are complex. 
Insertion of piles generally alters the character of the soil and intense strains are set up 
locally near the piles. The nonho~ogenity of soils, along with the effects of the pile 
group and pile shape, add further dif~iculties to the understanding of soil-pile interaction. 

I 
I 

Broad generalizations about pile b' havior are unrealistic. An understanding of the 
significance of several factors involv d is required to be successful in the design of pile 
foundations. Because of the inheren complexities of pile behavior, it is necessary to use 
practical semi-empirical methods of design, and to focus attention on significant factors 
rather than minor or peripheral details. The foundation engineer must have a thorough 
understanding of foundation loads, ubsurface conditions including soil/rock properties 
and behavior, the significance of sp~cial design events, foundation performance criteria, 

I 

and current practices in foun,dation resign and construction in the area where the work 
is to be done to arrive at the optim4m foundation solution. 

' 

3.2 CONSTRUCTION OF PILE F00NDATIONS 

! 
Construction of a successful drive~ pile foundation that meets the design objectives 
depends on relating the requiremen~s of the static analysis methods presented on the 
plans to the dynamic methods of fi+ld installation and construction control. The tools 
for obtaining such a foundation rriust be explicitly incorporated into the plans and 
specifications as well as included in the contract administration of the project. 

I 

I 
It is important that a pile foundatio~ be installed to meet the design requirements for 
compressive, lateral and uplift cap4city. This may dictate driving piles for a required 

ultimate capacity or to a predetermi~ed length established by the designer. It is equally 
important to avoid pile damage or fo ndation cost overruns by excessive driving. These 

objectives can all be satisfactorily a hieved by use of wave equation analysis, dynamic 
monitoring of pile driving, and statiq load testing. Commonly used dynamic formulas, 
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such as Engineering News formul , have proven unreliable as pile capacities increased 
and more sophisticated pile insta lation equipment was routinely used by contractors. 

Knowledgeable construction su ervision and inspection are the keys to proper 
installation of piles. State-of-the-art designs and detailed plans and specifications must 
be coupled with gbod constructi n supervision 'to achieve desired results. 

Post construction review of pile d iving results versus predictions regarding pile driving 

resistances, pile l~ngth, field pro lems, and load test capacities is essential. These 
reviews add to the1 experience of II engineers involved on the project and will enhance 
their skills. 

3.3 GEOTECHNIGAL INVOLVEM NT IN PILE FOUNDATION PROJECT PHASES 

The input of an e~perienced geo echnical engineer from the planning stage through 
project design arid construction is essential to produce a successful driven pile 
foundation. The g,ote~chnical engineer who specializes in foundation design is the most 
knowledgeable person for selecti g the pile type, estimating pile length, and choosing 
the most appropr:iatei method to determine ultimate pile capacity. Therefore, the 
geotechnical engiheer should b involved throughout the design and construction 
process. In some 'project phases, i.e. preliminary explorations, preliminary design, and 
final design, the ge,otechnical engi eer will have significant involvement. In other project 
phases, such as construction, and post construction review, the geotechnical engineer's 
involvement may ti,e more of a t chnical services role. The geotechnical engineer's 

I 

involvement provides the needed ontinuity of design personnel in dealing with design 
issues through the' construction st ge. 

3.4 DRIVEN PILE DESIGN-CONS RUCTION PROCESS 

The driven pile design and constr ction process has aspects that are unique in all of 
' 

structural design. !Because the d iving characteristics are related to pile capacity for 
most soils, they cah be used to im rove the accuracy of the pile capacity estimate. In 
general, the various methods of d termining pile capacity from dynamic data such as 
driving resistance ·. with wave eq ation analysis and dynamic measurements are 

considerably more accurate than the static analysis methods based on subsurface 
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exploration information. Furthermor~, pile driveability is a very important aspect of the 
process and must be consid.ered d~ring the design phase. If the design is completed, 
a contractor is selected, and thenl the piles cannot be driven, large costs can be 
generated. It is absolutely necessary that the design and construction phases be linked 
in a way that does not exist elsewh~re in construction. 

' 

i 
The driven pile design-construction !process is outlined in the flow chart of Figure 3.1. 
This flow chart will be discussed bl~ck by block using the numbers in the blocks as a 
reference and it will serve to guide )the designer through all of the tasks that must be 

completed. 

I 

Block 1 : Establish Requirements fo~ Structural Conditions and Site Characterization 

The first step in the entire process i$ to determine the general structure requirements. 

I 
1. Is the project a new bridge, a replacement bridge, a bridge renovation, a retaining 

wall, a noise wall, or sign or light! standard? 

I 

2. Will the project be constructed inl phases or all at one time? 
' 
I 

3. What are the general structure larout and approach grades? 

4. What are the surficial site charac~eristics? 

i 

5. Is the structure subjected to any special design events such as seismic, scour, debris, 
vessel impact, etc.? If there are ~pecial design events, the design requirements for 
the event should be reviewed at this stage 'so that these considerations can be 
factored into the site investigatio~. 

6. Are there possible modifications !in the structure that may be desirable for the site 
under consideration? 

7. What are the approximate foundiation loads? Are there deformation or deflection 
limitations beyond the usual requirements? 

3-3 



Design Ph~se l . , 
dation Design Proces·s 

Establ'sh Requirements for Structural 
Condi ions and Site Characterization 

btaln General Site Geology 

Collect Foundation 
xperience from the Area 

Develop and Execute 
urface Exploration Program 

valuate Information and 
elect Foundation System 
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: Shallow Foundation : 

1-------~D~~n I 
1~---1 Nm 1 

Discussed 
1 

I Other Deep Here I 
1 Foundation I 

Types L ____________ _J 

8 Select Driven ---Pile Type 

9 Calculate 
Pile Capacity, 

Length, & ---
Performance 

Under Loadln 

1° Calculate 
Driveability 

See Next Page 

No 

Figure :3.1 Driven ile Design and Construction Process 
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! Yes 

lgj Prepare Plans and 
Specifications 

Set Field Capaciity 

i 
Determination 

Procedure 
I 

i 
I 
i 

: .!!I Contractor 
I 

Selection I 

Construction Phase I, 

l:!.iJ Ptform Wave Equation 
A alysis of Contractor's 
E uipment Submission 

i 
Accept or Reject 

I 

i 

~I Set Preliminary 
Driving Criteria 

I 

i 

l1§.I !. Drive Test Pile and 
Evaluate Capacity 

I 

1Zl ~djust Driving Criteria 
or Design 

I l 
lll!l ! Construction Control 

Qrive Production Piles 
Absolve Pile Installation 

! Problems and 
Cqnstruction Procedures 

Figure 3.1 Driven Pile Desi n and Construction Process (continued) 
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Block 2: Obtain ',General Site G ology 

A great deal can be learned abo t the foundation requirements with even a very general 
understanding of. the site geolo y. For small structures, this may involve only a very 
superficial investi'gation such as visit to the site. The foundation design for very large 
structures may require extensive geologic studies. 

Block 3: Collect Foundation Ex erience from the Area 

Frequently there i.s information a ailable on foundations that have been constructed in 
the area. , This information can b of assistance in avoiding problems. Both subsurface 
exploration information and foun ation construction experience should be sought prior 
to selecting the foundation type. 

Block 4: Develop and Execute ubsurface Exploration Program 
I 

Based on the information obtai ed in Blocks 1-3 it is possible to make decisions 
regarding the necessary informa ion that must be obtained at the site. The program 
must meet the ne$ds of the desig problem that is to be solved at a cost consistent with 
the size of the structure. The sub urface exploration program as well as the appropriate 
laboratory testing must be select d. The results of the subsurface exploration program 
and the laboratory testing are us d to prepare a subsurface profile and identify critical 
cross sections. These tasks are overed in greater detail in Chapters 4, 5, and 6. 

Block 5: Evaluate Information an Select Foundation System 

The information collected in Bio ks 1-4 must be evaluated and a foundation system 
selected. The first question to be decided is whether a shallow or a deep foundation is 
required. This djuestion will b answered based primarily on the strength and 
compressibility of the site soils, the proposed loading conditions, and the project 
performance criteria. If settleme t is not a problem for the structure, then a shallow 
foundation will p~obably be the most economical solution. Ground improvement 
techniques in conj1unction with sh llow foundations should be evaluated. Shallow and 
deep foundation irnteraction with pproach embankments must also be considered. If 
the performance of a shallow fou dation exceeds the structure performance criteria, a 
deep foundation must be used. The design of shallow foundations and ground 
improvement techrniques are not overed in this manual. The problem of selecting the 
proper foundation 1system is disc ssed in detail in Chapter 7. 
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Refined foundation loading informa:ion and performanc13 criteria should be established 
at this time. In Block 1, this issue w s considered. Probably the result of that effort has 
matured in the intervening time (whi h might be quite long for some projects) and better 
defined foundation loads and per ormance criteria should now be available. The 
geotechnical engineer must obtai , a completely defined and unambiguous set of 
foundation loads and performanc~ requirements in order to proceed through the 
foundation design. 

Block 6: Deep Foundation 

I 

The decision among deep fo_undatti n types is now divided between driven piles and 
drilled shafts. What is really intende is the difference between driven piles and all other 
deep foundation systems. These ther deep foundation systems have been called a 
drilled shaft but would also include ~uger cast piles, micropiles and other drilled-in deep 
foundation systems. Ttle questionslthat must be answered in deciding between driven 
piles and other deep foundation ystems will center around the relative costs of 
available, possible systems. In a dition, constructability must be considered. This 
manual is concerned with driven pil s so the other types of deep foundations will not be 
discussed here. The selection of a eep foundation system is discussed in Chapter 7. 

Blocks 7 and 8: Driven Pile - Selec~ Driven Pile Type 
I 

At this point on the flow chart, theJprimary concern is for the design of a driven pile 
foundation. The pile type must be selected consistent with the applied load per pile. 
Consider this problem. The gener I magnitude of the column or pier loads is known 
from the information obtained in !Blocks 1 and 5. However, a large number of 

I 

combinations of pile capacities an!:J pile types can satisfy the design requirements. 
Should twenty, 1000 kN capacity pil~s be used to carry a 20,000 kN load, or would it be 
better to use ten, 2000 kN capaci1jy piles? This decision should consider both the 
structural capacity of a pile and the realistic geotechnical capacities of the pile type for 
the soil conditions at the site, the cost of the available alternative piles, and the 
capability of available construction l,contractors to drive the selected pile. Of course, 
there are many geotechnical factor~ that must also be considered. 

3-7 



At this stage the :loads must be irmly established. In Block 1, approximate loads were 
determined. At ~.hat time the ot er aspects of the total structural design were probably 
not sufficiently atlvanced to est blish the final design loads. By the time that Block 5 
has been reacheid the structural engineer should have finalized the various loads. One 
of the most comrnon inadequacies that is discovered when foundation problems arise 
is that the desigri1 loads were ne er really accurately defined. 

In the former U$e of the dyna ic formula, the pile load specified was a design or 
working load sinct:e a factor of s ety was contained in the formula. Modern methods of 
pile capacity determination alwa s use ultimate loads with a factor of safety selected and 
applied. This should also be m de clear in the job specifications so that the contractor 
has no question rngarding the driving requirements. 

If there are special design eve ts to be considered, they must be included in the 
determination of jthe loads. Ves el impact will be evaluated primarily by the structural 
engineer and the; results of that nalysis will give pile design loads for this case. There 
may be stiffnesp consideratio s in dealing with vessel impact since the design 
requirement is basically a requir ment that some vessel impact energy be absorbed. 

Scour presents a dHferent requi ement. The loads due to the forces from the stream 
must be determihed as specifie in the AASHTO Standard Specification for Highway 
Bridges, Section 3. ·18 and this hould be included in the structural engineer's load 
determination process. The de th of scour must also be determined as directed in 
AASHTO Specifictation, Section .3.5. In the design process, it must be assured that 
after scour the piile will still have adequate capacity. 

In many location~ in the country, seismic loads will be an important contributor to some 
of the critical pile load conditio s. Since the 1971 San Fernando Earthquake, much 
more emphasis has been place on seismic design considerations in the design of 
highway bridges. The AASHTO tandard Specifications for Highway Bridges has been 
substantially exp$nded to impro e the determination of the seismic loads. Usually the 
structural engine$r will determin the seismic requirements. Frequently the behavior of 
the selected pile! design will aft ct the structural response and hence the pile design 
loads. In this case, there will be another loop in the design process that includes the 
structural engineer. The geot chnical engineer should review the seismic design 
requirements in Division I-A of t e AASHTO Bridge Design Specification for a general 
understanding of the design approach. 

Pile selection is covered in more detail in Chapter 8. 
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Block 9: Calculate Pilo Length, Capacity, and Performance 
i 

For the selected pile type, perform tatic analyses to determine the length necessary to 

provide the required compressio , uplift and lateral load capacity and to meet 

performance criteria:. The calculati n of the geotechnical pile capacity and performance 
under load is discussed in detail in Chapter 9 and structural pile capacity is discussed 

I 

in Chapter 11. It may be necessarylto change pile type or number of piles at this stage. 
I 

Block 1 O: Calculate Driveability 

At this point, the proposed pile pe and length have been chosen to meet the 

foundation loading and performanc requirements. However, the design is not complete 
until it can be verified that the cho en pile can be driven to the required capacity and 
penetration depth at a reasonable riving resistance without excessive driving stresses. 

This analysis is pe{formed using t e wave equation program. All of the necessary 

information is available except the ammer selection. Since the hammer to be used on 

the job will only be known after the contractor is selected, possible hammers must be 

tried to make sure that the pile is riveable to the capacity and depth required. Pile 

driveability is introduced in Chapter with additional details on the use of wave equation 

analysis to check pile driveability described in Chapter 17. Allowable pile driving 
stresses are presented in Chapter 1. 

Block 11 : Design Satisfactory 

I 
At this point in the process, all aspe~ts of the design should be reviewed and if changes 
are indicated, the flow chart is re-entered at some earlier point and a new design is 
developed. 
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Block 12: Prepare Plans and Spe ifications, Set Field Capacity Determination Procedure 

When the design i.has been finali ed, plans and specifications can be prepared and the 
procedures that will be used to erify pile capacity can be defined. It is important that 
all of the quality ¢;ontrol procedu es are clearly defined for the bidders to avoid claims 
after construction is underway. onstruction specifications are discussed in Chapter 12 
and the preparati!on of the foundation report is covered in Chapter 14. 

Block 13: Contr~ctor Selection 

After the bidding process is complete, a successful contractor is selected. 

Block 14: Perforrln Wave Equati n Analysis of Contractor's Equipment Submission 

At this point the I engineering ef ort shifts to the field. The contractor will submit a 
description of th~ pile driving e uipment that he intends to use on the job for the 
engineer's evaluation. Wave eq ation analysis is performed to determine the driving 
resistance that ~ust: be achieve in the field to meet the required capacity and pile 
penetration depth. Driving stres es are determined and evaluated. If all conditions are 
satisfactory, the equipment is ap roved for driving. Some design specifications make 
this information atlvisory to the c ntractor rather than mandatory. Chapters 11, 12, and 
17 provide additi<t>nal information in this area. 

On smaller proje¢ts, a dynamic ormula may be used to evaluate driveability and the 
Gates Formula should be used. If a dynamic formula is used, then driveability and 
hammer selection will be based on the driving resistance only, since stresses are not 
determined. The usH of a dyna ic formula is covered in more detail in Chapter 16. 

Block 15: Set Preliminary Drivin Criteria 

Based on the results of the wave equation analysis of Block 14 (or the Gates Formula) 
and any other requirements in th design, the preliminary driving criteria can be set. 
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I 
Block 16: Drive Test Pile and Eval ate Capacity 

The test pile(s) are driven to the reliminary criteria developed in Block 15. Driving 

requirements may be defined by enetration, driving resistance, dynamic monitoring 

results or a combination of these ctnditions. The capacity can be evaluated by driving 
resistance from wave equation an lysis, the results of dynamic monitoring, static load 
test, the Gates Formula, or a com ination of these. Dynamic monitoring is described 
in Chapter 18. Static load test proqedures are discussed in greater detail in Chapter 19 

and dynamic formulas are covere~ in Chapter 16. . 

I 
Block 17: Adjust Driving Criteria o[ Design 

At this stage the final conditions c~n be set or, if test results from Block 16 indicate the 
capacity is inadequate, the driving~criteria may have to be changed. In a few cases, it 
may be necessary to make chan es in the design as far back as Block 8. If major 
changes are required, it will be ne essary to repeat Blocks 14, 15, and 16. 

I 
In some cases, it is desirable to perform preliminary field testing before final design. 

I 
When the job is very large and th$ soil conditions are difficult, it may be possible to 
achieve substantial cost savings bylhaving results from a design stage test pile program, 
including actual drivin~J records at the site, as part of the bid package. 

Block 18: Construction Control 

! 
! 

·, 

After the driving criteria is set, thei' reduction pile driving begins. Quality control and 
assurance procedures have been e tablished and are applied. Construction inspection 
items are discussed in greater det ii in Chapter 24. Problems may arise and must be 
handled as they occur in a timely f~shion. 
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3.5 COMMUNICATION 

Good communidation between II parties involved in the design and construction of a 
pile foundation is essential to r ach a successful completion of the project. In the 
design stage, oommunication and interaction is needed between the structural, 
geotechnical, geologic, hydra lie, and construction disciplines, as well as with 
consultants, drill icrews and labo atory personnel. In the construction stage, structural, 
geotechnical and construction d'sciplines need to communicate for a timely resolution 
of construction issues as they a rise. Figures 3.2 and 3.3 highlight some of the key 
issues to be communicated in ti, e design and construction stages. 

[ ESIGN STAGE COMMUNICATION 

Subject I Struc ural IGeotechnical I Hydraulic -, Construction I Field Crews · 1 Laboratory 
I r -i -i I 
I 

Preliminary Structure Loads I 
I 

and Performance Criteria. I " X X I I 
I 

Determination of Scour I 
I 

Potential. I V X I I I 
I 

Determination of Speciil I 
I 

Design Event Requirements. I " X X I I 
I 

Review of Past Construttion I 
I 

Problems in Project Area. I V V V X I I T -r 

Implementation of Subsurfac:e 

Exploration and Testing' 

Programs. " " " X I I I I I 

i 
Determination of Pile T~pe, 

Length and Capacity. V X I 

Effect of Approach Fills 

on Design. V I X 

Prepare Plans and I 
I 

Specifications. X " V X I 
I I I I 

I ' 
; ; ! 

Figure 3.2 Design Stage Communication 
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CONSTRUC TION STAGE COMMUNICATION 

Subject : I Structural I Geotechnical I Construction ' 
I l l 

Establish Appropriate Methods of Const~uction Control 
I I 

X I V I X I 
, 

I and Quality Assurance. ' I 
I I 
I I 
I I 

Perform Wave Equation Analysis of Contlractors Driving 
I I 
I I 
I I 

System to Establish Driving Criteria. X I V I X 
! I l I I I I 
' I I Per~orm Static Load Test(s) and/or Dynaric Monitoring I I 

I I 
X V I X and Adjust Driving Criteria. , 

I l ! I 
I I 

Resolve Pile Installation Problems / Con~truction Issues. X 
I V I 

X , 
I I I 

i I I 
I I I 

I 

Figure 3.3 Corlstruction Stage Communication 
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4. susspRFACE EXPLORATIONS 
', 

The design of a structure's foundat on requires adequate knowledge of the subsurface 
conditions at the construction site. f the designer has the appropriate information, then 
an economical foundation system can be designed. The absence of a thorough 
foundation study or ad13quate geot chnical data often leads to (1) a foundation system 
with a large factor of safety which is generally a more expensive foundation and in some 
cases one that may be difficult to onstruct, or to (2) an unsafe foundation, or to (3) 
construction disputes and claims. I 

I 

A thorough foundation study con ists of a subsurface exploration program (which 
includes borings, sampling, ground ater measurements, and in-situ testing); laboratory 
testing; geotechnical analysis of a I data; a determination of design properties; and 
design recommendations. This ch pter covers the subsurface exploration portion of a 
foundation design study in a con ise manner. A more detailed treatment of this 
chapter's subject matter may be found in the AASHTO Manual on Subsurface 
Investigations (1988). Chapter 5 o~this manual focuses on in-situ testing which is also 
considered part of a subsurface exp oration, and Chapter 6 discusses laboratory testing. 
This chapter assumes that a decisi n with regard to the 1roundation type, i.e., shallow or 

! 
deep has not yet been made. ' 

i 
4.1 SUBSURFACE EXPLORATION rHASES 

i 
There are three major phases in a ~ubsurface exploration program. These phases are 
(1) planning the exploration progran, (office work), (2) completing a field reconnaissance 
survey, and (3) performing a detail~d site exploration program (boring, sampling, and 
in-situ testing). Each phase sho~ld be planned so that a maximum amount of 
information can be obtained at , minimum cost. Each phase also adds to, or 
supplements, the information from .he previous phase. Table 4-1 lists the purpose of 
each exploration phase. 
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Phase 

1 . 

2. 

3. 

' 

TABLE 4-1 c;uBSURFACE EXPLORATION PHASES 

Activity 

Planning 1the 
explorati~n 
(Office Wprk). 

Field Recpnnaissance 
Survey 

Detailed $ubsurface 
Exploratidn 

Pu pose 

A. Obtain structure information. 
Determine: 
1. Type of structure. 
2. Preliminary location of piers and 

abutments. 
3. Loading and special design events. 
4. Allowable differential settlement and other 

performance criteria. 
5. Any special features and requirements. 

B. Obtain drilling records for nearby structures 
and from local well drillers. 

C. Perform literature reviews including 
maintenance records, pile driving records, 
scour history, etc. 

D. Review FHWA deep foundation load test 
data base. 

Ob ain overall picture of subsurface conditions 
in the area. 

Ve1 ify information gained from the office phase 
am~ plan the detailed subsurface exploration. 

A. Observe, verify and collect information 
regarding: 
1. Topographic and geologic features. 
2. New and old construction in the area 

including utilities. Performance of 
existing structures. 

t3. Drilling equipment required, cost, and 
access for the equipment. 

B. If appropriate, conduct geophysical testing 
o obtain preliminary subsurface information. 

De• 1elop a preliminary boring plan based on 
phi ses 1 and 2. The boring plan should be 
moclified if needed as the borings are 
performed and detailed subsurface information 
is c btained. 

The subsurface exploration should provide the 
following: 

1. Depth and thickness of strata (subsurface 
profile). 

e. In-situ field tests to determine soil design 
parameters. 

3. Samples to determine soil and rock 
design parameters. 

4. Groundwater levels including perched, 
regional, and any artesian conditions. 
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Remarks 

See Table 4-2 
for sources of 
information. 

Field 
reconnaissance 
is often 
conducted by a 
multi
disciplined 
team. 

For major 
structures, the 
pilot boring 
program is 
often 
supplemented 
with control 
and verification 
boring 
programs. 



4.1.1 Planning the Exploration Pro$ram (office work) 
I 
I 

The purpose of this phase is to o~tain information about the proposed structure and 
general information on the subsurfbce conditions. Thei structural information can be 
obtained from studyin~i the prelimihary structure plan prepared by the bridge design 
office and by meeting with the stru tural designer. Approach embankment preliminary 
design and performance require ents can be obtained from the roadway office. 
General information about the subs rface conditions can be obtained from a variety of 
sources listed in Table 4-2. The lanning phase prepares the engineer for the field 
reconnaissance survey, and identifi s possible problems and areas to scrutinize. 

4.1.2 Field Reconnaissance Surve~ 
I 

The purpose of this phase is to substantiate the information gained from the office phase 
and to plan the detailed site expl~ration program. The field reconnaissance for a 
structure foundation exploration shquld include: 

i 
a. Inspection of neiarby structu~es to determine their performance with the particular 

b. 

C. 

d. 

e. 

f. 

foundation type, used. 
1

1 

Inspection of existing structJre footings and stream banks for evidence of scour 
(for stream crossings) and rpovement. Large boulders in a stream are often an 
indication of obstructions w~ich may be encountered in pile installations. 

I 

Visual examination of terrai for evidence of landslides. 

Recording of the location, t pe and depth of exiisting structures which may be 
affected by the new structu ,e construction. 

', 
I 

Relating site conditions to p~
1

oposed boring operations. This includes recording 
the locations of both overh ad and below ground utilities, site access, private 
property restrictions, and ot er obstructions. 

I 
Recording of any feature or ponstraint which may impact the constructability of 
potential foundation systemf. 

Table 4-3 contains an example of! a field reconnaissance form modified from the 
AASHTO Foundation Investigation Manual (1978) for recording data pertinent to a site. 
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T~BLE 4-2 SOURCE S OF SUBSURFACE INFORMATION AND USE 

Source No. Source Use 

1. Preliminary structure pie ns prepared by Determine: 
the blridge design office. 1. Type of structure. 

2. Preliminary locations of piers and 
abutments. 

3. Footing loads and special design 
! events. 

4. Allowable differential settlement and 
performance criteria. 

5. Any special features and 
requirements. 

2. Construction plans and ecords for nearby Foundation type, old boring data, 
struc~ures. construction information including 

construction problems. 

3. Top~graphic maps preJ: ared by the Existing physical features shown; find 
Unite States Coast anc Geodetic Survey landform boundaries and determine 
(USCi and GS), United ~ tates Geological access for exploration equipment. Maps 
Survey (USGS) and Stat e Geology survey. from different dates can be used to 

determine topographic changes over 
time. 

4. County agricultural soil urvey maps and Boundaries of landforms shown; 
reports prepared by the United States appraisal of general shallow subsurface 
Departmont of Agricultu e (USDA). conditions. 

5. Air photos prepared by he United States Detailed physical relief shown; gives 
Geolqgical Survey (USG S) or others. indication of major problems such as old 

landslide scars, fault scarps, buried 
meander channels, sinkholes, or scour; 
provides basis for field reconnaissance. 

! 

6. Well drilling record or w, ~ter supply Old well records or borings with general 
bulletins from state geo logy or water soils data shown; estimate required 
resources department. depth of explorations and preliminary 

cost of foundations. 

7. Geologic maps and Gee ,logy bulletins. Type, depth and orientation of rock 
formations. 

8. FHWA deep foundation oad test data Locate prior load test by geologic 
base. province, state, city, or geologic 

coordinates, provides information on soil 
and pile types. 
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TABLE 4-3 EXAMPLE ~IELD RECONNAISSANCE REPORT FORM 

Bridgb Foundation Investigation 
Fiel~- Reconnaissance Report 

----+' Department of Transportation 

Project No: '1 County ________ _ ------------! 
Sta. No. _______ _ 

Reported By: -----------+------ Date ______________ _ 

1. Staking of Line 
______ Well Staked I 
______ Poorly Staked ('Ne can vj.,ork) 
______ Request Division to RestJake 

2. Bench Marks 
In Place: Yes -,-,...,....-- No __ _ 
Distance from bridge - m -------+---

3. Property Owners 
Granted Permission: Yes ___ No __ _ 
Remarks on Back __________ _ 

4. Utilities 
Will Drillers Encounter Underground or 
Overhead Utilities? Yes.,....,.....,.,...-,-..,.. No __ _ 
Maybe ____ At Which Holes? ---+---
What Type? _____________ _ 

Who to See for Definite Location ---....---

5. Geologic Formation 

6. Surface Soils 
Sand ___ Clay ___ Sandy Clay--,---
Muck ___ Silt Other ----+---

7. General Site Description 
Topography . 

Level ___ Rolling ___ Hillside1
~---

Valley ____ Swamp ___ Gulled _ 
Ground cover 

Cleared __ Farmed ·-- Buildings __ _ 
Heavy Woods ____ Light Woods -+---

Other-=----------------
Remarks on Back --------+----

8. Bridge Site 

Replacing ----------.----Widening __________ ..,__ __ 
Relocation ___________ _ 
Check Appropriate Equipment 
____ Truck Mounted Drill Rig 
____ Track Mounted Drill Rig 
____ Failing 1500 
____ Truck Mounted Skid Rig 
___ Skid Rig 
____ Rock Coring Rig 
____ Wash B6ring Equipment 
____ Water Wagon 
____ Pump 
____ Hose ____ m _____ .--__ 

8. Bridge SitB - Continued 
Cut Section - m ___________ _ 
Fill Section - m ___________ _ 
If Stream Crossing: 

Will Pontoons Be Necessary? --=-~---
Can Pontoons Be Placed in Water Easily? 

Can Cable Be Stretched Across Stream? 

------- How Long? --=--------Is Outboard Motorboat Necessary? _____ _ 
Current: 
Swift ______ Moderate ____ Slow __ _ 
Describe Streambanks scour. 
If Present Bridge Nearby: 

Type of Foundation -------------
Any Problems Evident in Old Bridge Including 

Scour ----------------
(describe on back) 

Is Water Nearby for Wet Drilling - m ---,----
Are Abandoned Foundations in Proposed 
Alignment? ______________ _ 

9. Ground Water Table 
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Close to Surface - m _________ _ 
nearby Wells - Depth - m ________ _ 
Intermediate Depth - m ________ _ 
Artesian heiad - m __________ _ 

10. Rock 
Boulders Over Area? Yes --- No __ _ 
Definite Outcrop? Yes ___ No ____ _ 
(show sketch on back) 
What kind? _____________ _ 

11. Special Equipment Necessary 

12. Remarks on Access 
(Describe any Problems on Access) 

13. Debris ancl Sanitary Dumps 
Stations ______________ _ 
Remarks _____________ _ 

Reference: Modified from 1978 AASHTO Foundation 
Investigation Manual 



4.1 .3 Detailed Site Exploration 

The purpose of any boring progr m is not just to drill a hole, but to obtain representative 
information on the subsurface c nditions, to recover disturbed and undisturbed soil 
samples, and to !permit in-situ t sting. This information provides factual basis upon 
which all subseq4ent steps in th pile design and construction process are based. It's 
quality and com~leteness are o paramount importance. Each step in the process 
directly or indirectly relies on this data. 

' 

The first step in this phase is to prepare a preliminary boring, sampling, and in-situ 
testing plan. Fo( major structure , pilot borings are usually performed at a few select 
locations during !the preliminar planning stage. These pilot borings establish a 
preliminary subsurface profile an thus identify key soil strata for testing and analysis in 
subsequent design stage boring . During the design stage of major structures, a two 
phase boring program is recom ended. First, control borings are performed at key 
locations identifieid in the preli inary subsurface profile to determine what, if any, 
adjustments are appropriate in th design stage exploration program. Following analysis 
of the control boring data, verific tion borings are then performed to fill in the gaps in 
the design stage exploration pro ram. 

4.2 GUIDELINES FOR MINIMUM STRUCTURE EXPLORATION PROGRAMS 

The cost of a boring program is omparatively small in relation to the foundation cost. 
For example, the cost of one 60 m diameter boring is less than the cost of one 305 
mm diameter pile. However, in the absence of adequate boring data, the design 
engineer must rely on extremely onservative designs with high safety factors. At the 
same time, the d~signer assume enormous risk and uncertainty during the project's 
construction. 

The number of bdrin9s required, heir spacing, and sampling intervals depend on the 
uniformity of soil strata and loadi g conditions. Erratic subsurface conditions require 
closely spaced borin~1s. Structure sensitive to settlements or subjected to heavy loads 
require detailed siubsurface kno ledge. In these cases borings should be closely 
spaced. Rigid rul$s for number, pacing, and depth of borings cannot be established. 
However, the folloWing are gener I "guidelines" useful in preparing a boring plan. 
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1. A minimum of one boring wit sampling should be performed at each pier or 
abutment. The boring pattern hould be staggered at opposite ends of adjacent 
footings. Pier and abutment f otings over 30 m in length require borings at the 

extremities of the substructure u~its. 

I 
2. Estimate required boring dept s from data gathered in the planning and field 

reconnaissance phases. Confir ation of boring depth suitability for design purposes 
should be made by the geotech ical engineer as soon as possible after field crews 
initiate a boring pro~1ram. Altho gh less preferred, it may be possible for field crews 
to adjust boring, depths using resistance criteria such as: 11Structure foundation 
borings shall be terminated whe a minimum SPT resistance of 50 blows per 300 mm 

has been maintained for 7.5 m11
• (This rule is intended for preliminary guidance to 

drillers. For heavy structures wi h high capacity piles, the borings must go deeper. 
A resistance criteria may also bel inappropriate in some geologic conditions such as 
sites with boulder fieilds.) ' 

' I 

3. All borings should extend throug~ unsuitable strata, such as unconsolidated fill, peat, 
highly organic materials, soft fi1e grained soils andl loose coarse-grained soils to 
reach hard or dernse materials. 1here stiff or dense soils are encountered at shallow 
depths, one or mon3 borings shlould be extended through this material to a depth 

I 

where the presence of underlyinp weaker strata cannot affect stability or settlement 
of the structure. ' 

I 
4. Standard Penetration Test (SPT) lsamples should be obtained at 1.5 m intervals or at 

changes in material with the test data recorded in accordance with AASHTO T206. 
Undisturbed tube samples shoul~ be obtained in accordance with AASHTO T207 at 
sites where cohesive soils are encountered. The location and frequency of 

I 

undisturbed soil sampling shoulql be based on project requirements. 
i 

5. When rock is encountered at shailow depths, additional borings or other investigation 

methods such as probes, test pitf, or geophysical tests may be needed to define the 
rock profile. When feasible, borinjgs should extend a minimum of 3 m into rock having 

an average core recovery of 50~ or greater with an f\lX-core barrel (54 mm diameter 
core). 
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6. Drill crews shQuld maintain a field drilling log of boring operations. The field log 
should includeia summary of rilling procedures including SPT hammer type, sample 
depth and recbvery, strata ch nges, and visual classification of soil samples. The 
field log should. also include pe tinent driller's observations such as location of ground 
water table, boulders, loss of rilling fluids, artesian pressures, etc. Disturbed and 
undisturbed sdil samples as ell as rock cores should be properly labeled, placed 
in appropriate storage contain rs (undisturbed tube samples should be sealed in the 
field), and pro~erly transporte to the soils laboratory. 

7. The water level: reading in ab re hole should be made during drilling, at completion 
of the bore hole, and a minimu of 24 hours after completion of the bore hole. Long 
term readings may require inst llation of an observation well or piezometer in the bore 
hole. More th 11an one week ay be required to obtain representative water level 
readings in low permeability ohesive soils or in bore holes stabilized with some 
drilling muds. 

8. All bore holes Should be prop rly backfilled and sealed following completion of the 
subsurface ex~loration progra , data collection, and analysis. Bore hole sealing is 
particularly imRortant where gr undwater migration may adversely effect the existing 
groundwater ce>nditions (aquif r contamination) or planned construction (integrity of 
tremie seals in 1

1

future cofferda s). 

These guidelines i should result n subsurface exploration data that clearly identify 
subsurface stratigtaphy and any u usual conditions, allow laboratory assessments of soil 
strength and compressibility, an document the groundwater table conditions. This 
information permits a technical e aluation of foundation options and probable costs. 

4.3 METHODS Of SUBSURFAC EXPLORATION 

The most widely uf,edl method of ubsurface exploration is drilling holes into the ground 
from which samples are collected for visual classification and laboratory testing. Table 

I 

4-4 summarizes t~e advantages nd disadvantages of four commonly used soil boring 
methods, as well as rock coring, est pits and geophysical methods. 
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TABLE 4-4 METHODS OF SUBSURFACE EXPLORATIONS* 

Method Depth Type of Advantages Disadvantages Remarks 
Samples 

Taken 

1. Seismic Usually less than No samples 1. Less expensive than borings. 1. Indirect method of exploration, Main uses are described in 
2. Resistivity 30m. are taken. 2. Complements borings. no samples are taken. AASHTO (1988). Additional 

3. Data obtained very quickly. 2. Interpretation of data is critical limitations of seismic methods 
and requires substantial are: 
experience. 1. Soil layers must increase 

in seismic velocities with 
depth. 

2. The layer must be thick. 

3. Wash Depends on the Disturbed 1. Borings of small and large diameter. 1. Slow rate of progress. Hole advanced by a combination 
Boring equipment. Most and 2. Equipment is relatively inexpensive. 2. Not suitable for materials of the chopping action of a light 

equipment can undisturbed. 3. Equipment is light. containing stones and bit and jetting action of the water 
drill to depths of 4. Washwater provides an indication of change in boulders. coming through the bit. 
30 m or more. materials. 

5. Method does not interfere with permeability tests. 

~4- Rotary_ Deoends on the Disturbed - -- j_,_ Suited for borings 100 to 150 mm in diameter. 1. Drillina mud if used does not Hole advanced bv raoid ratation 
Drilling equipment. Most and 2. Most rapid method in most soils and rock. provide an indication of of drilling bit and removal of 

equipment can undisturbed. 3. Relatively uniform hole with little disturbance to material change as the material by water or drilling mud. 

~ 
I 

(0 

drill to depths of the soil below the bottom of hole. washwater does. 
60 m or more. 4. Experienced driller can detect changes based on 2. Use of drilling mud hampers Rock coring is performed by 

rate of progress. the performance of permeability rotary drilling. 
tests. 

5. Auger Depends on the Disturbed 1. Boring advanced without water or drilling mud. 1. Difficult to detect change in Hole advanced by rotating and 
Borings equipment. Most and 2. Hollow stem auger acts as a casing. material. simultaneously pressing an 

equipment can undisturbed. 2. Heavy equipment required. auger into the ground either 
drill to depths of 3. Water level must be maintained mechanically or hydraulically. 
30 to 60 m. in boring equal to or greater 

than existing water table to 
prevent sampie disturbance. 

6. Continuous Depends on the Disturbed Almost continuous record of the soil profile can be Generally much slower in soils and Boring advanced by wash 
Sample equipment. and obtained. more expensive than other method, rotary drilling or auger 
Method of undisturbed. methods. method and continuous samples 
Advance are taken. 

7. Rock Rotary drilling Continuous Helps differentiate between boulders and bedrock. Can be slow and fairly expensive. Several types of core barrels are 
Coring equipment is rock cores. used including wire line core 

used to drill to barrels for deep drilling. 
depths of 60 m or 
more. 

8. Test Pits Usually less than Disturbed Least sample disturbance. Valuable in erratic soil 1. Limited depth. Power equipment used to 
6m. samples and deposits such as old fills, landfills, and residual soil 2. Slower and expensive. excavate the pits. Test pits 

undisturbed deposits. should be located so as not to 
block disturb bearing stratum if footing 
samples. foundations are feasible. 

* Excluding in-situ tests. 



4.4 SOIL AND RdCK SAMPLING 

One of the main piµrposes of a su surface exploration program is to obtain quality soil 
and rock samples. Quality sam les are important because soil identification and 

stratification, stren~th, and compr ssibility are all evaluated from samples recovered in 
the exploration proiwarn. 

Soil samples are ~ivided into two categories, disturbed and undisturbed. Disturbed 
samples are those }'Vhich have exp rienced large structural disturbance during sampling 
operations and may bE3 used for id ntification/classification tests. The primary disturbed 
sampling method i$ the split barrel sampler used in the Standard Penetration Test (SPT). 
The penetration resistance values obtained from the Standard Penetration Test are called 
N values. These N values provide n indication of soil density or consistency and shear 
strength. The recorrnmended test p ocedures outlined in AASHTO T206 should be rigidly 

I 

followed so that cpnsistent, relia le SPT N values are obtained. SPT N values are 
commonly used to~ design of pile f undation design in granular soils. SPT N values are 
NOT RECOMMENOED for pile de ign in cohesive soils. 

Undisturbed sampl1es are those in which structural disturbance is kept to an absolute 
minimum. Undistu~bed samples ar used for consolidation tests and strength tests such 
as direct shear, tri~xial shear and unconfined compression as well as for determining 
unit weight. Strength tests provid shear strength design parameters which are used 
in static analysis rir,ethods for pil foundation design. Consolidation tests provide 
parameters needed to estimate s tlements of embankments, spread footings, or pile 
groups. Unit weight information is used in determining the effective overburden 
pressure. 

Rock cores obtained from boring allow a qualitative evaluation of rock mass and 
distinguish betweern boulders and bedrock. Rock Quality Designation (RQD) values 
determined from cares indicate roe soundness and characteristics and may thereby be 
useful in estimatir11g the compr ssive strength of the rock mass. Unconfined 

compression tests may also be pe formed on recovered, high quality core samples. 
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4.4.1 Disturbed Soil Samplers 

The split barrel sampler (Figure 4.1 )I used in the Standard Penetration Test (SPT) is the 
primary disturbed soil sampler. The SPT test consists of driving a 51 mm O.D. (35 mm 
I.D.) split-spoon sampler into the soi with a 64 kg mass clropped 760 mm. The sampler 
is generally driven 450 mm, and the low count for each ·150 mm increment is recorded. 
The number of blows required to ad ance the sampler from a penetration depth of 150 

mm to a penetration depth of 450 m is the SPT resistance value, N. 

The SPT hammer type and operatiotal characteristics can have a significant influence 
on the resulting SPT N values. Ther are two main hammer types currently in use in the 
US, the safety hammer and the au omatic hammer. A third hammer type, the donut 
hammer, was used almost exclusiv~ly prior to about 1970. However, it is seldom used 
now due to safety considerations.~I Figure 4.2 provides illustrations of the three SPT 
hammer types. The pile design cha ts and methods provided in Chapter 9 that use SPT 
N values are based on safety ham . er correlations. 

! 
i 
I 

Finno (1989), reported on the result$ of a pile capacity prediction symposium. For this 
event, two soil borings were drilled ess than 10 m apart in a uniform sand soil profile. 
SPT N values were obtained using a safety hammer in one boring and an automatic 
hammer in the other boring. Figu e 4.3 presents a plot of the SPT N values versus 
depth from these two borings. The SPT N values from the safety hammer range from 
1.9 to 2. 7 times the comparable N talue from the automatic hammer. This significant 
variation in N values clearly indica~es that the type of SPT hammer used should be 
recorded on all drilling logs. 

Cheney and Chassie (1993) list the fbllowing common errors that can influence SPT test 
results: 

1. Effect of overburden pressure.: Soils of the same density will give smaller SPT N 
values near the ground surface. 

2. Variations in the 760 mm free ~all of the drive weight, since this is often done by 
eye on older equipment using la rope wrapped around a power takeoff (cathead) 
from the drill motor. Newer autbmatic hammer equipment does this automatically. 

I ' 

3. Interference with the free fall df the drive weight by the guides or the hoist rope. 
New equipment eliminates rop'3 interference. 
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4. 

5. 

6. 

7. 

Donut Hammer afety Hammer Automatic Hammer 

···-Hammer 
Cylinder-

Cable-

-sleeve 

14+--Centering Rod Chain 

Tooth 

Plug 

-orillRod 

Figure 4 2 SPT Hammer Types 

I 
i 

Use of a drive shoe that is bJdly damaged or worn from too many drivings to 
"refusal" (SPT N values exceedlng 100). 

I 
I 

Failure to properly seat the sao/lpler on undisturbed material in the bottom of the 
boring. 

I 

Inadequate cleaning of loosen~d material from the bottom of the boring. 

Failure to maintain sufficient hjdrostatic pressure in the borehole during drilling or 
during drill rod extraction. Unb lanced hydrostatic pressures between the borehole 
drill water and the ground wat r table can cause the test zone to become "quick". 

This can happen when using thle continuous-flight auger with the end plugged and 
maintaining a water level in the hollow stem below that in the hole. 
, I 
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Figure 4.3 SPT T¢st Results for afety and Automatic Hammers (after Finno, 1989) 
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8. SPT results may not be dep ndable in gravel. Since the split-spoon inside 
diameter is 35 mm, gravel si es larger than 35 mm will not enter the spoon. 
Therefore, soil descriptions m y not reflect actual gravel content of the deposit. 
Also, gravel pieces may jam t e end of the spoon which may get plugged and 
cause the SPT blow count to e erroneously high. 

9. Samples retrieved! from dilat nt soils (fine sands, sandy silts) which exhibit 
unusually high blow count sh uld be examined in the field to determine if the 
sampler drive shoe is plugged. Poor sample recovery is a indication of plugging. 

1 0. Careless work on the part of t e drill crew. 

The use of reliable qualified drillers nd adherence to recommended sampling practice 
cannot be overemphasized. State encies which maintain their own drilling personnel 
and equipment achieve much more reliable, consistent results than those who routinely 
let boring contracts to the low bidd r. 

A correction of field N values is also necessary to account for the effects of overburden 
pressures when estimating physical properties in cohesionless soils. The corrected N' 
value is determined by multiplying he field N value by the correction factor obtained 
from. Figure 4.4 All N' values ref rred to in this manual are the corrected values. 
Correlations of cohesivE~ soil physic I properties with N values are crude and, therefore, 
correction of N values in cohesive soils is not necessary. 

The corrected N' values and uncor ected N values (blows /300 mm) may be used to 
estimate the relative density of coh sionless soils and consistency of cohesive soils, 
respectively. Table 4-5, contains a empirical relationship between N' value, and the 
relative density, angle of internal friction and unit weight of granular soils. It is 
emphasized that for soils containing gravel sized particles, this table may yield unreliable 
results. In those cases, the correlat ons should be used for rough estimation purposes 
only. Static analysis procedures to calculate the ultimate capacity of pile foundations 

in cohesionless soils using SPT N' alues are presented in Chapter 9. 
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Figure 4.4 Chart ', for Correction of N-values in Sand for Influence of Effective 
Overburden Pressure (after Peck et al., 1974) 
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Table 4-6 contains an empirical rela ionship between the uncorrected N value and the 
unconfined compressivH strength a d saturated unit weight of cohesive soils. The 
undrained shear streniJth is one half of the unconfined compressive strength. 
Correlations of N values to undraine shear stren th of cla s is crude and unreliable for 
desi n. It should be used onl ur oses. Undisturbed 
cohesive sam les should be obtain d for laborator determination of accurate shear 
strength and unit weiqht. 

4.4.2 Undisturbed Soil Samplers 

Several types of undisturbed soil samplers are used in conjunction with boring 
operations. 

a. Thin wall open tube (Figure .5). 
b. Piston sampler. 
c. Hydraulic piston sampler. 

Table 4-7 provides a summary f various undisturbed soil samplers, and their 
advantages and disadvantages. 

Great care is necessary iin extraction, handling, and in transporting undisturbed samples 
to avoid disturbing thH natural soil structure. Tubes should be pressed and not 
hammered. Proper storage and tr nsport should be done with the tube upright and 
encased in an insulated box with cu hioning material. Each tube should be physically 
separated from adjacent tubes. 

4.4.3 Rock Core Samplers 

Rock Core Samplers (core barrels) re available in various diameters and length. The 
most widely used types are: 

a. Single tube. 
b. Double tube, ri9id type (Fig re 4.6). 
c. Double tube, swivel type (Fi ure 4.6). 
d. Wire line barrels. 
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TABLE 4-5 EMPIRICAL VALUES FOR¢, Dfl AND UNIT WEIGHT OF GRANULAR SOILS 
BASEl,D ON CORRECl ED N' (after Bowles, 1977) 

Des'cription 1, I Very Loose Loose I Medium I Dense I Very Dense 

Relative density 1

1 

' 

1 1 

• 

Dr ! 0 - 0.15 0.15 - 0.35 0.35 - 0.65 0.65 - 0.85 0.85 - 1.00 

Corrected 
standard 
penetration 
no. N' 

Approximate 
angle of 
internal 
friction¢ * 

Oto 4 

25 - 30° 

4 to 10 

27 - 32° 

10 to 30 30 to 50 50+ 

30 - :35° 35 - 40° 38 - 43° 

Approximate 
range of moist 
unit weight (y) 
kN/m3 

,, ·11.0-15.7, 14.1-18.1 i 17.3-:20.4, 17.3-22.0, 20.4-23.6 

Correlations may ~e unreliable in soils containing gravel. See discussion in Section 9.5 of 
Chapter 9. 

* Use larger values,for granular material with 5% or less fine sand and silt. 

I 

TABLE 4-6 EMPIRjCAI_ VALUES FC R UNCONFINED COMPRESSIVE STRENGTH (qu) AND 
CONSlpTENCY OF COHESIVE SOILS BASED ON UNCORRECTED N 

i, (after Bowles, 1977) 
I 

Consistency I Very Soft I Sof I Medium I Stiff I Very Stiff I Hard 

qu, kPa l O - 24 l 24 - L 8 l 48 - 96 j 96 - 192 ! 192 - 384 ! 384+ 

N, Standard 
penetration 
resistance 

I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 

I G-2 l 2-Ll I 4-8 I 13-16 
I I I I 

I I I I 

16 - 32 32+ 

y (saturated), , , , , 
kN/m3 

: 15.~ - 18.8 : 15.8 - 18.8 : 17.3 - 20.4 : 18.8 - 22.0 , 18.8 - 22.0 , 18.8 - 22.0 

The undrai~ed shear strengt, is ½ of the unconfined compressive strength. 

Correlations are unreli~ble. Use for preliminary estimates only. 
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Figiure 4.5 Thin W II Open Tube (after FHWA, 1972) 
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Reaming Shell 

Core Lifter 
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Figure 4.6 Rigid and Swivel Typ~ Double Tube Core Barrels (after FHWA, 1972) 
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TABLE 4-7 UNDISTURBED SOIL SAMPLES 

Sampler Soil Types Suitable 
for Sampler 

Advantages Disadvantages Remarks 

Thin wall Soils having some 1. Small area ratio of tube permits obtaining 1. Excess or disturbed soil may enter the Not suited for use in 
open tube cohesion unless they sample with minimum disturbance. sampler and cause disturbance. Excess boulders, gravels and 
sampler are too hard or too 2. Procedure is simple and requires very little time. material prevents accurate measurement of coarse soils. 
Figure 4.5. gravelly for sampler recovery length. 

- --- ---- .. 

... penetrat~on __ .. -- ·- 2-.- -When-using i11 a bore tro1efilfeaw1th wafei'or 
drilling fluid, an excess hydrostatic pressure 
will develop over the sampie. 

3. Check valve may clog, and may not reduce 
the hydrostatic pressures. 

Samplers Soft soils 1. Disturbed soil is prevented from entering the 1. The apparatus is complicated to use. When a piston sampler is 
with tube which decreases sample disturbance. 2. The insertion, clamping and withdrawal of the needed, the fixed piston 
stationery 2. Atmospheric and hydrostatic pressures over rods is time consuming. sampler is preferable to 
pistons. sample area are reduced, which increases other types of piston 

recoverv ratio samprers to minimize 
>----~---------- --

3. Any downward movement of the sample creates sample disturbance. 
a partial vacuum over the sample and reduces 
the danger of losing the sample. 

4. Much easier to determine recovery ratio since 
.l::>, the length of rods can be easily measured. 

I 
I\) 
0 

Samplers Stiff soils 1. Entrance of disturbed and mixed soil is Additional weight is placed on the soil sample by Similar to the fixed piston 
with free prevented when the sampler is lowered into the weight of the drill rods. sampler with the 
pistons. position. exception that the piston 

2. Recovery ratio is easily determined. is not fixed when the 
3. The piston is more effective than check value in sample is taken; it is free 

reducing pressure over the sample. to ride on top of the 
4. Easier to operate than the fixed piston. sample. 

Samplers Stiff soils 1. The sampler is simpler in construction and 1 . The retraction of the piston may cause failure Piston is withdrawn just 
with operation than the stationary or free piston in soft soils as the soil may flow into the before the beginning of 
retracted sampler as the piston head is held in place by a sampler. the actual sampling 
pistons. screw-type connection. 2. The soil displaced during the positioning of process. 

2. The piston prevents the entrance of disturbed the piston sampler may flow into the sampler 
soil into the tube when the tube is being placed 
into position for sampling. 3. 

when the piston is withdrawn. 
If there is water leakage into the drill rod, 
excess hydrostatic pressure will develop over 
the sample. 

Hydraulic Soft soils Eliminates need for center rod required to hold 1 . There are no means to determine the amount The sampling technique 
piston piston on a conventional piston-type sampler. This of penetration of the sampling tube into the is the same as for the 
sampler. results in less time required to retrieve a sample. soil stratum, since there are no visible signs stationary piston sampler. 

of movement at the top of the hole. The activation of the ·- 2. Percent recovery is hard to establish, sampling tube is 
particularly for short pushes which do not fill performed by water 
the sampler. The weight of water in the drill pressure applied to the 
steel causes the sampler to extend to its full sampler through its 
length during retrieval from the hole. attached drill steel. 



Double tube or wire 
1

line core barrel1 which are capable of recovering rock cores of at 
least 54 mm in diameter should be u1ed in subsurface exploration for structural proiects. 

I 
I 

4.5 GROUND WATER MONITORIN(S 

i 
Accurate ground water level inform~tion is needed for the estimation of soil densities, 

determination of effec. tive soil pressures and for the preparation of effective soil pressure 
diagrams. This information is vital fpr performing foundation design. Water levels will 
also indicate the con1struction difficu~ies which may be encountered in excavations and 
the level of dewaterimg effort require~. 

' 
In most structure foundation explotations, water levels should be monitored during 
drilling of the boring, upon completi~n of the boring, and 24 hours after the completion 
of boring. More than one week m~y be required to obtain representative water level 
readings in low permeability cohesiv~ soils or in bore holes stabilized with some drilling 
muds. In these cases, an observatiqn well or piezometer should be installed in a boring 
to allow long term ground water mobitoring. 

4.6 SUBSURFACE PROFILE DEVE40PMENT 

A subsurface profile is a visual repre~entation of subsurface conditions interpreted from 
subsurface explorations and laboratpry testing. Uncertainties in the development of a 

subsurface profile usually indicate t~at additional explorations and/or laboratory testing 
are required. ' 

The profile should be developed in s~ages. First, a rough profile is established from the 
drillers logs. This helps discover any obvious gaps while the drilling crew is at the site 
so that additional work can be perf~rmed immediately. When borings are completed 
and laboratory classification and mo,sture content data is received, the initial soil profile 

should be revised. Soil stratificatio~ and accurate soil descriptions are established at 
this stage. Overcomplication of a piofile by noting minute variations between adjacent 

I 

soil samples should be avoided. AJ vertical scale of 1 O mm equal to 1 to 3 m and a 
horizontal scale equal to the vertical! scale are recommended. 

After the soil layer boundaries and d~scriptions have been established, a determination 

of the extent and details of additionalllaboratory testing, such as consolidation and shear 
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strength tests, is made. The inal soil profile should include the average physical 
properties of th~ soil deposits i eluding unit weight, shear strength, etc., as well as a 
visual descriptiof) o·f each depo it. The observed ground water level and the presence 
of items such a~ boulders, void , and artesian pressures should also be noted. A well 
developed soil profile is necess ry to design a cost-effective foundation. 
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5. IN-SITU TESTING 

In-situ testing provides soil paramet~rs for the design of structure foundations especially 

in conditions where standard drillin and sampling methods cannot be used to obtain 
high quality undisturbed samples. Undisturbed samples from non-cohesive soils are 
difficult to obtain, trim, and test in th laboratory. Soft saturated clays, saturated sands 
and intermixed deposits of soil nd gravel are also difficult to sample without 
disturbance. Therefbre, representat ve strength test data is difficult to obtain on these 
soils in the laboratbry. To overc me these difficulties, test methods have been 
developed to evaluate soil propertiep, especially strength and compressibility, in-situ. 

Primary in-situ tests that provide dat ' for foundation desi~Jn are the cone penetration test 
(CPT), the cone penetration test with pore pressure measurements (CPTU), and the vane 
shear. Other lesser use~d in-situ tes ing devices include the pressuremeter test (PMT), 
the dilatometer test· (DMT), and th dynamic cone penetrometer test. Specific pile 
design procedures using cone pen~tration test data are discussed in Chapter 9 of this 
manual. 

The intent of this chapter is to provi~e a brief summary of in-situ test methods used for 

deep foundation design. For CPT~CPTU testing a brief summary of the equipment, 
operation, application, advantage and disadvantages is also provided. The 
applicability, advantages and disad antages of all the in-situ testing methods are also 
briefly summarized in Table 5-1. Fo~ a detailed discussion of a particular in-situ testing 

I 

method, the reader is referred to thtj publications listed at the end of this chapter. 

5.1 coNE PENETRATioN TEST cdPT) AND ccPTu) 

I 

The cone penetration test (CPT) wa~ first introduced in the U.S. in 1965. By the mid 

1970's, the electronic cone began tl· replace the mechanical cone. In the early 1980's, 
the piezo-cone or cone penetratio test with pore pre~ssure measurements (CPTU) 

became readily available. Since tha time, the CPT/CPTU has developed into one of the 

most popular in-situ ,testing device~' Part of this popularity is due to the CPT's ability 
to provide large quan.titiE3S of useful ata quickly and at an economical cost. Depending 
upon equipment capability as well a soil conditions, 100 to 350 m of penetration testing 
may be completed in one day. 1 
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Type of 
Test 

Best 
Suited 

for 

Not 
Applicable 

for 

Cone !Sand, Gravel, very 
Penetration . silt, an···d . dense 
Test (CPT) clay deposits, 

>- - - -- -- ----- -- rubble fffls, 

Cone 
Penetration 
Test with Pore 
Pressure 
Measurements 

l\l...,rlUJ 

Sand, 
silt, and 
clay 

and rock. 

Gravel, very 
dense 
deposits, 
and rubble 
fills. 

Pressuremeter 'Sand, 'Organic 
Test (PMT) silt, clay soils and 

and soft hard rock. 
rock. 

Dilatometer 
Test (DMT) 

Vane Shear 
Test 

Dynamic 
Cone Test 

Low to Dense 
medium deposits, 
strength gravels and 
sand and rock. 
clay 

Soft clay !Silt, sand, 
and gravel 

Sand 
and 
gravel 

Clay 

TABLE 5-1 SUMMARY OF IN-SITU TEST METHODS 

Information that can be Obtained 
for Pile Foundation Design 

Advantages Disadvantages 

subsurface stratigraphy. model pile. 2. Should be used in conjunction 

Remarks 

Well suited to the 
design of axially 

Correlations for .9etfilmination_of in- 2. -Ouick..and_simple test ---- with soil borings in-.aA-~------ loaded piles. 

Continuous evaluation of ; ~- Cone can be considered as a 1~· Does not provide soil samples. 

situ density and friction angle of 3. Can reduce number of borings. exploration program. IASTM 0-3441. 
sands= undrained shear strength of 4. Relatively operator 3. Local coiielations can be 
clays, and liquefaction potential. independent. important in data interpretation. 

Finer delineation of continuous 
subsurface stratigraphy compared 
to CPT. Correlations for 
determination of in-situ density and 
friction angle of sands, undrained 
shear strengtnof days, and 
liquefaction susceptibility. 

Bearing capacity from limit 
pressure and compressibility from 
pressuremeter deformation 
modulus. 

Correlations for soil type, earth 
pressure at rest, overconsolidation 
ratio, undrained shear strength, 
and dilatometer modulus. 

Undrained shear strength. 

Qualitative evaluation of soil 
density. Qualitative comparison of 
stratigraphy. 

1. Same advantages as CPT. 
2. Pore pressure measurements 

can be used to assess soil 
setup effects. 

3. Can help determine if 
penetration is drained or 
undrained. 

1. Tests can be performed in and 
below hard strata that may 
stop other in-situ testing 
devices. 

2. Tests can be made on non
homogenous soil deposits. 

1. Quick, inexpensive test. 
2. Relatively operator 

independent. 

1. Quick and economical. 
2. Compares well with unconfined 

compression test results at 
shallow depths. 

1. Same disadvantages as CPT. 
2. Location and saturation of 

porous filter can influence pore 
pressure measurements. 

1. Bore hole preparation very 
important. 

2. Limited number of tests per 
day. 

3. Limited application for axially 
loaded pile design. 

1. Less familiar test method. 
2. Intended for soils with particle 

sizes smaller than fine gravel. 
3. Limited application for axially 

loaded pile design. 

1 . Can be used to depths of only 
4 to 6 m without casing bore 
hole. 

1. Can be useful in soil conditions 11. 
where static cone (CPT) 

An unknown fraction of 
resistance is due to side 
friction. reaches refusal. 

2. Overall use is limited. 

Probably best in
situ test method 
for the design of 
axially loaded 

lnilor-

ASTM 0-3441 . 

Good application 
for laterally 
loaded pile 
design. 
ASTM 0-4719. 

May be potentially 
USAf1 ii fnr l!:!ito.r~:dly 

loaded pile 
design. ASTM 
standard in 
progress. 

Test should be 
used with caution 
in fissured, 
varved, and 
highly plastic 
clays. 
AASHTO T223. 

Not 
recommended for 
final pile design. 
No AASHTO or 
ASTM standard. 



5.1 .1 Equipment Description and 9peration 

Cone penetration testing can be se~arated into two main categories: 

a. Electronic cones. 

b. Mechanical cones. 

Electronic cones ar$ now the domi)nant cone type used in cone penetration testing. 
Hence, mechanical qones will not b1 discussed further in this chapter. Electronic cones 
may be further divided into two prim~ry types, the standard friction cone (CPT), and the 
piezo-cone (CPTU). 

I 

In the CPT test, a cohe with a 1000 m2 base and a 60° tip attached to a series of rods 
is continuously push~d into the gro nd. Typically, a hydraulic ram with 45 to 180 kN of 

thrust capability is uped to continua sly advance the cone into the ground at a rate of 
20 mm/sec. A fricticpn sleeve with surface area of 15000 mm2 is located behind the 
conical tip. Built in load cells are us d to continuously measure the cone tip resistance, 

qc, and the sleeve fription resistanc~I· fs. The friction ratio, R1, is the ratio of fs/qc and is 
commonly used in t~e interpretation! of test results. 

i 
I 

The piezo-cone (CPTU), is essential!~ the same as the standard electronic friction cone 
and continuously measures the cone! tip resistance, qc, and the sleeve friction resistance, 
fs, during penetration. In addition ttj these values, the piezo-cone includes porous filter 
piezo-elements that may be located lat the cone tip, on the cone face, behind the cone 
tip, or behind the friction sleeve. Th~se porous filter elements are used to measure pore 
pressure, u, during penetration. 

A general schematic of a cone p~netrometer is presented in Figure 5.1. Typical 
penetration depths for a 45 kN and 180 kN thrust capability are presented in Tables 5-2 

and 5-3, respectively. Additional infdrmation on CPT/CPTU testing and analysis may be 
found in FHWA-SA-91-043, The Co~e Penetrometer Test, by Briaud and Miran (1991). 
Test procedures may be found in AS~M D-3441, Standard Test Method for Deep Quasi
static, Cone and Friction Cone Pendtration Tests of Soil. 
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Figure 5.1 Terminology Regar ing the Cone Penetrometer (from Robertson and 
Campanella, 1989) 
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TABLE 5-2 DRILL :,IG WITH 45 kN PUSH CAPACITY 

Soil 

Clay Sand 

Depth m Soft Stiff Hard Loose Medium Dense 

1 * * * * * 
3 * * * * ' 

4 * * * * 
6 * * * 
9 * * 
12 :* * 
15 :A- * 
18 * 
21 * 
24 

TABLE 5-3 TRUC < WITH 180 kN PUSH CAPACITY 

Soil 

Clay Sand 

Depth m Soft Stiff Hard Loose Medium Dense 

4 * * * * * * 
9 * * * * * * 
18 * * * * * * 
27 * * * * 
36 * * 
46 * * 
61 * 
76 * 
91 

Tables 5-2 and 5-3 (m )ciified from Briaud and Miran, 1991) 
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5.1.2 lnterpretatlon of CPT/CPT Test Results 

a. CPT/CP"TTU data can pro idea continuous profile of the subsurface stratigraphy. 

A simpli~ied soil classifi ation chart for a standard electronic friction cone is 

presentejj in Figure 5.2. Typical CPT test results are presented in Figure 5.3. 

i 

b. From co~relations with C T/CPTU data, evaluations of in-situ relative density, DP 

and frictl.on angle, ¢, cohesionless soils as well as the undrained shear 

strength,: cu, of cohesive soils can be made. Correlations for determination of 
other soil'i properties, liqu faction susceptibility, and estimates of SPT values may 

also be detBrmined. Th accuracy of these correlations may vary depending 

upon geplogic conditio s. Correlation confirmation with local conditions is 

therefore 1 important. 

5.1.3 Advantages and Disadva tages of CPT/CPTU Tests 

The primary advahtage of CPT/C TU testing is the ability to rapidly develop a continuous 
profile of subsWrface conditio s more economically than any other subsurface 

exploration or in-iitu testing tools Determination of in-situ soil strength parameters from 
I 

correlations with CPT/CPTU dat is another advantage. The CPT/CPTU test can also 

reduce the numb1'3r of conventio al borings needed on a project, or focus attention on 
discrete zones f~r detailed soil ampling and testing. Lastly, CPT/CPTU results are 

relatively operator inclependent. 
11 

Limitations of CPT/CPTU testing i elude the inability to push the cone in dense or coarse 
soil deposits. To penetrate den e layers, cones are sometimes pushed in bore holes 

advanced througlh tl1e dense st ata. Another limitation is that soil samples are not 

recovered for confirmation of co e stratigraphy. Local correlations are also important 

in data interpretation. 
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100,000 ·-=--........ -....-----.--.....--· ........ --......... -------. 

Cone Tip Resistance 

qc, (kPa) 

11 

3 4 5 6 

FRICTION RATIO(%), Rt 
7 8 

Figure 5.2 Simplifii1ed Soil Classifi ation Chart for Standard Electronic Friction Cone 
( after Robi:irtson et al. , I 1986) 

Zone qfjN Soil Behavior Type 

1) 2, sensitive fine grained 
2) 1, organic material 

3) 1 clay 

4) 1 j5 silty clay to clay 

5) 2 clayey silt to silty clay 

6) 2)5 sandy silt to clayey silt 

7) 3: silty sand to sandy silt 

8) 4i sand to silty sand 
9) 5: sand 

10) 6' gravelly sand to sand 

11) 1 very stiff fine grained 

12) 2 sand to clayey sand 
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Typical CPT Data Presentation 
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5.2 PRESSUREMEtER TEST - (PM~ 

i 

The pressuremeter test (PMT) is ~n in-situ device used to evaluate soil and rock 
properties. The pressuremeter ha been used in Europe for many years and was 
introduced into the UJ.S. in the mid 1970's. The pressuremeter imparts lateral pressures 
to the soil, and tlhe soil shear btrength and compressibility are determined by 
interpretation of a p~essure-volume [relationship. The test allows a determination of the 
load-deformation characteristics of lsoil in axi-symmetric conditions. Deposits such as 
soft clays, fissure<l:I clays, sand~, gravels and so-ft rock can be tested with 
pressuremeters. 

1 

i 

The utilization of te~t results is bated upon semi-empirical correlations from a large 
number of tests anql observations n actual structures. For piles subjected to lateral 
loads, the pressurerr,eter test is a u eful design tool and is well suited to determination 

of p-y curves. For di. esign of vertic~lly loaded piles, the pressuremeter test has limited 
value. Pile design pnocedures using pressuremeter data have been developed and may 
be found in. FHWAJIP-89-008, The Pressuremeter Test for Highway Applications, by 
Briaud (1989). Details on test procebures may be found in ASTM 0-4719, Standard Test 
Method for Pressuremeter Testing i~ Soils. 

5.3 DILATOMETER TEST - (DMT) : 
I 

i 

The dilatometer test; is an in-situ tedting device that was developed in Italy in the early 
1970's and first introduced in the ~.S. in 1979. Like the CPT, the DMT ·is generally 
hydraulically pushed into the groun~ although it may also be driven. When the DMT can 
be pushed into the ground with tes~s conducted at 200 mm increments, 30 to 40 m of 
DMT sounding may be completed ir, a day. The primary utilization of the DMT in pile 

foundation design is. tt1e delineatitjn of subsurface stratigraphy and interpreted soil 
properties. However, it would app~ar that the CPT/CPTU is generally better suited to 
this task than the DMT. The DMT r,ay be a potentially useful test for design of piles 
subjected to lateral loads. Design niethods in this area show promise, but are still in the 
development stage. For design of ~xially loaded piles, the dilatometer test .has limited 
direct value. 
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5.4 VANE SHEAR TEST 

i 

The vane shear ~est is an in-situ est for determining the undrained shear strength of soft 
to medium clay$. Figure 5.4 is schematic drawing of the essential components. The 
test consists of ~arcing a four-bl ded vane into undisturbed soil and rotating it until the 
soil shears. Twq shear strength are usually recorded, the peak shearing strength and 
the remolded shearing strengt . These measurements are used to determine the 
sensitivity of claJ This allows a alysis of the soil resistance to be overcome during pile 
driving in clays. i It is necessary o measure skin friction along the steel connector rods 

! 

which must be sµbtracted to de ermine the actual shear strength. The vane shear test 

generally provides the most ac urate undrained shear strength values for clays with 
! 

undrained shear !strengths less t an 50 kPa. The test procedure has been standardized 
in AASHTO T22j-74 and ASTM -2573. 

'1 

5.5 DYNAMIC QONE TEST 

There are two ty~es of dynamic enetrometers with conical points. The dynamic cone 
type that is most '

1
oftE3n used has shaft diameter that is smaller than the cone diameter. 

I 

Theoretically, du~ to the cone b ing larger than the shaft, the penetrometer measures 
only point resistance. A lesser used cone type has a shaft and cone of the same 
diameter. This type of dynamic one penetrometer records both skin friction and point 
resistance, but thie two compone ts cannot be analyzed independently. Equations have 
been developed 

I 
for determinin bearing capacity of pile foundations by using the 

dynamic cone te$t data, but are ot used extensively. The dynamic cone penetrometer 
is not recommenbed for final fo ndation design. 
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6. ~BORATORY TESTING 

The trend to higher capacity piles
1

1 and greater pile penetration depths required for 
special design ever1ts reinforces the importance of accurately determining soil shear 

strength and consoU.dation propertijs. For cohesionless materials, the SPT and CPT will 
be the primary tools for strength a d compressibility analysis. These tests should be 
complemented with•. appropriate la oratory index tests. For cohesive s'oils, the use of 
SPT resistance values for estim~tion and evaluation of soil shear strength and 

compressibility cannot be recomml
1 

nded as the basis for a final design. In cohesive 
soils, traditional laboratory tests n undisturbed samples yield the best results for 
evaluation of strength and compre sibility properties. 

I 

In laboratory testing! the quality of t$st results is far mon3 important than the quantity of 
test results. Inaccurate test result~ may lead to misjudgments in the design stage 
and/or problems in the construc~ion stage. Owners and designers of structure 
foundations have a quality assuranpe responsibility over activities affecting the quality 
of laboratory test results. Quality control procedures for in-house or consultant 
laboratories should be in place for: 1: 

- Handling and ~torage of soil ~amples. 
- Sample prepa~ation for testinq. 
- Establishment of, and adhere~ce to testing procedures. 

Documentation of equipment Calibration and maintenance. 
- Training and qualification of l~boratory personnel. 
- Laboratory test result review abd checking. 
- Reporting of laboratory test re~ults. 

The purpose of this· chapter is to ptesent a summary of laboratory tests performed to 
determine basic soil properties as well as soil shear strength and consolidation 
properties. For detai:led information on laboratory testing, additional references are listed 
at the end of this chapter. 
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6.1 TYPES OF TESTS 

Laboratory tests 1 can be general y categorized as follows: 
'1 

1. Soil classification and index t sts. 

2. Shear strengt~ tests. 

3. Consolidation i.tests. 

4. Electro chemi? al classificatio 

I 

The following su~sections briefly describe each type of test. Table 6-1 summarizes the 
advantages, disadvantages a d applications of soil classification, strength and 

I 

compressibility t~sts. 

I 

6.1.1 Classificatilon and Index T sts 
i 
I 

! 

For foundation ¢:iesign, soils re usually classified according to the Unified Soil 
I 

Classification sy$tenn. The cla sification of soil determines the type of material, its 
general charactetistics, and whe her any further testing for consolidation and strength 
properties are needeid. The follo ing tests are useful in classifying soils: 

a. Moisture content (AASH O T265). 

b. Particle size analysis (m chanical and hydrometer analysis) AASHTO T88. 

I 

c. Atterberg I limits (liquid and plastic limits) AASHTO T89 and T90. 
I 

d. Unit weight (AASHTO T3~). 
I 
I 

6.1.2 Shear Stre1glh Tests I 

The shear strength of a soil is 4 measure of the soil's ability to resist sliding along 
internal surfaces Within the mass.\ 

I 
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TABLE 6-1 LABORATORY TESTS ON SOILS FOR FOUNDATION DESIGN 

Test Test 
Category 

Classification or Design 
Parameters Provided 

Advantages Disadvantages 

by Test 

Classification Liquid limit Liquid limit Assists in correct soil classification. ----
and Index 
Tests 

Plastic limit Plastic limit Assists in correct soil classification. ----
(both 
disturbed and 

Moisture Moisture content __ Can_assist in soil shear streQ91tl undistumed --- ----
content·-

----- -- -- --- -

judgements and water table determin-ation-. samples used 
unless noted) Particle size G1c1i11 SiLt:: l,UIVt:::::, Assists in soil classification. ----

analysis 
(mechanical 
and 
hydrometer 
analysis) 

Unit weight Ory density Can assist in soil shear strength ----
(Undisturbed judgements. 

- -~-- -- ' --- ··---- ------ ----- - ------- --~- ----~- ----------------- ___________ .,_ -------------
-· 

Shear strength Triaxial Cohesion c or c'; Angle of 1. Models in-situ conditions better than 1. Expensive. 
compression internal friction <f> or¢'. (In other two tests. 2. Complicated test procedure. 

(undisturbed test (UU, CU, terms of total or effective 2. Drainage control 3. Difficult to use for sands and silts. 
samples used) or stresses). 3. Pore water pressure can be measured. 

CD tests**) 4. More accurate than other two 
methods. 

Direct shear Cohesion, c'; Angle of Simple and quick test. 1. Predetermined failure plane. 
test internal friction, <I>'. 2. Poor drainage control. 

(In terms of effective 
stresses). 

Unconfined U, I\..UI 1f;, n::::d L.VI 11p111v:::,:::,iu11 
. Si,, ,..,It:, ~ui"'"• i1lt::Af.Jt::11:::,ivt:: tt:::::,t tu 

. No lateral confining pressure , . I. 

compression strength and shear measure strength of cohesive soils. during test. 
test strength. 2. More uniform stresses and strains on 2. Pore water pressures and 

sample than direct shear test. saturation cannot be controlled. 
3. Failure surface tends to develop at 3. Test results, especially with depth, 

weakest portion of samples unlike the are conservative and misleading 
forced shear plane of direct shear due to release of confining stress 
test. when sample is removed from 

below ground and tested. 

Consolidation Consolidation Compression index. 
Recompression index. 

(undisturbed Coefficient of secondary 
samples used) compression. ---- ----

Coefficient of 
consolidation. 
Preconsolidation pressure. 
Swelling index. 

- All test results permit empirical and engineering judgement guidance with regard to pile installation and construction monitoring. 
** - UU = Unconsolidated Undrained, CU = Consolidated Undrained, and CD = Consolidated Drained. 

Direct* Standard Soil Types 
Applications Test best 

Procedure suited for 

Classification MSHTO Cohesive 
T89-68 soils and silts 

Classification MSHTO Cohesive 
T90-70 soils and silts 

Classification _ MS!:lTQ __ C_phesoce 
T265-79 soils and silts 

Classification AASHTO Cohesive 
T88-72 and 

cohesion less 
soils 

Effective MSHTO Cohesive 
stress T38 soils 
,.......,,,,t"'._. .. ...,_ .. "•"'11;;). 

Static MSHTO Cohesive 
capacity T234-70 soils 
calculations 
for deep 
foundations. 

Static MSHTO Cohesion less 
capacity T236-72 soils 
calculations (sands and 
for deep silts) 
foundations. 

Static AASHTO Cohesive 
capacity T208-70 soils 
calculations 
for deep 
foundations. 

Computation MSHTO Cohesive 
of foundation T216-74 soils 
settlement 
and time rate 
of settlement. 



For the design df foundations, a knowledge of the soil shear strength is essential. Shear 
I 

tests on soil ar~ performed to determine the cohesion, c, and the angle of internal 
friction, ¢. Co~esiion is the in erparticle attraction effect and is independent of the 
normal stress, q, but consider bly dependent on water content and strain rate. The 

internal friction tngle depends n the interlocking of soil grains and the resistance to 
sliding between ithe grains. 

Internal friction ~epends on th roughness of grains and normal stress. The shear 
strength of a soi'!I is defined as f !lows: 

r = c + a tan¢ 

For pile foundatibn design, the esistance along the pile shaft and at the pile toe are a 
function of r, c ~nd ¢ paramete s. 

Effective stress, f', is defined as the soil grain to soil grain pressure and is equal to the 
total overburden prnssure, a, mi us the pore water pressure (neutral pressure), u. This 
may be expressed in equation f rm as: 

II 

a'= a- u 

!, 

The pore water mas no shear st ength and is incompressible. Only the intergranular 

stress (effective *ress) is effecti e in resisting shear or limiting compression of the soil. 
When pore water1 drains from so I during consolidation, the decrease in water pressure 
increases the lev~I of effective s ress. Effective stress is important in both laboratory 
testing and in d$sign, since it orrelates directly with soil behavior. An increase in 

effective stress C$,uses densifica ion and an increase in shear strength. 

Three test metho~s are commonl

1

~ used to measure shear strength in the laboratory. In 
order of increasi1g cost and test\ sophistication they are as follows: 

j I 
• I 

a. Unconfintd compression\ test (AASHTO T208). 

b. Direct sh~ar test (AASHTb T236). 
I 

i 

I 

c. Triaxial cqmpression test\(AASHTO T234). 

I 
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I 
The unconfined compression test is he most widely used laboratory test to evaluate soil 
shear strength. In the unconfined compression test, an axial load is applied on a 

cylindrical soil sample while maintai ing a zero lateral or confining pressure. The axial 
loading is increased !.to failure and t e shear strength is then considered to be one half 
the axial stress at failure. Unconfine compression tests are performed only on cohesive 
soil samples. 1

1 
I 

Unconfined compre$sion tests on ohesive samples recovered from large depths or 
samples with a secondary structure, such as sand seams, fissures, or slickensides, can 
give misleadingly low, shear strength . This is due to the iremoval of the in-situ confining 

stress normally present Triaxial co pression tests provide better information on soil 
shear strength in th~se cases. 

' 
i 

The direct shear test. is performed bf placing a sample of soil into a shear box which is 

split into two parts at! mid-height. A iormal load is then applied to the top of the sample 
and one half of the $hear box is puled or pushed horizontally past the other half. The 

shear stress is calcwlated from the orizontal force divided by the sample area and is 
plotted versus horizqntal deformatio . A plot of at least three normal stresses and their 
corresponding maxirlnurn shear stre ses provides the shear strength parameters c and 
¢. Bowles (1977) notes that the¢ v lues determined from plain strain direct shear tests 
are approximately 1 J1 times the ¢ alues determined from triaxial tests. Direct shear 
tests are primarily pierformed on re ompacted granular soils. Direct shear tests are 
generally not recommended for co~esive soils due to limitations on drainage control 
during shear. ' 

I 

The most versatile sh. ear strength t~st is the triaxial compression test. The triaxial test 
allows a soil sample to be subjeited to three principal stresses under controlled 
conditions. A cylindlrical test speciri,en is encased in a rubber membrane and is then 
subjected to a confihinu pressure. brainage from the sample is controlled through its 
two ends. The shearing force is ~pplied axially and increased to failure. A plot of 
normal stress versus, shear stress is ~eveloped and parameters c and¢ are determined. 
In triaxial tests where full drainage is allowed during shear, or in undrained tests with 

pore pressure measurements during shear, the effective stress parameters c' and¢' can 
be determined. 
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In shear testing, ~he drainage, c nsolidation, and loading conditions are selected to 
simulate field co~ditions. Triaxi I compression tests are classified according to the 

I 

consolidation an~ drainage con itions allowed during testing. The three test types 

normally conductfd are unconso idated undrained (UU), consolidated undrained (CU) 
and consolidated '!drained (CD). he unconfined compression test may theoretically be 
considered a UUi test performe with no confining pressure. Direct shear tests are 

I 

usually consolidated under a no mal stress then sheared either very slowly to model 

drained condition~, or rapidly to odel undrained conditions. 

Total stress and ~ffective stress ile design methods are presented in Chapter 9. The 

total stress meth9ds use undrain d shear strengths. Effective stress design methods 

use drained shea~ strength data. 

6.1.3 Consolidati~n Tests 

To estimate the a~ount and rate t which a cohesive soil deposit will consolidate under 
an applied load 0~

1 

a structure, a ne dimensional consolidation test (AASHTO T216) is 
usually performed': In this test, saturated soil sample is constrained laterally while 
being compresseq vertically. The vertical compression is measured and related to the 
void ratio of the s~il. Loading th sample results in an increased pore water pressure 

within the voids of ~he sample. Ov r a period of time, as the water is squeezed from the 
soil, this excess V-1ater pressure ill dissipate resultin9 in the soil grains (or skeleton) 
supporting the loatj, The amount of water squeezed from the sample is a function of 

load magnitude arid compressibili y of soil skeleton. Tlhe rate of pressure dissipation is 
a function of the permeability of t e soil. 

The results from th~ test are used t plot void ratio, e, versus pressure, p, on a semi-log 

scale to determinei
1 
the~ preconsoli ation pressure, Pc, and compression index, Cc. An 

illustration of a typical e-log p cu ve is presented in I=igure 9.43. A plot of log time 
versus sample c¢>mpression is used to determine coefficient of consolidation. 

' 

Consolidation test ~esults can be u ed to estimate magnitude and settlement rate of pile 

foundations in coh,.esive soils. A ettlement design example using consolidation test 

data is presented ifl Chapter 9. 
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i 
6.1.4 Electro Chemical Classificatiop Tests 

! 

The soil and groundwateir can contaif' constituents detrimental to pile materials. Electro 
chemical classification tests can be used to determine the aggressiveness of the 
subsurface conditioris and the pote tial for pile deterioration. These electro chemical 
tests include: 

a. pH (AASHTO T289). 

i 
b. Resistivity (AASHTO T288). I 

I 
C. Sulfate ion content (AASHT1 T290). 

i 

d. Chloride ion content (AASHto T291). 

I 

Additional discussiorn of the influencb of environmental conditions on pile selection are 

presented in Section! 8.B of Chapter 18. 

6.2 LABORATORY itESTING FOR P LE DRIVEABILITY CONSIDERATIONS 

As noted earlier in this chapter, pile f~undations are increasingly being driven to greater 
depths and greater, capacities. L~boratory tests to determine the remolded shear 
strength of cohesive! soils and the gtadation and fine content of cohesion less soils are 
important in assessirilg the pile driverbility and the potential soil setup effects (changes 
in pile capacity with time). ; 

i 

Remolded Shear Str~ngth of Cohesi~e Soils 
! 

Cohesive soils may liose~ a significarlt portion of their shear strength when disturbed or 
remolded, as during the pile drivind process. The sensitivity of a cohesive soil, S1, is 
defined as: i 

st = ( qu undisturbed ) / ( qu remolded ) 
i 
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Table 6-2 contain\s typical values of sensitivity as reported by Sowers (1979) which may 
be useful for pre\liminary estima1es of remolded shear strength. Terzaghi and Peck, 

(1967) noted thatll clays with sens tivities less than 16 generally regain a portion to all of 

their original shetr strength with elapsed time. Based upon typical sensitivity values 
reported by Terz4ghi and Peck , s well as by Sowers, the remolded shear strength of 

many cohesive soils during pile c riving would be expected to range from about¼ to½ 
the undisturbed s'~ear strength. 

I 
TABLE 6-\2 TYPICAL VAi UES OF SENSITIVITY FROM SOWERS (1979) 

Clay of medium '!plasticity, norm 3.lly consolidated 2-8 
I 

I, 

Highly flocculent:, marine clays 10-80 

Clays of low to nhedium plasticit ,, overconsolidated 1-4 
', 

i 
,, 

Fissured clays, cllays with sand i~eams 0.5-2 

To determine site $pecific soil sensitivity from laboratory data, remolded soil specimens 
I 

having the same moisture conternt as the undisturbed specimen should be tested in 
unconfined comp+ssion. However, the best assessment of the remolded shear strength 
of cohesive soils tjan be made frc m the field vane shear test described in Section 5.4. 

Gradation of Coh~sionless Soils 

The gradation and \fine content of c ohesionless soils are useful information in assessing 
pile driveability. sbils with a high fine content generally have lower angles of internal 
friction than soils o~ similar density with lower fine content. A high fine content can also 
affect soil drainag~ and pore pre~ sures during shear, and thus, the effective stresses 

acting on a pile d~ring driving. ~pending upon soil density, cohesionless soils with 
high fine contents ~re also more Ii ely to demonstrate soil setup than cohesionless soils 
with little or no fines. Gradation nd angularity of soil grains influence the angle of 
internal friction. ' 1

1 

Routine laboratory
1

, grain size an;, lyses (mechanical and hydrometer) can quantify 

gradation and fine 4ontent. With this information, better engineering assessments of pile 
driveability and soil'! setup potential

1 

in cohesionless soils can be made. 
! 
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7. FOUNDAtlON DESIGN PROCEDURE 

A foundation is the interfacing elem nt between the superstructure and the underlying 
soil or rock. The loads transmitted by the foundation to the underlying soil must not 
cause soil shear failure or damagin settlement of the superstructure. It is essential to 
s stematicall consi er various fou dation t es and to select the o timum alternative 
based on the superstructure re uire ents and the subsurface conditions. 

7.1 FOUNDATION DESIGN APPRO CH 

i 
The following design approach is relcommended to determine the optimum foundation 
alternative. i 

I 

1. Determine the foundation loadsl to be supported, structure layout, and special 
requirements such as limits on to al and differential settlements, lateral loads, scour, 
seismic performamce, and time c nstraints on construction. This step is often partially 
overlooked or vaguel address d. A com lete knowled e of these issues is of 

paramount importance. 

I 

2. Evaluate the subs. urface explora~ion and the laboratory testing data. Ideally, the 
subsurface explo!ration and lab~ratory testing programs were performed with a 
knowledge of the loads to be trarsmitted to, and supported by the soil and/or rock 
materials. i 

3. Prepare a final soil profile and cdtical cross sections. Determine soil layers suitable 
I 

or unsuitable for spread footings,! pile foundations, or drilled shafts. Also consider if 
ground improvement techniques pould modify unsuitable layers into suitable support 
layers. 
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4. Consider and prepare alterna ive designs. 

Shallow Foun~ations: 
(without groudd improvement 

Shallow Foundations: 
(with ground irprovement) 

Deep Foundations: 

I 

a. Spread footings. 
b. Mat foundations. 

a. Spread footings. 
b. Mat foundations. 

a. Pile foundations. 
b. Drilled shafts. 

Table 7-1 su~,marizes shallol and deep foundation types and 
applicable and non-applicabl, soil conditions. 

uses, as well as 

5. Prepare cost 'estimates for f asible alternative foundation designs including all 
associated suqstructure costs. 

' 

6. Select the optirpum foundation alternative. Generally the most economical alternative 
should be sele~ted and recom ended. However, the ability of the local construction 
force, availability of materi Is and equipment, as well as environmental 
considerationsAlirTilitations sho Id also be considered. 

I 

i 

For major projectJ, if the estimat d costs of feasible foundation alternatives (during the 
design stage) are\ within 15 perc nt of each other, then alternate foundation designs 
should be consid$red for inclusio in the contract documents. 
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TABl.£ 7-1 FOUND)~TION TYPES AND TYPICAL USES* 

Foundation 
Type 

Use 

Spread footing, lndlividual 
wall footings. columns, walls, 

britige~ piers. 

Mat 
foundation. 

Pile 
foundations 
(shaft 
resistance, toe 
resistance or 
combination). 

Drilled shafts 
(shaft 
resistance, toe 
resistance or 
combination). 

Saime as spread 
and wall footings. 
Ve!ry heavy 
co!lurnn loads. 
Usually reduces 
diffornntial 
sehlernents and 
to~al settlements. 

In :groups to 
tr~nsfer heavy 
cdlurnn and 
brildg13 loads to 
suitable soil 
layers. Also to 
re~ist uplift and/or 
lateral loads. I 

Larger column I 
loads than for 
piles. Cap 
sometimes 
eliminated by 
us.ing drilled 
sh:afts as column ' 
extension. 

* Modified from Bowles (1977). 

Applicable Soil Conditions Non-suitable or 

Any conditions where 
bearing capacity is 
adequate for applied load. 
May use on single 
stratum; firm layer over 
soft layer, or weaker layer 
over firm layer. Check 
immediate, differential and 
consolidation settlements. 

Generally soil bearing 
value is less than for 
spread footings. Over 
one-half area of structure 
covered by individual 
footings. Check 
settlements. 

Poor surface and near 
surface soils. Soils 
suitable of load support 5 
to 90 m below ground 
surface. Check settlement 
of pile groups. 

Poor surface and near 
surface soils. Soils and/or 
rock of suitable load 
support located 8 to 90 m 
below ground surface. 
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Difficult Soil 
Conditions 

Any conditions 
where foundations 
are supported on 
soils subject to 
scour or 
liquefaction. 
Bearing layer 
located below 
ground water table. 

Same as footings. 

Shallow depth to 
hard stratum. 
Sites where pile 
driving vibrations 
or heave may 
adversely impact 
adjacent facilities. 
Boulder fields. 

Deep deposits of 
soft clays and 
loose water 
bearing granular 
soils. Caving 
formations difficult 
to stabilize. 
Artesian 
conditions. 
Boulder fields. 



7.2 CONSIDER/1,TION OF SPR~ FOOTING FOUNDATION 
! 

The feasibility of ~sing spread to tings for foundation support should be considered in 
any foundation s~lection process. Spread footings are generally more economical than 
deep foundation~ (piles and drill d shafts); spread footings in conjunction with ground 
improvement tec~niques should lso be considered. Deep foundations should not be 

I 

used indiscrimim~tely for all su urface conditions and for all structures. There are 
subsurface condi~ions where pile foundations are very difficult and costly to install, and 
other conditions t,Jhen they may ot be necessary. 

i 

7.3 ESTABLISHNIENIT OF A NE D FOR A DEEP FOUNDATION 
I 

The first difficult problem facing he foundation designer is to establish whether or not 
the site conditio~s dictate that a deep foundation must be used. Vesic (1977) 
summarized typic~I situations in hich piles may be needed. These typical situations 
as well as additiohal uses of dee foundations are shown in Figure 7.1. 

Figure 7.1 (a) shojNs the most c mmon case in which the upper soil strata are too 
compressible or 1.too weak to upport heavy vertical loads. In this case, deep 
foundations tran~fer loads to deeper dense stratum and act as toe bearing 
foundations. In t~e absence of dense stratum within a reasonable depth, the loads 
must be gradua11yl

1
transferred, ma'nly through soil resistance along shaft, Figure 7.1 (b). 

An important po;'ht to rememb r is that deep foundations transfer load through 
unsuitable layers tb suitable layer . The foundation designer must define at what depth 
suitable soil la erd be in in the s ii refile. 

Deep foundations\ are frequently needed because of the relative inability of shallow 
footings to resist 1

1

inclined, lateral, or uplift loads and overturning moments. Deep 
foundations resist, uplift loads b~ shaft resistance, Figure 7.l(c). Lateral loads are 
resisted either by yertical deep foµndations in bending, Figure 7.l(d), or by groups of 
vertical and batter~d foundations, y;hich combine the axial and lateral resistances of all 
deep foundations i~ the group, Fig~re 7.l(e). Lateral loads from overhead highway signs 
and noise walls may also be resisted by groups of deep foundations, Figure 7 .1 (f). 

' 
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I 
Deep foundations ar!e often requireq when scour around footings could cause loss of 
bearing capacity at $hallow depths.I Figure 7.l(g). In this case the deep foundations 
must extend below the depth of sco~r and develop the full capacity in the support zone 
below the level of expected sco~r. FHWA scour ~~uidelines (1991) require the 

geotechnical analysis·. of bridge founr· ations to be performed on the basis that all stream 
bed materials in the scour prism ha e been removed and are not available for bearing 
or lateral support. Costly damage a d the need for future underpinning can be avoided 
by properly designing for scour con~itions. 

i 
' i 

Soils subject to liquefaction in a sei mic event may also dictate that a deep. foundation 
be used, Figure 7.1 (h). Seismic e ents can induce si~Jnificant lateral loads to deep 
foundations. During a seismic ev nt, liquefaction susceptible soils offer less lateral 
resistance as well qS reduced shat resistance to a deep foundation. Liquefaction 
effects on deep fourhdation perform nee must be considered for deep foundations in 
seismic areas. 

Deep foundations are o'ften used as fender systems to protect bridge piers from vessel 
impact, Figure 7 .1 (i). Fender syste sizes and group configurations vary depending 
upon the magnitude of vessel imp ct forces to be resisted. In some cases, vessel 
impact loads must tpe resisted by the bridge pier foundation elements. Single deep 

foundations may also be used to s~pport navigation aids. 

In urban areas, deep foundations rt,ay occasionally be needed to support structures 
adjacent to locations where future e~cavations are planned or could occur, Figure 7.1 (j). 
Use of shallow foundations in the~e situations could require future underpinning in 
conju,nction with adjacent constructibn. 

' ! 

Deep foundations ~re used in a~eas of expansive or collapsible soils to resist 

undesirable seasonal movements l the foundations. Deep foundations under such 
conditions are desighecl to transfer oundation loads, including uplift or downdrag, to a 
level unaffected by seasonal moistu e movements, Figure 7 .1 (k). 
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Figure 7.1 Situat ons in which D ep Foundations may be Needed (modified from 
Vesic, 1977) 
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l 
In many instances either a shallow or deep foundation alti3rnative is technically feasible. 

Under these circumstances, an eval ation of the shallow ·foundation should include; (1) 

the dimensions and depth of shallo footings based on allowable bearing capacity, (2) 

the magnitude and time-rate of settle ent under anticipated loads, and (3) detailed cost 

analysis including such factors as I need for cofferdams, overall substructure cost, 

dewatering and foundation seals, lconstruction time, construction risk and claims 

potential. A comparative analysis ofl feasible deep foundation alternatives should also 

be made. The cost analyses of fearible alternatives should have a significant role in 

final selection of the foundation typer 

Because this manual deals only with Id riven pile foundations, other types of foundations 

will not be discussed further. I 
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II 

8. PILE TYPES AN~ GUIDELINES FOR SELECTION 

' 

The selection of a pile foundation tyRe for a structure should be based on the specific 
soil conditions as well as the found*tion loading requirements and final performance 
criteria. This chapter focuses on t~e characteristics of driven pile foundation types 
typically used for highway structures.I Design data useful in the selection and design of 
specific pile types is i!ncluded in App~ndix C. Additional details on pile splices and toe 
protection devices are presented in ¢ hapter 23. 

' ' 

I 

I 
8.1 OVERVIEW OF TYPICAL PILE T'(PES 

i 

Piles can be broadly categorized in
1

1 two main types: foundation piles for support of 
structural loads and i,heet piles for ~arth retention systems. Discussion of sheet piles 
is outside the scope bf this manual. ! 

I 

! 

There are numerous types of found~tion piles. Figure 8.1 shows a pile classification 
system based on type of material, c~nfiguration, installation technique and equipment 
used for installation. Foundation Pliles can also be classified on the basis of their 
method of load transfer from the pil~ to the surrounding soil mass. Load transfer can 
be by shaft resistanc~, toe bearing r~sistance or a combination of both. 

Table 8-1 modified from NAVFAC 1(1982) summarizes characteristics and uses of 
common pile types. The table is for plreliminary guidance only, and should be confirmed 
by local practice. In addition the d~sign load should be determined by geotechnical 
engineering principle!s, limiting stres~es in the pile material, and type and function of 
structure. Uncased cast in place cbncrete piles, although outside the scope of this 
driven pile manual, are iincluded in t~is chapter because all feasible pile types should 
be considered in any selection proc$ss. 
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TABLE 8-1 TECHNICAL SUMMARY OF PILES* I 

PILE TYPE TIMBER TYPICAL ILLUSTRATION 

TYPICAL LENGTHS 5m-20m 

- ---- -- ---------- - - -- -- --

MATERIAL ASTM-D25 
SPECIFICATIONS AWPA-C3 (if used) 

Grade....._,_ 
I MAXIMUM See Chapter 11 . I f""""'''"' 1m 

STRESSES I -
Lautt Diameter 

TVDlrA1 .dYl/\1 1 (V'\ lit.. I ,::::(V'\ IA\. I ----------- ------------- - - - -------- ----- -- ---- -
300 mm - 550 mm - ·- - ... ·- -- ,. ,. --- ,. 'II 

DESIGN LOADS - Pile shall be Treated with 
(X) 

I 
(,J 

DISADVANTAGES • Difficult to splice. 
Wood Preservative 

• Vulnerable to damage in hard driving; both pile head • 
and toe may need protection. Cross Section 

• Intermittently submerged piles are vulnerable to decay 
unless treated. • - -

Toe Diameter 120 mm - 230 mm 

ADVANTAGES • Comparatively low in initial cost. 
• Permanently submerged piles are resistant to decay. 
• Easy to handle. 

REMARKS • Best suited for friction piles in granular material. 

* Table modified and reproduced from NAVFAC OM 7.2 (1982) 



I TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) I 
PILE TYPE STEEL - H SECTIONS TYPICAL ILLUSTRATION 

TYPICAL 5m-30m 
LENGTHS 

-
--

MATERIAL ASTM - A36 or A572, Grade 50 
SPECIFICATIONS 

MAXIMUM See Chapter 11. 
STRESSES .-Grade - -

- i--------- --- -- --- ---- -
I----- - --- ----------------------------------------- -

I - H '' 
TYPICAL AXIAL 400 kN - 2,000 kN i ~ 

DESIGN LOADS !1 
Cross Section 

(X) 
I 

~ DISADVANTAGES • Vulnerable to corrosion where exposed HP section may be 
damaged or deflected by major obstructions. 

• Not recommended as a friction pile in granular materials. 

ADVANTAGES • Easy to splice. 
• Available in various lengths and sizes. 
• High capacity. 
• Small displacement. ~ 

• Able to penetrate through light obstructions. 
• Pile toe protection may be needed for penetration through 

hard obstructions or where soft rock is present. 

REMARKS • Best suited for toe bearing on rock. 
• Allowable capacity should be reduced in corrosive locations. 

* Table modified and reproduced from NAVFAC DM 7.2 (1982) 



I TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) I 
PILE TYPE STEEL PIPE PILES TYPICAL ILLUSTRATION 

TYPICAL LENGTHS 1 O m - 40 m or more. 

--MA-TE--EIAL- --- AS=rM-A2--a2 - fer f3ipe. 
SPECIFICATIONS ACI 318 - for concrete (if filled). 

ASTM A36 or A572 - for core (if used). 

MAXIMUM See Chapter 11 . 200 mm -1220 mm n rGrade 

¥ STRESSES -,..,...... 
I - I , 

,,_ -

CX> 
I 

01 

-- ---· 
Cross Section of 

TYPICAL AXIAL 800 kN - 2,500 kN with or without concrete fill and Plain Pipe Pile r 
DESIGN LOADS without cores. Shell Thickness 

5,000 kN - 15,000 kN concrete filled with cores. 
Bmm-25 mm 

300 mm - 900 mm 

V 
DISADVANTAGES • Displacement for closed end pipe. Cross Section of 

• Open ended not recommended as a friction Pipe Pile with Core 

pile in granular material. Socket Required for High .L Rock 

ADVANTAGES • Best control during installation. 
~ Vertical Loads only. - [] 

• Low displacement for open end installation. End Closure may be Flat Plate, 

• Open end pipe is best against obstructions. 
Conical Point, or Omitted 

• Piles can be cleaned out and driven further. 
• High load capacities. 
• Easy to splice. 

-

REMARKS • Provides high bending resistance where 
unsupported length is loaded laterally. 

* Table modified and reproduced from NAVFAC DM 7.2 (1982) 



I TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) I 
PILE TYPE PRECAST/PRESTRESSED CONCRETE TYPICAL ILLUSTRATION 

TYPICAL 1 O m - 15 m for precast. 
LENGTHS 15 rn -40_mf_ar_pr_estressed~ .. 

1\,1.l'i.Tl=Rl.l'i.l 
1¥11 \.IL..l ll~L.. ACI 318 - for concrete. 
SPECIFICATIONS ASTM - A82, A615, A722, and A884 - for reinforcing 

steel. 
rGrade ASTM - A416, A421, and A882 - for prestressing. Typical Cross Sections 

I 

I\AAXIMI IM Q,...,... ('b,.,~~~. 11 - - ·-,--· 
~ STRESSES -l I-

~ . 255 mm - 915 mm 
TYPICAL AXIAL 400 kN - 1,000 kN for precast. 

CX> 
I 

DESIGN LOADS 400 kN - 4,500 kN for prestressed. 1{ 255 mm - 610 mm 
0) 

DISADVANTAGES • Unless prestressed, vulnerable to handling 
damage. · \l 915 mm - 1675 mm 

• Relatively high breakage rate, especially when 
I--

piles are to be spliced. 
• High initial cost. 

u~ • Considerable displacement. 
• Prestressed difficult to splice. Taper may be Omitted 

ADVANTAGES • High load capacities. 
Note: Reinforcing may be Prestressed • Corrosion resistance obtainable. 

• Hard driving possible. 

REMARKS • Cylinder piles are well suited for bending 
resistance. 

* Table modified and reproduced from NAVFAC OM 7.2 (1982) 



I TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) I 
PILE TYPE CAST IN PLACE CONCRETE (MANDREL DRIVEN TYPICAL ILLUSTRATION 

SHELL) 

TYPICAL LENGTHS 3 m - 40 m, but typically in the 15 m - 25 m range. 

MATERIAL ACI 318 - for concrete. 
SPECIFICATIONS 

MAXIMUM 33% of 28-day strength of concrete, with increase 
STRESSES to 40% of 28-day strength provided: 

• Casing is a minimum of 12 gage thickness. 
1Grade Grade7 • Casing is seamless or with welded seams. 

()) 
I 

-.J 

• Ratio of steel yield strength to concrete is not l ~I ~ I - less than 6. ~--- - - --- -- - ------- -~--------- - ---- -----

f-- --- --- - ----- -- -- - ' ~ 200 mm - 450 mm - - i 
• Pile diameter not greater than 450 mm. i V , 

TYPICAL AXIAL Designed for a wide loading range but generally in ~ Cross Section ;:~ 
DESIGN LOADS the 400-1400 kN range. ~ ~ 

§ Corrugated Shell ;: 

DISADVANTAGES • Difficult to splice after concreting. ~ Thickness 12 to 20 gage § 
• Redriving not recommended. 

f (3.3 to 0.5 mm) ;:; 

• Thin shell vulnerable during driving to excessive ~~ 
earth pressure or impact. i Sides Straight or Tapered 

• Considerable displacement. 

ADVANTAGES • Initial economy. 
• Tapered sections provide higher resistance in 

granular soil than uniform piles. 
• Can be inspected after driving. 
• Relatively less waste of steel. 
• Can be designed as toe bearing or friction pile. 

REMARKS • Best suited as friction pile in granular materials. 

* Table modified and reproduced from NAVFAC OM 7.2 (1982) 



TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) 

PILE TYPE CAST IN PLACE CONCRETE TYPICAL ILLUSTRATION 
--------- --

(S'4ELbS-ORl\t~~WITHOUf·fodMNBREi:J ~····· · ---- - --- --- -- -- - -
~ .. 

.. 

TYPiCAL LENGTHS 5 m - 25 m 

MATERIAL ACI 318 - for concrete. 
SPECIFICATIONS ASTM A252 - for steel pipe. 

Grade~ 300 mm - 450 mm 

MAXIMUM See Chapter 11. 
w~v==1 r//-//AV 

i:\_ Shell Thickness STRESSES 3 mm-6 mm 

()) 
I 

()) 

Sides_/ Typical Cross Section 

TYPICAL AXIAL 500 kN - 1350 kN Straight (Fluted Shell) 
or 

DESIGN LOADS Tapered 250 mm - 900 mm 

Q_ Shell Thickness 
DISADVANTAGES • Difficult to splice after concreting. 3 mm-6mm 

• Considerable displacement. -11-
Typical Cross Section Minimum Toe 

Diameter 200 mm (Spiral Welded Shell) 

ADVANTAGES • Can be redriven. 
• Shell not easily damaged if fluted. 

REMARKS • Best suited for friction piles of medium length. 

* Table modified and reproduced from NAVFAC OM 7.2 (1982) 



I TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) I 
PILE TYPE COMPOSITE PILES TYPICAL ILLUSTRATION 

TYPICAL LENGTHS 15m-65m 

MAT~mAL ASTM A-36 or A5-7-2 --for s-trueturaf s-eetm. Txgical Combinations. 

SPECIFICATIONS ASTM A252 - for steel pipe. Grade¼ . 
ASTM 025 - for timber. 

,w_ "'-"--"'" f Cased or Precast ACI 318 - for concrete. Concrete -+ 
1

-uncased 
Concrete 

MAXIMUM 33% of 28-day strength of concrete. ~ 
STRESSES . _ 62 MPa for structural and pipe sections if ·-------~----- --------~ -----~---~-
----- ----- -------- ---- --~----- --- -·-· -- - -HP 

thickness is greater than 4 mm. Section-+ -Timber 
(X) 

I 
TYPICAL AXIAL 300 kN - 1,800 kN 

CD DESIGN LOADS ... 
Grade -,, 

. " ;a . 

DISADVANTAGES • Difficult to attain good joints between two I Steel I 
materials except for pipe composite piles. 

=--- Pipe -= 
~ Concrete I 

Concrete ~ Fiiied 
ADVANTAGES • Considerable length can be provided at Filled ---.. 

comparatively low cost for wood composite Steel 
Shell ~HP 

piles. Section 
• High capacity for pipe and HP composite piles. -
• Internal inspection for pipe composite piles. 

REMARKS • The weakest of any material used shall govern 
allowable stresses and capacity. 

* Table modified and reproduced from NAVFAC OM 7.2 (1982) 
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I TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) 

PILE TYPE DRILLED SHAFTS TYPICAL ILLUSTRATION 

TYPICAL LENGTHS Up to 50 m 
-- --- - - ------ -- - - --------- --

- --- - ---- -- ---------- - ----- ---- ------ ·---- t-----
-------- - --- ------

------

MATERIAL AC! 318 - for concrete. Grade 
SPECIFICATIONS ASTM A82, A615, A722, and A884 for reinforcing 

steel. ,, ',½.. ''' 'v. 
... 

1>:-'' ', Y'>-..' ''< <I 

~ 4 • 1/ 
MAXIMUM 33% of 28-day strength of concrete. 1/ Poor R~!:l!rinn ~nil 

-~ ~- --- -~- ---~ -C'Tnrc-nr-n ____________ ~,, 
<t· 

~ .. 
TYPICAL AXIAL 1,500 kN - 20,000 kN 
DESIGN LOADS 4 

<I 

<3 

DISADVANTAGES 
?:r/4-Y/?✓/4-Y/2< ·4 P:</4-Y/?<'/4-Y/4-'<. 

• Requires relatively more extensive inspection. 1 <I 

Good Bearing 
• Construction procedures are critical to quality. 
• Bouiders can be a serious problem, especially 1~ <14 Layer or Rock 

in small diameter shafts. Shaft 1 <I 

ADVANTAGES • Length variations easily accommodated. Resistance 1 
<3 4 

<I 

• High bearing capacity and bending resistance. 
• Availability of several construction methods. 1 4 <I 

• Can be continued above ground as a column. 
i ff f i Toe Bearing • Can eliminate the need for cofferdam. 

REMARKS • Not recommended in soft clays and loose 
sands. 

* Table modified and reproduced from NAVFAC OM 7.2 (1982) 
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I TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) I 
PILE TYPE AUGER PLACED, PRESSURE INJECTED TYPICAL ILLUSTRATION 

CONCRETE PILES (CFA PILES) 

TYPICAL 5 m - 15 m 
LENGTHS 

MATERtAL ACt 318 - for concrete. - . .. 

SPECIFICATIONS ASTM A82, A615, A722, & A884 - for reinforcing steel. 

MAXIMUM 33% of 28-day strength of concrete. rGrade 

STRESSES ~ 
~ ~ Typical Cross Section t 

' 4 ,r·r-,CAL AXIAt --- '35CJm- :;-100m--------- - - ... - -----··--·---·-· --- . ---··· - - f---- __ J r-- _____ ____ 300 mm - _oo mm ... _. _ 

DESIGN LOADS 0 
DISADVANTAGES • Greater dependence on quality workmanship. Fluid Concrete Causes 

• Not suitable through peat or similar highly 

I ~ 
Expansion of Pile 

compressible material. 
) Diameter in Weak Soil 

• Requires more extensive subsurface exploration. Zones. Soil is Compacted 
and Consolidated. 

ADVANTAGES • Economy. 
• Zero displacement. Drilled Piles can be 
• Minimal vibration to endanger adjacent structures. - L__/ Properly Seated in 

• High shaft resistance. Bearing Layer. 

• Good contact on rock for end end bearing. 
• Convenient for low-headroom underpinning work. 
• Visual inspection of augured material. 

REMARKS • Best suited as a friction pile in granular material. 

* Table modified and reproduced from NAVFAC DM 7.2 (1982) 
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I 
PILE TYPE 

l't'ElCALl.€NGTHS-

MATERIAL 
SPECIFICATIONS 

- ~--~------- - - -----------

TYPICAL AXIAL 
DESIGN LOADS 

DISADVANTAGES 

ADVANTAGES 

REMARKS 

TABLE 8-1 TECHNICAL SUMMARY OF PILES (CONTINUED) I 
DRILLED AND GROUTED MICROPILES TYPICAL ILLUSTRATION 

- - - - ------
---- -- -- - - ----- -- - - ------- ---- ----

- -20-m- --00- m- ----- ----- ----- - -- - ------ -- --

Grade I · · · · · -· I 
ASTM C150 - for Portland cement. 

. . , .. " . ,, 
ASTM C595 - for blended hydraulic cement. 
ASTM A615 - for reinforcing steel. ~ -------------~-- ----------------------- --- --------~-----~----

300 kN - 1000 kN 

• Cost 

• Low noise and vibrations. Cross Section 
• Small amount of spoil. 130 - 230 mm 150 - 230 mm 

• Applicable for sites with low headroom and I ◄ .. , I◄ .. , 
restricted access. Q:Gro~~ • Applicability to soil containing rubble and 
boulders, karstic areas. 

Steel Reinforcing St:· Pipe 
Bar {typically 100 - 180 mm) 

• Can be used for any soil, rock or fill condition. 



CX> 
I 

.....I. 

w 

I TABLE 8-1 TECHNICAL SUMMARY OF PILES* (CONTINUED) I 
PILE TYPE PRESSURE INJECTED FOOTINGS TYPICAL ILLUSTRATION 

TYPICAL LENGTHS 3 m - 15 m 

MATERIAL ACI 318 - for concrete. 
SPECIFICATIONS ASTM A252 for steel pipe. 

MAXIMUM 33% of 28-day strength of concrete. 62 MPa for 
STRESSES pipe shell if thickness is greater than 4 mm. 

TYPICAL AXIAL 600 kN - 1 ,200 kN 
430 mm - 660 mm 300 mm - 500 mm 

~ I / Grade ~ _t-DESIGN LOADS 

I ' DISADVANTAGES • Base of footing cannot be made in clay or when 
hard spots (e.g., rock ledges) are present in soil. 

• When clay layers must be penetrated to reach 
suitable material, special precautions are required 
for shafts in groups. Concrete Compacted Casing 

ADVANTAGES • Provides means for placing high capacity 
by Ramming Corrugated Shell or 

Pipe 
footings on bearing stratum without necessity for 

Uncased Shaft Cased Shaft excavation or dewatering. 
• High blow energy available for overcoming 

obstructions. 
• Great uplift resistance if suitably reinforced. 

REMARKS • Best suited for granular soils where bearing is 
achieved through compaction around base. 

• Minimum spacing 1.5 m on center. 

* Table modified and reproduced from NAVFAC OM 7.2 (1982) 



8.2 TIMBER Pl~ES 

Timber piles ar~ usually of ro nd, tapered cross section made from tree trunks of 
Southern Pineo~ Douglas Fir dri en with the small end down. Southern Pine timber piles 
can be found to 1

: lengths up to 2 meters, and some west coast Douglas Fir may be up 
to 37 meters in 11

1

en~Jth. Oak an other timber types have also been used for piles, but 
that is infrequer!t today. AST D25, Standard Specification for Round Timber Piles, 

i 

presents guidelines on minimu timber pile dimensions, straightness, knot sizes, etc. 
AWPA C3, Piles,'. Preservative Tr atment by Pressure Process, contains penetration and 

retention values i.tor the various freservatives. 

Timber piles are !,best suited for ~odest loads when used as friction piles in sands, silts 
and clays. The: taper of timbe\r piles is effective in increasing the shaft resistance, 
particularly in loq,se sands. The~ are not recommended as piles to be driven through 
dense gravel, bqulders, or till, or for toe bearing piles on rock since they are vulnerable 

to damage at the pile head an toe in hard driving. Overdriving of timber piles can 
result in the crushing of fibers or brooming at the pile head. This can be controlled by 
using a helmet wjth cushion mat rial and/or metal strapping around the head of the pile. 
In hard driving situations, a met I shoe should be attached to the pile toe. 

I I 
I 

Timber piles are iavored for the ~onstruction of bridge fender systems and small jetties 
due to the good ~nergy absorpti~n properties of wood. 

I 
Timber pile splic~s are difficult ahd generally undesirable. However, splice details are 
discussed in Ch~pter 23. \ 

', I 
. I 

Durability is gene~ally not a desigt consideration if a timber pile is below the permanent 
water table. Ho~ever, when a ti ber pile is subjected to alternate wetting and drying 
cycles or located ~bove the water table, damage and decay by insects may result. Such 
damage reduces the service life of timber piles significantly unless the pile is treated with 
a wood preservative. The most\ common treatments for timber piling are Creosote, 
Chromated Coppf:}r Arsenate (CGA) for Southern Pine, and Ammoniacal Copper Zinc 

. : 

Arsenate (ACZA) for Douglas Fir.1
, Creosote cannot be used alone in southern waters 

·, I 
because of attack by limnoria tripyndtata, but should be used as part of a dual treatment 
with CCA or ACZA. If cracking o~ the pile shaft or head occurs and extends below the 
prescribed pile cut-off level, the ini~ial preservative treatment will not be effective, and the 
trimmed end of th~ pile should b$ treated a second time. 

• I 
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Durability of round timber piling is al function of site-specific conditions: 

1. Foundation piles Submerged in ground water will last indefinitely. 

2. Fully embedded, itreated founda~ion piles partially above the ground water with a 
concrete cap will last 100 years qr longer. 

! 

3. Treated trestle piles over land willl last as long as utility poles in the area, i.e., about 
75 years in northern areas and 4bout 40 years in the southern area of the United 
States. 

1 

4. Treated piles in fresh water will la~t about five to ten years less than land trestle piles 
in the same area. · 

i 
5. For treated piles in brackish w$ter, the longevity should be determined by the 

I experience in the area. 

I 

6. Treated marine piles will last abf ut 50 years in northern climates and 25 years in 
southern climates of the United ~tates, Graham (199E>). 

8.3 STEEL H-PILES 

Steel H-piles consist of rolled wide fl4nge sections that have flange widths approximately 
equal the section depth. In most H~pile sections, the flange and web thicknesses are 
the same. They are manufactured iln standard sizes ranging from 200 to 360 mm. In 
some cases, W-sections are also us, d for piles. A summary of standard H-pile sections 
including properties neE~ded for design is provided in Appendix C. 

I 

Steel H-piles are commonly made t~ conform with ASTM A36 specifications. Many of 
the H-piles produced today meet bo~h the requirements of ASTM A36 and A572, Grade 

I 

50 steel. Therefore, it may be possi~le to use the higher strength of the Grade 50 steel 
if the pile can be installBd to sufficient capacity as limited by the soil. 

H-piles are suitable for use as toe ~earing piles, and as combination shaft resistance 
and toe bearing piles. Since H-piles:1 generally displace a minimum amount of soil, they 

can be driven more easily through dense granular layers and very stiff clays than 
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displacement Riles. In additibn, the problems associated with soil heave during 
foundation instdllatiion are oftenlreduced by using H-piles. However, sometimes H-piles 
will 11plug 11

• That is, the soil beind penetrated will adhere to the web and the inside flange 
surfaces creati~g a closed-enJ, solid section. The pile will then drive as if it were a 
displacement pi!e below the debth of plug formation. Plugging can have a substantial 
effect on both driving resistanc~ and static capacity. 

I ' I I 

. I 

Experience indiqates that corro$ion is not a practical problem for steel piles driven in 
natural soil, due ':primarily to the ~bsence of oxygen in the soil. However, in fill materials 
at or above the1

1. water table, moderate corrosion may occur and protection may be 
needed. One 9ornmon protec ion method requires the application of pile coatings 
before and afte~ driving. Coal tar epoxies, fusion bonded epoxies, metallized zinc, 
metallized alumirurn and phen lie mastics are some of the pile coatings available. 
Encasement by ~ast in place co crete, precast concrete jackets, or cathodic protection 
can also provid~ the necessary protection for piles extending above the water table. 
Another design ~ption for piles ubject to corrosion is to select a heavier section than 
that required by ~he design load , anticipating the loss of material caused by corrosion. 

i 
. I 

One advantage pt I-I-piles is tht ease of extension or reduction in pile length. This 
makes them suit~ble for nonhoo/1ogeneous soils with layers of hard strata or natural 
obstructions. Sp11ices are comm~nly made by full penetration groove welds so that the 

I I 

splice is as stronig as the pile in\both compression and bending. The welding should 

always be done 1!by properly qui· lified welders. Proprietary splices are also used for 
splicing H-piles. '! Chapter 23 p esents information on typical splices. A steel load 
transfer cap is nqt required if th pile head is adequately embedded 305 mm into the 
concrete pile catj.. Pile toe reinfprcement using commercially manufactured cast pile 
shoes is recomri1ended for H-qiles driven through or into very dense soil or soil 
containing boulders or other obs~ructions. Pile shoes are also used for penetration into 
sloping rock surfaces. Chapter ~3 provides details on available driving shoes. 

: ! 

The disadvantag~s of H-piles inc)ude a tendency to deviate when natural obstructions 
are encountered. 1

\ Field capacity terification of H-piles used as friction piles in granular 
soils based on the driving resista~ce can also be problematic, and can result in length 
overruns. Length !tor length, steel\ piles tend to be more expensive than concrete piles. 
On the other hand, steel's high d~sign load for a given weight can reduce pile driving 
costs. 
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8.4 STEEL PIPE PILES 

i 
Pipe piles consist of seamless, weld~d or spiral welded steel pipes in diameters ranging 

from 200 to 1220 mm. Still larger si~es are available, but they are not used commonly 

in land or nearshore applications. Ttpical wall thicknessi3s range from 3 to 25 mm with 

wall thicknesses of up to 64 mm poisible. Pipe piles should be specified by grade with 

reference to ASTM A-252. In some 1ituations, a contractor may propose to supply used 

pipe not produced under ASTM stfndards. Pipe piles not meeting ASTM standards 

must be evaluated by an engineer tor general condition, clriveability, and weldability prior 

to approval. Appendix C includes ~ table of dimensions and design properties for pipe 

piles. 

I 
Steel pipe piles can be used in friction, toe bearing, a combination of both, or as rock 

socketed piles. They are commonly! used where variable pile lengths are required since 
I 

splicing is relatively easy. Comm9n offshore or nearshore applications of pipe piles 

include their use as bridge foundatioln piles, fender systems, and large diameter mooring 

dolphins. With the increased ductility requirements for earthquake resistant design, pipe 

piles are being used extensively in $eismic areas. 

I 
i 

Pipe piles may be driven either ope~ or closed end. If the capacity from the full pile toe 

area is required, the pilH toe should be closed with a flat plate or a conical tip. Pipe pile 

shafts may be left open or filled with !concrete, and they can also have a structural shape 

such as an H-section inserted into tbe concrete. Open Emd pipe piles can be socketed 

into bedrock (rock socketed piles). i In driving through dense materials, open end piles 

may form a soil plug. The plug ~akes the pile act like a closed end pile and can 

significantly increase the pile toe resistance. The plug should not be removed unless 

the pile is to be filled with concrete. !Most often, pipe piles are driven from the pile head. 

However, closed end pipe piles ca~ also be bottom driven using a mandrel. 

A closed end pipe pile is generallY1 formed by welding a 12 to 25 mm thick flat steel 

plate or a conical point to the pile tqe. When pipe piles are driven to weathered rock or 

through boulders, a cruciform end ~late or a conical point with rounded nose is often 

used to prevent distortion of the pil~ toe. Open ended piles can also be reinforced with 

steel cutting shoes to provide protelction against dama~Je. 
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Typically, pipe piles are spliced u~ing full penetration groove welds. Proprietary splicing 
sleeves are available and should~lbe used only if the splice can provide full strength in 
bending (unless the splice will b located at a distance below ground where bending 
moments are small). Typical pile splices are described in Chapter 23. The discussion 
presented under H-piles on corro~ion is also applicable to steel pipe piles. 

i 

i 

The "spin fin pile" is a variation o a pipe pile recently introduced along the west coast. 
It is a pipe pile with an outside thr ad made of fins that gradually wind around the lower 
portion of the pile. During drivin the pile rotates, but in response to uplift the pile is 
prevented from twisting. This res Its in a plugging effect that increases the pile's uplift 
capacity. 

I 

8.5 PRECAST CONCRETE PILE~ 
I 

I 

I 

This general classification cov~rs both conventionally reinforced concrete and 
prestressed concrete piles. Both \types can be manufactured by various methods and 
are available in a number of different cross sections. Frequently concrete piles are cast 
with a hollow core. The hollow ~ore may be used for a jet pipe (if continuous), for 
placing instrumentation during c9nstruction, or for determining pile damage. Precast 
concrete piles are usually of co~stant cross section but can also include a tapered 
section near the pile toe. 1

1 

I 

Precast concrete piles are suitabl · for use as friction piles when driven in sand, gravel, 
or clays. In boulder conditions, a hort piece of structural H-section or 11stinger 11 may be 
cast into or attached to the pile t e for penetrating through the zone of cobbles and 
boulders. A rock shoe or 11Oslo point 11 cast into the pile toe can assist seating of 
concrete piles into a rock surface. Precast concrete piles are capable of high capacities 
when used as toe bearing piles. 

i 
I 

Concrete piles are considered re~istant to corrosion but can be damaged by direct 
chemical attack (from organic soi~f industrial wastes oir organic fills), electrolytic action 
(chemical or stray direct current ), or oxidation. Concrete can be protected from 
chemical attack by use of special cements and by special coatings as discussed in 
Section 8.8. 
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A necessary consideration when de ling with hollow corE3 precast concrete piles driven 
in water includes the evaluation of in ernal pressures withiin the cylinder which can reach 
bursting pressures and cause vertic I cracks during driving. Another concern for piles 
driven through water is water jet era king. If a pile is under high tension stresses during 
driving, small cracks can open and close during each hammer blow. If the cracks are 
large enough, water can enter th cracks and subsequently be expelled at high 

velocities. Water jet pressures will ften cause concrete deterioration near the cracks. 

This process can also be accelerat d by the high impact compressive forces induced 
by driving. A high prestressing for e in concrete piles can help reduce this danger by 
resisting tension stresses during ,driving and thereby reducing the risk of crack 

I 

development. ' 

8.5.1 Prestressed Concrete Piles 

Prestressed concrete piles consist o a configuration similar to a conventional reinforced 
concrete pile except that the longitu inal reinforcing steel is replaced by the prestressing 
steel. The prestressing steel may b in the form of strands or wires which are enclosed 
in a conventional steel spiral and pl,ced in tension. Prestressing steel must conform to 
ASTM A416, A421 , and A882. Due tp the effects of prestressing, these piles can usually 
be made lighter and longer than reilnforced concrete piles of the same size. 

i 

i 

Prestressed sections vary from th~ most common solid square section to a solid 
octagonal section. In addition, larg sections are available but often these sections have 
internal circular voids. These piles re best suited for friction piles in sands, gravels and 
clays where a known pile length is required since prest:ressed piles can be difficult to 

I 

shorten. · 

Prestressed piles can either be pretbnsioned or post-tensioned. Pretensioned piles are 
usually cast to their full length in ~ermanent casting beds. Post-tensioned piles are 

I 

usually manufactured in sections ld assembled and prestressed to the required pile 
lengths at the manufacturing pla t or on the job site. Figure 8.2 shows typical 

prestressed concrete piles. Desig . data for typical prestressed concrete pile sections 
is presented in Appendix C. 
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Figure 8.2 Typical Pre tressed Concrete Piles (after PCI, 1993) 

The primary advantage of prest essed concrete piles compared to conventional 
reinforced concrete piles is dur bility. Since the concrete is under continuous 
compression, hairline cracks are kept tightly closed and thus prestressed piles are 
usually more resistant to weatherin and corrosion than conventionally reinforced piles. 
This characteristic of prestressed oncrete removes the need for special steel coatings 

I 

since corrosion is not as seriou~ a problem as for reinforced concrete. Another 
advantage of prestressing is that t e tensile stresses which can develop in the concrete 
under certain driving and handling conditions are less critical. 

I 
I 

Prestressed concrete pile are moretulnerable to damage from striking hard layers of soil 
or obstructions during driving than einforced concrete piles. This is due to the decrease 
in axial compression capacity whi h results from the application of the prestressing 

I 

force. I 

I 

I 

Prestressed concrete piles cutoff ~nd splicing problems are considered much more 

serious by contractors that drive th;m infrequently than by those that drive only this pile 
type. Special reinforcement req ired at the pile head in seismic areas can pose 

problems if actual lengths vary sig ificantly from the planned length. In these cases, a 
splice detail must be included so thbt the seismic reinforcement is extended into the pile 

I 

cap. 1 
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8.5.2 Reinforced Concrete Piles 

These piles are manufactured from concrete and have reinforcement consisting of a 
steel cage made up of several Ion itudinal bars and lateral or tie steel in the form of 
individual hoops or a spiral. Steel r inforcing for reinforced concrete piles is governed 
by ASTM A82, A615, and A884. Hi h yield strength steel reinforcement must conform 
to ASTM A722 and may be used o resist uplift loads. Figure 8.3 shows a typical 
reinforced concrete pilEt. 

Reinforced concrete piles as com ared to prestressed piles are more susceptible to 
damage during handling and driv ng because of tensile stresses. Advantages of 
reinforced concrete piles include the r lower net compressive stresses during driving and 
under service loads, and a reduce danger of pile head cracking. In addition, these 
piles are easier to splicEi than prestr ssed piles and thus may be used when variable pile 
lengths are needed. To avoid corro ion of the reinforced concrete joints, splices should 
be located below the ~Iround surfa e, or if under water, the mudline. Segmental pile 
sections can be used to produce pil s with varied lengths to accommodate variable soil 
conditions, and are easily transport d to job sites. 

The most common type of jointed ile is a square cross section made of high density 
concrete with each successive unit f shorter length. Typical pile cross sections range 
from 250 to 400 mm, but sizes a ove and below this range are produced. Joints 
between these pile sections can be f the mechanical type, including bayonet fittings or 
wedges. The joints must be well aligned or energy will be lost during driving and 
bending stresses may lbe introduc d due to an eccentric connection. These piles are 
best suited for friction piles in sand gravel and clay. 

I 

Another jointed reinforced concrie pile type utilizes a hexagonal section. The 
advantages of this cross sectional shape are an improved stress distribution over the 
pile section and an improved resist nee to torsional loading. 

I 

Special precautions should be take when placing piles during cold weather. If piles are 
driven through ice and water befor reaching soil, the air and concrete may be at low 
temperatures relative to the soil a d water. Such temperature gradients can cause 
concrete to crack due to nonunifor shrinkage and expansion. 
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Figure 8.3 Typical Details of C nventionally Reinforced Concrete Piles (after PCA, 
1951) 

Although most reinforced concre e piles are jointed, there are occasions when non
jointed piles are more economica due to the cost of pile segments. Often for a very 

large job when thousands of piles will be used, piles can be economically cast on site. 

Most non-jointed piles have a squ re cross section ancl are difficult to change in length. 

Only a few splicing procedures exi$t if a situation arises where a reinforced concrete pile 
must be lengthened. The first met~od of pile lengthening involves the breakdown of the 
projecting pile head to provide a $uitable lap for reinforcing steel. Concrete is cast to 

form a joint. A second option is t9 butt the two piles together within a steel sleeve, and 
use an epoxy cement to join the twp piles. The last lengthening method involves the use 

of dowel bars to be inserted into rrilled holes with epoxy cement to form the joint. If 

piles are lengthened, the connec ing pile sections must be carefully aligned, since 

excessive bending stresses may result if any eccentricity exists. Splicing problems tend 

to become less severe or even no -existent when contractors develop experience and 
techniques. Special rE3inforcemen required at the pile head in seismic areas can pose 
problems if actual len~Jths vary sigpificantly from the planned length. In these cases, a 

splice detail must be included so t~at the seismic reinforcement is extended into the pile 

cap. 
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Reinforced concrete piles are use infrequently in the United States. However, in 
Europe, Australia, and many Asian c untries reinforced concrete piles are used routinely 
based on economic considerations. 

8.5.3 Concrete Cylinder Piles 

Concrete cylinder piles are post-tensioned, hollow concrete piles which are cast in 
sections, bonded with a plastic joi t compound, and then post tensioned in lengths 
containing several segments. Spec al concrete is cast by a process unique to cylinder 
piles which achieves high density and low porosity. The pile is virtually impervious to 
moisture. Results of chloride ion enetration and permeability tests on prestressed 
cylinder piles indicate that the spun cylinder piles have excellent resistance to chloride 
intrusion. Figure 8.4 shows the ty ical configuration of a cylinder pile. Appendix C 
provides appropriate engineering d sign data. 

Generally cylinder piles are used f r marine structures or land trestles and have high 
resistance to corrosion. In freeze-t aw conditions however, the long term resistance of 
cylindrical piles is required. The pil s typically extend above ground and are designed 
to resist a combination of axial lo ds and bending moments. They are available in 
diameters of 915 to 1675 mm. 

Cylinder piles are sometimes quit difficult to drive. However, they usually extend 
directly to the superstructure supp rt level avoiding the need for a pile cap, which can 
result in substantial cost savings. Jetting is often used to install cylinder piles to the 
desired depth. When used, jetting must be controlled to minimize degradation of the 
lateral soil resistance. 
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8.6 CAST IN PLACE CONCRETE PILES 

Cast in place concrete piles are i stalled by placing concrete in a steel shell that has 
been driven or inserted into a bor d hole in the ground. The steel shell or casing may 
be left in place or withdrawn after the concrete is placed. Concrete is also placed in 
predrilled holes that are uncased. Predetermination of pile lengths is not as critical as 
for precast concrete piling. 

i 
I, 

8.6.1 Cased Driven Shell Concret~ Piles 
'! 

The cased driven shell concrete pile is the most wiclely used type of cast in place 
concrete pile. There are two princ pal types of cased piles. One type is driven without 
a mandrel and the other is driven ith a mandrel. A mandrel is usually a heavy tubular 
steel section inserted into the pile t at greatly improves the pile driveability. After driving, 
the mandrel is removed. Shells dr ven without mandrels have thicknesses in the range 
of 3 to 64 mm. Shells driven with andrels are much thinner, often 10 to 24 gage or 3.3 
to 0.5 mm thick. Thei mandrel d iven shells are usually corrugated circumferentially. 
This results in excellent frictional haracteristics and increased collapse strength prior 
to concrete placement. 
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After driving, a shell pilH is inspecte internally along its full length before concrete is 
placed. Reinforcing steel is require only when the concrete in the pile may be under 
tension from such conditions as uplif , high lateral loads, or for unsupported pile lengths. 

Reinforcing steel may also be used o provide additional axial load capacity. 

a. Mandrel Driven Shell Coner te Piles 

Mandrel driven shells can be used in most soil conditions except where 
obstacles such as cobbles and boulders are present that could damage the thin 
shells during driving. In ad ition, these thin shells are susceptible to collapse 

under hydrostatic pressure rior to concrete placement. They are best suited 
for friction piles in granular aterial. 

The pile shells for mandrel driven piles are often produced from sections of 
corrugated steel and can be of constant diameter, steadily decreasing in 
diameter from the pile head to the pile toe, or diameter decreasing in discrete 
steps over the pile length. Typical tapers are on the order of 25 mm per 2.5 
meter length. It is also p ssible to have different lengths for each section. 

Separate shell sections are sually screw-connected and waterproofed with an 
O-ring gasket. The Step Ta er, Armco Hel-Cor, Republic Corwel and Guild pile 
are among the piles driven ith mandrels. 

The properties of the reusab e mandrels dictate the driveability of these shell pile 
sections. This can result in a significant cost advantage for a mandrel driven 

shell pile sincE~ the mand els result in improved pile driveability and load 
capacity at low material c sts. Construction control of mandrel driven piles 

should include a wave equation analysis that accounts for the improved pile 
driveability from the mand el. A dynamic formula should not be used for 
construction control of man rel driven piles. Mandrel driven piles may be costly 
if it is necessary to drive iles to an unanticipated depth that exceeds the 
mandrel length available at the job site. 

b. Monotube - Cased Concret Piles 

The Monotube pile is a prop ietary pile driven without a mandrel. Monotubes are 
longitudinally fluted and are tapered over the lower pile length. These piles are 
available in 3 to 9 gage she I thicknesses or rouiJhly 6 mm to 4 mm. The fluted 
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and tapered design of Monotube piles has several functional advantages. The 
flutes add stiffness neces ary for handling and driving lightweight piles. The 
flutes also increase the s rface area while the tapered section improves the 
capacity per unit length in compression loading. The flutes are formed by cold 
working when the pile is rhanufactured. The cold working increases the yield 
point of the steel to more !than 350 MPa, further improving the pile driveability. 

I 

Monotube sections are 1pliced by a frictional connection and a fillet weld 

between a non-tapered ~tension and the lower pile section into which it is 
inserted. The manufactur r's recommended splicing detail should be followed. 
Additional design data for the Monotube pile is included in Appendix C. 

' 

c. Pipe - Cased Concrete Pilps 

Another variation of the ca ed, cast in place pile is the concrete filled pipe pile. 
These pipe piles can be dr ven either open or closed end. Closed end piles can 
be driven conventionally from the pile head, can be bottom driven with a 
mandrel, or by a mandrel engaged at both the pile head and toe. Open end 
piles are usually driven fr m the pile head. Piles that are driven open ended, 
may require internal clean out if the pile will be concrete filled to some distance 
below grade. Before cone ete placement, steel reinforcement and uplift resisting 
dowels can be added, as ecessary. Open end pipe piles are seldom cleaned 
out full length unless a ro k socket is planned or short pile lengths are used. 

i 

d. Fundex Tubex or Grout-lnjpcted Tubex Piles 

The Fundex pile is a uniq e form of a pipe-cased, cast in place concrete pile. 
Instead of the pile being dr ven into the ground with a hammer, it is screwed into 
the ground with a special ron drill point which is welded to the end of the first 
section of pipe. A drill t ble then forces the pile into the ground utilizing a 
constant vertical load and orque. When the first pipe section reaches a depth 
providing sufficient headroom for the attachment of a second pipe section, the 
second section is welded o the first and drillin!J is resumed. Depending on the 
soil conditions, the pipe c sing can be installed either grouted or non-grouted. 
Grouting can be used along the entire pile length or only in the bearing layer of 
the soil. The grout sh II is created by pressure-injecting cement grout 
throughout thi:i specified ~ile depth. Once the pile reaches its final design 
penetration, grouting is stppped and steel reinforcement is placed. The drill 
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point is left in place at the oe of the pile, providing a waterproof pile toe for 
concrete filling of the pipe c sing. 

Some of the advantages of the Fundex Tubex piles include vibrationless and 
quiet installation, drilling eq ipment that can be used in confined spaces, and 
a removable mast that all ws installation with only 6 meters of overhead 
clearance. In addition, th grout-injected Tubex pile can make use of a 
bentonite-water slurry to les en frictional drag during installation when grout is 
not being injected into the s ii surrounding the pile wall. 

e. Driven and Drilled-In Caisso Piles 

The Drilled-In Caisson is a pecial type of high capacity, cased, cast in place 
pile used for large engineer ng structures. The casing of this pile is usually a 
heavy-walled pipe fitted with a drive shoe which is driven to bedrock and sealed 
off within the rock. Once t e casing reaches bedrock, it is cleaned out and a 
socket is drilled into the r ck with rotary drilling equipment. Next the rock 
socket is cleaned, and a s eel H-shaped core or reinforcing cage is placed 
before filling the rock socke and cased pipe with concrete. 

8.6.2 Uncased Concrete Piles 

There are several types of cast in lace piles that can be classified as uncased piles. 
Two principal types of uncased pile are bored piles and compacted concrete piles. 

a. Bored Piles 

Bored piles are installed by drilling or augering a hole in the ground and filling 
it with concrete:. Bored pil installations should be performed carefully by an 
experienced contractor an with experienced inspection. Bored piles are 
susceptible to problems uch as necking (smaller pile diameter at some 
locations along their length), grout contamination by soil, or bore hole collapse. 
Bored, uncased piles have a high degree of risk for structural integrity. There 
are several types of bored iles and they do not have the advantage of capacity 
determination from driving bservations. 

8-27 



(1) Continuous flight a~ger (CFA) or auger-cast piles are usually installed by 
turning a continua s-flight hollow-stem auger into the ground to the 
requirecj depth. As the auger is withdrawn, grout or concrete is pumped 
under pressure thro gh the hollow stem, filling the hole from the bottom 
up. Frequently verti al reinforcing steel is pushed down into the grout or 
concrete shaft befor it hardens. Uplift tension reinforcing can be installed 
by placing a single igh strength steel bar through the hollow stem of the 
auger before grouti g. After reinforcing steel is placed, the pile head is 
cleaned of any lum s of soil which may have fallen from the auger. Then 
the pile head is for ed with a temporary steel sleeve to protect the fresh 
grout from contamin tion, or it is formed to the ground surface above the 
cutoff grade and lat r trimmed off to the cutoff elevation. 

(2) Drilled shafts are in tailed by mechanically drilling a hole to the required 
depth and filling the hole with concrete. Sometimes an enlarged base is 
formed mechanical! to increase the toe bearing area. Drilling slurry or a 
temporary liner can be used when the sides of the hole are unstable. 
Reinforcing steel is installed as a cage inserted prior to concrete 
placement. Drilled shafts are often used where large toe bearing 
capacities can be a hieved, such as on rock or in glacial tills. They are 
also used where su port is primarily developed through shaft resistance 
in granular and coh sive soils, and rock. Drilled shafts are sometimes 
designed with a per anent steel casing. 

(3) 

(4) 

Drilled and grouted p les (micropiles) are installed by rotating a casing with 
a cutting edge into t e soil or by percussion methods. Soil cuttings are 
removed with circul ting drilling fluid. Reinforcing steel is then inserted 
and a sand-cement rout is pumped through a tremie. The bored hole is 
filled from the botto up while the casin9 is withdrawn. These piles are 
principally used for nderpinning work, seismic retrofitting and lanr:1Jlide 
stabilization. Sever I types of micropiles leave the casing in place for 
added bending resis ance and axial capacity. 

i 

Preplaced aggregate\ piles are installed by drilling a hole to the required 
depth, filling the hol~ with coarse aggregate, pumping grout into the 
column of aggregate~ and filling it from the bottom up. 
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(5) Helical Screw cast in place piles are formed using the Atlas Piling System. 
The helical piles are di placement piles formed using a single-start auger 
head with a short flight. The auger head is carried on a hollow stem which 
transmits a large torque and compressive force as it is screwed into the 
ground to the required depth. After reinforcement is placed, concrete is 
poured through the e d of the hollow auger and the auger is slowly 
unscrewed and remov d. This process leaves behind a screw-threaded 
cast in place pile with I rge threads which provide increased surface area 
for improved shaft resi tance. In fact, for a given pile size and volume of 
concrete, pile capacitie are greater than for traditionally constructed bored 
piles. The disadvanta e of this pile type is that the restricted diameter of 
the reinforcement cag limits the bending capacity. 

b. Compacted Concrete Pile 

The compacted concrete pile is installed by bottom driving a temporary steel 
casing into the ground usin a drop weight driving on a zero slump concrete 
plug at the bottom of the c sing. When the required depth has been reached, 
the steel casing is restraine from above and the concrete plug is driven out the 
bottom of the tube. An enla ged base is formed by adding and driving out small 
batches of zero slump con rete. 

Steel reinforcin9 is then inst lied prior to adding more concrete to the shaft. It 
is suggested that widely sp ced bars be used to allow the low workability mix 
to penetrate to the exteri r of the piles. After the base is formed and 
reinforcement is placed, co crete continues to be added and the uncased shaft 
is formed by compacting t e concrete with a drop weight in short lifts as the 
casing is bein~i withdrawn. Alternatively, if a ~iigh workability mix is used to 
complete the pile, a vibrato can be clamped to the top of the tube and used to 
compact the concrete into lace as the casing is withdrawn. 

This type of driven, cast in place pile is often referred to as a Franki pile or 
pressure injected footing. he best site conditions for these piles are loose to 
medium dense granular soils. 
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8.7 COMPOSITE PILES 

In general, a composite pile is m
1

ade up of two or more sections of different materials 
or different pile types. Dependin upon the soil conditions, various composite sections 
may be used. The upper pile sec ion is often precast concrete, steel pipe, or corrugated 
shell. The lower pile section ay consist of steel H, steel pipe, or timber pile. 
Composite piles have limited application and are gEmerally used only under special 
conditions. I 

8. 7 .1 Precast Concrete - Steel Piles 

One of the more commonly used omposite piles consists of a lower section of steel H, 
or pipe pile embedded in an upp r pile section of precast concrete. These composite 
sections are often used when u lift requirements dictate penetration depths that a 
displacement pile cannot achieve or in waterfront construction where surficial soil layers 
have high corrosion potential. 

8.7.2 Wood Composite Piles 

Timber-steel or timber-concrete c mposite sections are sometimes used as foundation 
piles. It is common to have a timber section below the groundwater level with either a 
concrete or corrosion protected teel upper section. In the case of the composite 
timber-concrete pile, an untreated timber pile is first driven below the permanent ground 
water level, then a corrugated st el shell is connected to the pile head of the timber 
section with a wedge ring drivenJ into the wood. After driving, the shell is filled with 
concrete to the cutoff elevation arid the pile is complete. 

I 

8.7.3 Pipe - Corrugated Shell Pi+ 

I 

This composite pile consists of a ipe pile for the lower section and a corrugated shell 
for the upper portion of the pile. variety of pipe and shell diameters can be used to 
accommodate a range of loading onditions. The pipe-shell pile is mandrel driven. The 
mandrel provides a guide for alig ment of the two pile sections provided it extends to 
the pipe pile head or partially into the pipe pile. Possible pile joints include; a sleeve 
joint, a welded joint, and a drive-~leeve joint. Once the pipe and shell are driven and 
connected, they are filled with con1rete to cutoff grade and any excess shell is removed. 

I, 
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8.7.4 Composite Tapered Precast ip - (TPT) 

The most common form of this co posite pile consists of a round, tapered, precast 

concrete tip, attached at the botto of a pile shaft. The pile shaft may consist of pipe 

pile or thin corrugated shell. The precast tip is driven to its designed depth with a 
mandrel, then the pile shaft is soc eted into the precast tip and filled with concrete. 
Enlarged tip piles can be particul rly effective if downdrag forces are present. In 
addition to the reduced shaft resist nee created by driving the enlarged tip, the shaft 
can be coated or wrapped with a aterial to further resist downdrag. The enlarged tip 
provides significant toe bearing ca acity. 

8. 7 .5 Polymer Composite Piles 

The newest type of composite pil s are polymer composite piles. These piles are 
generally tubular sections made fr m fiber reinforced polymers. Depending upon the 
manufacturer and intended applic tion, the piles may be driven open ended and 19ft 
unfilled, driven closed ended and filled with concrete after driving or driven as a 
composite fiber reinforced polymer ube with a precast concrete core. A steel core has 
also been used in some composite sections. 

Polymer composite piles are resista t to attack from marine borers and are not subject 
to corrosion. In addition, many o the polymer composite piles have good energy 
absorption characteristics making t em attractive as fender piling. The Federal Highway 
Administration and the U.S. Army Corps of Engineers Construction Engineering Research 
Laboratory have on-going researc programs that are expected to result in material 

standards, specifications, and desi~n guidance for these piling systen:is. 

8.8 DESIGN CONSIDERATIONS I~ AGGRESSIVE SUBSURFACE ENVIRONMENTS 

In every design, consideration sho Id be given to the possible deterioration of the pile 
over its design life due to the surrou ding environment. This section will address design 
considerations in aggressive subsur ace environments where corrosion, chemical attack, 
abrasion, and other factors can a versely effect pile durability after installation. An 
assessment of the in-situ soil con itions, fill materials, and groundwater properties is 
necessary to completely categorize! an aggressive subsurface condition. 

I 
I 
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An aggressive environment can enerally be identified by soil resistivity and pH tests. 
If either the pH or soil resistivity t sts indicate the subsurface conditions are aggressive, 

then the pile selection and fou dation design should be based on an aggressive 

subsurface environment. The de ign of pile foundations in an aggressive environment 
is a developing field. Therefore, corrosion/degradation specialist should be retained 
for major projects with pile found tions in aggressive environments. 

I 

Whenever the pH value is 4.5 or less, the foundation design should be based on an 
aggressive subsurface environm nt. Alternatively, if the resistivity is less than 2000 

ohms-cm the site should also b treated as aggressiive. When the soil resistivity test 
results are between ~~000 and 50 0 ohms-cm then chloride ion content and sulfate ion 
content tests should be performe8. If these test results indicate a chloride ion content 
greater than 100 parts per millionl(ppm) or a sulfate ion content greater than 200 ppm, 
then the foundation design shoul~ be based on an amJressive subsurface environment. 
Resistivity values greater than 5000 ohms-cm are considered non-aggressive 
environments. Electro chemical classification tests for aggressive environments are 
described in Chapter 6. 

Contaminated soil and groundwa er can cause significant damage to foundation piles 
in direct contact with the aggressi e chemicals. Acidic groundwater is common at sites 
with either organic soils or industri I contamination. The subsurface exploration program 
should indicate if the soil or groun water is contaminated. If industrial contamination is 
found, the maximum !ikely conce trations should be determined as well 'as an estimate 
of the lateral and vertical extent o the contamination. 

8.8.1 Corrosion of Steel Piles 
' 
', 

I 
I 

Steel piles driven through contami~ated soil and groundwater conditions may be subject 
to high corrosion rates and should be designed appropriately. Corrosion of steel or 
steel reinforced piles may also 09cur if piles are driven into disturbed ground or fill, if 
piles are located in a marine envirqnment, or if piles are subject to alternate wetting and 
drying from tidal action. Corrosio~ rates are a function of the ambient temperature, pH, 
access to oxygen, and chemistry'! of the aqueous environment surrounding the steel 
member. 1

1 
!, 

For steel piles buried in fill or di~turbed natural soils, a conservative estimate of the 
corrosion rate is 0.08 mm per year

1

1. Morley (1979) reported corrosion rates of 0.05 mm 
I 

! 

i, 
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per year for steel piles immersed inf esh water, except at the waterline in canals where 
the rate was as high as 0.34 mm per ear. The high rate at the water line was attributed 

to debris abrasion and/or cell action between other parts of the structure. 

For steel piles in marine environment (salt water), separate zones, each with a different 
corrosion rate, are present along the length of the pile. Tomlinson (1994) identifies these 
zones as follows: 

1 . Atmospheric zone: exposed to th damp atmospheric conditions above the highest 
water level but subject to airborn spray. 

2. Splash zone: above the mean hig tide, but exposed to waves, spray, and wash from 
passing ships. 

3. Intertidal zone: between mean hi h and low tides. 

4. Continuous immersion zone: belor lowest low tide. 

5. Underground zone: below the mu~line. 

Figure 8.5, after Morley and Bruce (1 83), summarizes average and maximum probable 
marine corrosion rates in these zon s as well as in the low water zone. 

In corrosive environments, the desig er should apply one of the design options for piles 

in corrosive environments discussed in Section 8.8.4. NCHRP Report 408, by Beavers 
and Durr (1998) provides a synthesi on the current state of practice in evaluating the 
predicted corrosion of steel piles i nonmarine applications. It addition, AASHTO 
provisional standard PP36-97 contains a recommended practice. A followup NCHRP 
research study on the corrosion of iles is in progress. 

8.8.2 Sulfate and Chloride Attack o Concrete Piles 

Attack on precast and cast in place oncret.e occurs in soils with high sulfate or chloride 
concentrations. Factors influencin the rate of attack of sulfates or chlorides on 
concrete piles include the pH of th soil, the solubility of the sulfate or chloride, the 
movement of the groundwater relati e to the piles, and the density of the pile concrete. 
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HWL Splash zon 

Inter-tidal zon 

LWL t 
Low-water zon 

Immersion zon~ 

Buried zone 

Steel Pile 

0.09 mm/year 
(0.18) 

0.04 mm/year 
(0.11) 

0.09 mm/year 
(0.18) 
abrasion damage may 
locally increase losses 
to 0.41 mm/year 

0.05 mm/year 
(0.14) 

0.02 mm/year 
(0.05) 

Average marine corrosion 
rates in mm/year (figures in 
brackets are 95% maximum 
probable rates.) , 

Figure 8.5 Loss of Thickness b Corrosion for Steel Piles in Seawater (after Morley 
and Bruce, 1983) 
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I 

The reaction betwee~ concrete and ulfate begins with sulfate ions in solution. Once the 
sulfate ions in the iroundwater co e in contact with portland cement, an expansive 
chemical reaction t kes place. Ex ansion of concrete often leads to cracking and 
spalling which can .. significantly re uce the available structural capacity of a pile 

foundation. 

One method of re ucing sulfate ttack is to use a dense concrete which is less 
permeable to sulfat ions. Other ossible deterrents include using sulfate-resisting 
cement, using cem nt with 25% p zzolanic material, or creating a physical barrier 
between the concret and the grou dwater with some sort of pile sleeve. 

I 

I 

Chlorides are comm]only found in s ils, groundwater, or industrial wastes. Instead of 
attacking concrete, qhlorides cause orrosion of reinforcement steel with consequential 
expansion and bursti]ng of concrete s the products of steel corrosion are formed. Once 
corrosion begins, it tontinues at an accelerated rate. This can lead to a loss of bond 

between steel and cf crete and extr me reduction of pile capacity. Protective measures 
which can reduce c rrosion includ increased concrete cover around the reinforcing 
steel, and the use o galvanized, or epoxy coated reinforcement. 

I 
! 

8.8.3 Insects and Mlarine Borers A ck on Timber Piles 
II 

i 

Timber piles are subject to insect at ack on land by termites and beetles, or in water by 
marine borers. lnci~ences of mari e borer attack on timber piles have reemerged in 

! 

some areas as previlously polluted ater has improved. As mentioned in Section 8.2, 
arsenate and creosqte pressure tre tments are the most effective means of protecting 
timber piles from 9remature deter oration. In southern waters, creosote must be 
combined with otheri preservative tr atments because of attack by limnoria tripundata. 

I 

AWPA C3, Piles, Pre$ervative Treat ent by Pressure Process, contains penetration and 
retention values for ~he various pre ervatives. Environmental damage from pressure 
treatments must be f consideration when selecting protection methods. 

i 

When designing wit1 timber piles, t e wood species is usually not specified unless a 
specific species of wood is more suitable for design loads and/or environmental 
conditions. Certain $pecies are not uitable for preservative treatment, while others may 

provide increased d~rability. As e~pected, ASTM standards for timber piles vary with 
geologic region, as 1$nd and fresh w~ter piles have less stringent presewative treatment 

requirements than pqes used in mari!ne environments. Pile specifications are based on 
! 
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' i 

the type of conditioning, heati1g temperature, duration of heating, and retention of 
preservative. For example, Sou hern Pine piles on land or in freshwater are required to 

have a creosote retention of 1.9 kg/m3 as compared to the retention requirement of 3.1 
kg/m3 for use in marine environJnents. 

! 

'1 

If timber piles are installed in ~ther aggressive environments such as environments 
containing chemical wastes, a ti~ber pile specialist should be consulted in determining 

the appropriate preservative tre4tment. 

8.8.4 Design Options for Piles 'ubject to Degradation or Abrasion 
I 

When a pile must be installed in Ian aggressive or abrasive environment, several design 
options can be considered. Th,se design options include: 

! 

a. Use of high-yield steel lin a structure designed using mild steel stress limits 
permits greater loss of ~etal before stresses become critical. 

i 

b. A heavier steel section ttan required can be used to provide extra thickness (H 
and pipe sections). Th s method is not effective in running water with active 
bedload to scour the cojrroded surface. 

C. 

d. 

e. 

f. 

g. 

', 

Cathodic protection of ~teel piles in soil below the water table or in marine 
environments. Note that\ this method of protEJction tends to be a costly solution 
and requires periodic arlode replacement. 

I 

'1 

Concrete encasement o~ steel piles above the mud line. This method may alter 
the impact absorbing prbperties of the pile. 

I 

Use of copper-bearing steel is effective against atmospheric corrosion but cost 
is greater than conventi~nal steel. 

I 

Sleeving or encapsulatin~ of reinforced, cast in place piles through use of metal 
casings or polymer or fi~erglass jackets isolates contaminants from concrete. 

I 

Use of a low water/cem nt ratio, resistant aggregate, and minimum air content 
consistent with the env ronment to improve abrasion resistance of precast 
concrete piles 
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h. Use of a protective metallic or epoxy paint (isocyanate-cured) or fusion bonded 
epoxy coating on exposed sections of the pile. This method has the same 

limitations as (b) in running water. 

i. Use of coal-tar epoxies for orrosion protection in marine environments. 

Protective coatings cannot be repl ced after a pile is driven. Therefore, if a protective 
coating is used, the coating should be designed to lbe durable enough to remain 
undamage during pile transportatio , handling, and placement in the leads for driving 
as well as resistant to the abrasion r suiting from pile driving. The designer should also 

note that the shaft resistance on a oated pile may be significantly different than on an 

uncoated pile, depending on the c ating. 

8.9 SELECTION OF PILE TYPE 

The selection of appropriate pile pes for any project involves the consideration of 
several design and installation f ctors including pile characteristics, subsurface 

conditions and performance criteria. Pile selection should be based on the factors listed 

in Tables 8-1, 8-2, and 8-3. Tat)le 8 1 summarizes typical pile characteristics and uses. 
Table 8-2 provides pile type recom endations for various subsurface conditions. Table 
8-3 presents the placement effects f pile shape characteristics. 

In addition to the considerations rovided in the tables, the problems posed by the 

specific project location and topo raphy must be considered in any pile selection 
process. Following are some of th usually encountered problems: 

1. Driven piles may cause vibration damage. 

2. Remote areas may restrict drivint equipment size and, therefore, pile size. 

3. Local availability of certain materilals and capability of contractors may have decisive 

effects on pile selection. I 

I 

4. Waterborne operations may dict~te use of shorter pile sections due to pile handling 
limitations. 

8-37 



5. Steep terrain may make the ufe of certain pile equipment costly or impossible. 

I 

Although one pile type may e erge as the only logical choice for a given set of 

conditions, more often several ifferent types may meet all the requirements for a 

particular structure. In such cas s, the final choice should be made on the basis of a 

cost analysis that assesses th over-all cost of alternatives. This would include 
uncertainties in execution, time delays, cost of load testing programs, as well as 

differences in the cost of pile ca s and other elements of the structure that may differ 
among alternatives. For majo projects, alternate, foundation desfgns should be 
considered for inclusion in the co tract documents if U1ere is a potential for cost savings. 
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TABLE 8-2* PILE TYPE SELECTION BASED ON SUBSURFACE AND HYDRAULIC 
CONDITIONS 

TYPICAL PROBLEM RECOMMENDATIONS 

Boulders overlying bearing stratum Use heavy nondisplacement pile with a point and 
include contingent predrilling item in contract. 

Loose cohesionless soil Use tapered pile to develop maximum skin friction. 

Negative shaft resistance Use smooth steel pile to minimize drag adhesion; 
avoid battered piles.. Use bitumen coating or 
plastic wrap (if feasible) or increase design stress. 

Deep soft clay Use rough concrete piles to increase adhesion and 
rate of pore water dissipation. 

Artesian pressure Caution required for using mandrel driven thin-wall 
shells, as generated hydrostatic pressure may 
cause shell collapsei; pile heave common to 
closed-end pile. 

Scour Do not use tapered piles unless a large part of the 
taper extends well below scour depth; design 
permanent pile capacity to mobilize soil resistance 
below scour depth. 

Coarse gravel deposits Use prestressed concrete piles where hard driving 
is expected. In coarse soils use. of H-piles and 
open end pipe piles often results in excessive pile 
lengths. 

* Table modified and reproduced (Che hey and Chassie, 199~3). 
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TABLE 8-3* PILE ~PE SELECTION PILE SHAPE EFFECTS 

SHAPE 
CHARACTERISTICS PILE TYFE PLACEMENT EFFECT 

Displacement Closed e hd steel pipe Increase lateral ground stress. 

Precast 9oncrete Di:msifies cohesionless soils, 
I remolds and weakens cohesive soils 
I 

I 

temporarily. 

SHtup time for large pile groups in 
sensitive clays may be up to six 
months. 

Nondisplacement Steel H Minimal disturbance to soil. 

Open en, j steel pipe Not suited for friction piles in coarse 
granular soils. Piles often have low 
driving resistances in these deposits 
making field capacity verification 

I 
di'fficult thereby often resulting in 
excessive pile lengths. 

Tapered Timber Increased densification of soil, high 
capacity for short length in granular 

Monotub ~s soils. 

Thin-wall shells 

* Table modified and reproduced (C heney and Chassie, 1993). 
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9. STA C ANALYSIS METHODS 

Static analysis methods can be categ rized as analytical methods that use soil strength and 

compressibility properties to determi e pile capacity and performance. This chapter will 
focus on analysis methods for deter ining compression, uplift, and lateral load capacity of 

single piles and pile groups. Import nt design considerations are as follows: 

1 . Static analysis methods are an i tegral part of the design process. Static analysis 
methods are necessary to determi e the most cost effective pile type and to estimate the 
number of piles and the required ile lengths for the design of substructure elements. 
The foundation designer must hav a knowledge of the design loads and the structure 
performance criteria in order to perform the appropriate static analyses. 

2. Many static analysis methods are vailable. The methods presented in this chapter are 

relatively simple methods that ha e proven to provide reasonable agreement with full 

scale field results. Other more s phisticated analysis methods may be used and in 
some cases may provide better re ults. 

3. Designers should fully understand the basis for, the limitations of, and the applicability 
of a chosen method. A selected ethod should also have a proven agreement with full 
scale field results. 

Construction procedures can have a significant influence on the behavior of pile 

foundations. The methods describe in this chapter lead to successful designs of deep 
foundations only if adequate constru tion techniques are used. Construction inspection 
should be an integral part of the de ign and construction of any foundation. Static load 
tests, wave equation analysis or d namic monitoring for construction control should, 
whenever possible, be used to confir the results of a static design method. These items 
are discussed in greater detail in sub equent chapters. 

The first few sections of this chapt r will briefly cover background information. Static 

analysis procedures for piles subject t compression, uplift and lateral loads will be covered, 
as well as pile group se1tlement. Th influence of special design events on static design 
will be discussed. Limited guidanc on design in liquefaction susceptible soils will be 
provided. However, seismic design s a special design event beyond the scope of this 

manual. Last, the chapter will add re s construction issues pertinent to static design. 
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9.1 BASICS OF STATIC ANAL YSI 

The static capacity ot a pile can e defined as the sum of soil/rock resistances along the 

pile shaft and at the pile toe avail ble to support the imposed loads on the pile. A static 

analysis is performed to determin the ultimate capacity of an individual pile and of a pile 

group as well as the deformatio response of a pile group to the applied loads. The 

ultimate capacity of an individual ile and of a pile group is the smaller of: (1) the capacity 

of surrounding soil/rock medium t support the loads transferred from the pile(s) or, (2) th'e 

structural capacity of the pile(s). tatic analysis calculations of the deformation response 

to lateral loads and of pile grou settlement are compared to the performance criteria 

established for the structure. Detai s of static analysis procedures are presented later in this 

chapter. Chapter 11 provides a di cussion of the allowable stresses in pile materials used 

for determining structural capacity of piles. 

The static pile capacity from the s m of the soil/rock reisistances along the pile shaft and 

at the pile toe can be estimated fr m geotechnical engineering analysis using: 

1 . Laboratory determined shear st ength parameters of the soil and rock surrounding the 
pile. 

2. Standard Penetration Test data. 

3. In-situ test data (i.e., CPT/CPTU). 

On many projects, two static anal ses are required for a design. First, a static analysis is 

necessary to determine the numb r and length of piles necessary to support the structure 

loads. A second static analysis ay be required to determine the total driving resistance 

the pile will encounter during install tion. This second analysis enables the design engineer 

to determine the necessary cap bility of the driving 1equipment. Figures 9.1 and 9.2 

illustrate two situations that require two static analyses. 

Figure 9.1 shows a situation where piles are to be driven for a bridge pier. In this case, the 

first static analysis performed sho Id neglect the soil resistance in the soil zone subject to 

scour, since this resistance may ot be available for long term support. The number of 

piles and pile lengths determined rom this analysis will then be representative of the long 

term conditions in the event of sc ur. At the time of pile driving however, the scour zone 

will provide resistance to pile pen tration. Therefore, a second static analysis is required 
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Figure 9.1 Situation Where Two Static Analyses are Necessary - Due to Scour 
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Figure 9.2 Situation Where Two Sta ic Analyses are Necessary - Due to Fill Materials 
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to estimate the total resistance e countered by the pile during driving to the embedment 

depth determined in the first a alysis. The second static analysis includes the soil 

resistance in the materials above the scour depth as well as the underlying strata. 

Figure 9.2 shows another frequen ly encountered situation in which piles are driven through 
loose uncompacted fill material into the natural ground. The loose fill material offers 

unreliable resistance and is usua ly neglected in determining the number of piles and the 

pile lengths required. A secon static analysis is then performed to determine total 

resistance encountered by the pi e during driving, which includes the resistance in the fill 

material. In both examples, th soil resistance to be overcome during driving will be 

substantially greater than the req ired ultimate pile capacity. 

The results of multiple static anal ses should be considered in the development of project 
plans and specifications. For e ample, consider a case where scour, uplift loading, or 

some other special design event ictates that a greater pile penetration depth be achieved 

than that required for support of he axial compressive loads. The static analyses indicate 

that 2000 kN of soil resistance mu t be overcome to obtain the minimum penetration depth 
for a 1400 kN ultimate capaci pile. This information should be conveyed in the 

construction documents so that t e driving equipment can be properly sized and so that 

the intent of the design is clearly a d correctly interpreted by the contractor and construction 
personnel. Specifying only a 140 kN ultimate capacity pile, without including a minimum 

penetration requirement and the oil resistance to be overcome, can lead to construction 

claims. I 

Prior to discussing static design jethods for estimating pile capacity in detail, it is desirable 

to review events that occur in the\ pile-soil system during and after pile driving as well as 
basic load-transfer mechanisms. 

I 

9.2 EVENTS DURING AND 4 PILE DRMNG 

The soil in which a pile foundatio~ is installed is almost always disturbed. Several factors 

influence the degree of disturban e. These include the soil type and density, the pile type 

(displacement, non-displacement) and the method of pile installation (driven, drilled, jetted). 

For driven piles, substantial soil d sturbance and remolding is unavoidable. 
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9.2.1 Cohesionless! Soils 

' 

The capacity of pile$ driven into coh sionless soil depends primarily on the relative density 

of the soil. During Jriving, the relati e density of loose to medium dense cohesionless soil 
! 

is increased close td> the pile due to vibrations and lateral displacement of soil. This effect 

is most pronounce~ in the immedi te vicinity of displacement piles. Broms (1966) and 

more recent studie~ found the zon of densification extends as far as 3 to 5.5 diameters 

away from the pile $haft and 3 to 5 iameters below the pile toe as depicted in Figure 9.3. 
I 

The increase in relaiive density incre ses the capacity of single piles and pile groups. The 

pile type selection 41so affects the mount of change in relative density. Piles with large 

displacement chara~teristics such s closed-end pipe and precast concrete increase the 
relative density of cqhesionless mate ial more than low displacement open-end pipe or steel 
H-piles. 

The increase in hori~ontal ground str ss, which occurs adjacent to the pile during the driving 

process, can be los~ by relaxation i dense sand and gravels. The relaxation phenomena 

occurs as the negftiv'2 pore pres ures generated during driving are dissipated. The 

negative pore press~res occur beca se of volume change and dilation of dense sand. The 

phenomena can be! explained by c nsidering the following effective stress shear strength 
equation. 

r t c + ( a - u) tan ¢ 

Where: 
, I 

r = Sh~ar strength of s ii. 

c = Co~esion. 

a = Ve~ical (normal) pr ssure. 
I 

u = Por~ water pressur . 

¢ = An~le of internal fri tion. 

Negative pore pres$ures temporaril increase the soil shear strength, and therefore pile 

capacity, by changi~g the (a - u) ta ¢ component of shear strength to (a+ u) tan¢. As 

negative pore pressures dissipate, t e shear strength and pile capacity decrease. 
. ! 

. i 

The pile driving proqess can also g~nerate high positive pore water pressures in saturated 

cohesionless silts 4nd loose to mfedium dense fine sands. Positive pore pressures 
temporarily reduce 1:the soil shear $trength and the pile capacity. This phenomena is 

I I 
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Figure 9.3 Compaction of Cohe ionless Soils During Driving of Piles (Broms, 1966) 
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Figure 9.4 Disturbance of Co esive Soils During Driving of Piles (Broms, 1966) 
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identical to the one described below for cohesive soils. The gain in capacity with time or 
soil set-up is generally quicker for san s and silts than for cllays because the pore pressures 
dissipate more rapidly in cohesionle s soils than in cohesive soils. 

9.2.2 Cohesive Soils 

When piles are driven into saturated ohesive materials, the soil near the piles is disturbed 
and radially compressed. For soft or normally consolidated clays, the zone of disturbance 
is generally within one pile diameter around the pile. For piles driven into saturated stiff 
clays, there are also significant chang sin secondary soil structure (closing of fissures) with 
remolding and loss of previous stress history effects in the immediate vicinity of pile. Figure 
9.4 illustrates the disturbance zone f r piles driven in cohesive soils as observed by Broms 
(1966). This figure also notes the ground heave that can accompany driving displacement 
piles in cohesive soils. 

The disturbance and radial compr ssion generate high pore pressures (positive pore 
pressures) which temporarily reduce oil shear strength, and therefore the load capacity of 
the pile. As reconsolidation of clay around the pile occurs, the high pore pressures are 
diminished, which leads to an incre se in shear strength and pile capacity (setup). This 
phenomena is opposite to 11relaxati n11 described for cohesionless soils. The zone and 
magnitude of soil disturt>ance are de endent on the soil properties of soil sensitivity, driving 
method, and the pile foundation ge metry. Limited data available for partially saturated 
cohesive soils indicates that pile drivi g does not generate high pore pressures and hence 
significant soil setup does not occur. 

9.3 LOAD TRANSFER 

The ultimate bearing capacity, Qu, of a pile in homogeneous soil may be expressed by the 
sum of the shaft resistance Rs and t e resistance R1, or 

Qu = Rs + Rt 

This may also be expressed in the f~rm 

~u = f s As + qt At 
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where f s is the unit shaft resistanc over the shaft surface area, As, and q1 is the unit toe 
resistance over the pile toe area, A1 The above equations for pile bearing capacity assume 
that both the pile toe and the piles aft have moved sufficiently with respect to the adjacent 
soil to simultaneously develop th ultimate shaft and toe resistances. Generally, the 
displacement needed to mobilize the shaft resistance is smaller than that required to 
mobilize the toe resistance. This si pie rational approach has been commonly used for all 
piles except very large diameter pi es. 

Figure 9.5 illustrates typical load transfer profiles for a single pile. The load transfer 
distribution can be obtained from static load test where strain gages or telltale rods are 
attached to a pile at different dept s along the pile shaft. Figure 9.5 shows the measured 
axial load, Ou, in the pile plotted a ainst depth. The shaft resistance transferred to the soil 
is represented by Rs, and R1 repre ents the resistance at the pile toe. In Figure 9.5(a), the 
load transfer distribution for a pile ith no shaft resistance is illustrated. In this case the full 
axial load at the pile head is tran ferred to the pile toe. In Figure 9.5(b), the axial load 
versus depth for a uniform sha resistance distribution typical of a cohesive soil is 
illustrated. Figure 9.5(c) presents t e axial load in the pile versus depth for a triangular shaft 
resistance distribution typical of co esionless soils. 
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9.4 EFFECTIVE OVERBURDEN P ESSURE 

The effective overburden pressure at a given depth below ground surface is the vertical 
stress at that depth due to the wei ht of the overlying soils. A plot of effective overburden 
pressure versus depth is called a 11 

0 
Diagram 11 and is used in many static pile capacity and 

settlement calculations. Therefore an understanding of how to construct and use a p0 

Diagram is important. 

Information needed to construct a O Diagram includes the total unit weight and thickness 
of each soil layer as well as the dep h of the water table. The soil layer thickness and depth 
of the water table should be availa le from the project boring logs. The total unit weight of 
each soil layer may be obtained fr m density tests on undisturbed cohesive samples or 
estimated from Standard Penetratio Test (SPT) N values in conjunction with the soil visual 
classification. 

The first step in constructing a p0 D agram is to calculate the total overburden pressure, p1, 

versus depth. This is done by sum ing the product of the total unit weight times the layer 
thickness versus depth. Similarly, t e pore water pressure, u, is summed versus depth by 
multiplying the unit weight of water, Yw, of 9.8 kN/m3

, times the water height. The effective 
overburden pressure, p0 , at any de th is then the total overburden pressure minus the pore 
water pressure at that depth. 

The effective overburden pressure t any depth is determined by summing the weights of 
all layers above that depth as folio 

1 . For soil deposits above the stati water table: 
p0 = (total soil unit weight, y)( hickness of soil layer above the desired depth). 

2. For soil deposits below the static water table: 
p

0 
= (total soil unit weight, y)( epth) - (unit weight of water, Yw )(height of water). 

This may also be expressed as t e buoyant or effective unit weight, y', (y' = y - Yw): 
p0 = (buoyant unit weight, y') (depth). 

Figures 9.6 and 9. 7 present examp es of p0 diagrams for cases where the water table is 
above and below the ground surfac level. 

9-10 



Pt (kPa) u (kPa) Po (kPa) 

I 

0 , 100 200 300 0 100 200 300 0 100 200 300 
0 .-+i--T---,-~-,--, 

I 

SA~D 
y = 17.~ kN/m3 

i 

2 

3 

4 

5 
T ----------4--------- 6 -=-, _E 

I 7 -
y' = 7.~ kN/m

3 a 8 
(I) _______ o 9 

! 

CLAY 
I 

y = 19.~ kN/m 3 

y' = 9.~ kN/m3 

10 

11 

12 

13 

14 

15 

\03.8 
• 155.7 

0.0 r3.8 
• 126.3 

Figure 9.6 Effectiv Overburden P essure Diagram - Water Table Below Ground Surface 

Pt (kPa) u (kPa) = Po (kPa) 

________ yd--------- 200 400 0 200 400 0 200 400 

-=-1 

WATER 
y = 9.81 kN/m3 

3 0.0 
4 -

SAND 5 

y = 17.3 kN/m 3 6 

y' = 7.~ kN/m3 7 

-S 8 
.r:::. 9 I i10 
O 11 

12 • 185.1 • 67.5 

CLAY 13 

y = 19.~ kN/m 3 14 
15 

y' = 9.~ kN/m3 
16 
17 
18 • 126.3 

Figure 9.7 Effectiv$ Overburden Pr ssure Diagram - Water Table Above Ground Surface 

9-11 



9.5 CONSIDERATIONS IN SELEC ION OF DESIGN SOIL STRENGTH PARAMETERS 

Most of the static analysis methods in cohesionless soils directly or indirectly utilize the soil 

friction angle,¢, in calculation of pie capacity. The soil friction angle may be determined 

from laboratory tests as described in Chapter 6, or may be estimated using corrected 
Standard Penetration Test (SPT) N values and the empirical values in Table 4-5. The 

designer should be aware of the m ny factors that can influence SPT N values discussed 

in Section 4.4.1 of Chapter 4 when electing a design friction angle based on SPT values. 

In coarse granular deposits, the s lection of the design friction angle should be done 

conservatively. A comparison of ul imate pile capacities from static load test results with 

static analysis predictions indicat s that static analyses often overpredict the shaft 

resistance in these deposits. This is articularly true for coarse granular deposits comprised 

of uniform sized or rounded particle . Cheney and Chassie (1993) recommend limiting the 

shearing resistance by neglecting p rticle interlock forces. For shaft resistance calculations 

in gravel deposits, this results in a aximum ¢ angle of 32° for gravels comprised of soft 

rounded particles, and in a maximu ¢ angle of 36° for hard angular gravel deposits. The 
¢ angle used to calculate the toe re istance is determined using normal procedures. 

Static analysis methods used for esign of pile foundations in cohesive soils require 

accurate assessment of the soil hear strength and consolidation properties. This 

information should be obtained from laboratory tests on undisturbed samples as described 

in Chapter 6 and/or from in-situ test ng as described in Chapter 5. Designs based solely 

on strength and compressibility infor ation estimated from SPT N values from disturbed soil 

samples should be avoided. 

The capacity of a pile when driven in many soil formations is not the same as the long term 

pile capacity. This is due to the soi disturbance created during installation as described 

in Section 9.2 of this chapter. For esign in cohesive soils, the sensitivity of the cohesive 

soils should be determined as discu sed in Section 6.2 of Chapter 6. Knowledge of the soil 

sensitivity allows a more accurate st tic analysis of the driving resistance in cohesive soils. 

Increases and decreases on pile ca acity with time are known as soil setup and relaxation, 

respectively. These time effects are discussed in greater detail in Section 9.10.1 . 
I 

For a cost effective foundation desi~n with any static analysis method, it is of paramount 
importance that the foundation desi ner logically select the soil strength parameters and 

include consideration of time depen ent soil strength changes. 
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9.6 FACTORS OF SAFETY 

Static analysis results yield an ultima e pile capacity or soil resistance. The allowable pile 

soil resistance (design load) is select d by dividing the ultimate pile capacity in suitable soil 

support layers by a factor of safety. I static analysis methods, the design load for a given 

pile length has typically been calcul ted by dividing the ultimate capacity in suitable soil 

support layers by a factor of safety r nging from 2 to 4. The range in the factor of safety 

has primarily depended upon the r liability of the particular static analysis method with 

consideration of the following items. I 

'I 

1. The level of confidence in the input parameters. (This is a function of the type and extent 

of the subsurface exploration and laboratory testing of soil and rock materials.) 
! 

2. Variability of the soil and rock. 

3. Method of static analysis. 

4. Effects of and consistency of the roposed pile installation method. 

5. Level of construction monitoring (static load test, dynamic analysis, wave equation 

analysis, Gates dynamic formula). 

A large number of static analysis m thods are documented in the literature with specific 

recommendations on the factor o safety to be used with each method. These 

recommended factors of safety have outinely disregarded the influence of the construction 

control method used to complement he static analysis computation. As part of the overall 

design process, it is important that th foundation designer qualitatively assess the validity 

of the chosen design analysis met od and the reliability of the geotechnical design 

parameters. These issues have be n quantified using Load Resistance Factor Design 

methods in NCHRP Report 343 by arker et al. (1991). However, their effects are only 

qualitatively addressed in this manual. 
i 
i 

While the range in static analysis fa~tors of safety was from 2 to 4, most of the static 

analysis methods recommended a fa tor of safety of 3. As foundation design loads have 

increased over time, the use of high actors of safety has often resulted in pile installation 

problems. In addition, experience h s shown that construction control methods have a 

significant influence on pile capacity. herefore, the factor of safety used in a static analysis 
' 
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calculation should be based upon the construction control method specified. Provided that 
the procedures recommended in his manual are used for the subsurface exploration and 

analysis, the follpwing factors f safety are recommended, based on the specified 

construction control method. Th se factors of safety are discussed in greater detail in 

Chapter 12. 

Constructioh Control Metho 

Static load test with wave e uation analysis 
Dynamic testin~1 with wave quation analysis 

Indicator piles with wave eq ation analysis 

Wave equatibn analysis 

Gates dynamic formula 

Factor of Safety 

2.00 
2.25 
2.50 
2.75 
3.50 

The pile design load should be s pported by soil resistance developed only in soil layers 

that contribute to long term load upport. The soil resistance from soils subject to scour, 

or from soil layers above soft co pressible soils should not be considered. An example 
problem will be used to clarify he use of the factor of safety in static pile capacity 

calculations for determination of th pile design load as well as for determination of the soil 

resistance to pile driving. 

Consider a pile to be driven throu h the soil profile described in Figure 9.8. The proposed 

pile type penetrates through a sa d layer subject to scour in the 100 year flood overlying 

a very soft clay layer unsuitable for ong term support and into competent support materials. 

Hence the soil resistances from th scour susceptible and soft clay layers do not contribute 
to long term load support and sh uld not be included in the soil resistance for support of 

the design load. In this example, static load testing with wave equation analysis will be 

used for construction control. Th efore a factor of safety of 2.0 should be applied to the 

soil resistance caldulated in suitabl support layers in the static analysis. It should be noted 
that this approach~ is 'for scour co ditions under the 100 year or overtopping flood events 

and that a different approach woul apply for the superflood or 500 year event. Additional 
discussion on scour consideration is provided in Section 9.9.4 of this chapter. 

In the static analysis, a trial pile pe etration depth is chosen and an ultimate pile capacity, 

Ou, is calculated. This ultimate ca acity includes the soil resistance calculated from all soil 

layers including the shaft resistanc in the scour susceptible layer, R81 , the shaft resistance 
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i 

in the unsuitable soft clay layer, R52 ~swell as the resistance in suitable support materials 

along the pile shaft, R53 , and at the file toe resistance, R1. 

'1 

I 

Qu ~ Rs1 + Rs2 + Rs3 + F~, 
I 

The design load, 0 8 , is the sum of t~e soil resistances from the suitable support materials 

divided by a factor of safety, FS. A$ noted earlier, a factor of safety of 2.0 is used in the 

equation below because of the plan~ed construction control with static load testing. 

I 

Qa + (Rs3 + R,) / (FS=2) 

The design load may also be expr~ssed as the sum of the ultimate capacity minus the 

calculated soil resistances from the ~cour susceptible andl unsuitable layers divided by the 

factor of safety. 
I 
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The result of the static analysis is t en the estimated pile penetration depth, D, the design 

load for that penetration depth, Qa, and the calculated ultimate capacity, Qu. 

For preparation of construction pla s and specifications, the calculated ultimate capacity, 
Qu, is specified. Note that if the onstruction control method changes after the design 

stage, the required ultimate capaci and the required pile penetration depth for the ultimate 
capacity will also change. This is a parent when the previous equation for the design load 
is expressed in terms of the ultimat capacity as follows: 

A static analysis should also be u ed to calculate the soil resistance during driving, or 
driving resistance, 00 , that must be vercome to reach the estimated pile penetration depth 

necessary to develcop the ultimate capacity. This information is necessary for the designer 

to select a pile section with the driv ability to overcome the anticipated soil resistance and 
for the contractor to properly size e uipment. Driveability aspects of design are discussed 
in Section 9.10. 7 of this chapter. 

In the driving resis~ance static cal ulation, a factor of safety is not used. The driving 
resistance is the sum of the soil r sistances from the scour susceptible and unsuitable 

layers plus the resistance in the s itable support materials to the estimated penetration 
depth. 

Soil resistances in this calculation s ould be the resistance at the time of driving. Hence 

time dependent changes in soil trengths due to soil setup or relaxation should be 
considered. For t~e example pre ented in Figure 9.8, the driving resistance from the 

unsuitable clay layer would be redu ed by the sensitivity of the clay. Therefore, R82 would 

be R82 / 2 for a clay with a sensitivi of 2. The static calculation of the driving resistance 

at depth D would then be as follow . 
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This example problem considers o ly the driving resistance at the final pile penetration 

depth. In cases where piles are driv n through hard or dense layers above the estimated 

pile penetration depth, the driving esistance to penetrate these layers should also be 

calculated. Additional information on the calculation of time dependent soil strength 

changes is provided in Section 9.10.1 of this chapter. 

9. 7 DESIGN OF SINGLE PILES I 

9.7.1 Bearing Capacity of Single Pi~ 
I 

Numerous static analysis methods re available for calculating the bearing capacity of a 
single pile. The following sections f this chapter will detail analysis methods for piles in 
cohesion less, cohesive and layered s ii profiles using readily available SPT or laboratory test 

information. Additional methods bas don cone penetration test results are also presented. 

9. 7. 1. 1 Bearing Capacity of Piles in Cohesionless Soils 

The ultimate bearing capacity of a si gle pile in a cohesionless soil is the sum of shaft and 

toe resistances (Qu = F~s + R,). The calculation assumes that the shaft resistance and toe 
bearing resistance can be determin d separately and that these two factors do not affect 

each other. Many analytical and em irical methods have been developed for estimating pile 

capacity in cohesionless materials. Table 9-1 describes some of the available methods. 

Each of the methods presented in T ble 9-1 is also discussed in subsequent subsections. 
i 

9.7.1.1a Meyerhof Method Based o~ Standard Penetration Test (SPT) Data 
I 
i 

Existing empirical correlations betw1' n Standard Penetration Test (SPT) results and static 
pile load tests can be used for preli inary estimates of static pile capacity for cohesionless 

soils. These correlations are based n the analyses of numerous pile load tests in a variety 

of cohesionless soil deposits. The ~eyerhof (1976) method is quick and is easy to use. 

However, because the method is ~ased ·on SPT test data which can be influenced by 

numerous factors, this method shoulld only be used for preliminary estimates and not for 
final design. 
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TABLE 9-1 ME:THODS OF ST MIC ANALYSIS FOR PILl:=S IN COHESIONLESS SOILS 

Method Approach Method o Advantages Disadvantages Remarks 
Obtaining 
Design 

Parameter$ 

Method Empirical Results of Widespread use of Non Due to non 
based on SPT tests. SPT test and input reproducibility of reproducibility of 
Standard data availability. N values. Not N values and 
Penetration Simple method to as reliable as simplifying 
Test (SPT) use. the other assumptions 
data. I methods contained in the 

presented in this method, use 
chapter. should be limited 

to preliminary 
estimating 
purposes. 

Nordlund Semi- Charts Allows for No limiting value Good approach to 
Method. empirical provided by increased shaft on unit shaft design that is 

Nordlund. resistance of resistance is widely used. 
Estimate of tapered piles and recommended Method is based 
soil friction includes effects of by Nordlund. on field 
angle is pile-soil friction Soil friction observations. 
needed. coefficient for angle often Details provided 

different pile estimated from in Section 
materials. SPT data. 9.7.1.1b. 

Effective Semi- Soil /3 value considers Results effected Good approach 
Stress empirical classification pile-soil friction by range in /3 for design. 
Method. and estimate kj coefficient for values and in Details provided 

friction angle different pile particular by in Section 9. 7.1.3. 
for /3 and N1 materials. Soil range in N1 

selection. resistance related to chosen. 
effective overburden 

I pressure. 

Methods Empirical Results of Testing analogy Limitations on Good approach 
based on CPT tests. between CPT and pushing cone for design. 
Cone pile. Reliable into dense Details provided 
Penetration correlations and strata. in Section 9. 7.1. 7. 
Test (CPT) reproducible test -
data. data. 
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Meyerhof (1976) reported that the a erage unit shaft resistance, fs, of driven displacement 
piles, such as closed-end pipe pile and precast concrete piles, in kPa is: 

f = 2N' ~ 100 kPa 

The average unit shaft resistance of driven nondisplacement piles, such as H-piles, in kPa 

is: 

s = N' ~ 100 kPa 

where N' is the average corrected PT resistance value, in blows per 300 mm, along the 

embedded length of pile. Typical! , the soil profile is delineated into 3 to 6 meter thick 

layers, and the average unit shaft r sistance is calculated for each soil layer. 

Meyerhof (1976) recommended tha the unit toe resistance, q,, in kPa for piles driven into 

sands and gravels may be approxi ated by: 

Where: N' 0 

. -, ( 40N'8 - 40N'0 )D8 -
q1 == 400N O + b ~ 400N'8 ; 

= Average correct~d SPT N' value for the stratum overlying the bearing 
stratum. 

= Average correct d SPT N' value of the bearing stratum. 
= Pile embedment depth into the bearing stratum in meters. 
= Pile diameter in eters. 

The limiting value of 400N'8 is re ched when the embedment depth into the bearing 

stratum reaches 1 0 pile diameters. he above equation applies when the pile toe is located 

near the interface of two strata with a weaker stratum overlying the bearing stratum. For 
piles driven in a uniform cohesionle s stratum, the unit toe resistance can be calculated as 
follows: 

40N'80 8 _ 
--- ~ 400N'B 

b 
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It is recommended that the ave age corrected SPT N' value, N' 8 , be calculated by 
averaging N' values within the zo e extending 3 diameters below the pile toe. For piles 

driven into non-plastic silts, Meyer of recommended the unit toe resistance, q1, be limited 
to 300N' 8 instead of the 400N'8 g ven in the above equation. 

STEP BY STEP PROCEDURE FOR USING METHOD BASED ON SPT DATA 

STEP 1 Correct SPT field N val es for overburden pn3ssure. 

Use correction factors f om Figure 4.4 to obtain corrected SPT N' values. 

STEP 2 Compute tt1e average c rrected SPT N' value, N', for each soil layer. 

STEP 3 

STEP 4 

Along the embedded le gth of pile, delineate the soil profile into layers based 
on soil density indicate by N' .. The individual soil layers should be selected 
between 3 and 6 meter thick. 

Compute unit shaft resis ance, f5 (kPa) for driven, displacement piles from: 

I 
f~ = 2N' :::; 100 kPa 

for driven, non-displace~ent piles such as H-piles, use: 

I 
~s = N' :::; 100 kPa 

Compute ultimate shaft r~sistance, Rs (kN). 

II! 

Rs = fs As 
ii 

Where: /J,s = Pile s~aft surface area. 

= (Peri1eter)(embedded length). 

For H-piles in cohesionltss soils, the "box" area should generally be used for 
shaft resistance calculati ns. Additional discussion on the behavior of open pile 

sections is presented in ection 9.10.5. 

I, 
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STEP 5 Compute average correct d SPT N' values, N'0 and N's, near pile toe. 

In cases where the pile t e is situated near the interface of a weaker stratum 
overlying the bearing strat m, compute the average corrected SPT N' value for 
the stratum overlying the earing stratum, N'0 , and the average corrected SPT 
N' value for the bearing st atum, N's· 

In uniform cohesionless s ils, compute the average corrected SPT N' value by 
averaging N' values within the zone extending :3 diameters below the pile toe. 

STEP 6 Compute unit toe resistan e, qt (kPa). 

For weaker stratum overlying the bearing stratum compute qt from: 

_ ( 40N' s - 40N'0 )D 8 -
q1 = 400N'0 + -------- :5 400N'8 b 

For piles in a uniform coh sionless deposit compute qt from: 

For piles driven into non-pl stic silts, the unit toe resistance, qt, should be limited 
to 300N'8 instead of 400 's· 

STEP 7 Compute ultimate toe resi tance, Rt (kN). 

Where: At = Pile toe a ea. 
' 

For steel H and unfilled o en end pipe piles, .use only steel cross section area 
at pile toe unless there is r asonable assurance and previous experience that a 
soil plug will Jorm at the ile toe. Additional discussion on plug formation in 
open pile sections is prese ted in Section 9.10.5. The assumption of a soil plug 
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would allow the use o a box area at H pile toe and total pipe cross section area 
for open end pipe pil . 

STEP 8 Compute ultimate pile capacity, Qu (kN). 

STEP 9 Compute allowable d sign load, Qa (kN). 

Q == Qu 
a Factor of Safety 

Use Fpctor of Safety ased on the construction control method specified as 
described in Section 9.6. 

In using the Meyerhof method, it hould be remembered that it is intended to be used only 
for preliminary capacity and lengt estimates. Limiting values often apply for the unit shaft 
and toe resistances and they sh uld be used. It should also be remembered that the 
Standard Penetration Test is subj ct to many errors. Thus, judgment must be exercised 
when performing capacity calcula ions based on SPT results. 

9. 7. 1. 1 b Nordlund Method 

The Nordlund Methocl (1963) is ba ed on field observations and considers the shape of pile 
taper and its soil displacement n calculating the shaft resistance. The method also 
accounts for the qifferences in soil pile coefficient of friction for different pile materials. The 
method is based on the results of everal load test programs in cohesionless soils. Several 
pile types were used in these est programs including timber, H, closed end pipe, 
Monotubes and Raymond step ta er piles. These piles, which were used to develop the 
method's design curves, had pil widths generally in the range of 250 to 500 mm. The 
Nordlund Method tends to overpr diet pile capacity for piles with widths larger than 600 
mm. 

According to the Nordlund Metho , the ultimate capacity, Qu, of a pile in cohesionless soil 
is the sum of the shaft resistance Rs and the toe resistance, R,. Nordlund suggests the 
shaft resistance is a function of th following variables: 
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1. The friction angle of the soil. 
2. The friction angle on the sliding surface. 

3. The taper of the pile. 
4. The effective unit weight of the oil. 

5. The pile length. 
6. The minimum pile perimeter. 
7. The volume of soil displaced. 

These factors are considered in the ordlund equation as illustrated in Figure 9.9. 

The Nordlund Method equation for c mputing the ultimate capacity of a pile is as follows: 

Where: d 
D 

K.s 
CF 
pd 
c5 
(J) 

¢ 

Cd 
~d 

a, 
N' q 

A, 
P, 

= Depth. 

= Embedded pile I ngth. 

= Coefficient of late al earth pressure at depth d. 

= Correction factor or K6 when c5 # ¢. 
= Effective overbur en pressure at the center of depth increment d. 
= Friction angle be een pile and soil. 
= Angli3 of pile tap r from vertical. 
= Soil friction angle. 
= Pile perimeter at epth d. 

= Length of pile se ment. 

= Dimensionless fa tor (dependent on pile depth-width relationship). 
= Bearing capacity actor. 

= Pile toe area. d 
= Effective overbur en pressure at the pile toe. 

For a pile of uniform cross section ( =0) and embedded length D, driven in soil layers of 

the same effective unit weight and fri tion angle, the Nordlund equation becomes: 
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d=D 
Q ;:: ,-. K C sin (o +w) C L~d N' A 

u L- o F d ---- d + 0 t q , 't Pt 
d=O COS W 

Figure 9.9 Nordlund's eneral Equation for Ultimate Pile Capacity 
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The soil friction angle¢ influences m st of the calculations in the Nordlund method. In the 
absence of laboratory test data, ¢ can be estimated from corrected SPT N' values. 
Therefore, Figure 4.4 in Chapter 4 hould be used for correcting field N values. The 
corrected SPT N' values may then b used in Table 4-5 of Chapter 4 to estimate¢. 

Nordlund developed this method in 1963 and updated it in 1979 and has not placed a 

limiting value on the shaft resistanc . However, Nordlund has recommended that the 
effective overburden pressure, p1, us d for computing the pile toe resistance be limited to 
150 kPa. 

STEP BY STEP PROCEDURE FOR SING NORDLUND METHOD 

Steps 1 through 6 are for computin the shaft resistance and steps 7 through 9 are for 
computing the pile toe resistance. 

STEP 1 Delineate the soil profile i to layers and determine the ¢ angle for each layer. 

a. Construct p0 diagram sing procedure described in Section 9.4. 

b. Correct SPT field N v lues for overburden pressure using Figure 4.4 from 

Chapter 4 and obtain orrected SPT N' values. Delineate soil profile into 
layers based on correc ed SPT N' values. 

c. Determine ¢ angle for ach layer from laboratory tests or in-situ data. 

d. In the absence of lab ratory or in-situ test data, determine the average 
corrected SPT N' valu , N', for each soil layer and estimate ¢ angle from 
Table 4-5 in Chapter 4. 

STEP 2 Determine 6, the friction ngle between pile and soil based on displaced soil 
volume, V, and the soil fri tion angle, ¢. 

a. Compute volume of so I displaced per unit length of pile, V. 

b. Enter Figure 9.1 O with f and determine 6/¢ ratio for pile type. 

I 

c. Calculate c5 from 6/¢ ra io. 

9-25 



STEP 3 Determine the coeffici nt of lateral earth pmssure, K6 , for each ¢ angle. 

a. Determine K6 for¢ ngle based on displaced volume, V, and pile taper angle, 
w, using either Figu e 9.11, 9.12, 9.13, or 9.14 and the appropriate procedure 

described in Step 3 , 3c, 3d, or 3e. 

b. If the displaced vol me is 0.0093, 0.093, or 0.930 m3/m which correspond to 
one of the curves rovided in Figures 9.11 through 9.14 and the ¢ angle is 

one of those provi ed, K6 can be determined directly from the appropriate 
figure. 

c. If the displaced vol me is 0.0093, 0.093, or 0.930 m3/m which correspond to 
one of the curves rovided in Figures 9.11 through 9.14 but the ¢ angle is 
different from those provided, use linear interpolation to determine K6 for the 

required ¢ angle. ables 9-2a and 9-2b also provide interpolated K6 values 
at selected displac d volumes versus ¢ angle for uniform piles (w = 0°). 

d. If the displaced vol me is other than 0.0093, 0.093, or 0.930 m3/m which 

correspond to one o the curves provided in Figures 9.11 through 9.14 but the 
¢ angle correspond to one of those provided, use log linear interpolation to 

determine K6 for t e required displaced volume. An example of this 
procedure may be ound in Appendix F..2.1.2. Tables 9-2a and 9-2b also 

provide interpolated K6 values at selected displaced volumes versus ¢ angle 
for uniform piles (w = 0°). 

e. If the displaced vol me is other than 0.0093, 0.093, or 0.930 m3/m which 

correspond to one f the curves provided in Figures 9.11 through 9.14 and 
the ¢ angle does n t correspond to one of those provided, first use linear 

interpolation to deter ine K6 for the required ¢ angle at the displaced volume 
curves provided for 0.0093, 0.093, or 0.930 m3/m. Then use log linear 

interpolation to dete mine K6 for the required displaced volume. An example 
of this procedure m y be found in Appendix F.2.1.2. Tables 9-2a and 9-2b 
also provide interpol ted K6 values at selected displaced volumes versus ¢ 
angle for uniform pil s (w = 0°). 
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STEP 4 Determine th13 correction f ctor, CF, to be applied to K6 if cS ,;t= ¢. 

Use Figure 9.15 to determ ne the correction factor for each K6• Enter figure with 

¢ angle and 6/¢ value to etermine CF. 

STEP 5 Compute the average effe tive overburden pressure at the midpoint of each soil 

layer, pd (kPa). 

Note: A limiting value is not applied to pd. 

STEP 6 Compute the shaft resista ce in each soil layer. Sum the shaft resistance from 
each soil layer to obtain t e ultimate shaft resistance, Rs (kN). 

Rs = Ko CF pd sincS Cd D 

(for unif rm pile cross section) 

For H-piles in cohesionle s soils, the 11box11 area should generally be used for 
shaft resistance calculatio s. Additional discussion on the behavior of open pile 

sections is presented in S ction 9.10.5. 

STEP 7 Determine thH at coefficie t and the bearing capacity factor, N' q• from the ¢ 
angle near the pile toe. 

a. Enter Figure 9.16(a) wi h ¢ angle near pile toe to determine at coefficient 

based on pile length to diameter ratio. 

b. Enter Figure 9.16(b) wit ¢ angle near pile toe to determine, N' q• 

c. If ¢ angle is estimated ram SPT data, compute the average corrected SPT 

N' value over the zone from the pile toe to :3 diameters below the pile toe. 

Use this average corre ted SPT N' value to estimate¢ angle near pile toe 

from Table 4-5. 

STEP 8 Compute the effective ave burden pressure at the pile toe, Pt (kPa). 

Note: The limiting value f Pt is 150 kPa. 
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STEP 9 Compute the ultimate toe resistance, Rt (kN). 

STEP 10 

STEP 11 

b. limiting Rt = qL A 

qL value is obtaine from: 
! 

1 . Entering Figure .17 with ¢ angle near pile toe determined from laboratory 
or in-situ test da a. 

2. Entering Figure .17 with ¢ angle near the pile toe estimated from Table 
4-5 and the aver ge corrected SPT N' near toe as described in Step 7. 

c. Use lesser of the o Rt values obtained in steps a and b. 

For steel H and unfille open end pipe piles, use only steel cross section area 
at pile toe unless ther is reasonable assurance and previous experience that a 
soil plug will form at t e pile toe. Additional discussion on plug formation in 
open pile sections is p esented in Section 9.10.5. The assumption of a soil plug 
would allow the use of a box area at H pile toe and total pipe cross section area 
for open i:md pipe pile 

I 

Compute the ultimate ~ile capacity, Q" (kN). 
I 

II Qu =Rs+ Rt 
II 

I 

Compute the allowabl~ design. load, Qa (kN). 
I 

h Qu 
)

8 
= Factor of Safety 

I 

The factor of safety used in the cJlculation should be based upon the construction control 
method to be specified. RecomJended factors of safety were described in Section 9.6. 
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Table 9-2(a) Design Table for E valuating K6 for Piles when w = 0° and V = 0.0093 to 

0.0930 m3/m 

¢ Displaced Volume (V), m3/m 

0.0093 0.0186 0.0279 0.1 1372 0.0465 0.0558 0.0651 0.0744 0.0837 0.0930 

25 0.70 0.75 0.77 0 79 0.80 0.82 0.83 0.84 0.84 0.85 

26 0.73 0.78 0.82 084 0.86 0.87 0.88 0.89 0.90 0.91 

27 0.76 0.82 0.86 089 0.91 0.92 0.94 0.95 0.96 0.97 

28 0.79 0.86 0.90 093 0.96 0.98 0.99 1.01 1.02 1.03 

29 0.82 0.90 0.95 098 1.01 1.03 1.05 1.06 1.08 1.09 

30 0.85 0.94 0.99 1 03 1.06 1.08 1.10 1.12 1.14 1.15 

31 0.91 1.02 1.08 1 13 1.16 1.19 1.21 1.24 1.25 1.27 

32 0.97 1.10 1.17 1 22 1.26 1.30 1.32 1.35 1.37 1.39 

33 1.03 1 .. 17 1.26 1 32 1.37 1.40 1.44 1.46 1.49 1.51 

34 1.09 1.25 1.35 1 42 1.47 1.51 1.55 1.58 1.61 1.63 

35 1.15 1.33 1.44 1 51 1.57 1.62 1.66 1.69 1.72 1.75 

36 1.26 1.48 1.61 1 71 1.78 1.84 1.89 1.93 1.97 2.00 

37 1.37 1.63 1.79 1 90 1.99 2.05 2.11 2.16 2.21 2.25 

38 1.48 1.79 1.97 2 09 2.19 2.27 2.34 2.40 2.45 2.50 

39 1.59 1.94 2.14 229 2.40 2.49 2.57 2.64 2.70 2.75 

40 1.70 2.09 2.32 2 48 2.61 2.71 2.80 2.87 2.94 3.00 
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Table 9-2(b) Design Table for Evalu ating K6 for Piles when w = 0° and V = 0.093 to 

0.930 m3/m 

¢ DiSID laced Volume (V), m3/m 

0.093 0.186 0.279 0.37~ 0.465 0.558 0.651 0.744 0.837 0.930 

25 0.85 0.90 0.92 0.94 0.95 0.97 0.98 0.99 0.99 1.00 

26 0.91 0.96 1.00 1.02 1.04 1.05 ·1.06 1.07 1.08 1.09 

27 0.97 1.03 1.07 1.10 1.12 1.13 '1.15 1.16 1.17 1.18 

28 1.03 1.10 1.14 1.17 1.20 1.22 ·1.23 1.25 1.26 1.27 

29 1.09 1.17 1.22 1.25 1.28 1.30 '1.32 1.33 1.35 1.36 

30 1.15 1.24 1.29 1.33 1.36 1.38 "1.40 1.42 1.44 1.45 

31 1.27 1.38 1.44 1.49 1.52 1.55 ·t.57 1.60 1.61 1.63 

32 1.39 1.52 1.59 1.64 1.68 1.72 ·t.74 1.77 1.79 1.81 

33 1.51 1.65 1.74 1.80 1.85 1.88 ·t.92 1.94 1.97 1.99 

34 1.63 1.79 1.89 1.96 2.01 2.05 2.09 2.12 2.15 2.17 

35 1.75 1.93 2.04 2.11 2.17 2.22 ~~.26 2.29 2.32 2.35 

36 2.00 2.22 .2.35 2.45 2.52 2.58 2.63 2.67 2.71 2.74 

37 2.25 2.51 2.67 2.78 2.87 2.93 ~~.99 3.04 3.09 3.13 

38 2.50 2.81 :2.99 3.11 3.21 3.29 3.36 3.42 3.47 3.52 

39 2.75 3.10 :3.30 3.45 3.56 3.65 ~~.73 3.80 3.86 3.91 

40 3.00 3.39 :3.62 3.78 3.91 4.01 4.10 4.17 4.24 4.30 
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D = Embedded Pile Length 
b = Pile Diameter or Width 
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9. 7. 1.2 Bearing Capacity of Piles in Cohesive Soils 

The ultimate bearing capacity of a ile in cohesive soil may also be expressed as the sum 

of the shaft and toe resistances or u = Rs + R1. The shaft and toe resistances can be 

calculated from static analysis meth ds using soil boring and laboratory test data in either 

total stress or effective stress meth ds. The a-Method is a total stress method that uses 

undrained soil shear strength param ters for calculating static pile capacity in cohesive soil. 

The a-Method will be presented in Section 9.7.1.2a. The effective stress method uses 

drained soil strength parameters for apacity calculations. Since the effective stress method 
may be used for calculating static ile capacity in cohesive as well as cohesionless soils, 

this method will be presented in Se tion 9. 7 .1.3. Alternatively, in-situ CPT test results can 

also be used to calculate pile capac ty in cohesive soils from cone sleeve friction and cone 

tip resistance values. CPT based ethods are discussed in Section 9.7.1.7. An overview 

of design methods for cohesive soil is presented in Table 9-3. 

The shaft resistance of piles driven i to cohesive soils is frequently as much as 80 to 90% 
of the total bearing capacity. There ore, it is important that the shaft resistance of piles in 
cohesive soils be estimated as ace rately as possible. 

9. 7. 1.2a Total Stress - a-Method 

For piles in clay, a total stress analy is is often used where ultimate capacity is calculated 

from the undrained shear strength of the soil. This approach assumes that the shaft 

resistance is independent of the e ective overburden pressure and that the unit shaft 

resistance can be expressed in ter s of an empirical adhesion factor times the undrained 
shear strength. 

The unit shaft resistance, fs, is equal to the adhesion, ca, which is the shear stress between 

the pile and soil at failure. This ma be expressed in equation form as: 

in which a is an empirical adhesio factor for reduction of the average undrained shear 

strength, cu, of undisturbed clay alo g the embedded length of the pile. The coefficient a 
depends on the nature and strength of the clay, pile dimension, method of pile installation, 

and time effects. The values of vary within wide limits and decrease rapidly with 

increasing shear strength. 
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TABLE 9-3 METHODS OF l HATIC ANALYSIS FOR PILES IN COHESIVE SOILS 

Method Approach Metho d of Advantages Disadvantages Remarks 
Obtair 1ing 

Desi1 Jn 
Parami ~ters 

a-Method Empirical, Undrained shear Simple Wide scatter in Widely used 
(Tomlinson total $tress strength e stimate calculation adhesion versus method 
Method). analysis. of soil is n ~eded. from undrained shear described in 

Adhesion laboratory strengths in Section 
calculated from undrained literature. 9.7.1.2a. 
Figures 9. 8 and shear strength 
9.19. values to 

adhesion. 

Effective Semi- /3 and N," alues Ranges in /3 Range in N, Good design 
Stress Empirical, are selectE d from and N, values values for hard approach 
Method. based on Table 9-4 I ::>ased for most cohesive soils theoretically 

effective on drainec soil cohesive soils such as glacial better than 
stress at strength are relatively tills can be undrained 
failure. estimates. small. large. analysis. 

Details in 
Section 
9.7.1.3. 

Methods Empirical. Results of CPT Testing Cone can be Good 
based on tests. analogy difficult to approach for 
Cone between CPT advance in very design. 
Penetration and pile. hard cohesive Details in 
Test data. Reproducible soils such as Section 

test data. glacial tills. 9.7.1.7. 
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It is recommended that Figure 9.18 g nerally be used for adhesion calculations, unless one 
of the special soil strati~Jraphy cases identified in Figure 9 .. 19 is present at a site. In cases 
where either Figures 9.18 or 9.19 co Id be used, the inexperienced user should select and 
use the smaller value obtained from ither figure. All users should confirm the applicability 
of a selected design chart in a give soil condition with local correlations between static 
capacity calculations and static load tests results. 

In Figure 9.18, the adhesion, C8 , is ex ressed as a function of the undrained shear strength, 
cu, with consideration of both the ile type and the embedded pile length, D, to pile 
diameter, b, ratio. The embedded p le length used in Figure 9.18 should be the minimum 
value of the length from the ground surface to the bottom of the clay layer, or the length 
from the ground surfacH to the pile t e. 

Figure 9.19 presents the adhesion actor, a, versus the undrained shear strength as a 
function of unique soil stratigraphy nd pile embedment. The adhesion factor from these 
soil stratigraphy cases should be us d only for determining the adhesion in a stiff clay layer 
in that specific condition. For a soil refile consisting of clay layers of significantly different 
consistencies such as soft clays ove stiff clays, adhesion factors should be determined for 
each individual clay layer. 

Figure 9.19(a) may be used to selec the adhesion factor when piles are driven through a 
sand or sandy gravel layer and into n underlying stiff clay stratum. This case results in the 
highest adhesion factors as granul r material is dragged into the underlying clays. The 
greater the pile penetration into the clay stratum, the less the influence of the overlying 
granular stratum on the adhesion fac or. Therefore, for the same undrained shear strength, 
the adhesion factor decreases with i creased pile penetration into the clay stratum. 

Figure 9.19(b) should be used to sel ct the adhesion factor when piles are driven through 
a soft clay layer overlying a stiff cla layer. In this case, the soft clay is dragged into the 
underlying stiff clay stratum thereby r ducing the adhesion factor of the underlying stiff clay 
soils. The greater the pile penetr ion into the underlying stiff clay soils, the less the 
influence the overlying soft clays ha eon the stiff clay adhesion factor. Therefore, the stiff 
clay adhesion factor increases with i creasing pile penetration into the stiff clay soils. 
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Last, Figure 9.19(c) may be used t select the adhesion factor for piles driven in stiff clays 
without any different overlying strat . In stiff clays, a gap often forms between the pile and 

the soil along the upper portion f the pile shaft. In this case, the shallower the pile 

penetration into a $tiff clay stratum he greater the effect of this gap on the shaft resistance 

that develops. Hence., the adhesio factor 'for a given shear strength is reduced at shallow 

pile penetration depths and increa ed at deeper pile penetration depths. 

In the case of H piles in cohesive oils, the shaft resistance should not be calculated from 

the surface area of the pile, but r ther from the 'box" area of the four sides. The shaft 
resistance for H-piles in cohesive oils consists of the sum of the adhesion, ca, times the 

flange surface area along the exteri r of the two flanges, plus the undrained shear strength 

of the soil, cu, times the area of t e two remaining sides of the "box", due to soil-to-soil 

shear along these faces. This c mputation can be approximated by determining the 

adhesion using the appropriate c rrugated pile curve in Figure 9.18 and multiplying the 

adhesion by the H-pile 'box" area. Additional information on the behavior of open pile 

sections is presented in Section 9. 0.5. 

In clays with large shrink-swell pate tial, static capacity calculations should ignore the shaft 

resistance from the adhesion in the shrink-swell zone. During dry times, shrinkage will 

create a gap between the clay and the pile in this zone and therefore the shaft resistance 

should not be relied upon for long erm support. 

The unit toe resistance in a total s ress analysis for homogeneous cohesive soil can be 
expressed as: 

iii qt= cu NC 
I 

The term Ne is a dimensionless bearing capacity factor which depends on the pile diameter 

and the depth of emb13dment. Th1 bearing capacity factor, Ne, is usually taken as 9 for 

deep foundations. \ 

It should be remembered that the movement required to mobilize the toe resistance is 

several times greater than that required to mobilize the shaft resistance. At the movement 

required to fully mobilize the toe res stance, the shaft resistance may have decreased to a 

residual value. Therefore, the toe esistance contribution to the ultimate pile capacity in 

cohesive soils is sometimes ignore except in hard cohesive deposits such as glacial tills. 
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Figure 9.19 Adhesion Factors \tor Driven Piles in Clay (after Tomlinson, 1980) 
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STEP BY STEP PROCEDURE FOR - II -METHOD 11 

STEP 1 Delineate the soil profile int layers and determine the adhesion, ca, from Figure 
9.18 or adhesion factor, a, from Figure 9.19 for each layer. 

Enter appropriate figure wi h the undrained shear strength of the soil, cu, and 
determine adhesion or ad esion factor based on the embedded pile length in 
clay, D, and pile diameter atio, b. Use the curve for the appropriate soil and 
embedment condition. 

STEP 2 For each soil layer, compu e the unit shaft resistance, fs (kPa). 

Where: ca = Adhesi 

STEP 3 Compute the shaft resistan e in each soil layer and the ultimate shaft resistance, 
Rs (kN), from the sum of t e shaft resistance from each layer. 

Where: As = Pile-soil surface area from pile perimeter and length. 

A discussion on the behavi r of open pile sections in cohesive soils is presented 
in Section 9.10.5. 

STEP 4 Compute the unit toe resis ance, q, (kPa). 

Where: cu = Undrain d shear strength of soil at the pile toe. 
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STEP 5 Compute the ultimate oe resistance, R, (kN). 

Where: A, of pile toe. 

For open pile section , refer to the discussion of pile plugging presented in 
Section 9.10.5. 

STEP 6 Compute the ultimate ile capacity, Qu (kN). 

STEP 7 Compute the allowabl design load, Qa (kN). 

Qu 
=------

a Factor of Safety 

The factor of safety in this static c lculation should be based on the specified construction 
control method as described in S ction 9.6 of this chapter. 

9. 7. 1. 3 Effective Stress Method 

Static capacity calculations in c hesionless, cohesive, and layered soils can also be 
performed using an e,ffective stres based method. Effective stress based methods were 
developed to model the long te m drained shear strength conditions. Therefore, the 
effective soil friction angle, ¢', sho Id be used in parameter selection. 

In an effective stress analysis, th unit shaft resistance is calculated from the following 
expression: 

Where: /3 = Bjerrum-Burlan beta coefficient = Ks tan 8. 
p0 = Average effecti e overburden pressure along the pile shaft, (kPa). 
Ks = Earth pressure coefficient. 
c5 = Friction angle etween pile and soil. 
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The unit toe resistance is calculated from: 

Where: N1 = Toe bearing cap city coefficient. 
p1 = Effective overbur en pressure at the pile toe. 

Recommended ranges of /3 and N1 coefficients as a function of soil type and¢' angle from 

Fellenius (1991) are presented in Ta le 9-4. Fellenius notes that factors affecting the /3 and 

N1 coefficients consist of the soil co position including the grain size distribution, angularity 

and mineralogical origin of the soil rains, the original soil density and density due to the 
pile installation technique, the soil str ngth, as well as other factors. Even so, /3 coefficients 
are generally within the ranges provi ed and seldom exceed 1 .0. 

For sedimentary cohesionless depo its, Fellenius states N1 ranges from about 30 to a high 

of 120. In very dense non-sedime tary deposits such as glacial tills, N1 can be much 

higher, but can also approach the I wer bound value of :30. In clays, Fellenius notes that 

the toe resistance calculated using a N1 of 3 is similar to the toe resistance calculated from 
a traditional analysis using undraine shear strength. Therefore, the use of a relatively low 

N1 coefficient in clays is recommend d unless local correlations suggest higher values are 
appropriate. 

Graphs of the ranges in /3 and N1 co fficients versus the range in¢' angle as suggested by 

Fellenius are presented in Figure 9.2 and 9.21, respectively. These graphs may be helpful 

in selection of /3 or N1• The inex erienced user should select conservative /3 and N1 

coefficients. As with any design met od, the user should also confirm the appropriateness 

of a selected /3 or N1 coefficient in given soil condition with local correlations between 
static capacity calculations and stati load tests results. 

It should be noted that the effective stress method places no limiting values on either the 

shaft or toe resistance. 
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TABLE 9-4 APPROXIM ATE RANGE OF f3 AND N1 COEFFICIENTS 
(Fellenius, 1991) 

Soil Type ¢' /3 N1 

Clay 2t - 30 0.23 - 0.40 3 - 30 

Silt 21 - 34 0.27 - 0.50 20 - 40 

Sand 3~ - 40 0.30 - 0.60 30 - 150 

Gravel 3E - 45 0.35 - 0.80 60 - 300 
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Figure 9.20 Chart for Estimating I Coefficient versus Soil Type¢' Angle (after Fellenius, 
1991) 
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STEP BY STEP PROCEDURE FO THE EFFECTIVE STRESS METHOD 

STEP 1 Delineate the soil profi e into layers and determine¢' angle for each layer. 

a. Construct p0 diagra using previously described procedure in Section 9.4. 

b. Divide soil profile t roughout the pile penetration depth into layers and 
determine the effecti e overburden pressure, p0 , at the midpoint of each layer. 

c. Determine the¢' an le for each soil layer from laboratory or in-situ test data. 

d. In the absence of la oratory or in-situ data for cohesionless layers, determine 
the average correcte SPT N' value for each layer and estimate¢' angle from 
Table 4·-5 in Chapte 4. 

STEP 2 Select the f3 coefficient for each soil layer. 

a. Use local experience to select {3 coefficient for each layer. 

b. In the absence of 1oqa1 experience, use Table 9-4 or Figure 9.20 to estimate 
f3 coefficient from ¢' \angle for each layer. 

I 
STEP 3 For each soil layer compute the unit shaft resistance, fs (kPa). 

! 

STEP 4 Compute the shaft resist nee in each soil layer and the ultimate shaft resistance, 
Rs (kN) from the sum of the shaft resistance 'from each soil layer. 

Where: As = Pile-~oil surface area from pile perimeter and length. 

Refer to Section 9.10.5 f~r additional information on the behavior of open pile 
sections. I 

'1 
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STEP 5 Compute the unit toe resistance, qt (kPa). 

a. Use local experience o select N1 coefficient 

b. In the absence of loc I experience, estimate Nt from Table 9-4 or Figure 9.21 

based on ¢' angle. 

c. Calculate the effective overburden pressure at the pile toe, Pt· 

STEP 6 Compute the ultimate to resistance, Rt (kN). 

Where: At = Area f the pile toe. 

For open pile sections, refer to the additional information on pile plugging 
presented in Section 9.1 .5. 

STEP 7 Compute the ultimate pil capacity, Ou (kN). 

STEP 8 Compute the allowable esign load, Qa (kN). 

Qu 
Q =------

Factor of Safety 

The factor of safety in this static calculation should be based on the specified 

construction control met od as described in Section 9.6 of this chapter. 
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9.7.1.4 Bearing Capacity of Piles it Layered Soils 

The bearing capacity of piles in lay red soils can be calculated by combining the methods 

previously described for cohesionle s and cohesive soils. For example, a hand calculation 

combining the Nordlund method fr m Section 9. 7. 1. 1 b for cohesion less soil layers with the 

a-method from Section 9. 7.1 .2a for ohesive soil layers could be used. The effective stress 

method as described in Section 9. . 1.3 could also be used for layered soil profiles. Last, 
the CPT based methods presented i Section 9.7.1.7 could be used in a layered soil profile. 

9. 7. 1. 5 Bearing Capacity of Piles ing FHWA Computer Programs 

9.7.1.5a The SP/LE Computer Progam 

The computer program SPILE was d veloped by the FHWA for calculation of pile capacities 

using the Nordlund and a-methods reviously described in this chapter. The program users 

manual by Urzua (19Sl3) is entitle SPILE: A Microcomputer Program for Determining 

Ultimate Vertical Static Pile Capaci and is available as FHWA-SA-92-044. 

In the SPILE program the user input the soil profile to a planned pile toe depth. For each 

soil layer, the user selects the way in which the soil friction angle or adhesion is calculated. 

Variations in pile length and pile type are easily accommocjated. The program can be used 

for closed end pipe, timber piles, ircular or square solid concrete piles, H-piles, and 

Monotube piles. Piles types not h ndled by the SPILE program include open end pipe 

piles, concrete cylinder piles, and ctagonal concrete piles. Program results include a 

summary of the pile shaft and toe re istance as well as the ultimate pile capacity. Typical 

program results are presented in th sample problems included in Appendix F. 

Users of the SPILE program may ind subtle differences between hand solutions and 

computer program results. One of the differences is in the selection of the ¢ angle in 
cohesionless soils. In the SPILE pr gram, the ¢ angle can either be input by the user, 

using engineering judgment similar to this manual, or automatically calculated by the 

program using a correlation betwee corrected SPT N' values and ¢. In addition to the 

possible difference between engineer ng judgment and the correlation used by the program, 

the SPILE program will also use ¢ ngles with two decimal places in the calculation of 

results rather than a ¢ angle rounded to a degree or half degree that a hand solution would 

likely employ. 
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9. 7. 1. Sb The DRIVEN Computer Prog am 

The FHWA developed the computer rogram DRIVEN in 1998 for calculation of static pile 

capacity. In the DRIVEN program, th user inputs the soil profile consisting of the soil unit 

weights and strength parameters inclu ing the percentage strength loss during driving. For 

the selected pile type, the program c lculates the pile capacity versus depth for the entire 

soil profile using the Nordlund and a-methods in cohesionless and cohesive layers, 

respectively. Using the user input s ii soil strength losses, the program calculates the 

ultimate pile capacity at the time of d iving as well as during restrike. The program also 

generates the soil input file required fo a driveability study in the GRLWEAP wave equation 

program. 

The DRIVEN program includes sever I analysis options that facilitate pile design. These 
options include: 

Soft compressible soils: From a u er input depth, the calculated shaft resistance from 

unsuitable soil layers is subtracted from the ultimate pile 
capacity c lculation. 

Scourable soils: 

Pile Plugging: 

Based on a user input depth, the calculated shaft resistance 

from scou able soils due to local scour is subtracted from the 

ultimate pile capacity calculation. In the case of channel 

degradati n scour, the reduction in pile capacity from the loss 

of shaft re istance in the scour zone as well as the influence of 

the reduc d effective overburden pressure from soil removal on 
the capacity calculated in the underlying layers is considered. 

DRIVEN h ndles pile plugging based on the recommendations 

presented in Section 9.10.5 of this manual. 

The DRIVEN program can be used to calculate the capacity of open and closed end pipe 

piles, H-piles, circular or square solid oncrete piles, timber piles, and Monotube piles. The 

program results can be displayed in both tabular or graphical form. Analyses may be 
performed in either SI or English units nd can be switched between units during analyses. 

The DRIVEN Program User's Manu I by Mathias and Cribbs (1998) is provided in 
FHWA-SA-98-07 4. 
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9. 7. 1. 6 Bearing Capacity of Pile$ on Rock 

Pile foundations on rock are normally designed to carry large loads. For pile foundations 
which are driven to rock, which nclude steel H-piles, pipe piles or precast concrete piles, 
the exact area of contact with rock, the depth of penetration into rock as well as the quality 
of rock are largely unknown. Therefore, the determination of load capacity of driven piles 
on rock should be made on the basis of driving observations, local experience and load 
tests. 

Rock Quality Designation (ROD) values can provide a qualitative assessment of rock mass 
as shown in Table 9-5. The ROI) is only for NX size or larger core samples (double tube 
core barrel) and is computed by ~,umming the length of all pieces of core equal to or longer 
than 102 mm and dividing by the total length of the coring run. The result is multiplied by 
100 to get ROD in percent. Fmsh, irregular breaks should be ignored and the pieces 
counted as intact lengths. 

TABLE 9-5 ENGINEERIN(a CLASSIFICATION FOR IN-SITU ROCK QUALITY 

ROD% Rock Mass Quality 

90-100 Excellent 

75-90 Good 

Ei0-75 Fair 

25-50 Poor 

0-25 Very Poor 

Except for soft weathered rock, the structural capacity of the pile will generally be lower than 
the capacity of rock to support loads for toe bearing piles on rock of fair to excellent quality 
as described in Table 9-5. The stnJctural capacity, which is based on the allowable design 
stress for the pile material, will thmefore govern the pile capacity in many cases. Small 
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diameter piles supportecl on fair to e cellent quality rock may be loaded to their allowable 
structural capacity as described in Chapter 11 . If H-piles are expected to penetrate to rock 

through soil deposits witt1out obstructions and pile damage is unlikely, an allowable design 

stress of 0.33 times the steel yield stress should be used. Piles supported on soft 

weathered rock, such as shale or her types of very poor or poor quality, should be 

designed based on the results of pile load tests. 

9. 7. 1. 7 Methods Based on Cone Pe etration Test (CPT) Data 

When subsurface exploration programs include in-situ testing with a static cone 

penetrometer test (CPT) ,, the CPT da a can be used to estimate static capacity of single 

piles under axial loading. The CPT pr vides especially useful data as a "model pile" pushed 

into the strata expected to contribut resistance for a driven pile. The cone penetration 

resistance often correlates well with that of a driven full-sized pile under static loading 

conditions. 

At sites where the cone soundings s tisfactorily penetrate to the depths contemplated for 
driven piles, the CPT results can pr vide valuable information for estimating static pile 

capacities. At locations where a sh llow stratum causes "refusal" conditions for the CPT 

device, it is likely that pile driveability problems could develop in the same stratum. 

Two methods of analytical interpreta ion used to estimate static capacity of single piles 

under axial loading are the Nottingha and Schmertmann 1\/lethod and the Laboratoire des 
Ponts et Chaussees or LPC Method. These CPT methods may be used to calculate pile 

capacities in cohesionless, cohesive, or layered soil profiles. Both methods are described 

in the following sections. Additional etailed information on these methods may be found 

in the FHWA publication FHWA-SA-9 -043, "The Cone Penetrometer Test", by Briaud and 
Miran (1991). 

9. 7. 1. 7a Nottingham and Schmertm nn Method 

One empirical procedure commonly sed in U.S. practice was derived from work originally 

published by Nottingham and Schme tmann (1975), and summarized in publication FHWA

TS-78-209, "Guidelines for Cone Penetration Test, Performance and Design" by 
Schmertmann (1978). 
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The ultimate shaft re8istance, Rs, in cohesionless soils may be derived from unit sleeve 
friction of the CPT using the folio ing expression: 

Where: K = Ratio of unit pil shaft resistance to unit cone sleeve friction from Figure 
922 as a funct on of the full penetration depth, D. 

fs = Average unit leeve friction over the depth interval indicated by 
subscript. 

As = Pile-soil surfac area over fs depth interval. 
b = Pile width or di meter. 
D = Embedded pile length. 

0 to 8b = Range of dept s for segment from 9round surface to a depth of 8b. 
8b to D = Range of dept s for segment from a depth equal to 8b to the pile toe. 

The transfer function K, relating p·Ie shaft resistance to CPT sleeve friction, varies as a 
function of total pile peinetration (de th of embedment/pile diameter), pile material type, and 
type of cone penetrorneter used. No limit was imposed on sleeve friction values in the 
procedure originally proposed by ottingham and Schmertmann (1975). 

II 

If cone sleeve friction data is not available, Rs can be determined from the cone tip 
resistance as follows: I 

I Rs = C1 I: qc As 
II 

Where: C, is obtained from Table 9-6 and 
qc = Average cone tip ~esistance along the pile length. 
As = Pile - soil surface ?rea. 

TAB 

Type of Piles 

Precast Concrete 
Timber 
Steel Displacement 
Open End Steel Pipe 

I 
I 

_E 9-6 CPT C, VALUES 

! 

I 

I 
I 
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For shaft resistance in cohesive sr,ils, the ultimate shaft resistance, Rs, is obtained from the 
sleeve friction values using the following expression: 

I, -

I Rs = a' fs As 

Where: a' = Ratio of pile shaft resistance to cone sleeve friction, patterned after 
Tornlinson's a-m thod. 

The value of a' varies as a functi n of sleeve friction, ts, value as shown in Figure 9.23. It 
is expected that this method of calculating pile shaft resistance is less appropriate in 
sensitive soils as the friction sleev of the cone encounters severely disturbed soils behind 
the cone tip. 

The estimation of pile toe ultima capacity is described in Figure 9.24. In essence an 
elaborate averaging scheme is u ed to weight the cone tip resistance values, from 8 pile 
diameters above the pile toe, to a much as 3. 75 pile diameters below the pile toe, favoring 
the lower cone tip resistance, q , values within the depth range. The authors make 
reference to a 11limit° value of qc b tween 5000 to 15000 kPa, that should be applied to the 
ultimate unit pile toe resistance, d, unless local experiEince warrants use of higher values. 
In the case of mechanical cone s undings in cohesive soils, the q1 value is reduced by 40 
percent to account for end bearin effects on the base of the friction sleeve. As discussed 
in Section 9.10.5, careful consider tion of soil plugging phenomena is needed in choosing 
the cross-sectional area over whic q1 is applied for low displacement open ended pipe and 
H-piles. 
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Bb 

Depth 

xb 

-.: ____ ___,__! D+xb 

qc1 = Average qc over a dista ce of xb below the pih3 toe (path 1-2-3). Sum qc 
values in both the dow ward (path 1-2) and upward (path 2-3) direction. 
Use actual qc values alo g path 1-2 and the minimum path rule along path 
2-3. Compute qc1 for x- alues from 0. 7 to 3. 75 below the pile toe and use 
the minimum qc1 value btained. 

qc2 = Average Cle over a dista ce of 8b above the pile toe (path 3-4). Use the 
minimum path rule as f r path 2-3 in the qc1 computations. 

b = Pile width or diameter. 

D = Embedded pile length. 

Figure 9.24 lllu$tration of Nottin ham and Schmertman Procedure for Estimating Pile 
Toe Capacity (FH A-TS-78-209). 
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STEP BY STEP PROCEDURE FOR THE NOTTINGHAM AND SCHMERTMANN METHOD 

STEP 1 Delineate the soil profile into layers using the cone tip resistance, q,, and sleeve 
friction, fs, values. 

STEP 2 Compute tt1e shaft resis ance for each soil layer, Rs (kN). 

a. For piles in cohesion ess soils, compute ultimate shaft resistance, Rs, using 
the average sleeve fri tion value for the layer, fs, and the K value. Note that 
K should be determin d using the full pile penetration depth to diameter ratio 
from Figure 9.22, and not the penetration depth for the layer. Conversely, the 
depth d corresponds to the pile toe depth, or the depth to the bottom of the 
layer, whichever is les . For H-piles in cohesionless soils, the pile-soil surface 
area A8, should be th 11box11 area. 

For cohesionless lay rs below a depth of Sb, the above equation for shaft 
resistance in a layer r duces to: 

For piles in cohesio less soils without sieeve friction data, compute the 
ultimate shaft resistan e from: 

Where: C1 is obtai ed from Table 9-6 and 
qc = Aver ge cone tip resistance along the pile length. 

b. For piles in cohesive oils, compute the ultimate shaft resistance using the 
average sleeve frictio value for the layer from: 

Where: a' determi ed from Figure 9.23. 
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STEP 3 Calcula,te the total pile lshaft resistance from the sum of the shaft resistances 
from each soil layer. 

STEP 4 Compute the unit pile t6e resistance, q, (kPa). 
I 

Where: qc1 and qc2 =t= Unit cone tip resistance. 
' 

Use procedure shown i~ Figure 9.24 to determine q,. 

STEP 5 Determine the ultimate tpe resistance, R, (kN). 

Where: = Pile ~oe area. 
I 
' 
I 

For steel H and unfilled bpen ended pipe piles, use only the steel cross section 
area at the pile toe ~nless there is reasonable assurance and previous 
experience that a soil plµg would form. For a plugged condition use the "box" 
area of the, H pile andl the full cross section area for pipe pile. Additional 

information on the plugg\ing of open pile sections is presented in Section 9.10.5. 

STEP 6 Determine ultimate pile ~apacity, Qu (kN). 

I Q = R + Rt u s 

STEP 7 Determine allowable design load, Qa (kN). 

Qu 
Q~=---

Factor of Safety 

The factor of safety in tHis static calculation should be based on the specified 
construction control method as described in Section 9.6 of this chapter. 
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I 

9. 7. 1. 7b Laboratoire des Pants et Cf aussees (LPC) 

I 

The LPC method was developed a~d presented by Bustamante and Gianeselli (1983), 
based on empirical criteria taking intt consideration soil type, pile type, and level of cone 
tip resistance. The approach consid rs only cone tip resistance, qc, and factors soil type, 
pile type, installation method, and qc,

1 
into determination of ultimate shaft resistance along 

the pile, contributed layer-by-layer, b~sed on a family of prescribed curves. The resistance 
at the pile toe is calculated as the pr~duct of qc and a cone bearing factor, Kc, that varies 
by soil type and pile installation methbd. 

I 

' 

In the LPC method, the pile is catego ized based on pile type and installation procedure as 
indicated in Table 9-7. Next Tables 9-8(a) and 9-8(b) are used to determine the shaft 
resistance design curve in Figures 9. 5(a) or 9.25(b) to be used for each soil layer, based 
on the soil type, pile category and co e tip resistance. In Table 9-8(a), the method provides 
no guidance on whether to use desigr curve 1 or 2 when qc is between 700 and 1200 kPa. 
Therefore it is recommended to interqolate between curves 1 or 2 when qc is between 700 
and 1200 kPa to determine the unit shaft resistance, f

3
_ 

The unit toe resistance is calculated f~om the cone bearing capacity factor, Kc, obtained in 
Table 9-9, times the average cone resi~tance, qc, within one pile diameter below the pile toe. 
This may be expressed in equation frbm as: 

In order to apply the CPT design proc~dures, it is necessa~v to characterize the subsurface 
materials as cohesive or cohesionles~. The usual approach is to identify the "soil behavior" 
type as a function of cone tip resista~ce, qc , and friction ratio, R1. The friction ratio is the 
cone sleeve friction, fs, divided by th~ cone tip resistance, or fs/qc. The soil classification 
chart presented in Figure 5.2 can thsn be used to characterize the soil as cohesive or 
cohesion less. 
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TABLE 91-7 DRIVEN ~ILE TYPE CATEGORIES FOR LPC METHOD 

Pile Pile Description i Pile Installation Procedure 
Type ! 

A Driven prefabricated Reinforced or prestressed concrete pile installed by 
concrete piles. driving or vibro-driving. 

I 

B Driven steel piles. Pile made of steel only and driven in place: H pile, 
pipe pile or any shape obtained by welding sheet-pile 
!Sections. 
' 

C Driven prestressed Made of hollow cylinder elements of lightly reinforced 
concrete tube piles. concrete assembled together by prestressing before 

tiriving. Each element is generally 1.5 to 3 m long and 
.'J.7 to 0.9 m in diameter; the thickness is 
approximately 0.15 rn The piles are driven open-
~nded. 
l 

TABLE 9-S(a) CURVE SELECl ION BASED ON PILE TYPE AND INSERTION 
PROCEDURES ~OR CLAY AND SILT 

Curve qc Pile Ty~e Comments on Insertion Procedure 
No. (kPa) ( see Table,, 9-7) 

1 <700 A, B, C 

' i 
2 >1200 A, B,q For all steel piles, experience shows that, in 

plastic soils, fs is often as low as curve 1. 
Therefore, use curve 1 in plastic soils when no 
previous load tE~st data is available. 

For all driven concrete piles use curve 3 in low 
plasticity soils with sand or sand and gravel layers 
or containing boulders, and when qc>2500 kPa. 

3 > 1200 A For all driven concrete piles in low plasticity soils 
with sand or sand and gravel layers or containing 
boulders, and when qc>2500 kPa. 
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TABLE 9-8(b) CURVE SELECTIOI BASED ON PILE TYPE AND INSERTION 
PROCEDURES FO ~ SAND AND GRAVEL 

Curve 
(kia) 

Pile Type I Comments on Insertion Procedure 
No. (see Table 9-~) 

! 

1 <3500 A, B, C 
I 

2 >3500 A, B, C 
I 

For fine sands. Since steel piles can lead to very 
! small values of f s in such soils, use curve 1 unless 
i higher values can be based on load test results. 

For concrete piles, use curve 2 for fine sands of 
l qc> 7500 kPa. 

3 >7500 A, B For coarse gravelly sand or gravel only. For 
I 

concrete piles, use curve 4 if it can be justified by 
a load test. 

4 >7500 A Only for coarse gravelly sand and gravel and, if 
justified, by load test. 

' 

I 

TABLE 9-9 CONE BEARIN$ CAPACITY FACTORS FOR LPC METHOD 

Type of Soil Cone Bearing Factor, Kc 

Clay-silt 0.600 

0.375 
Sand-gravel 
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STEP BY STEP PROCEDURE FOR 1HE LPC METHOD 

STEP 1 Delineate the soil profile i~to layers using the cone tip resistance, qc, and friction 
ratio, R1, values. 

Use Figure ei.2 to characterize each layer as cohesive or cohesionless. 

STEP 2 Determine unit shaft resis~ance values for each soil layer, f5 (kPa). 

STEP 3 

i 

I 
a. Determine the averag~ qc value for each layer. 

b. Use Table 9-8(a) or 9-~(b) to determine appropriate friction design curve in 
Figure 9.25(a), or Figure 9.25(b) based on pile type from Table 9-7 and soil 
characterization. 

c. Enter Figures 9.25(a) or 9.25(b) with cone tip resistance, qc, to determine layer 
unit shaft resistance, fs, (kPa). 

Compute the shaft resista~ce in each soil layer and the ultimate shaft resistance, 
Rs (kN), from the sum of the shaft resistance from each soil layer. 

Where: A11 = Pile-sciil surface area from pile perimeter and length. 
For H~piles, the 1box11 area should be used. 

STEP 4 Compute the unit pile toe resistance, q1 (kPa). 

a. Average qc value from pile toe to one diameter below pile toe. 

b. Obtain cone bearing capacity factor, Kc, from Table 9-9: 

c. Compute unit pile toe nesistance from following equation. 
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STEP 5 Compute the ultimate itoe resistance, R1 (kN). 

Where: A1 = Pil$ toe area. 

Note: For steel H anb unfilled open ended pipe piles, use only the steel cross 
section area Jt the pile toe unless there is reasonable assurance and 
previous exp~rience that a soil plug would form. For a plugged 
condition use fhe 'box" area of the H pile and the full cross section area 
for pipe pile. :Additional discussion on plugging of open pile sections 
is presented i~ 9.10.5. 

STEP 6 Compute the ultimate pile capacity, Qu (kN). 

STEP 7 Determine1 allowable design load, Qa (kN). 

Q = Qu 
•• a Factor of Safety 

The factor of safety in this static calculation should be based on the specified 
construction control method as described in Section 9.6 of this chapter. 
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9.7.2 Uplift Capacity of Single Pile~ 

The design of piles for uplift loadinp conditions has become increasingly important for 
structures subject to sEiismic loadinp. In some cases, the pile uplift capacity determines 
the minimum pile penetration requir~ments. Nicola and f~andolph (1993) note that in fine 
grained cohesive soils, where loadi~g is assumed to occur under undrained conditions, 
the shaft resistance is generally cohsidered equal in compression and in uplift. 

i -, 

In noncohesive or free draining ~oils, the uplift capacity of a pile has been more 
controversial. Nicola and Randolp~ (1993) state that it has been customary to assume 
that the shaft resistance in uplift\ is approximately 70% of the shaft resistance in 
compression. Based upon a finite difference parametric study, they concluded that a 
reduction in shaft resistance for upli tin free draining soils should be used, and that piles 
have lower uplift capacity than th~ir compression shaft resistance. Conversely, the 
American Petroleum lnstitute's (19~3) recommended design practice considers the pile 
shaft resistance to be equal in uplift and compression loading. Likewise, Altaee, et al., 
(1992) presented a case of an instr~mented pile in sand where the shaft resistance was 
approximately equal in compressio~ and uplift when residual stresses were considered. 

Tomlinson (1994) notes that the shlaft resistance under cyclic loading is influenced by 
the rate of application of load as ~ell as the degree of degradation of soil particles at 
the soil-pile interface. Under cytjlic or sustained uplift loading in clays, the uplift 
resistance can decrease from the iPeak value to a residual value. ; In sands, particle 
degradation or reorientation can alfuo result in decrease in uplift capacity under cyclic 
or sustained uplift loading. Therefdre, the designer should consider what effect, if any, 

I 

sustained or cyclic uplift loading wi,I have on soil strength degradation. 
' ' 

Based on the above issues, the de~ign uplift capacity of a single pile should be taken 

as 1/3 of the ultimate shaft resistance calculated from any of the static analysis methods 
presented in this chapter except fqr the Meyerhof (SPT) method which should not be 
used. If a tensile load test is done l}or design confirmation, the design uplift load may 

be increased to ½ of the tensile'. load test failure load as defined in Chapter 19. 
Selection of the design uplift load ~hould also consider the potential for soil strength 
degradation due to the duration or frequency of uplift loading, which may not influence 
the load test results. 

The uplift capacity of pile groups is discussed in Section 9.8.3. Tensile load test 
procedures are described by Kyfor ~t al. (1992) in FHWA-SA-91-042 and in Chapter 19. 
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9.7.3 Lateral Capacity of Singl~ Piles 

In addition to axial compression I and uplift loads, piles are routinely subjected to lateral 

loads. Potential sources of I lateral loads on bridge structures include vehicle 

acceleration and braking forces 1

1 wind loads, wave and current forces, debris loading, 

ice forces, vessel impact loads, i.earth pressures on tlhe backs of abutment walls, slope 
I 

movements, and seismic eventsJ These lateral loads can be of the same magnitude as 
I 

axial compressive loads and the~efore warrant careful consideration during design. The 

foundation deformation under !lateral loading must also be within the established 

performance criterion for the str~cture. 

Historically, designers often used prescription values for the lateral load capacity of 

vertical piles, or added batter piles to increase a pile group's lateral capacity when it was 

believed that vertical piles coul~ not provide the needed lateral resistance. However, 

vertical piles can be1 designed t~ withstand significant lateral loads. Modern analysis 

methods should be employed in\ the selection of the pile type and pile section. 

Coduto (1994) notes that a foundation system consisting of only vertical piles designed 

to resist both axial and lateral loa~s is more flexible, and thus more effective at resisting 

dynamic loads, as well as less expensive to build. Ballmann (1993) reported that the 
I 

Florida Department of Transport~tion often uses only vertical piles to resist lateral loads, 
I 

including ship impact loads becluse vertical piles an3 often less expensive than batter 

piles. In areas where seismic I teral shaking is a serious concern, batter piles can 

deliver excessively large horizont I forces to the structure during the earthquake event. 
I 

This phenomena was observed d~ring the Loma Prieta earthquake of 1989 in California 

and discussed in greater detail ~Y Hadjian et al. (1992). In earthquake areas, lateral 

loads should be resisted by ductile vertical piles, and batter piles should be avoided 

whenever possible. 

Modern analysis methods are nmt' readily available that allow the lateral load-deflection 

behavior of piles to be rationally eyaluated. Lateral loads and moments on a vertical pile 

are resisted by the flexural stiffn~ss of the pile and mobilization of resistance in the 

surrounding soil as the pile deflepts. The flexural stiffness of a pile is defined by the 

pile's modulus of elasticity, E, and moment of inertia, I. The soil resistance to an applied 

lateral load is a combination of $Oil compression and shear resistance, as shown in 

Figure 9.26. 
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Figure 9.26 Soil Re~sistance to~ Lateral Pile Load (adapted from Smith, 1989). 

The design of laterally loaded piles imust evaluate both the pile structural response and 
soil deformation to lateral loads. llhe factor of safety against both ultimate soil failure 
and pile structural failure must be determined. In addition, the pile deformation under 
the design loading conditions must be calculated and compared to foundation 
performance criteria. 

The design of laterally loaded piles rtequires the combined skills of the geotechnical and 
I 

structural engineer. It is inappropriate for the geotechnical engineer to analyze a laterally 
loaded pile without a full underst$nding of pile-structure interaction. Likewise it is 

inappropriate for the structural engineer to complete a laterally loaded pile design 

without a full understanding of how pile section or spacing changes may alter the soil 
response. Because of the interactioh of pile structural and geotechnical considerations, 

the economical solution of lateral pile loading problems requires communication between 
the structural and geoti3chnical engjineer. 
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' 

Soil, pile, and load parameters !have significant effects on the lateral load capacity of 
piles. The factors influencing th!ese parameters are as follows: 

1 . Soil Parameters 

a. 

b. 

Soil type and physical properties such as shear strength, fri9tion angle, 
density, groundwater le~el, and moisture content. 

i 

Coefficient of horizontal ~ubgrade reaction (kN/m3
). This coefficient is defined 

as the ratio between a 
1

1 horizontal pressure per unit area of vertical surface 
(kN/m2

) and the corresponding horizontal displacement (m). For a given 
deformation, the greater\the coefficient, the greater the lateral load resistance. 

2. Pile Parameters 

a. Physical properties such 1:as shape, material, and dimensions. 

b. Pile head conditions (rot~tional constraint, if any). 

c. Method of pile placemen~ such as driving, jetting, etc. 

d. Group action. 

3. Lateral Load Parameters 

a. Static (monotonic or cycl!c) or dynamic. 

b. Eccentricity (moment coupled with shear forci3). 
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9. 7. 3. 1 Lateral Capacity Design M~ thods 

The basic design approaches for l~teral pile capacity analysis of vertical piles consist 
of lateral load tests or analytical methods. Both of these approaches are described in 

greater detail in the following secti~ns. 

1 . Lateral Load Tests 

Full scale lateral load tests can lbe conducted at a site during either the design or 
construction stage. The load-de~ormation data obtained is used to finalize or confirm 
the design for the particular site. i Factors such as loading rate, cyclic (single or multi
directional) versus monotonic a~plication of design forces, and levels of axial load 
components should be consider~d in developing appropriate field testing procedures. 
These tests may be time-consurf,ing, costly, and cannot be justified on all projects. 

Chapter 19 provides additional details on lateral load test procedures and 
interpretation. 

2. Analytical Methods 

The analytical methods are bafed on theory and empirical data and permit the 
rational consideration of variou$ site parameters. Two common approaches are 
Broms' (1964a, 1964b) hand tjalculation method and Reese's (1984) computer 
solution. Both approaches consilder the pile to be analogous to a beam on an elastic 
foundation. FHWA publication ffHWA-IP-84-11 by Reese (1984) presents details of 
both methods. 

Broms' method provides a relati~ely easy hand calculation procedure to determine 
lateral loads and pile deflections'. at the ground surface. Broms' method ignores the 
axial load on the pile. For small projects, Broms' method may be used. However, 
when there are definitive limits pn the allowable pile movements, a more detailed 
load-deformation analysis may *ill be required. 

Reese's method is a more rigoroµs computer analysis using the COM624P program. 
Reese's method permits the incilusion of more complete modeling parameters of a 
specific problem. The program oµtput provides distributions versus depth of moment, 

I 

shear, soil and pile moduli, and soil resistance for the entire length of pile, including 
moments and shears in above ground sections. 
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For the design of all major pil~ foundation projects, Reese's more rigorous computer 
method should be used. The COM624P method is described in more detail in 

Section 9.7.3.3 Additional info~mation on the COM624P program by Wang and Reese 

(1993) may be found in FHWA publication FHWA-SA-91-048. 

9.7.3.2 Broms' Method 

The Broms' method is a straig~t forward hand calculation method for lateral load 

analysis of a single pile. The m$thod calculates the ultimate soil resistance to lateral 
load as well as the maximum mo~ent induced in the pile. Broms' method can be used 

to evaluate fixed or free head con~itions in either purely cohesive or purely cohesionless 
soil profiles. The method is not ponducive to lateral load analyses in mixed cohesive 
and cohesionless soil profiles. F~r long fixed head piles in sands, the method can also 

I 

overpredict lateral load capacitie~ (Long, 1996). Therefore, for mixed profiles and for 

long fixed head piles in sands, th~ COM624P program should be used. A step by step 
procedure developed by the New ~ork State Department of Transportation (1977) on the 
application of Broms' method is plrovided below. 

STEP BY STEP PROCEDURE FO$ BROMS' METHOD 

STEP 1 Determine the general, soil type (i.e., cohesive or cohesion less) within the 
critical depth below the ground surface (about 4 or 5 pile diameters). 

STEP 2 Determine the coefficient of horizontal subgrade reaction, Kh, within the critical 

depth for cohesive or C:phesionless soils. 

a. Cohesive Soils: 

Where: qu = Unconfined compressive strength (kPa). 
b = Width or diameter of pile (m). 

n1 and n2 = Empirical coefficients taken from Table 9-10. 
i 
I 

b. Cohesionless Soils: 

Choose Kh from the Ta~le 9-11. (The values of Kh given in Table 9-11 were 
determined by Terzaghi.) 
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TABLE 9-10 VALUES OF CC EFFICIENTS n1 AND n2 FOR COHESIVE SOILS 

Unconfined Compressive Strengt~, 
qu, (kPa) n1 

Less than 48 kPa 0.32 
48 to 191 kPa 0.36 
More than 191 kPa i 0.40 

Pile Material ! 
n2 I 

I 

Steel ' 1.00 
Concrete 1.15 
Wood I 1.30 

! 

TABLE 9-11 VALUE S OF Kh FOR COHESIONLESS SOILS 

Kh, (kN/m3
) 

Soil Density A.Dove Ground Water Below Ground Water 
' 

Loose 1900 1086 
Medium 8143 5429 
Dense 

I 17644 10857 

STEP 3 Adjust Kh for loading anb soil conditions. 
I 

a. Cyclic loading (for iearthquake loading) in cohesionless soil: 

1. Kh == ½ Kh from iStep 2 for medium to dense soil. 

2. Kh == ¼ Kh from fStep 2 for loose soil. 

b. Static loads resultirjig in soil creep (cohesive soils): 

1. Soft and very so~t normally consolidated clays 

Kh == (1/s to 1
/ 6) Kh from Step 2. 

2. Stiff to very stiff Clays 

Kh == (¼ to ½) Kh from Step 2. 
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STEP 4 Determine pile param~ters. 

a. Modulus of elast,icity, E, (MPa). 

b. Moment of inerti~, I, (m4
). 

c. Section modulus~ S, (m3
) about an axis perpendicular to the load plane. 

d. Yield stress of pile material, fy, (MPa) for steel or ultimate compression 

strength, f'c, (MP~) for concrete. 

e. Embedded pile l~ngth, D, (m). 

f. Diameter or widt~, b, (m). 

g. Eccentricity of applied load ec for free-headed piles - i.e., vertical 

distance betweerl. ground surface ancl lateral load (m). 

h. Dimensionless sh1ape factor Cs (for steel piles only): 

1. Use 1.3 for pil~s with circular cross section. 

2. Use 1.1 for H-~ection piles when the applied lateral load is in the 

direction of the: pile's maximum resisting moment (normal to the pile 

flanges). 

3. Use 1.5 for H-$ection piles when the applied lateral load is in the 

din3ction of the 1Pile's minimum resisting moment (parallel to the pile 

flanges). 

i. My, the resisting moment of the pile. 

2. MY = f'cS (kN-rn) (for concrete piles). 
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STEP 5 Determine {3h for cohesi~e soils or TJ for cohesionless soils. 

I 

a. {3h == ~Khb/4EI fpr cohesive soil, or 
I 

b. TJ == 
5
JKJEI for [cohesionless soil. 

STEP 6 Determine the dimensio~less length factor. 

a. {3hD for cohesive s~il, or 

b. nD for cohesionles~ soil. 

STEP 7 Determine if the pile is l~:>ng or short. 

a. Cohesive soil: 

i 

2. {3hD < 2.25 (shdrt pile). 

Note: It is suggested that for {3hD values between 2.0 and 2.5, both long 

and short pile criteria should be considered in Step 9, and then the 
smaller value sHould be used. 

' I 

I 

b. Cohesionless soil: 1 

1. TJD > 4.0 (long pile). 

2. nD < 2.0 (shorti pile). 

3. 2.0 < nD < 4.0 (intermediate pile). 
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STEP 8 Determinei other soil p~rameters over the embedded length of pile. 
I 

a. The Rankine pas~ive pressure coefficient for cohesionless soil, KP. 
KP = tan2 (45 + ¢/2) where¢ = angle of internal friction. 

b. The average effeftive unit weight of soil, y' (kN/m3
). 

c. The cohesion, cu·i (kPa). 

cu = ½ the unc9nfined compressive strength, qu. 

STEP 9 Determine the ultimateilateral load for a single pile, Qu. 

a. Short Free or Fixed-Headed Pile in Cohesive Soil. 

Using D/b (and e}b for the free-headed case), enter Figure 9.27, select 
the corresponding value of QJcub2

, and solve for Qu (kN). 

b. Long Free or Fixe~-Headed Pile in Cohesive Soil. 

Using M/cub3 (an'~ ecfb for the free headed case), enter Figure 9.28, 
select the correspbnding value of QJcub2

, and solve for Qu (kN). 

c. Short Free or Fixed-Headed Pile in Colhesionless Soil. 
I 

Using D/b (and e),D for the free-headecj case), enter Figure 9.29, select 
the correspondingi value of QjKP b3y and solve for Qu (kN). 

d. Long Free or Fixe~-Headed Pile in Cohesionless Soil. 

Using M/b4y KP, (and ecfb for the free t1eaded case); enter Figure 9.30, 
select the correspq>nding value of QJKPb3y and solve for Qu (kN). 

e. Intermediate Free or Fixed-Headed Pile in Cohesionless Soil. 

Calculate Qu for bqth a short pile (Step 9c) and long pile (Step 9d) and 

use the smaller value. 
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STEP 1 O Calculate the maximum ~llowable working load for a single pile Qm. 

Calculate Qm from the u'timate load Qu determined in Step 9 as shown in 
Figure 9.31. ! 

Load, Q 

(kN) 

Adjusted 0 8 

Qu 
Q = - (kN) 

· m 2.5 

Ultimate (Failure) Load Ou 

Maximum Allowable 
Workin Load 1--------,~--------,e;_ _ _;_ ___ _.;.;..;,__Qm 

I 
I 
I 

---- ---.,.1-"' 
/ I 

/ I 
/ I 

I 

Y Yrn 

Deflection, y (m) 

Figure 9.31 Load Deflection Relat onship Used in Determination of Broms' Maximum 
Working Load 
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STEP 11 Calculate the working load for a single pi lie, aa (kN). 

Calculate aa correspdnding to a given design deflection at the ground surface 

y, (m) or the deflection corresponding to a given design load. If aa and y are 

not given, substitute the value of am (kN) from Step 1 O for aa in the following 

cases and solve for '/:m (m): 

a. Free or Fixed-H$aded Pile in Cohesive Soil. 

Using /3hD (and ¢cfD for the free-headed case), enter Figure 9.32, select 

the correspondi~g value of yKhbD/aa, and solve for aa (kN) or y (m). 

b. Free1 or Fixed-H~aded Pile in Cohesionless Soil. 

Using T]D (and ei/D for the free-headed case), enter Figure 9.33, select 

the correspondirig value of y(El) 315K/'5faao, and solve for aa (kN) or y 
(m). 

STEP 12 Compare aa to am. 

If aa > am, use am and calculate Ym (Step 11 ). 

If aa and y are not given, use am and Ym· 
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STEP 13 Reduce the allowable load from Step 12 for pile group effects and the method 

of pile installation. 

a. Group reduction fatjtor determined by the center to center pile spacing, 

z, in the direction of load. 
I 

z z 
I 
l 

z Reduction i 

Factor 
i 

0 C) 0 
Sb 1.0 

0 () 0 Lateral Load 
6b 0.8 

0 () 0 
4b 0.5 I 

i 0 () 0 
' 

3b 0.4 
i 0 () 0 

b. Method of installati<Dn reduction factor. 

1. For driven piles UJse no reduction. 

2. For jetted piles ulse 0. 75 of the value from Step 13a. 

STEP 14 Determine pile group lat¢ral capacity. 

The total lateral load capacity of the pile group equals the adjusted allowable 

load per pile from Step 1i,3b times the number of piles. The deflection of the 

pile group is the value selected in Step 12. It should be noted that no 

provision has been mad¢ to include the lateral resistance offered by the soil 
surrounding an embedd~d pile cap. 
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Special Note 

Inspection of Figures 9.29 and 9.130 for cohesionless soils indicates that the ultimate load 
Qu is directly proportional to y, ~he effective soil unit weight. As a result, the ultimate 
load for short piles in submerg~d cohesionless soils will be about 50 percent of the 
value for the same soil in a dry \state. For long piles, the reduction in Ou is somewhat 
less than 50 percent due to the ipartially offsetting effect that the reduction in y has on 
the dimensionless yield factor. In addition to these considerations, it should be noted 
that the coefficient of horizontal! subgrade reaction Kh is less for the submerged case 
(Table 9-11) and thus the deflection will be greater tt1an for the dry state. 

I 

9.7.3.3 Reese's COM624P Method 

The interaction of a pile-soil system subjected to lateral load has long been recognized 
as a complex function of nonlirlear response characteristics. The most widely used 
nonlinear analysis method is the 'Ip-y method, where p is the soil resistance per unit pile 
length and y is the lateral soil or pile deflection. This method, illustrated in Figure 9.34, 

models the soil resistance to lat~ral load as a series of nonlinear springs. 

Reese (1984, 1986) has presented procedures for describing the soil response 
surrounding a laterally loaded piie for various soil conditions by using a family of p-y 
curves. The procedures for constructing these curves are based on experiments using 
full-sized, instrumented piles and theories for the behavior of soil under stress. 

i 

The soil modulus Es is defined as follows: 

E =--2. 
s y 

The negative sign indicates that the soil resistance opposes pile deflection. The soil 
modulus, Es, is the secant modultUs of the p-y curve and is not constant except over a 
small range of deflections. Typiqal p-y curves are shown in Figure 9.35. Ductile p-y 
curves, such as curve A, are typical of the response of soft clays under static loading 
and sands. Brittle p-y curves, such as curve B, can b19 found in some stiff clays under 

dynamic loading conditions. 
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Soil 
Resistance 
Per Unit 
Length, 
p (N/mm) 

Lateral Deflection, y (mm) 

/__ A: Ductile Soil 

B: Brittle Soil 

Figure 9.35 Typical p-y Curtes for Ductile and Brittle Soil (after Coduto 1994). 

The factor most influencing the shape of the p-y curve is the soil properties. However, 

the p-y curves also depend upon depth, soil stress-strain relationships, pile width, water 
: 

table location, and loading condi!tions (static or cyclic). Procedures for constructing p-y 
curves for various soil and water table conditions as well as static or cyclic loading 
conditions are provi(jed in the CbM624P program documentation by Wang and Reese 

(1993) FHWA-SA-91-048. 

Procedures for p-y curve development cover the following soil and water table 
conditions: 

1. Soft clays below the water table. 

2. Stiff clays below the water table. 

3. Stiff clays above the water tablle. 

4. Sands above or below the wa~er table. 
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The COM624P program solves th~ nonlinear differential equations representing the 
behavior of the pile-soil system to lateral (shear and moment) loading conditions in a 
finite difference formulation using\ Reese's p-y method of analysis. The strongly 
nonlinear reaction of the surrounding soil to pile-soil deflection is represented by the p-y 

curve prescribed to act on each di$crete element of the embedded pile. For each set 
of applied boundary (static) loads! the program performs an iterative solution which 

I 

satisfies static equilibrium and achi~ves an acceptable compatibility between force and 

deflection (p and y) in every elemeht. 
' 

I 

The shape and discretH parameter~ defining each individual p-y curve may be input by 
the analyst, but are most often gemerated by the program. Layered soil systems are 

I 

characterized by conventional geqtechnical data including soil type, shear strength, 
density, depth, and stiffness par~meters, and whether the loading conditions are 
monotonic or cyclic in nature. 

In Version 2.0 of the COM624P, ~he influence of applied loads (axial, lateral and 
moment) at each elemi:mt can be 1odeled with flexural rigidity varying as a function of 
applied moment. In tr1is manner, ~regressive flexural <jamage such as cracking in a 
reinforced concrete pile can be treated more rigorously. The COM624P program code 
includes a subroutine (PMEIX) whi~h calculates the value of flexural rigidity at each 
element under the boundary conditions and resultant pile-soil interaction conditions. 

COM624P problem data is input t~rough a series of menu-driven screens. In most 
cases help screens are available. Qetaile·d information concerning the software can be 
found in the FHWA publication F~WA-SA-91-048, COM624P - Laterally Loaded Pile 
Program for the Microcomputer, Verfion 2.0, by Wang and Reese (1993). Part I provides 
a User's Guide, Part II presents th$ theoretical background on which the program is 
based, and Part Ill deals with Sys~em Maintenance. The appendices include useful 
guidelines for integrating COM624P !analyses into the overall design process for laterally 
loaded deep foundations, and a comprehensive case study example implementing the 
design guidelines. 

I 

The COM624P computer printout fil~ summarizes the input information and the analysis 
results. The input data summarizedl:includes the pile geometry and properties, and soil 
strength data. Output information i~cludes the generated p-y curves at various depths 
below the pile head and the comput~d pile deflections, bending moments, stresses and 
soil moduli as functions of depth below the pile head. This information allows an 
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Figure 9.36 Graphical Presentation of COM624 Results (after Reese, 1986). 

analysis of the pile's structural capacity. Internally generated (or input) values of flexural 
rigidity for cracked or damaged ~ile sections are also output. Graphical presentations 
versus depth include the comput~d deflection, slope, moment, and shear in the pile, and 
soil reaction forces similar to those illustrated in Figure 9.36. 

The COM624P analyses characterize the behavior of a single pile under lateral loading 
conditions. A detailed view is obtained of the load transfer and structural response 
mechanisms to design condition$. Considerable care is required in extrapolating the 
results to the behavior of pile groiµps (pile-soil-pile interaction, etc.), and accounting for 
the effects of different constructiQn processes such as predrilling or jetting. 
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In any lateral analysis case, the a1alyst should verify that the intent of the modeling 
assumptions, all elastic behavior for! example, is borne out in the analysis results. When 

a lateral load test is performed, tt measured load-deflection results versus depth 
should be plotted and compared ith the COM624P predicted behavior so that an 
evaluation of the validity of the p-y . urves used for design can be made, such as that 
presented in Figure 9.37. 
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STEP BY STEP PROCEDURE F]OR USING THE COM624P PROGRAM 
I 

STEP 1 Determine basic pile: input parameters for trial pile. 

a. Pile length (m). 

b. Modulus of elasticity, E (kPa). 

c. Distance from pile head to ground surface (m). 
I 

d. Number of incr~ments for pile modEil (300 maximum). 

e. Slope of the ground surface, if any. (degrees). 

STEP 2 Divide pile into segml3nts with uniform cross sectional properties. For each 
segment, provide: 

a. X-coordinate at top of segment. 

b. Pile diameter (m). 

c. Moment of inertia, I, (m4
). 

d. Area of pile (m2
). 

STEP 3 Delineate the soil profile into layers over the maximum anticipated penetration 
depth of the trial pile.', Soil profile delineation should include: 

a. Location of the ground water table. 

b. Top and bottom depth of each soil layer from the ground surface (m). 

c. Soil layer characterization as cohesive or cohesionless. 
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STEP 4 Determine the required spil input parameters for each layer. 

STEP 5 

I 
a. Soil effective unit wtights, y' (kN/m3

). 
I 

I 

b. Soil strength param~ters. 

1. - For cohesive 1$yers: 
i 

- cohesion, cu (~Pa), and 

E50 , the measµred strain at ½ maximum principal stress from 
triaxial tests o~ an assumed value from Table 9-12. 

' 
I 

2. - For cohesionle~s layers: 
I 

- ¢ angle from l~boratory, in-situ data, or SPT N values. 

c. Slope of soil modul!us, k, (kN/m3
) measured from laboratory or in-situ 

test data or assumed value from Table 9-13. 

i 
Develop p-y curves for selected depths. Decide if program or user input p-y 
curves will be used. 

a. Program p-y curves1

, can be input at user selected depths. Curves are 
I 

assigned to soil lay¢rs using a criteria number. 

b. User p--y curves reAuire input of deflection (m) and soil resistance 
I 

(kN/m) coordinates ffor each p-y curve at user selected depths. 
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TABLE 9-12 REPREjSENTATIVE VALUES OF E50 FOR CLAYS 

Clay Consistency ~verage Undrained Shear Eso 

Strength, cu (kPa) 

Soft Clay 12 - 24 0.02 

Medium Clay 24 - 48 0.01 

Stiff Clay 48 - 96 0.007 

Very Stiff Clay 96 - 192 0.005 

Hard Clay ; 192 - 383 0.004 

TABLE 9-13 REPRESENT(A.TIVE k VALUES FOR CLAYS AND SANDS 

Soil Average Soil Condition k - Static k - Cyclic 

Type Undrained i Shear Loading Loading 

Strength, cu (kPa) (kN/m3
) (kN/m3

) 

Soft Clay 12-2!4 --- 8,140 

Medium Clay 24 - 48 --- 27,150 
I 

Stiff Clay 48 - 96 --- 136,000 54,300 

Very Stiff Clay 96 - 1~2 --- 271,000 108,500 

Hard Clay 192 - 383 --- 543,000 217,000 

Loose Sand --- Submerged 5,430 5,430 

Loose Sand --- Above Water Table 6,790 6,790 

Med Dense Sand --- Submerged 16,300 16,300 

Med Dense Sand --- Above Water Table 24,430 24,430 

Dense Sand --- Submerged 33,900 33,900 

Dense Sand --- Above Water Table 61,000 61,000 
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STEP 6 Determine tile critical lo$ding combinations and boundary conditions to be 
analyzed. 

a. 

b. 

C. 

d. 

For each critical se~ of loading combination, determine the axial loads, 
lateral loads, and ~ending moments to be analyzed. Load information 
should be supplied! by the structural engineer. 

I 

' 

Determine if lateral load is distributed. 

Determine if loadin~ is static or cyclic. 

Determine pile hea~ restraint: free, fixed or partially fixed. 

STEP 7 Determine pile structural 
1

lacceptability by finding the ultimate lateral load that 
produces a plastic hing~ (ultimate bending moment). 

a. 

b. 

i 

In this step the late~al, axial and bendin~J moments used in the analysis 
should be ultimate ~alues. 

For concrete pile~, the value of I for a cracked section can be 
determined directl~ for each loading step by using the subroutine 

I 

PMEIX, through idertification of the properties and configuration of the 
steel reinforcementj Alternatively, variations in E and I can be entered 
as a function of depth along the pile. 

STEP 8 Determine pile acceptability based on deflection under service loads. 

a. Use design loading conditions and not ultimate values for lateral and 
axial loads and bending moments. 

b. Compare COM624P predicted movement with performance criteria. 

STEP 9 Optimize required pile s~ction and pile penetration depth for lateral loading 
conditions to meet perfotmance criteria as necessary. 
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9.8 DESIGN OF PILE GROUPS 

The previous sections of this chapter dealt with design procedures for single piles. However 

piles for almost all highway struc~ures are installed in groups, due to the heavy foundation 

loads. The next sections of this qhapter will address the foundation design procedures for 

evaluating the axial compression\ capacity of pile groups as well as the settlement of pile 

groups under axial compression loads. The axial compression capacity and settlement of 

pile groups are interrelated and ar~ therefore presented in sequence. Sections covering the 

design of pile groups for uplift an~ lateral load capacity will be presented following the axial 
compression capacity and settle,t,ent of pile group sections. 

The efficiency of a pile group is defined as the ratio of the ultimate capacity of the group 

to the sum of the ultimate capacities of the individual piles comprising the group. This may 
be expressed in equation form as: 

Qug 
,., =-

g n Q 
u 

Where: T] 9 = Pile group effi¢iency. 

Qu9 = Ultimate capa¢ity of the pile group. 

n = Number of pilas in the pile group. 

Qu = Ultimate capacity of each individual pile in the pile group. 

If piles are driven into compressible cohesive soil or in dense cohesionless material 

underlain by compressible soil, than the ultimate axial compression capacity of a pile group 
may be less than that of the sum of the ultimate axial compression capacities of the 
individual piles. In this case, the pile group has a group efficiency of less than 1. In 

cohesionless soils, U1e ultimate ~ial compression capacity of a pile group is generally 

greater than the sum of the ultimate axial compression capacities of the individual piles 

comprising the group. In this case, the pile group has a group efficiency greater than 1 . 

The settlement of a pile group is likely to be many times greater than the settlement of an 

individual pile carryin~J the same lo~d per pile as each pile in the pile group. Figure 9.38(a) 
illustrates that for a single pile, only a small zone of soil around and below the pile toe is 

subjected to vertical stress. Figure 9.38(b) illustrates that for a pile group, a considerable 

depth of soil around and below the pile group is stressed. The settlement of the pile group 

may be large, depending on the compressibility of the soils within the stressed zone. 
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Figure 9.38 Stress Zone from s·ngle Pile and Pile Group (after Tomlinson, 1994) 
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The soil medium supporting a pilJ group is also subject to overlapping stress zones from 

individual piles in the group. T~e overlapping effect of stress zones for a pile group 

supported by shaft resistance is illustrated in Figure 9.~!9. 

9.8.1 Axial Compression Capacity of Pile Groups 

9. 8. 1. 1 Pile Group Capacity in Cdhesionless Soils 

' 

In cohesionless soils, the ultimat~ group capacity of clriven piles with a center to center 

spacing of less than ~l pile diamet~rs is greater than the sum of the ultimate capacity of the 

individual piles. The greater gr~up capacity is due to the overlap of individual soil 

compaction zones near the pile, I which increases shaft resistance. Piles in groups at 

spacings greater than three times the average pile diamEiter generally act as individual piles. 

Design recommendations for estiniating group capacity for driven piles in cohesionless soil 
are as follows: 

1. The ultimate group capacity for ~riven piles in cohesionless soils not underlain by a weak 
I 

deposit may be taken as the ~um of the individual ultimate pile capacities, provided 

jetting or predrilling was not us~d in the pile installation process. Jetting or predrilling 

can result in group efficiencies i.1ess than 1 . Therefore, jetting or predrilling should be 
avoided whenever possible and controlled by detailed specifications when necessary. 

I 

2. If a pile group founded in a firnt, bearing stratum of limited thickness is underlain by a 
weak deposit, then the ultimate jgroup capacity is the smaller value of either the sum of 

the ultimate capacities of the individual piles, or the group capacity against block failure 
I 

of an equivalent pier, consistin~ of the pile group and enclosed soil mass punching 

through the firm stratum into the µnderlying weak soil. From a practical standpoint, block 

failure can only occur when the center to center pile spacing is less than 2 pile 

diameters, which is less than me minimum center to center spacing of 2.5 diameters 

allowed by AASHTO code (1991). The method shown for cohesive soils in the Section 

9.8.1.3 may be used to evaluate the possibility of a block failure. 

3. Piles in groups should not be in~talled at center to center spacings less than 3 times the 

average pile diameter. A mirimum center to center spacing of 3 diameters is 

recommended to optimize group capacity and minimize installation problems. 
I 

9-100 



-----

~ 2 Piles Contributing to Stress 

[3J 3 Piles Contributing to Stress 

4 Piles Contributing to Stress 

Cross Section 

\ Summing Effects of a r Friction Pile Group 

Plan View 

Figure 9.39 Overlap of Stress Zones for Group of Friction Piles (after Bowles, 1988) 
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9.8.1.2 Pile Group Capaciti; in Cohesive Soils 

In the absence of negative shaft resistance, the group capacity in cohesive soil is usually 

governed by the sum of the ultimate capacities of the individual piles, with some reduction 

due to overlapping zones of shear deformation in the surrounding soil. AASHTO (1993) 

code states that the group capacity is influenced by whether the pile cap is in firm contact 

with the ground. If the pile cap is in firm contact with the ground, the soil between the piles 

and the pile group act as a unit. 

The following design recommendations are for estimating ultimate pile group capacity in 

cohesive soils. The lesser of the ultimate pile group capacity, calculated from Steps 1 to 

4, should be used. 

1 . For pile groups driven in clays with undrained shear strengths of less than 95 kPa and 

the pile cap not in firm contact with the ground, a group efficiency of 0. 7 should be used 

for center to center pile spacings of 3 times the average pile diameter. If the center to 

center pile spacing is greater than 6 times the average pile diam'eter, then a group 

efficiency of 1 .0 may be used. Linear interpolation should be used for intermediate 
center to center pile spacings. 

2. For piles in clays with undrained shear strengths less than 95 kPa, and the pile cap in 
firm contact with the ground, a group efficiency of 1.0 may be used. 

3. For pile groups in clays with undrained shear strength in excess of 95 kPa, a group 

efficiency of 1.0 may be used regardless of the pile cap - ground contact. 

4. Calculate the ultimate pile group capacity against block failure using the procedure 

described in Section 9.8.1.3. 

5. Piles in cohesive soils should not be installed at center to center pile spacings less than 

3.0 times the average pile diameter and not less than 1 meter. 

It is important to note that the driving of pile groups in cohesive soils can generate large 
excess pore water pressures. This can result in short term (1 to 2 months after installation) 

group efficiencies on the order of 0.4 to 0.8. As these excess pore pressures dissipate, the 

pile group efficiency will increase. Figure 9.40 presents obseNations on the dissipation of 

excess pore water pressure versus time for pile groups driven in cohesive soils. Depending 
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upon the group size, the excess pore pressures typically dissipate within 1 to 2 months after 
driving. However, in very large groups, full pore pressure dissipation may take up to a year. 

If a pile group will experience the full group load shortly after construction, the foundation 
designer must evaluate the reduced group capacity that may be available for load support. 
In these cases, piezometers should be installed to monitor pore pressure dissipation with 
time. Effective stress capacity calculations can then be used to determine if the increase 
in pile group capacity versus time during construction meets the load support requirements. 
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Figure 9.40 Measured Dissipation of Excess Pore Water Pressure in Soil Surrounding Full 
Scale Pile Groups (after O'Neill, 1983) 
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9.8.1.3 Block Failure of Pile Groups 

Block failure of pile groups is generally only a design consideration for pile groups in soft 
cohesive soils or in cohesionless soils underlain by a weak cohesive layer. For a pile group 
in cohesive soil as shown in Figure 9.41, the ultimate capacity of the pile group against a 
block failure is provided by the following expression: 

Where: Qug 
D 
B 
z 
Cu1 

Cu2 

NC 

= Ultimate group capacity against block failure. 
= Embedded length of piles. 
= Width of pile group. 
= Length of pile group. 
= Weighted average of the undrained shear strength over the depth of pile 

embedment for the cohesive soils along the pile group perimeter. 
= Average undrained shear strength of the cohesive soils at the base of 

the pile group to a depth of 2B below pile toe level. 
= Bearing capacity factor. 

If a pile group will experience the full group load shortly after construction, the ultimate 
group capacity against block failure should be calculated using the remolded or a reduced 
shear strength rather than the average undrained shear strength for cu1. 

The bearing capacity factor, Ne, for a rectangular pile group is generally 9. However, for pile 
groups with small pile embedment depths and/or large widths, Ne should be calculated from 
the following equation. 

D B N = 5 [1+-] [1+-] ::; 9 
c 58 5Z 

When evaluating possible block failure of pile groups in cohesionless soils underlain by a 
weak cohesive deposit, the weighted average unit shaft resistance for the cohesionless soils 
should be substituted for cu1 in calculating the ultimate group capacity. The pile group base 
strength determined from the second part of the ultimate group capacity equation should 
be calculated using the strength of the underlying weaker layer. · 
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Figure 9.41 Three Dimensional Pile Group Configuration (after Tomlinson, 1994) 

9-105 



9.8.2 Settlement of Pile Groups 

Pile groups supported in and underlain by cohesionless soils will produce only immediate 
settlements. This means the settlements will occur immediately as the pile group is loaded. 
Pile groups supported in and underlain by cohesive soils may produce both immediate 
settlements and consolidation settlements that occur over a period of time. In highly over
consolidated clays, the majority of the foundation settlement will occur immediately. 
Consolidation settlements will generally be the major source of foundation settlement in 
normally consolidated clays. 

Methods for estimating settlement of pile groups are provided in the following sections. 
Methods for estimating single pile settlements are not provided because piles are usually 
installed in groups. 

9.8.2.1 Elastic Compression of Piles 

The pile group settlement methods discussed in the following sections only consider soil 
settlements and do not include the settlement caused by elastic compression of pile 
material due to the imposed axial load. Therefore, the elastic compression should also be 
computed and this settlement added to the group settlement estimates of soil settlement. 
The elastic compression can be computed by the following expression: 

Where: ti = Elastic compression of pile material, (mm). 
Qa = Design axial load in pile, (kN). 
L = Length of pile (mm). 
A = Pile cross sectional area (m2

). 

E = Modulus of elasticity of pile material, (kPa). 

The modulus of elasticity for steel piles is 207,000 MPa. For concrete piles, the modulus 
of elasticity varies with concrete compressive strength and is generally on the order of 
27800 MPa. The elastic compression of short piles is usually quite small and can often be 
neglected in design. 
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9.8.2.2 Settlements of Pile Groups in Cohesionless Soils 

9.B.2.2a Method Based on SPT Test Data 

Meyerhof (1976) recommended that the settlement of a pile group in a homogeneous sand 
deposit not underlain by a more compressible soil at a greater depth may be conservatively 
estimated by the following expression: 

0.96 pf/§ 11 s = -----

N' 

For silty sand, use: 
1.92 pf/§ If 

s = -----

Where: s 

P1 

8 
N' 
D 

11 

N' 

= Estimated total settlement (mm). 
= Design foundation pressure (kPa). Group design load divided by group 

area. 
= Width of pile group (m). 
= Average corrected SPT N' value within a depth 8 below pile toe level. 
= Pile embedment depth, (m). 

= Influence factor for group embedment = 1 - [ D / 88 ] ~ 0.5. 

For piles in cohesionless soils underlain by cohesive deposits, the method presented in 
Sections 9.8.2.4 should be used. 

9.8.2.2b Method Based on CPT Test Data 

Meyerhof (1976) recommended the following relationship to estimate maximum settlements 
using cone penetration test results for saturated cohesionless soils. 

42 pf 8 If 
S= -

qc 

Where: s, p1, 8, and If are as defined in the previous method, and 

qc = Average static cone tip resistance (kPa) within a depth of 8 below the 
I 

pile toe level. 
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9.8.2.3 Settlement of Pile Groups in Cohesive Soils 

Terzaghi and Peck (1967) proposed that pile group settlements could be evaluated using 

an equivalent footing situated at a depth of % D above the pile toe. This concept is 

illustrated in Figure 9.42. For a pile group consisting of only vertical piles, the equivalent 

footing has a plan area (B) (Z) that corresponds to the perimeter dimensions of the pile 

group as shown in Figure 9.41. The pile group load over this plan area is then the bearing 

pressure transferred to the soil through the equivalent footing. The load is assumed to 

spread within the frustum of a pyramid of side slopes at 30° and to cause uniform additional 

vertical pressure at lower levels. The pressure at any level is equal to the load carried by 
the group divided by the plan area of the base of the frustum at that level. Consolidation 
settlements are calculated based on the pressure increase in the underlying layers. 

Consolidation settlements of cohesive soils are usually computed on the basis of laboratory 

tests. A typical plot of consolidation test results illustrating the relationships of the 

compression indices Cc and Ccr to void ratio, e, and pressure, p, are shown in Figure 9.43. 
For pressure increases less than the preconsolidation pressure, Pc, settlement is computed 

using a value of the compression index representing recompression, Ccr· For pressure 

increases greater than the preconsolidation pressure, settlement is computed using the 
compression index, Cc. 

The following three equations are used to calculate settlements of cohesive soils depending 

upon the pressure increase and whether the soil is overconsolidated or normally 
consolidated. The terms used in these equations are as follows: 

s = Total settlement, (mm). 

H = Original thickness of stratum, (mm). 

Ccr = Recompression index. 
e0 = Initial void ratio. 

P0 = Effective overburden pressure at midpoint of compressible stratum prior to 
pressure increase, (kPa). 

Pc = Estimated preconsolidation pressure, (kPa). 

Cc = Compression index. 

~P = Average change in pressure in the compressible stratum, (kPa). 
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Figure 9.43 Typical e-log p Curve from Laboratory Consolidation Test 
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For overconsolidated cohesive soils where the pressure after the foundation pressure 
increase is greater than the soil preconsolidation pressure, settlements may be computed 

as follows: 

s = H [-c_cr log Pel + H [-c_c log _Po_+!J._pl 
1+eo Po 1+eo Pc 

For overconsolidated cohesive soils where the pressure after the foundation pressure 

increase is less than the soil preconsolidation pressure, settlements should be computed 

using the following equation: 

s = H [ C er log Po + !J.p l 
1 +eo Po 

For normally consolidated cohesive soils, settlements should be computed from: 

s = H [-c_c log _P_o+_tJ._pl 
1 +eo Po 

Rather than fixing the equivalent footing at a depth of % D above the pile toe for all soil 

conditions, the depth of the equivalent footing should be adjusted based upon soil 

stratigraphy and load transfer mechanism to the soil. Figure 9.44 presents the 

recommended location of the equivalent footing for a variety of load transfer and soil 
resistance conditions. 
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Cheney and Chassie, 1993) 
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STEP BY STEP PROCEDURE FOR PILE GROUP SETTLEMENT IN COHESIVE SOILS 

STEP 1 Determine the new load imposed on soil by the pile group. 

a. Determine the location of the equivalent footing. For pile groups supported 
primarily by toe resistance, the equivalent footing is placed at the pile toe as 
illustrated in Figure 9.44(a). For pile groups supported primarily by shaft 

resistance, the equivalent footing is placed at a depth of 2/a D as shown in 
Figure 9.44(b). 

b. Determine the dimensions of the equivalent footing. For pile groups 
consisting only of vertical piles, the equivalent footing (unless modified for 
load transfer as in Figure 9.44(b)) has the same dimensions as the length and 
width of the pile group from Figure 9.41. For pile groups supported primarily 
by shaft resistance that include batter piles, the plan area of the footing 

should be calculated from the dimensions of the pile group at depth 2/a D, 
including the plan area increase due to the pile batter. For toe bearing 
groups with batter piles, the equivalent footing area should be the dimensions 
of the pile group at depth D, including the area increase due to pile batter. 

c. Determine the pressure distribution to soil layers below the equivalent footing 
up to the depth at which the pressure increase from the equivalent footing is 
less than 10% of existing effective overburden pressure at that depth. 
Remember that the equivalent footing size may be increased and the footing 
pressure correspondingly reduced as a result of load transfer above the 
footing location or in groups with batter piles. The depth at which the 
pressure increase is less than 10% will provide the total thickness of cohesive 
soil layer or layers to be used in performing settlement computations. Note 
that the group design load should be used in determining the pressure 
distribution for settlement computations, and not the ultimate group load. 

d. Divide the cohesive soil layers in the affected pressure increase zone into 
several thinner layers of 1 .5 to 3 meter thickness. The thickness of each layer 
is the thickness H for the settlement computation for that layer. 

e. Determine the existing effective overburden pressure, p0 , at midpoint of each 
layer. 
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f. Determine the imposed pressure increase, L\p, at midpoint of each affected 
soil layer based on the appropriate pressure distribution. 

STEP 2 Determine consolidation test parameters. 

Plot results of consolidation test(s) as shown in Figure 9.43. Determine Pc, e0 , 

Ccr and Cc values from the consolidation test data. 

STEP 3 Compute settlements. 

Using the appropriate settlement equation, compute the settlement of each 
affected soil layer. Sum the settlements of all layers to obtain the total estimated 
soil settlement from the pile group. Add the elastic compression of the pile 
under the design load to obtain the total estimated pile group settlement. 

9.8.2.4 Settlement of Pile Groups in Layered Soils 

Piles are often installed in a layered soil profile consisting of cohesionless and cohesive 
soils or in soil profiles where an underlying soil stratum of different consistency is affected 
by the pile group loading. In these cases, group settlement will be influenced by the 
pressure increase in and compressibility of the affected layers. Figures 9.44(a), 9.44(c) and 
9.44(d) may be used to determine the location of the equivalent footing and to evaluate the 
resulting pressure increase in a soil layer. The settlement of each layer is then calculated 
using the appropriate settlement equation presented in Section 9.8.2.3 for cohesive layers 
and from the following equation for cohesionless layers. 

1 Po +L\p] 
s = H [-C, log --

Po 

Where: s = Total layer settlement, (mm). 
H = Original thickness of layer, (mm). 
C' = Dimensionless bearing capacity index from Figure 9.45, determined from 

average corrected SPT N' value, N', for layer with consideration of SPT 
hammer type. 

p0 = Effective overburden pressure at midpoint of layer prior to pressure 
increase, (kPa). 

L\p = Average change in pressure in the layer, (kPa). 
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Figure 9.45 Values of the Bearing Capacity Index, C', for Granular Soil (modified after 
Cheney and Chassie, 1993). 
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Cheney and Chassie (1993) report that FHWA experience with this method indicates the 
method is usually conseNative and can overestimate settlements by a factor of 2. This 

conseNatism is attributed to the use of the original bearing capacity index chart from Hough 

(1959) which was based upon SPT donut hammer data. Based upon average energy 

variations between SPT donut and safety hammers reported in technical literature, Figure 
9.45 now includes a correlation between SPT N values from a safety hammer and bearing 

capacity index. This modification should improve the accuracy of settlement estimates with 

this method. 

STEP BY STEP PROCEDURE FOR GROUP SETTLEMENT IN LAYERED SOIL PROFILES 

STEP 1 Determine the new load imposed on soil by the pile group. 

a. Determine the location of the equivalent footing. For pile groups supported 

primarily by toe resistance, the equivalent footing is placed at the pile toe as 

illustrated in Figure 9.44(a). For pile groups supported primarily by shaft 
resistance in sands underlain by cohesive soils, the equivalent footing is 

placed at a depth of 8
/ 9 D as shown in Figure 9.44(c). For pile groups in 

layered soils supported by a combination of shaft and toe resistance, the 

equivalent footing is placed at % D as shown in Figure 9.44( d). 

b. Determine the dimensions of the equivalent footing. For pile groups 

consisting only of vertical piles, the equivalent footing (unless modified for 

load transfer as in Figures 9.44(c) and 9.44(d)) has the same dimensions as 

the length and width of the pile group from Figure 9.41. For pile groups 
supported primarily by shaft resistance that include batter piles, the plan area 
of the footing should be calculated from the dimensions of the pile group at 

the equivalent footing depth that includes the plan area increase due to the 

pile batter. For toe bearing groups with batter piles, the equivalent footing 

area should be calculated from the dimensions of the pile group at depth D, 

including the plan area increase due to the pile batter. 

c. Determine the pressure distribution to soil layers below the equivalent footing 

up to the depth at which the pressure increase from the equivalent footing is 
less than 10% of existing effective overburden pressure at that depth. 

Remember that the equivalent footing size may be increased and the footing 
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pressure correspondingly reduced as a result of load transfer above the 

footing location or in groups with batter piles. The depth at which the 

pressure increase is less than 10% will provide the total thickness of soil to 

be evaluated in the settlement computations. Note that the group design 

load should be used in determining the pressure distribution for settlement 

computations, and not the ultimate group capacity. 

d. Divide the soil layers in the affected pressure increase zone into several 

thinner layers of 1.5 to 3 meter thickness. The thickness of each layer is the 
thickness H for the settlement computation for that layer. 

e. Determine the existing effective overburden pressure, p0 , at midpoint of each 

soil layer. 

f. Determine the imposed pressure increase, flp, at midpoint of each affected 

soil layer based on the appropriate pressure distribution. 

STEP 2 Determine consolidation test parameters for each cohesive layer. 

Plot results of consolidation test(s) as shown in Figure 9.43. Determine Pc:, e0 , 

Ccr and Cc values from the consolidation test data. 

STEP 3 Determine bearing capacity index for each cohesionless layer. 

Determine the average corrected SPT N' value, N', for each cohesionless layer. 

Use N' for the appropriate SPT hammer type in Figure 9.45 to obtain the 
bearing capacity index for each layer. 

STEP 4 Compute settlements. 

Using the appropriate settlement equation, compute the settlement of each 

affected soil layer. Sum the settlements of all layers to obtain the total estimated 

soil settlement from the pile group. Add the elastic compression of the pile 

under the design load to obtain the total estimated pile group settlement. 
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9.8.2.5 Settlement of Pile Groups Using the Janbu Tangent Modulus Approach 

The previous methods of group settlement analyses assume a linear relationship between 
induced stress and soil strain. However in most soils, a non-linear relationship exists 
between stress and strain. Figure 9.46 illustrates that a stress increase at a small original 
stress will result in a larger strain than the same stress increase applied at a greater original 
stress. 

Janbu (1963, 1965) proposed a tangent modulus approach that is referenced in the 
Canadian Foundation Engineering Manual (1985). In this method, the stress strain 
relationship of soils is expressed in terms of a dimensionless modulus number, m, and a 
stress exponent, j. Values of the modulus number can be determined from conventional 
laboratory triaxial or oedometer tests. The stress exponent, j, can generally be taken as 0.5 
for cohesionless soils and 0 for cohesive soils. 

Effective ao 1----L---------' 

Stress, cf 

Figure 9.46 The Non-Linear Relation Between Stress and Strain in Soil (after Fellenius, 
1990) 
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The following four equations are used to calculate the strain for normally and over 
consolidated, cohesionless and cohesive soils. The terms used in these four equations are 

as follows: 

E = Strain from the increase in effective stress. 
mn = Dimensionless modulus number. 
mnr = Dimensionless recompression modulus number. 

= Stress exponent. 
a'1 = New effective stress after stress increase, (kPa). 
d 

O 
= Original effective stress prior to stress increase, (kPa). 

a' P = Preconsolidation stress, (kPa). 
ar = Constant reference stress = 100 kPa. 

For normally consolidated cohesionless soils, the strain induced by an increase in effective 
stress may be expressed as follows: 

For over consolidated cohesionless soils, the following equation should be used to calculate 
the strain induced by an increase in effective stress: 

For cohesive soils, the stress exponent is zero, j=O. The strain induced by an increase in 
effective stress in a normally consolidated cohesive soil is then as follows: 

1 [ a· 1 l E = - In (-,) 
mn a 0 
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For over consolidated cohesive soils, the following equation should be used to calculate the 
strain induced by an increase in effective stress: 

1 [ a' l 1 [ a' 1 ] E = - In (--f) + - In (-,-) 
mnr a Q mn a p 

In cohesionless soils, the modulus number can be calculated from the soil modulus of 
elasticity, Es (kPa), and the previously described terms using the following equation: 

In cohesive soils, the modulus number, mn, or recompression modulus number, mn,, can 
be calculated from the initial void ratio, e

0
, and the compression index, C0 , or recompression 

index, Ccr· The modulus number is calculated from: 

The recompression modulus number, mn,, is calculated by substituting the recompression 
index, Cc,, for the compression index, Cc, in the above equation. 

The Janbu tangent modulus approach is quite adaptable to calculating pile group 
settlements in any soil profile. For reference purposes, typical and normally conservative 
modulus number and stress exponent values from the Canadian Foundation Engineering 
Manual (1985) are presented in Table 9-14. These values may be useful for preliminary 
settlement estimates. A step by step procedure for this method follows. 
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TABLE 9-14 TYPICAL MODULUS AND STRESS EXPONENT VALUES 

Soil Type Consistency Range in Stress 
Modulus Exponent 
Number 

Glacial Till Very Dense to Dense 1000 - 300 1.0 

Gravel --- 400 - 40 0.5 

Sand Dense 400 - 250 0.5 

Sand Medium Dense 250 - 150 0.5 

Sand Loose 150 - 100 0.5 

Silt Dense 200 -80 0.5 

Silt Medium Dense 80 - 60 0.5 

Silt Loose 60 - 40 0.5 

Silty Clay & Clayey Silt Hard - Stiff 60 - 20 0 

Silty Clay & Clayey Silt Stiff - Firm 20 - 10 0 

Silty Clay & Clayey Silt Soft 10 - 5 0 

Marine Clay Soft 20 - 5 0 

Organic Clay Soft 20 - 5 0 

Peat --- 5 - 1 0 
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STEP BY STEP PROCEDURE FOR PILE GROUP SETTLEMENT BY JANBU METHOD 

STEP 1 Determine the new load imposed on soil by the pile group . 
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e. Determine the existing effective stress, a'0 , at midpoint of each soil layer. 

f. Determine the preconsolidation stress, a'p• at the midpoint of each soil layer 
and whether the soil layer is overconsolidated or normally consolidated. 

g. Determine the new effective stress, 0'1, at midpoint of each affected soil layer 
based on the equivalent footing pressure distribution. 

STEP 2 Determine modulus number and stress exponent for each soil layer. 

Use laboratory test data to compute modulus number for each layer. Preliminary 
settlement estimates can be made by using assumed modulus numbers based 
on soil type as indicated in Table 9-14. 

STEP 3 Select the appropriate strain computation equation for each layer. 

Select the strain equation applicable to each layer depending upon whether the 
soil layer is cohesive or cohesionless, and overconsolidated or normally 
consolidated. 

STEP 4 Compute settlements. 

Using the appropriate strain computation equation, compute the settlement, s, 
of each affected soil layer of thickness, H from: s=(E)(H). Sum the settlements 
of all layers to obtain the total estimated soil settlement from the pile group. Add 
the elastic compression of the pile under the design load to obtain the total 
estimated pile group settlement. 
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9.8.2.6 Settlement of Pile Groups Using the Neutral Plane Method 

As the previous sections demonstrate, most of the group settlement methods select the 

depth of the equivalent footing based upon the assumed load transfer behavior. A 

preferred solution is to determine the depth of the neutral plane, and place the equivalent 

footing at or below the neutral plane location. The neutral plane occurs at the depth where 

the group dead load plus the load from negative shaft resistance is equal to the positive 

shaft resistance plus the toe resistance. The design should aim to locate the neutral plane 

in competent soils. When this is done, group settlements are usually well within acceptable 

limits. 

The position of the neutral plane and the resulting negative shaft resistance can be 

determined from a static calculation. As previously stated, the neutral plane is the depth 

at which the sum of dead load on the pile plus the negative shaft resistance is equal to the 

positive shaft plus the toe resistance. Above the neutral plane, the settlement of the soil is 

greater than the settlement of the pile. Any shaft resistance above the neutral plane is 
negative shaft resistance, since by definition the soil settlement is greater than the pile 
settlement. Therefore, the soil settlement transfers load to the pile. Below the neutral plane, 

the settlement of the soil is less than the settlement of the pile and load is transferred from 

the pile to the soil. Therefore, pile settlement is controlled by the soil compressibility below 
the neutral plane. 

The following step by step procedure adapted from Goudreault and Fellenius (1994) is 
recommended for determination of the neutral plane. 

STEP BY STEP PROCEDURE FOR DETERMINING THE NEUTRAL PLANE DEPTH 

STEP 1 Perform a static capacity calculation. 

a. Determine the ultimate pile capacity, Ou, from a static capacity calculation. 

b. Plot the load transfer versus depth by subtracting the shaft resistance at a 

given depth from the ultimate capacity. This computation is identified as 
CuNe A in Figure 9.47. 
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STEP 2 Determine the load transfer to the pile above the neutral plane. 

a. Determine the pile dead load, Qd. 

b. Plot the load transfer to the pile versus depth by adding the shaft resistance 
at a given depth to the dead load. This computation is labeled as CuNe B 

in Figure 9.47. 

STEP 3 Determine the depth of the neutral plane. 

a. The depth where Curves A and B intersect is the depth of the neutral plane. 

b. The location of the neutral plane will move if the dead load is changed or the 

soil resistance versus depth is altered. Hence, design or construction 

decisions altering the dead load, or soil resistance versus depth, will require 

reevaluation of the neutral plane location under the changed conditions. 

Preaugering, jetting, use of bitumen coatings, etc. are but a few of the factors 

that can change the soil resistance versus depth and thus the neutral plane 

location. 

Goudreault and Fellenius (1994) note that the magnitude of group settlement between the 
neutral plane and the pile toe level is generally small. This is because the piles below the 

neutral plane act as reinforcing elements and the compression of the pile-reinforced soil is 

small. Therefore, for most cases they recommend calculating the pile group settlements 

based on locating the neutral plane at the pile toe. 

The group load is distributed below the neutral plane at a slope of 1 H:2V. As in the 

previous methods, the soil materials below the equivalent footing at the neutral plane and 

the depth where the pressure increase is less than 10% should be evaluated for settlement. 

Group settlements are generally calculated based upon the pressure increase and the 

resulting strain as presented for the Janbu method in Section 9.8.2.5. However, the 

methods presented for layered soils in Section 9.8.2.4 could also be used. 
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9.8.3 Uplift Capacity of Pile Groups 

The uplift capacity of a pile group is often a significant factor in determining the minimum 

pile penetration requirements and in some cases can control the foundation design. A few 

common conditions where group uplift capacity may significantly influence the foundation 

design include cofferdam seals that create large buoyancy forces, cantilever segmental 

bridge construction, and seismic, vessel impact, or debris loading. When piles with uplift 

loads are driven to a relatively shallow bearing stratum, uplift capacity may control the 

foundation design. Current AASHTO specifications (1994) for the determination of group 

uplift capacity are presented in Section 9.8.3.1 . The AASHTO specifications for group uplift 

capacity are considered relatively conservative, particularly in cohesionless soils. 

In cohesionless soils, Tomlinson's method presented in Section 9.8.3.2 will yield hifJher 

group uplift capacities than AASHTO specifications and is recommended for design. Both 

AASHTO specifications and Tomlinson's method limit the group uplift capacity to the uplift 
capacity of an individual pile times the number of piles in the group. In the event this limit 

controls the group uplift capacity, an uplift load test may be cost effective and should be 

considered. With an uplift load test, a reduced safety factor is used to determine the uplift 

capacity. This should result in higher individual and group uplift capacities. 

In cohesive soils, Tomlinson's method will yield similar results to AASHTO specifications. 

In the event the uplift capacity of an individual pile times the number of piles in the group 

limits the group uplift capacity, an uplift load test may again be cost effective and should 

be considered since an increase in the group uplift capacity would likely result. 

9. 8. 3. 1 Group Uplift Capacity by MSHTO Code 

AASHTO specifications (1994) for service load design limit the uplift capacity of a pile group 

to the lesser value determined from any of the following: 

1 . the design uplift capacity of a single pile times the number of piles in a pile group. The 

design uplift capacity of a single pile is specified as 1/s the ultimate shaft resistance 

calculated in a static analysis method, or ½ the failure load determined from an uplift 

load test. 

2. 2/s the effective weight of the pile group and the soil contained within a block defined by 

the perimeter of the pile group and the embedded length of the piles. 
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3. ½ the effective weight of the pile group and the soil contained within a block defined by 

the perimeter of the pile group and the embedded pile length plus ½ the total soil shear 
resistance on the peripheral surface of the pile group. 

9.8.3.2 Tomlinson Group Uplift Method 

Tomlinson (1994) states that the ultimate uplift capacity of a pile group in cohesionless soils 
may be conservatively taken as the effective weight of the block of soil extending upward 
from the pile toe level at a slope of 1 H:4V, as shown in Figure 9.48. For simplicity in 
performing the calculation, the weight of the piles within the soil block are considered equal 
to the weight of the soil. Tomlinson states that a factor of safety of 1 is acceptable in this 
calculation since the shear resistance around the perimeter of the group is ignored in the 
calculation. Tomlinson also recommended that the ultimate group uplift capacity 
determined from this calculation not exceed the sum of the ultimate uplift capacities of the 
individual piles comprising the pile group divided by an appropriate safety factor. It is 
recommended that a factor of safety of 2 be used if the ultimate uplift capacity of an 
individual pile is determined from an uplift load test and a factor of safety of 3 be used if 
based on the shaft resistance from a static calculation. 

For pile groups in cohesive soils as shown in Figure 9.49, Tomlinson recommends the 
group uplift capacity be calculated based upon the undrained shear resistance of the block 
of soil enclosed by the group plus the effective weight of the pile cap and pile-soil block. 
This may be expressed in equation form as: 

Where: Qug 

D 
B 

z 
cu1 

wg 

= Ultimate group capacity against block failure in uplift, (kN). 
= Embedded length of piles, (m). 
= Width of pile group, (m). 
= Length of pile group, (m). 
= Weighted average of the undrained shear strength over the depth of pile 

embedment along the pile group perimeter, (kPa). 
= Effective weight the pile/soil block including the pile cap weight, (kN). 
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Figure 9.48 Uplift of Pile Group in Cohesionless Soil (after Tomlinson, 1994) 

Block of Soil 
Lifted by Piles 

1-- (B)(Z) -I 

D 

Uplift of Pile Group in Cohesive Soils 

Figure 9.49 Uplift of Pile Group in Cohesive Soils (after Tomlinson, 1994) 
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Tomlinson states that a factor of safety of 2 should be used with this calculation to allow 

for possible weakening of the soil around the pile group as a result of the pile group 

installation. If long term sustained uplift loading is anticipated, a factor of safety of 2.5 to 

3 is recommended. Tomlinson also recommends that the ultimate group uplift capacity 

determined from this calculation not exceed the sum of the ultimate uplift capacities of the 
individual piles comprising the pile group divided by an appropriate factor of safety. It is 

recommended that a factor of safety of 2 be used if the ultimate uplift capacity of an 

individual pile is determined from an uplift load test, and a factor of safety of 3 be used if 

based on the shaft resistance from a static calculation. 

9.8.4 Lateral Capacity of Pile Groups 

The ability of a pile group to resist lateral loads from vessel impact, debris, wind, or wave 
loading, seismic events, and other sources is a significant design issue. The deflection of 

a pile group under a lateral load is typically 2 to 3 times larger than the deflection of a 

single pile loaded to the same intensity. Holloway et al. (1981), and Brown et al. (1988) 

reported that piles in trailing rows of pile groups have significantly less resistance to a lateral 

load than piles in the lead row, and therefore exhibit greater deflections. This is due to the 
pile-soil-pile interaction that takes place in a pile group. The pile-soil-pile interaction results 

in the lateral capacity of a pile group being less than the sum of the lateral capacities of the 
individual piles comprising the group. Hence, laterally loaded pile groups have a group 
efficiency of less than 1 . 

The lateral capacity of an individual pile in a pile group is a function of its position in the 

group and the center to center pile spacing. Brown et al. (1988) proposed a p-multiplier, 

Pm• be used to modify the p-y curve of an individual pile based upon the piles row position. 

An illustration of the p-multiplier concept is presented in Figure 9.50. For piles in a given 

row, the same Pm value is applied to all p-y curves along the length of the pile. In a lateral 

load test of a 3 by 3 pile group in very dense sand with a center to center pile spacing of 

3b, Brown found the leading row of piles had a Pm of 0.8 times that of an individual pile. 

The Pm values for the middle and back row of the group were 0.4 and 0.3, respectively. 
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McVay, et al. (1995) performed centrifuge model tests on a 3 by 3 pile group having center 

to center pile spacings of 3b and 5b. A dense and loose sand condition were simulated 
in the centrifuge model tests. For the dense sand case at a center to center spacing of 3b, 

the centrifuge model test results were similar to Brown's field results. However, McVay also 

found that the Pm values were influenced by soil density and the center to center spacing. 

The Pm results from McVay's centrifuge tests as well as other recent results for vertical piles 

in 3 x 3 pile groups are summarized in Table 9-15. McVay's centrifuge tests indicated 

lateral load group efficiencies in sands on the order of 0. 7 4 for a center to center pile of 3b 

and 0.93 for a center to center spacing of 5b. Field studies in cohesive soils have also 

shown that pile-soil-pile interaction occurs. Brown et al. (1987) reported Pm values of 0. 7, 

0.5, and 0.4 for the lead, second, and third row of a laterally loaded pile group in stiff clays. 

The most recent work on this topic has included full scale lateral load testing of a 16 pile 

group in loose sand by Ruesta and Townsend (1997), and a 9 pile group in clayey silt by 

Rollins et al. (1998). A scaled model study of a cyclically laterally loaded pile group in 

medium clay has also been reported by Moss (1997). The center to center pile spacing, 

Pm results, and pile head deflections reported in these studies are included in Table 9-15. 

NCHRP Project 24-09 entitled "Static and Dynamic Lateral Loading of Pile Groups" is also 

in progress (1998). The objective of this study is to develop and validate an improved 

design method for pile groups subjected to static and dynamic lateral loads. 

Brown and Bollman (1993) proposed a p-multiplier procedure for the design of laterally 

loaded pile groups. It is recommended that this approach, outlined in the step by step 

procedure that follows, be used for the design of laterally loaded pile groups. In the future, 

it is anticipated that the FHWA computer program DEEP FOUNDATIONS currently under 

development will be the primary design tool for analysis of pile groups under axial and 

lateral loads. This program, which is a successor of the LPGSTAN program by Hoit and 

McVay (1994), will use a p-multiplier approach in evaluation of laterally loaded pile groups 

under axial, lateral, and combined axial and lateral loads. The new program will also be 

capable of analyzing driven pile and drilled shaft foundation supported sound walls, 
retaining walls, signs and high mast lighting structures. 
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TABLE 9-15 LATERALLY LOADED PILE GROUPS STUDIES 

Soil Test Center to Calculated p- Reported Deflection Reference 

Type Type Center Multipliers, Pm Group (mm) 

Pile For Rows Efficiency 

Spacing 1, 2, & 3+ 

Stiff Clay Field Study 3b .70, .50, .40 --- 51 Brown et al, 

(1987) 

Stiff Clay Field Study 3b . 70, .60, .50, --- 30 Brown et al, 

(1987) 

Medium Scale Model- 3b .60, .45, .40 --- 600 at Moss 

Clay Cyclic Load 50 cycles (1997) 

Clayey Silt Field Study 3b .60, .40, .40 --- 25-60 Rollins et al, 

(1998) 

V. Dense Field Study 3b .80, .40, .30 75% 25 Brown et al, 

Sand (1988) 

M. Dense Centrifuge 3b .80, .40, .30 74% 76 McVay et al, 

Sand Model (1995) 

M. Dense Centrifuge 5b 1.0, .85, .70 95% 76 McVay et al, 

Sand Model (1995) 

Loose Centrifuge 3b .65, .45, .35 73% 76 McVay et al, 

M. Sand Model (1995) 

Loose Centrifuge 5b 1.0, .85, .70 92% 76 McVay et al, 
M. Sand Model (1995) 

Loose Field Study 3b .80, . 70, .30 80% 25-75 Ruesta et al, 
F. Sand (1997) 
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STEP BY STEP DESIGN PROCEDURE FOR LATERALLY LOADED PILE GROUPS 

STEP 1 Develop p-y curves for single pile. 

a. Obtain site specific single pile p-y curves from instrumented lateral pile load 
test at site. 

b. Use p-y curves based on published correlations with soil properties. 

c. Develop site specific p-y curves based on in-situ test data such as 
pressuremeter. 

STEP 2 Perform COM624P analyses. 

a. Perform COM624P analyses using the Pm value for each row position to 
develop load-deflection and load-moment data. 

b. Based on current data, it is suggested that Pm values of 0.8 be used for the 
lead row, 0.4 for the second row, and 0.3 for the third and subsequent rows. 
These recommendations are considered reasonable for center to center piie 
spacing of 3b and pile deflections at the ground surface of .1 O to .15b. For 
larger center to center spacings or smaller deflections, these Pm values should 
be conservative. 

c. Determine shear load versus deflection behavior for piles in each row. Plot 
load versus pile head deflection results similar to as shown in Figure 9.51 (a). 

STEP 3 Estimate group deflection under lateral load. 

a. Average the load for a given deflection from all piles in the group to determine 
the average group response to a lateral load as shown in Figure 9.51 (a). 

b. Divide the lateral load to be resisted by the pile group by the number of piles 
in the group to determine the average lateral load resisted per pile. Enter 
load-deflection graph similar to Figure 9.51 (a) with the average load per pile 
to estimate group deflection using the group average load deflection curve. 
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STEP 4 Evaluate pile structural acceptability. 

a. Plot the maximum bending moment determined from COM624P analyses 

versus deflection for each row of piles as illustrated in Figure 9.51 (b). 

b. Check the pile structural adequacy for each row of piles. Use the estimated 

group deflection under the lateral load per pile to determine the maximum 

bending moment for an individual pile in each row. 

c. Determine maximum pile stress from COM624P output associated with the 

maximum bending moment. 

d. Compare maximum pile stress with pile yield stress. 

STEP 5 Perform refined pile group evaluation that considers superstructure-substructure 

interaction. 

9.9 SPECIAL DESIGN CONSIDERATIONS 

In certain situations, additional design problems exist that must be analyzed. These special 

design considerations include negative shaft resistance, vertical ground movements from 
swelling soils, lateral squeeze of foundation soils, scour effects on pile capacity, pile heave, 

and seismic considerations. 

9.9.1 Negative Shaft Resistance or Downdrag 

When piles are installed through a soil deposit undergoing consolidation, the resulting 

relative downward movement of the soil around piles induces 11downdrag 11 forces on the 

piles. These 11downdrag 11 forces are also called negative shaft resistance. Negative shaft 

resistance is the reverse of the usual positive shaft resistance developed along the pile 

surface. The downdrag force increases the axial load on the pile and can be especially 

significant on long piles driven through compressible soils. Therefore, the potential for 

negative shaft resistance must be considered in pile design. Batter piles should be avoided 

in soil conditions where large soil settlements are expected because of the additional 

bending forces imposed on the piles, which can result in pile deformation and damage. 
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Deflection for Pile Group Analysis (adapted from Brown and Bollman, 1993) 
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Settlement computations should be performed to determine the amount of settlement the 
soil surrounding the piles is expected to undergo after the piles are installed. The amount 
of relative settlement between soil and pile that is necessary to mobilize negative shaft 
resistance is about 1 O to 12 mm. At that movement, the maximum value of negative shaft 
resistance is equal to the soil-pile adhesion. The negative shaft resistance can not exceed 
this value because slip of the soil along the pile shaft occurs at this value. It is particularly 
important in the design of friction piles to determine the depth at which the pile will be 
unaffected by negative shaft resistance. Only below that depth can positive shaft resistance 
forces provide support to resist vertical loads. 

The most common situation where large negative shaft resistance develops occurs w~1en 
fill is placed over a compressible layer immediately prior to, or after piles are driven. This 
condition is shown in Figure 9.52(a). Negative shaft resistance can also develop whenever 
the effective overburden pressure is increased on a compressible layer through which a pile 
is driven; due to lowering of the ground water table as illustrated in Figure 9.52(b), for 
example. 

Briaud and Tucker (1993) presented the following criteria for identifying when negative shaft 
resistance may occur. If any one of these criteria is met, negative shaft resistance should 
be considered in the design. The criteria are: 

1. The total settlement of the ground surface will be larger than 100 mm. 

2. The settlement of the ground surface after the piles are driven will be larger than 1 O mm. 

3. The height of the embankment to be placed on the ground surface exceeds 2 m. 

4. The thickness of the soft compressible layer is larger than 1 O m. 

5. The water table will be lowered by more than 4 m. 

6. The piles will be longer than 25 m. 
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9.9.1.1 Methods for Determining Negative Shaft Resistance 

Negative shaft resistance is similar to positive shaft resistance, except the direction of force 

is opposite. Two design approaches have been used for the design of pile foundations 

subject to negative shaft resistance. The traditional method has been to calculate the shaft 

resistance from the soil layers above the zone of consolidating soils, and add this resistance 

as a load the pile supports. In this approach, any of the previously discussed methods for 

computing positive pile shaft resistance in cohesive and cohesionless soils can be used. 

Newer methods of determining negative shaft resistance loads are based on the 
interrelationship between pile movement and the developed negative shaft resistance load, 

such as used in the NCHRP study entitled "Downdrag on Bitumen-Coated Piles" by Briaud 

and Tucker (1993). 

9.9.1.1a Traditional Approach to Negative Shaft Resistance 

The total stress a-method presented in Section 9. 7 .1 .3 is often used for computing the 

negative shaft resistance or drag load in cohesive soils. In this approach, the adhesion 

calculated from the undrained shear strength of the soil times the pile perimeter is equated 
to the drag load from the consolidating soil layers. Similarly, the drag load from 

cohesionless layers above a consolidating soil layer is calculated from the shaft resistance 
in the cohesionless layers. 

When selecting the undrained shear strength for calculation of the negative shaft resistance 

adhesion in the a-method, it is important to remember that the consolidating cohesive soil 

will have a higher undrained shear strength with time. The adhesion should be calculated 

using either the higher adhesion value, determined from the undrained shear strength at the 

time of the soil borings, or the estimated undrained shear strength of the soil after 

consolidation. Drag loads equal to 100% of the undrained shear strength of a soft clay, ie 

a = 1, have been reported by Johansesen and Bjerrum (1965) for toe bearing piles driven 

to a relatively unyielding bearing layer. Engineering judgement should be exercised in 

determining drag loads so that the drag load is not grossly overestimated, resulting in an 

expensive foundation design, nor underestimated, resulting in a overloaded foundation. 
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STEP BY STEP DESIGN PROCEDURE FOR ANALYSIS OF DOWN DRAG LOADING 
1 

STEP 1 Establish the simplified soil profile and soil properties for computing settlement. 

STEP 2 Determine the overburden pressure increase, flp, versus depth due to the 
approach embankment fill. 

The overburden pressure increase, flp, is equal to the pressure coefficient, K1, 

determined from the pressure distribution chart presented in Figure 9.53, 

multiplied by the height of fill, h1, and the unit weight of fill, Yr· 

The pressure distribution chart provides the pressure coefficient, K1, at various 

depths below the bottom of the fill (xb1), and also at various distances from the 

centerline of the fill. The depth below the bottom of the fill is given as a multiple 

of "br", where b1 is the distance from the centerline of the fill to the midpoint of 
the fill side slope, as shown in Figure 9.53. 

For downdrag loading settlement calculations, the overburden pressure increase, 

flp, at various depths beneath the centerline of the fill needs to be calculated 
over the embedded pile length. 

STEP 3 Perform settlement computations for the soil layers along the embedded pile 
length. 

a. Determine consolidation test parameters for each soil layer from laboratory 
consolidation test results. 

b. Compute settlement of each soil layer using the appropriate settlement 

equation provided in Section 9.8.2.3 for cohesive layers or Section 9.8.2.4 for 
cohesionless layers. 

c. Compute the total settlement over the embedded pile length which is equal 

to the sum of the settlement from each soil layer. Do not include soil 
settlements below the pile toe level in this computation. 
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STEP 4 Determine the pile length that will experience negative shaft resistance. 

Negative shaft resistance occurs due to the settlement between soil and pile. 
The amount of settlement between soil and pile necessary to mobilize the 
negative shaft resistance is about 10 mm. Therefore, negative shaft resistance 
will occur on the pile shaft in each soil layer or portion of a soil layer with a 
settlement greater than 10 mm. 

STEP 5 Determine magnitude of negative shaft resistance, Q5-. 

The method used to calculate the ultimate negative shaft resistance over the pile 
length determined in Step 4 should be the same method used to calculate the 
ultimate positive shaft resistance, except that it will act in the opposite direction. 

STEP 6 Calculate the ultimate pile capacity provided by the positive shaft resistance and 

the toe resistance, Q~ . 

Positive shaft and toe resistances will develop below the depth where the relative 
pile-soil movements are less than 10 mm. The positive soil resistances can be 
calculated on the pile length remaining below the negative shaft resistance depth 
from Step 4 using an appropriate static analysis method for the soil type as 
described in this chapter. 

STEP 7 Calculate the net ultimate pile capacity, QuNET, available to resist imposed loads. 

STEP 8 Consider alternatives to obtain higher net ultimate pile capacity. 

Alternatives are described in Section 9.9.1.2 and include use of preloading or 
wick drains to reduce settlements prior to pile installation, use of lightweight fills 
to reduce settlements that cause downdrag loads, use of friction reducers to 
reduce downdrag loads, use of higher allowable material stress, and isolation 
of pile from consolidating soil. 

An example calculation using this step by step procedure is included in Appendix F.6. 
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9.9.1.2 Methods for Reducing Negative Shaft Resistance Forces 

In situations where the negative shaft resistance on piles is large and a reduction in the pile 

design load is impractical, negative shaft resistance forces can be handled or reduced by 

using one or more of the following techniques: 

a. Reduce soil settlement 

Preconsolidation of compressible soils can be achieved by preloading and 

consolidating the soils prior to pile installation. This approach is often used for 

bridge foundations in fill sections. Wick drains are often used in conjunction with 
preloading in order to shorten the time required for consolidation. Additional 

information on wick drains is available in 11Prefabricated Vertical Drains", FHWA RD 

86/168 by Rixner et al. (1986) and in 11Ground Improvement Technology Manual 11 for 

FHWA Demonstration Project 116, Elias et al. (1996). 

b. Use lightweight fill material 

Construct structural fills using lightweight fill material to reduce the downdrag loads. 
Lightweight fill materials often used, depending upon regional availability, include 

geofoam, foamed concrete, wood chips, blast furnace slag, and expanded shales. 

Additional information on lightweight fills is available through FHWA Demonstration 

Project 116, Elias et al. (1996). 

c. Use a friction reducer 

Bitumen coating and plastic wrap are two methods commonly used to reduce the 
friction at the pile-soil interface. Bitumen coatings should only be applied to the 

portion of the pile which will be embedded in the negative shaft resistance zone. 

Case histories on bitumen coatings have reported reductions in negative shaft 

resistance from as little as 47% to as much as 90%. Goudreault and Fellenius 

(1994) suggest that the reduction effect of bitumen may be analyzed by using an 

upper limit of 10 kPa as the pile-soil shear resistance or adhesion in the bitumen 
coated zone. 
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One of the major problems with bitumen coatings is protecting the coating during 

pile installation, especially when driving through coarse soils. An inexpensive 

solution to this problem is to weld an over-sized collar around the pile where the 

bitumen ends. The collar opens an adequate size hole to permit passage of the 

bitumen for moderate pile lengths in fine grained soils. Bitumen coatings can 

present additional construction problems associated with field coating and 

handling. The use of bitumen coatings can be quite successful provided proper 

construction control methods are followed. Bitumen coatings should not be 

casually specified as the solution to downdrag loading. 

The proper bitumen must have relatively low viscosity to permit slippage during soil 

consolidation, yet high enough viscosity and adherence to insure the coating will 

stick to the pile surface during storage and driving, and sufficient ·ductility to prevent 

cracking and spalling of the bitumen during handling and driving. Therefore, the 

climate at the time of pile installation should be considered in selection of the 

proper bitumen coating. Example specifications for bitumen coatings applied to 

concrete and steel piles are provided in Appendix C. Note that these are generic 

specifications that should be modified to meet the specific needs of each project. 

Plastic wrap has proven to be an economically attractive friction reducer, particularly 
for abutment piles driven behind and before construction of MSE walls. Tawtig 
(1994) performed laboratory tests on 0.15 mm thick polyethylene sheets used as 

a friction reducer. The laboratory test results indicated plastic wraps reduced the 

pile-soil shear resistance from between 78% for a one wrap layer to 98% for a two 

layer wrap with mineral oil lubricant of the pile-soil shear resistance. The laboratory 

test data indicated the pile-soil shear resistance of a one wrap layer was about 1 o 
kPa and only 1 kPa for the lubricated two wrap system. 

d. Increase allowable-pile stress 

In piles where the allowable pile material strength has not been fully utilized, the pile 

design stress can be increased to offset the negative shaft resistance load. 

Increased structural capacity can also be obtained by using higher strength pile 

materials, or in the case of pipe piles, by using an increased wall thickness. 

Foundation settlement at the increased loading should be computed and checked 

against the foundation performance criteria. 

9-144 



e. Prevent direct contact between soil and pile 

Pile sleeves are sometimes used to eliminate direct contact between pile and soil. 
Bentonite slurry has been used in the past to achieve the same purpose. These 
methods are generally more expensive. 

9.9.2 Vertical Ground Movements from Swelling Soils 

Detrimental vertical ground movements can also occur in swelling soils subject to seasonal 
moisture changes, such as expansive clays. In this case, the swell pressures can induce 
uplift forces on the pile. For piles driven in swelling soils, bitumen coatings on the pile shaft 
through the swelling soil zone is effective in reducing the uplift forces. 

9.9.3 Lateral Squeeze of Foundation Soil 

Bridge abutments supported on piles driven through soft compressible cohesive soils may 
tilt forward or backward depending on the geometry of the backfill and the abutment. This 
problem is illustrated in Figure 9.54. Large horizontal movements may cause damage to 
the structure. The unbalanced fill loads shown in Figure 9.54 displace the soil laterally. This 
lateral displacement may bend the piles, causing the abutment to tilt toward or away from 
the fill. 

The following rules of thumb are recommended for determining whether tilting will occur, as 
well as estimating the magnitude of horizontal movement. 

1. Lateral squeeze and abutment tilting can occur if: 

[y fill (kN/m3
)] [fill height (m)] > 3 [undrained shear strength of soft soil (kPa)] 

2. If abutment tilting can occur, the magnitude of the horizontal movement can be estimated 
by the following formula: 

Horizontal Abutment Movement (mm) = 0.25 Vertical Fill Settlement (mm) 
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Figure 9.54 Examples of Abutment Tilting Due to Lateral Squeeze 

9.9.3.1 Solutions to Prevent Tilting 

a. Delay installation of abutment piling until after fill settlement has stabilized (best 

solution). 

b. Provide expansion shoes large enough to accommodate the movement. 

c. Use steel H-piles to provide high tensile strength in flexure. 

d. Use lightweight fill to reduce driving forces. 

9.9.4 Bearing Capacity of Piles in Soils Subject to Scour 

Scour occurs as a result of flowing water eroding away soil materials from the stream bed 
and/or stream banks. Scour can be classified as local scour, which effect soils only in the 

immediate vicinity of a substructure unit, or can be classified as channel degradation scour, 

where stream bed materials are removed over a large area. In a flood event, loose granular 
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soils can be eroded away in a few hours. The time required for cohesive or cemented soils 
to erode is typically longer, but the scour depth of eroded soil materials can be as deep as 

in cohesionless deposits. As noted earlier in this chapter, the capacity of a driven pile is 

due to soil resistance along the pile shaft and at the pile toe. Therefore, the erosion of the 

soil materials providing pile support can have significant detrimental effects on pile bearing 

capacity and must clearly be evaluated during the design stage. 

The ultimate bearing capacity of a pile in a soil deposit subject to local or channel 

degradation scour requires multiple static analyses. In the case of local scour, the soil 
resistance in the scour zone provides resistance at the time of driving that cannot be 

counted on for long term support. Hence, for design purposes the shaft resistance in the 

scour zone is ignored, but for driveability considerations it is not. For pile capacity 

calculations in local scour cases, only the reduction in soils resistance in the scour zone is 
considered, and the effective overburden pressure is unchanged. 

The effects of channel degradation scour on pile capacity are more severe. In channel 

degradation scour, the soil resistance in the scour zone once again provides resistance at 

the time of driving that cannot be counted on for long term support. Therefore, the shaft 

resistance in the scour zone is ignored for long term pile support considerations, but not 

for driveability considerations. More important, pile capacity calculations in channel 

degradation scour cases must also include the reduction in the effective overburden 
pressure due to removal of the stream bed materials. This reduction in effective stresses 
can have a significant effect on the calculated shaft and toe resistances. Figure 9.55 
provides an illustration of local and channel degradation scour. 

The FHWA publication FHWA-IP-90-017, 11Evaluating Scour at Bridges 11 by Richardson and 

Davis (1995), more commonly known as HEC-18, recommends the following pile design 

issues also be considered at bridge sites subject to scour. 

1. A reduced number of longer (higher capacity) piles should be used rather than a larger 
number of shorter (lower capacity) piles. This results in a greater factor of safety against 
failure due to scour. 

2. Pile caps should be situated at or below the maximum anticipated scour depth. This will 

limit obstruction to flood flows which can cause local scour. It may be desirable to set 

the pile caps at an even lower depth if the piles can be damaged by erosion or corrosion 

and degradation from river currents. However in deep water situations, it may be more 
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Figure 9.55 Local and Channel Degradation Scour 

cost effective to situate the pile cap above the mudline and design the foundation 
accordingly. 

3. Piles should be designed for additional lateral restraint and column action because of the 

increase in the unsupported pile length after scour. The unsupported pile length is 
discussed in Chapter 11 . 

4. Stub abutments founded on piles in the approach embankments should be driven below 

the elevation of the thalweg, which is the lowest elevation of the river bed in the river 
channel. In this way, structural integrity is maintained if the thalweg shifts and the 

approach embankment material is scoured to the thalweg elevation provided that the 

piles are designed for the unsupported length. 

The recommended design procedure for scour is dependent on the design event. For 

scour depths associated with either the 100 year flood event or the overtopping flood, the 

procedure illustrated in Section 9.6 should be followed where the factor of safety is linked 

to the construction control. For the superflood, or 500 year event, HEC-18 states a 
minimum factor of safety of 1.0 is acceptable. This minimum factor of safety is determined 

by dividing the maximum pile load by the sum of the shaft and toe resistances available 

below the scour depth. The shaft and toe resistances should be determined from an 

appropriate static analysis calculation as detailed earlier in this chapter. 
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9.9.5 Soil and Pile Heave 

As noted by Hagerty and Peck (1971), whenever piles are driven, soil is displaced. This can 

result in both upward movement (pile heave) and lateral movements of previously driven 

piles. These soil movements can be detrimental to the capacity of previously driven piles 

as well as to adjacent facilities. Obviously, the greater the volume of soil displaced by pile 

driving, the greater the potential for undesirable movements of previously driven piles, or 

damage to adjacent structures. Heave of toe bearing piles is particularly troublesome since 

the pile may be lifted from the bearing stratum, thereby greatly reducing the pile capacity 

and increasing the foundation settlement when loaded. Haggerty and Peck noted that 

saturated, insensitive clays behave incompressibly during pile driving and have the greatest 

heave potential. 

When piles are to be installed in cohesive soils, it is recommended that the potential 

magnitude of vertical and lateral soil movements be considered in the design stage. If 

calculations indicate that movements may be significant, use of an alternate low 

displacement pile, or specifying a modified installation procedure (such as predrilling to 

reduce the volume of displaced soil) should be evaluated. A step by step procedure 

adapted from Haggerty and Peck for estimating soil and pile heave in a saturated 

insensitive clay follows. The procedure assumes a regular pile driving sequence and a level 

foundation surface. The paper by Haggerty and Peck should be consulted for modifications 
to the recommended procedure for conditions other than those stated. 

STEP BY STEP PROCEDURE FOR ESTIMATING SOIL AND PILE HEAVE 

STEP 1 Calculate the estimated soil heave at the ground surface. 

a. Divide the volume of inserted piles by the volume of soil enclosed by the pile 

foundation to obtain the volumetric displacement ratio. 

b. Estimate the normalized soil heave (soil heave / pile length) from ½ the 

volumetric displacement ratio calculated in Step 1 a. 

c. Calculate the soil heave at the ground surface by multiplying the normalized 

soil heave in Step 1 b by the average length of piles. 
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STEP 2 Determine the depth of no pile-soil movement. 

a. Figure 9.56 illustrates a depth, d, exists where the potential upward pushing 
and downward resisting forces on the pile shaft are equal. 

b. Calculate the pile-soil adhesion along the entire pile shaft using a-method 
described in Section 9. 7 .1.2a. 

c. Through multiple iterations determine the depth, d, where the adhesion from 
the upward pushing force equals the adhesion from the downward resisting 
force. Remember that only shaft resistance is considered in calculating the 
downward resisting force. 

STEP 3 Calculate the estimated pile heave. 

a. Calculate the percentage of pile length subject to heave from (D-d) / D where 
D is the embedded pile length, and d is the equilibrium depth from Step 2c. 

b. Calculate the estimated pile heave by multiplying the estimated soil heave 
from Step 1 c by the percentage of pile length subject to heave from Step 3a. 

9.9.6 Seismic Considerations 

The design issues associated with pile foundation design for seismic events are significant 
and are beyond the scope of this manual. Other publications such as FHWA RD-86/102, 
Seismic Design of Highway Bridge Foundations by Lam and Martin (1986), and Division 1A 
- Seismic Design of AASHTO Standard Specification (1992) should be consulted for design 
guidance in seismically active areas. The FHWA is currently (1996), developing a 
geotechnical engineering circular on geotechnical earthquake engineering. This document 
is scheduled for publication in 1997. Pile foundation design issues in seismic events 
include liquefaction effects on pile capacity, ground movements, seismic induced foundation 
loads, and seismic induced drag loads. This manual will therefore only briefly address the 
identification of liquefiable soils and the consequences of liquefaction on pile foundation 
design. 
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Figure 9.56 Balance of Forces on Pile Subject to Heave (after Haggerty and Peck, 1971) 

Soil types most susceptible to liquefaction can be described as saturated, very loose to 

medium dense, fine to medium grained sands and non-plastic silts. However, liquefaction 

has also occurred in saturated, very loose to medium dense gravels and certain clayey 

soils. 

In seismically active areas where peak earthquake acceleration will be greater than 0.1 g, the 

soil susceptibility to liquefaction should be evaluated. A commonly used procedure for 

identification of liquefaction susceptible soils was proposed by Seed et al. (1983). This 

liquefaction evaluation approach is detailed in the Commentary for Section 6, Division 1 A 

of the AASHTO Standard Specifications (1992) as well as Lam and Martin (1986). If the 

soils are found to liquefy during the design event, the pile foundation must be designed to 

accommodate the loss of frictional resistance, seismic induced loads, as well as the 
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anticipated vertical and horizontal displacements. Alternatively, the liquefaction potential 

may be mitigated through ground improvement techniques. 

Pile foundations in liquefiable soils must penetrate through the zone of liquefaction and 

develop adequate capacity in the underlying soils. Evaluation of compression and uplift 

capacities during the seismic event can be made by assigning residual strength properties 

to the liquefiable layers. Residual strengths of sands and silty sands can be approximated 

from SPT resistance values using a correlation proposed by Seed (1987) and updated by 

Seed and Harder (1990). 

Following a seismic event that induces soil liquefaction, the liquefied layer will consolidate. 

The soil resistance in and above the liquified layer will then become additional drag load 
that the pile must support. The pile foundation must be structurally capable of supporting 

this drag load and the foundation settlement resulting from the drag load must be within the 

structure's performance criteria. 

Liquefaction induced lateral spread can impose significant bending moments in piles driven 

through liquefiable soils. Therefore, piles in liquefiable soils should be flexible and ductile 

in order to accommodate lateral loads. The maximum bending moment of piles in 

liquefiable soils is often evaluated in a COM624P analysis by assigning Reese's soft clay 

p-y curve with low residual shear strengths and high E50 values to the liquefiable layer. 

9.10 ADDITIONAL DESIGN AND CONSTRUCTION CONSIDERATIONS 

The previous sections of this chapter addressed routine and special event static analysis 

procedures for pile foundation design. However, the designer should be aware of additional 

design and construction considerations that can influence the reliability of static analysis 
procedures in estimating pile capacity. These issues include the influence of time, 

predrilling or jetting, construction dewatering, soil densitication, and the plugging of open 

pile sections on pile capacity. Pile driving induced vibrations can also influence the final 

design and static calculation results if potential vibration levels dictate changes in pile type 
or installation procedures. The closing section of this chapter focuses on pile driveability. 

Evaluation of pile driveability is a fitting final topic of this design chapter since all the 

previously described analyses are meaningless if the pile cannot be driven to the re~quired 

depth and capacity without damage. 
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9.10.1 Time Effects on Pile Capacity 

As noted in Section 9.2, the soil is greatly disturbed when a pile is driven into the soil. As 

the soil surrounding the pile recovers from the installation disturbance, a time dependent 

change in pile capacity often occurs. Frequently piles driven in saturated clays, and loose 

to medium dense silts or fine sands gain capacity after driving has been completed. This 

phenomenon is called soil setup. Occasionally piles driven into dense saturated fine sands, 

dense silts, or weak laminated rocks such as shale, will exhibit a decrease in capacity after 
the driving has been completed. This phenomenon is called relaxation. Case history 

discussions on soil setup and relaxation may be found in Fellenius et al. (1989), and 

Thompson and Thompson (1985), respectively. 

9. 10. 1. 1 Soil Setup 

When saturated cohesive soils are compressed and disturbed due to pile driving, large 

excess pore pressures develop. These excess pore pressures are generated partly from 

the shearing and remolding of the soil and partly from radial compression as the pile 

displaces the soil. The excess pore pressures cause a reduction in the effective stresses 

acting on the pile, and thus a reduction in the soil shear strength. This results in a reduced 

pile capacity during, and for a period of time after, driving. 

After driving, the excess pore pressures will dissipate primarily through radial flow of the 

pore water away from the pile. With the dissipation of pore pressures, the soil 

reconsolidates and increases in shear strength. This increase in soil shear strength results 

in an increase in the static pile capacity and is called soil setup. A similar decrease in 

resistance to pile penetration with subsequent soil setup may occur in loose to medium 

dense, saturated, fine grained sands or silts. The magnitude of the gain in capacity 

depends on soil characteristics, pile material and pile dimensions. 

Because the pile capacity may increase after the end of driving, pile capacity assessments 

should be made from static load testing or retapping performed after equilibrium conditions 

in the soil have been re-established. The time for the return of equilibrium conditions is 

highly variable and depends on soil type and degree of soil disturbance. Piezometers 

installed within three diameters of the pile can be used to monitor pore pressure dissipation 

with time. Effective stress static pile capacity calculation methods can be used to evaluate 

the increase in capacity with time once pore pressures are quantified. 
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Static load testing or restrike testing of piles in fine grained soils should not be conducted 

until after pore pressures dissipate and return to equilibrium. In the absence of site specific 

pore pressure data from piezometers, it is suggested that static load testing or retapping 

of piles in clays and other predominantly fine grained soils be delayed for at least two 

weeks after driving and preferably for a longer period. In sandy silts and fine sands, pore 

pressures generally dissipate more rapidly. In these more granular deposits, five days to 

a week is often a sufficient time delay. 

Rausche, et al. (1996) calculated general soil setup factors based on the predominant soil 

type along the pile shaft. The soil setup factor was defined as the static load test failure 

load divided by the end-of-drive wave equation capacity. These results are presented in 

Table 9-16. The data base for this study was comprised of 99 test piles from 46 sites. The 

number of sites and the percentage of the data base in a given soil condition is included 

in the table. While these soil set-up factors may be useful for preliminary estimates, soil 
setup is better estimated based on site specific data gathered from pile retapping, dynamic 

measurements, static load testing, and local experience. 

9.10.1.2 Relaxation 

The ultimate capacity of driven piles can also decrease with time following driving. This is 

known as relaxation and it has been observed in dense, saturated, fine grained soils such 

as non-cohesive silts and fine sands, as well as in some shales. In these cases, the driving 
process is believed to cause the dense soil near the pile toe to dilate (tendency for volume 
increase), thereby generating negative pore pressures (suction). The negative pore 

pressures temporarily increase the effective stresses acting on the pile, resulting in a 

temporarily higher soil strength and driving resistance. When these pore pressures 

dissipate, the effective stresses acting on the pile decrease, as does the pile capacity. 

Relaxation in weak laminated rocks has been attributed to a release of locked in horizontal 

stresses, Thompson and Thompson (1985). 

Because the pile capacity may decrease (relaxation) after the end of driving, pile capacity 
assessments from static load testing or retapping should be made after equilibrium 

conditions in the soil have been re-established. In the absence of site specific pore 

pressure data from piezometers, it is suggested that static load testing or retapping of piles 

in dense silts and fine sands be delayed for five days to a week after driving, or longer if 

possible. In relaxation prone shales, it is suggested that static load testing or restrike 

testing be delayed a minimum of two weeks after driving. 
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TABLE 9-16 SOIL SETUP FACTORS 
(after Rausche et al., 1996) 

Predominant Soil Range in Recommended Number of Sites 
Type Along Pile Soil Set-up Soil Set-up and (Percentage 

Shaft Factor Factors* of Data Base) 

Clay 1.2 - 5.5 2.0 7 (15%) 

Silt - Clay 1.0 - 2.0 1.0 10 (22%) 

Silt 1.5 - 5.0 1.5 2 (4%) 

Sand - Clay 1.0 - 6.0 1.5 13 (28%) 

Sand - Silt 1.2 - 2.0 1.2 8 (18%) 

Fine Sand 1.2 - 2.0 1.2 2 (4%) 

Sand 0.8 - 2.0 1.0 3 (7%) 

Sand - Gravel 1.2 - 2.0 1.0 1 (2%) 

* Confirmation with Local Experience Recommended 

Published cases of the relaxation magnitude of various soil types is quite limited. However, 
data from Thompson and Thompson (1985) as well as Hussein et al. (1993) suggest 
relaxation factors for piles founded in some shales can range from 0.5 to 0.9. The relaxation 
factor is defined as the pile capacity at the end of initial driving divided by the static load 
test failure load. Relaxation factors of 0.5 and 0.8 have also been obseNed in two cases 
where piles were founded in dense sands and extremely dense silts, respectively. The 
importance of evaluating time dependent decreases in pile capacity for piles founded in 
these materials cannot be over emphasized. 

9.10.1.3 Estimation of Pore Pressures During Driving 

According to Lo and Stermac (1965), the maximum pore pressure induced from pile driving 
may be estimated from the following equation. 
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Where: Lium = Maximum excess pore pressure (kPa). 
K0 = Coefficient of earth pressure at--rest. 
(Liu/p)m = Maximum value of the pore pressure ratio, Liu/p, measured in a CU 

triaxial test with pore pressure measurements. 

Pi = Initial effective overburden pressure prior to pile driving (kPa). 

Ismael and Klym (1979) presented a case history where the above procedure was used. 

They reported good agreement between measured excess pore pressures with estimates 

from the Lo and Stermac procedure. 

Paulus and Davis (1980) summarized measurements of excess pore pressures due to pile 

driving from several case histories. In this compilation, the reported excess pore pressure 

measurements divided by the effective overburden pressure were plotted versus the radial 

distance from the pile surface divided by the pile radius. These results are presented in 

Figure 9.57 and indicate that the excess pore pressure at the pile-soil interface can 

approach 1.4 to 1.9 times the effective overburden pressure, depending upon the clay 

sensitivity. 

The foundation designer should evaluate the potential change in pile capacity with time. 

Once pore pressures are measured or estimated, effective stress static pile capacity 

calculation methods can be used to quantify the probable change in pile capacity with time. 

9.10.2 Effects of Predrilling, Jetting and Vibratory Installation on Pile Capacity 

Piles are sometimes predrilled or jetted to a prescribed depth in order to attain the pile 

penetration depths required, as well as to reduce other foundation installation concerns, 

such as ground vibrations, Jetting is usually performed in cohesionless soils that can be 

freely eroded by water jets. Jetting, which can be very effective in sands, is usually 

ineffective in cohesive soils. For clays, and other drillable materials, such as thin layers of 

rock, predrilling the pile locations is more effective. The predrilled hole can be slightly 
smaller, equal to, or slightly larger than the pile diameter. 

9-156 



2----------------·-~---.,..-----. 
- - - - -x I 

1.5 

1 

0.5 

--. 
I 
I 
I 

0 4 f s · · 10 ----- Average Curve or ens1t1ve 
\~ Marine Clay 
' 

oa 
I 
I \ 
I \ 
I \ 

, . ~~ Average Curve for Clays of 
I!!.,-........--.-,, Low - Medium Sensitivity 

''l, •t '~ 
D ', ', 

D ...... ~ %..,Q 
• 9-- ... _ ...1... v-----0 -......- - ,.,,. ..A. - - - - .... _ 

X 

• --.---■ -- + 0 L--__ _... ___ ...,_ ___ .,__---'o,1.___..i.....& __________ '-----' 

0 10 20 30 40 50 60 

Radial Distance/ Pile Radius 

Figure 9.57 Excess Pore Water Pressure due to Pile Driving (after Poulos and Davis, 1980) 

The use of predrilling or jetting will result in greater soil disturbance than considered in 

standard static pile capacity calculations. Therefore, when predrilling or jetting is 

contemplated, the effect of either of these construction procedures on calculated 

compression, uplift, and lateral pile capacity should be considered. Poulos and Davis 
(1980) report that the ultimate shaft resistance should be reduced by 50% of the originally 

calculated capacity in the jetted zone if the pile is jetted and then driven to the final 

penetration. McClelland et al. (1969) reported that a decrease in shaft resistance over a 

predrilled depth can range from 50 to 85% of that calculated without predrilling, depending 

upon the size of the predrilled hole. Hence, the probable reduction in compression, uplift, 
and lateral capacity from jetting or predrilling should be evaluated whenever predrilling or 

jetting is being considered. 
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Agencies are often requested to allow pile installation with a vibratory pile hammer instead 

of an impact hammer. Mosher (1987) summarized the results from five sites where piles 

were installed by both impact and vibratory hammers. This study concluded that tor a 

significant majority of the cases, piles installed in sand with a vibratory hammer had a lower 

ultimate capacity than impact driven piles at the same site. Mosher also concluded that 

time dependent soil strength changes occurred equally for both installation methods. 

Hence, the capacity of the vibratory installed piles did not increase to the capacity of the 

impact driven piles with time. However, it was also observed that impact driving a vibratory 

installed pile would increase the capacity of the vibratory installed pile to that of an impact 
driven pile. 

O'Neill and Vipulanandan (1989) performed a laboratory evaluation of piles installed with 

vibratory hammers. This laboratory study found impact driven piles had a 25% greater unit 

shaft resistance and a 15 to 20% higher unit toe resistance than vibratory installed piles in 

medium dense to dense, uniform, fine sand. However, in very dense, uniform, tine sand, 

the impact driven pile had a 20 to 30% lower unit shaft resistance and approximately a 30% 
lower unit toe resistance than the vibratory installed pile. 

These two studies indicate use of vibratory pile installation rather than impact driving will 

affect the ultimate pile capacity that can be achieved at a given pile penetration depth. 

Therefore, communication between design and construction personnel should occur, and 
the influence of vibratory pile installation be evaluated when it is proposed. Impact driving 

a specified final depth of vibratory installed piles may provide a foundation that meets the 

engineer's performance requirements at reduced installation cost. 

9.10.3 Effects of Site Dewatering on Pile Capacity 

When a site is dewatered during construction, a temporary increase in effective stresses will 
occur. This causes a corresponding temporary increase in soil shear strength that will result 

in piles driven in a dewatered site to develop a greater capacity at a shallower pile 

penetration depth as compared to the non-dewatered condition. The soil resistance to be 

overcome to reach a specified penetration depth will also be greater than in the non
dewatered condition. If not considered in the design stage, the selected pile type may not 

be driveable to the required penetration depth in the dewatered construction condition. 

When dewatering is terminated, the effective stresses acting on the pile will decrease as the 

water table rises. This will result in a decrease in the soil shear strength and a decrease 
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in long term pile capacity. Hence piles driven to the ultimate capacity in the dewatered 

condition would have less than the required ultimate capacity once dewatering was 

terminated. 

For projects where significant dewatering is required, the effects of the dewatering on pile 
capacity and pile driveability should be evaluated. In these cases, multiple static analyses 

should be performed to determine the pile capacity and driveability requirements under the 

short term dewatered condition, as well as the long term pile capacity after dewatering has 

been terminated. 

9.10.4 Densification Effects on Pile Capacity and Installation Conditions 

As illustrated in Figure 9.3, driving a pile in cohesionless soil influences the surrounding soils 

to a distance of about 3 to 5 pile diameters away from the pile. The soil displacement and 

vibrations resulting from driving pile groups in cohesionless soils can further density 

cohesionless materials. The use of displacement piles also intensify group densification 
effects in cohesionless soils. 

Densification can result in the pile capacity as well as the resistance to pile penetration 

being significantly higher than that calculated for a single pile in the static capacity 

calculations. The added confinement provided by cofferdams or the sequence of pile 

installation can further aggravate a group densification problem. Piles should be installed 

from the center of the group outward in order to reduce group densification effects due to 

installation sequence. Densification can cause significant construction problems if scour, 
seismic, or other considerations require pile penetration depths that cannot be achieved. 

Potential densification effects should be considered in the design stage. Studies by 

Meyerhof (1959) and Kishida (1967) indicate that an increase in the soil friction angle of up 

to 4 degrees would not be uncommon for piles in loose to medium dense sands. It is 

expected that the increase in soil friction angle would be less for dense sands or 

cohesionless soils with a significant fine content. Densification affects the soil resistance 

to be overcome during driving and should be evaluated through static analyses performed 
using higher soil strength parameters than used for desi!Jn. Results from these static 

analyses may indicate that a low displacement pile should be used, the pile spacing should 

be increased, or that a pile installation aid should be specified in order to obtain the 
required pile penetration depth. 
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9.10.5 Plugging of Open Pile Sections 

Open pile sections include open end pipe piles and H-piles. The use of open pile sections 

has increased, particularly where special design events dictate large pile penetration depths. 

When open pile sections are driven, they may behave as low displacement piles and "cookie 
cut" through the soil, or act as displacement piles if a soil plug forms near the pile toe. It 

is generally desired that open sections remain unplugged during driving and plugged under 

static loading conditions. 

Stevens (1988) reported that plugging of pipe piles in clays does not occur during driving 

if pile accelerations (along the plug zone) are greater than 22g's. Holloway and Beddard 

(1995) reported that hammer blow size (impact force and energy) influenced the dynamic 

response of the soil plug. With a large hammer blow, the plug "slipped" under the dynamic 
event whereas under a lesser hammer blow the pile encountered toe resistance typically of 

a plugged condition. From a design perspective, these cases indicate that pile penetration 

of open sections can be facilitated if the pile section is designed to accommodate a large 

pile hammer. 

Static pile capacity calculations must determine whether an open pile section will exhibit 

plugged or unplugged behavior. Studies by O'Neill and Raines (1991), Raines et al. (1992), 
as well as Paikowsky and Whitman (1990) suggest that plugging of open pipe piles in 

medium d,ense to dense sands generally begins at a pile penetration to pile diameter ratio 

of 20, but can be as high as 35. For pipe piles in soft to stiff clays, Paikowsky and 

Whitman (1990) reported plugging occurs at penetration-to-pile diameter ratios of 1 O to 20. 

The above studies suggest that plugging in any soil material is probable under static 
loading conditions once the penetration to pile diameter ratio exceeds 20 in dense sands 
and clays, or 20 to 30 in medium sands. An illustration of the difference in the soil 

resistance mechanism that develops on a pipe pile with an open and plugged toe condition 

is presented in Figure 9.58. Paikowsky and Whitman (1990) recommend that the static 

capacity of an open end pipe pile be calculated from the lesser of the following equations: 

Plugged Condition: 

Unplugged Condition: 
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Where: Qu = Ultimate pile capacity, (kN). 
fso = Exterior unit shaft resistance, (kPa). 
As = Pile exterior surface area, (m2

). 

fsi = Interior unit shaft resistance, (kPa). 
Asi = Pile interior surface area, (m2

). 

qt = Unit toe resistance (kPa). 
Ai = Toe area of a plugged pile (m2

). 

AP = Pile cross sectional area of an unplugged pile (m2
). 

wP = Weight of the plug, (kN). 

The soil stresses and displacements induced by driving an open pile section and a 
displacement pile section are not the same. Hence, a lower unit toe resistance, qv should 
be used for calculating the toe capacity of open end pipe piles compared to a typical 
closed end condition. The value of the interior unit shaft resistance in an open end pipe pile 

is typically on the order of % to ½ the exterior unit shaft resistance, and is influenced by soil 
type, pile diameter, and pile shoe configuration. These factors will also influence the length 
of soil plug that may develop. 

For open end pipe piles in cohesionless soils, Tomlinson (1994) recommends that the static 
pile capacity be calculated using a limiting value of 5000 kPa for the unit toe resistance, 
regardless of the pile size or soil density. Tomlinson states that higher unit toe resistances 
do not develop, because yielding of the soil plug rather than bearing capacity failure of the 
soil below the plug governs the capacity. 

For open end pipe piles driven in stiff clays, Tomlinson (1994) recommends that the static 
pile capacity be calculated as follows when field measurements confirm a plug is formed 
and carried down with the pile: 

Where: Qu = Ultimate pile capacity, (kN). 
ca = Pile adhesion from Figure 9.18 (kPa). 
As = Pile-soil surface area, (m2

). 

cu = Average undrained shear strength at the pile toe (kPa). 
At = Toe area of a plugged pile (m2

). 
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Static pile capacity calculations for open end pipe piles in cohesionless soils should be 
performed using the Paikowsky and Whitman equations. Toe resistance should be 

calculated using the Tomlinson limiting unit toe resistance of 5000 kPa, once Meyerhof's 

limiting unit toe resistance, determined from Figure 9.17, exceeds 5000 kPa. For open end 

pipe piles in predominantly cohesive soils, the Tomlinson equation should be used. 

The plugging phenomenon in H-piles can be equally difficult to analyze. However, the 

distance between flanges of an H-pile is smaller than the inside diameter of most open end 

pipe piles. Therefore, it can usually be assumed that an H-pile will be plugged under static 

loading conditions and the "box" area of the pile toe can used for static calculation of the 

toe capacity in cohesionless and cohesive soils. The toe capacity for H-piles driven to rock 

is usually governed by the pile structural strength, calculated based on the steel cross 

sectional area, and should not include the area of a soil plug, if any. 

For H-piles in cohesionless soils, arching between the flanges can usually be assumed, and 

the "box" perimeter can be used for shaft resistance calculations. In most cohesive soils, 

the shaft resistance is calculated from the sum of the adhesion, ca, along the exterior of the 

two flanges plus the undrained shear strength of the soil, cu, times the surface area of the 

two remaining sides of the "box" due to soil-to-soil shear along these two faces. Figure 9.59 

illustrates that calculation of H-piles in stiff clays can still be problematic. Sheared clay 

lumps can develop above the plug zone, in which case the shaft resistance may only 
develop along the flanges in the sheared lump zone. 

The above discussions highlight the point that a higher degree of uncertainty often exists 

for static pile capacity calculations of open pile sections than for displacement piles. Soil 

plug formation and plug response is often different under static and dynamic loading. This 

can complicate pile capacity evaluations of open pile sections with all dynamic methods 

(wave equation, dynamic testing, and dynamic formulas). Therefore, for large diameter 

open end pipe piles (greater than 450 mm), or for H-piles designed due carry their load 
primarily in shaft resistance, a static load test is recommended for capacity verification. 

9.10.6 Design Considerations Due to Pile Driving Induced Vibrations 

Since piles are driven by impact or vibratory hammers, ground vibrations of some 

magnitude are almost always induced into the surrounding soils during pile installation. 

Damage to nearby structures can result from vibration induced soil settlements or from the 
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effects of vibrations on the structure itself. If a sensitive existing structure is located within 
approximately 150 meters of the pile driving location, vibrations or vibration induced soil 
densification may result in settlement damage to the existing structure. In many highway 
projects, vibrations are of limited concern, as surrounding structures are often greater than 
150 meters from the location of pile driving. 

For projects in urban areas, and for widening of existing bridges, the proximity of existing 
structures is often within the zone of potential damage. Careful evaluation of the pile driving 
procedures and/or monitoring of ground vibrations during pile installations should be 
performed for these projects. Wiss (1980), reported "safe" levels of ground vibration have 
typically been recommended between 12 and 100 mm per second. Lacy and Gould (1985) 
found that vibration induced soil densification settlements and structural damage can occur 
at peak particle velocities much less than 50 mm per second and that soil gradation is an 
important factor in this phenomenon. For a specific project, the ground vibration level where 
structural damage may occur will be dependent upon the type of soils, pile type(s), pile 
hammer, pile installation techniques, as well as the condition and type of existing structure. 

If the potential for damaging ground vibrations is high, pile installation techniques should 
be specified to reduce vibration levels. Specifications could require predrilling or jetting as 
well as use of a different pile type or use of a specific type of pile hammer. Since predrilling 
and jetting influence compression, uplift, and lateral pile capacities, a determination of 
probable vibration levels and remediation measures should be evaluated in the design 
stage. A case history illustrating how a change in pile installation procedures reduced 
vibration induced densification and off-site settlement damage was reported by Lukas and 
Gill (1990). 

NCH RP Project 20-5, Dynamic Effects of Pile Installations on Adjacent Structures, by Woods 
(1997), provides a synthesis of pile driving induced vibrations and typical mitigation 
practices. This synthesis noted that vibration problem management is the key to minimizing 
vibration damage, delays and claims. Two important elements in vibration management are 
a vibration specification with limits on the maximum peak particle velocity and a predriving 
survey of surrounding structures. An example vibration specification that details the 
requirements of a preconstruction survey as well as particle velocity controls is included in 
the NCHRP synthesis. The predriving survey needs to document conditions within the 
potential effected area. Woods reported that vibration damage a distance greater than one 
pile length away from driving is relatively uncommon but settlement damage in loose clean 
sands can occur up to 400 meters away. Woods allso concluded that piles with low 
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impedances, ENC, tend to transmit the hammer energy to the soils along the pile shaft and 

thus increase ground vibrations, whereas piles with higher impedances tend to more 

effectively transmit the hammer energy to the pile toe resulting in lower ground vibration 

levels. Hence, selection of a stiffer pile section at sites whme vibrations are a concern may 

reduce vibration problems. 

9.10. 7 Pile Driveability 

Greater pile penetration depths are increasingly being required to satisfy performance 
criteria in special design events such as scour, vessel impact, ice and debris loading, and 
seismic events. Therefore, the ability of a pile to be driven to the required penetration depth 
has become increasingly more important and must be evaluated in the design stage. Pile 
driveability refers to the ability of a pile to be driven to a desired penetration depth and/or 
capacity. All of the previously described static analysis methods are meaningless if the pile 
cannot be driven to the required design depth and ultimate capacity without sustaining 
damage. The limit of pile driveability is the maximum soil resistance a pile can be driven 
against without sustaining damage or a refusal driving resistance with a properly sized 
driving system. 

Primary factors controlling the ultimate geotechnical capacity of a pile are the pile type and 
length, the soil conditions, and the method of installation. Since the pile type, length and 
method of installation can be specified, it is often erroneously assumed that the pile can be 
installed as designed to the estimated penetration depth. However, the pile must have 
sufficient driveability to overcome the soil resistance encountered during driving to reach the 
estimated or specified pile penetration depth. If a pile section does not have a driveability 
limit in excess of the soil resistance to be overcome during driving, it will not be driveable 
to the desired pile penetration depth. The failure to adequately evaluate pile driveability is 
one of the most common deficiencies in driven pile design practice. 

In evaluating the driveability of a pile, the soil disturbance during installation and the time 

dependent soil strength changes should be considered. Both soil setup and relaxation have 
been described earlier in this chapter. For economical pile design, the foundation designer 
must match the soil resistance to be overcome at the time of driving with the pile 
impedance, the pile material strength, and the pile driving equipment. 
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9. 1 O. 7. 1 Factors Affecting Driveability 

A pile must satisfy two aspects of driveability. First, the pile must have sufficient stiffness 
to transmit driving forces large enough to overcome soil resistance. Second, the pile must 
have sufficient structural strength to withstand the driving forces without damage. 

The primary controlling factor on pile driveability is the pile impedance, EA/C. Once the pile 
material is selected, and thus the pile modulus of elasticity, E, and the pile wave speed, C, 
only increasing the pile cross sectional area, A, will improve the pile driveability. For steel 
H-piles, the designer can improve pile driveability by increasing the H-pile section without 
increasing the H-pile size. The driveability of steel pipe piles can be improved by increasing 
the pipe wall thickness. For open ended pipe piles, an inside-fitting cutting shoe can 
improve driveability by delaying the formation of a soil plug and thereby reducing the soil 
resistance to be overcome. Most concrete piles are solid cross sections. Therefore, 
increasing the pile area to improve driveabilty is usually accompanied by an increase in the 
soil resistance to driving. 

A lesser factor influencing pile driveability is the pile material strength. The influence of pile 
material strength on driveability is limited, since strength does not alter the pile impedance. 
However, a pile with a higher pile material strength can tolerate higher driving stresses that 
may allow a larger pile hammer to be used. This may allow a slightly higher capacity to be 
obtained before refusal driving conditions or pile damage occur. 

Other factors that may affect pile driveability include the driving system characteristics such 
as ram weight, stroke, and speed, as well as the actual system performance in the field. 
The dynamic soil response can also affect pile driveability. Soils may have higher damping 
characteristics or elasticity than assumed, both of which can reduce pile driveability. 
Dynamic soil response is discussed in greater detail in Chapters 17 and 18. 

Even if the pile structural capacity and geotechnical capacity both indicate a high pile 
capacity could be used, a high pile capacity may still not be obtainable because driving 
stresses may exceed allowable driving stress limits. A pile cannot be driven to an ultimate 
static capacity that is as high as the structural capacity of the pile because of the additional 
dynamic resistance or damping forces generated during pile driving. The allowable static 
design stresses in pile materials by various codes generally represent the static stress levels 
(pile capacity) which can be consistently developed with normal driving equipment and 
methods. Maximum allowable design and driving stresses are discussed in Chapter 11. 
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9.10. 7.2 Methods for Determining Pile Driveability 

There are three available methods for predicting and/or checking pile driveability. As design 

tools, all of the methods have advantages and disadvantages and are therefore presented 

in order of increasing cost and reliability. 

1 . Wave Equation Analysis 

This method, Goble and Rausche (1986), accounts for pile impedance and predicts 
driving stresses as well as the relationship of pile driving resistance versus ultimate pile 
capacity. Wave equation analyses performed in the design stage require assumptions 

on the hammer type and performance level, the drive system components, as well as the 

soil response during driving. These shortcomings are reflected in variations between 

predicted and actual field behavior. Even with these shortcomings, the wave equation 

is a powerful design tool that can and should be used to check driveability in the design 

stage, to design an appropriate pile section, or to specify driving equipment 

characteristics. Additional information on the wave equation, including its use as a 
construction control tool, is presented in Chapter 17. 

2. Dynamic Testing and Analysis 

Dynamic measurements can be made during pile installation to calculate driving stresses 

and to estimate static pile capacity at the time of driving. Time dependent changes in 

pile capacity can be evaluated if measurements are made during restrike tests. 

Additional signal matching analysis can also provide soil parameters for refined wave 
equation analysis. A shortcoming of this method as a design tool is that it must be 

performed during pile driving. Therefore, in order to use dynar,nic testing information to 

confirm driveability or to refine a design, a test program is required during the design 

stage. Additional details on dynamic testing and analysis, including its use as a 
construction control tool, is presented in Chapter 18. 

3. Static Load Tests 

Static load tests, Kyfor et al. (1992), are useful for checking driveability and confirming 

pile capacity prior to production pile driving. Test piles are normally driven to estimated 

lengths and load tested. The confirmation of pile driveability through static load testing 

is the most accurate method of confirming driveability and pile capacity since a pile is 
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actually driven and load tested. However, this advantage also illustrates one of its 
shortcomings as a design tool, in that a test program is required during the design stage. 

Other shortcomings associated with static load tests for determining driveability include: 

a. cost and time delay that limit their suitability to certain projects. 

b. assessment of driving stresses and extent of pile damage, if any, sustained by the pile 

is not provided by the test. 

c. can be misleading on projects where soil conditions are highly variable. 

Additional details on static load testing, including its use as a construction control tool, 

is presented in Chapter 19. 

As design and construction control tools, methods 1 and 2 offer additional information and 

complement static load tests. Used properly, methods 1 and 2 can yield significant savings 

· in material costs or reduction of construction delays. These methods can be used to 
reduce the number of static load tests and also allow evaluation of increases in the 
maximum allowable design stresses. A determination of the increase (soil setup) or 
decrease (relaxation) in pile capacity with time can also be made if piles are retapped after 

initial driving. 

9.10. 7.3 Driveability Versus Pile Type 

Driveability should be checked during the design stage of all driven piles. It is particularly 
important for closed end steel pipe piles where the impedance of the steel casing may limit 

pile driveability. Although the designer may attempt to specify a thin-wall pipe in order to 

save material cost, a thin wall pile may lack the driveability to develop the required ultimate 

capacity or to achieve the necessary pile penetration depth. Wave equation analyses 

should be performed in the design stage to select the pile section and wall thickness. 

Steel H-piles and open pipe piles, prestressed concrete piles, and timber piles are also 

subject to driveability limitations. This is particularly true as allowable design stresses 
increase and as special design events require increased pile penetration depths. The 

driveability of long prestressed concrete piles can be limited by the pile's tensile strength. 
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STUDENT EXERCISE #1 - CONSTRUCT A p0 DIAGRAM 

For the soil profile given below, construct the total and effective overburden pressure 
diagrams. The water table is 5 meters below the ground surface. The unit weight of 
water is 9.80 kN/m3

. Construction of a p0 diagram is described in Section 9.4 of Chapter 
9. The solution to this problem is presented in Appendix G. 

Depth (m) 

0 -----------------------

Loose Silt 
5 _y_ 

y = 15.0 kN/m3 

10 -----------------------

15 Medium Dense Sand y = 17.5 kN/m3 

20 ------------------------

25 
Very Stiff Clay y = 20.0 kN/m3 

30 

35 -~~------------------
Bedrock 
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STUDENT EXERCISE #1 - CONSTRUCT A p0 DIAGRAM - STEP BY STEP 

The suggested step by step procedure is as follows: 

1. Calculate the total overburden pressure, Pt, at the depth of each strata change and 
at the static water table. 

2. Calculate the pore water pressure, u, at each depth. 

3. Calculate the effective overburden pressure at each depth from Pi-U. 

4. Plot Pt and p0 versus depth on the following page. 
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Overburden Pressure (kPa) 
0 100 200 300 400 500 600 700 

0 
~+-+--+-+-~-+-+-+-+--+---+--~-~ ---+-+--+-+-+-+--+--+-+-+--~- -l--

5 i-+-+-+--+--t-t-t--+--+--+--+--t--+--+--t--+-+--+-+-t--+--+--+-+-t--+--+--+--+-t--+--+--+-+--1 

10 ~-+--+--t-+-+-+--+--t-+-+~--+-+--t--+--1--+-+-+-+--+--+-+-+-+--+--+-+-+--+-1 

15 ~-+--+--t-+-+-+--+--t-+-+-+--+----+-+--+--+----+-+-+-+--+--+-+-+-+--+---+--+--+--+-1 

Depth 

(m) 
20 i-+-+-+--+--t-t-t--+--+--+--+--1--+--+--t--+-+--+-+-t--+--+--+-+-t--+--+--+-+-t--+--+--+--+-l 

25 i--+--+--+--+-+--+-+--+--+--+--+---+-f--+-t--+--+-+-+--+--t-+-+-t--+--1--+-+-+-+--+-+-+-+--1 

~-+--+---1--+--+--+--+--+--+-+--+--+--+---+--+--+--+--+--+--+---t--+--+--+--+-+--+--+---+--+- r·- -

30 ~-+--+--t-+-+-+--+--t-+-+-+--+----+-+--t--+--1--+-+-+-+--+--+-+-+-+--+---+--+--1---t---1 

35 ............. .........._ .......................... i.....i.....i..-'-"-'L....1......1..-'-"-'L....J....1..~~~~..J....I--I 
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STUDENT EXERCISE #2 - NORDLUND CAPACITY CALCULATION 

Use the Nordlund method and the step by step procedures described in Section 
9.7.1.1 b to calculate the ultimate capacity and the allowable design load for a 305 mm 
square prestressed concrete pile driven into the soil profile described below. A trial pile 
length of 15 meters below the bottom of the pile cap 1 meter below grade should be 
used. Begin the calculation with Step 2 of the step by step procedure since the data 
required from Step 1 has been provided in the problem. The overburden pressure 
diagram for this problem is included on the next page. The problem solution is 
presented in Appendix G. 

Depth (m) 

0 I 
Loose to Medium Dense N' = 10 

Layer1 
Fine to Medium Sand 

~ = 30° 

• 'Y = 17.0 kN/m3 

5 -

Layer 2 Medium Dense to Dense 
10 Fine to Coarse Sand 

N' = 30 

15 ~ = 35° 
.....__ 

y = 18.8 kN/m3 

20 

25 ---------------------------------------------· 
End of Boring 
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0 

Layer1 

Layer2 

5 

10 

Depth 
(m) 

15 

20 

----------- 25 
End of Boring 

30 

Effective Overburden Pressure (kPa) 
0 50 100 150 200 250 300 
'i,.,. 

~ 
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STUDENT EXERCISE #2 - NORDLUND METHOD - STEP BY STEP 

STEP 1 The p0 diagram, soil layer determination, and the soil friction angle, ¢, for 

each soil layer were presented in the problem introduction. Layer 1 has an 
¢ angle of 30° and layer 2 has an¢ angle of :35°. 

STEP 2 Determine o. 

a. Compute volume of soil displaced per unit length of pile, V. 

V = (0.305 m)(0.305 m)(1.0 m/m) = 0.093 m3/m 

b. Determine o/¢ from Figure 9.1 0. 

V = 0.093 m3/m - o/¢ = 

c. Calculate c5 for each soil layer. 

Layer 1: 

Layer 2: c5 -
2 -

STEP 3 Determine K6 for each soil layer based on displaced volume, V, and pile taper 
angle, w. 

Layer 1: For¢ = 30°, V = 0.093 m3/m and w = o· 

From Figure 9.12: K6 = 

Layer 2: For¢ = 35°, V = 0.093 m3/m and w = o· 

From Figure 9.13: K6 = 
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STEP 4 Determine correction factor, CF, to be applied to K6 when 6~¢ (Figure 9.15.) 

Layer 1 : ¢ = 30° and 6/¢ = 

Layer 2: ¢ = 35° and 6/¢ = 

STEP 5 Compute effective overburden pressure at midpoint of each soil layer, pd. 

From p0 diagram, pd for layer 1 is 51 kPa, and 

pd for layer 2 is 134.5 kPa. 

STEP 6 Compute the shaft resistance for each soil layer. 

Rs = Ko CF pd sin 6 Cd D 

Cd = pile perimeter = 

D = embedded length in layer 

Layer 1 : Rs1 = 

Layer 2: Rs2 = 

Compute the ultimate shaft resistance, Rs· 
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STEP 7 Determine at coefficient and bearing capacity factor N'q from <t> angle of 35° 
at pile toe and Figures 9.16(a) and 9.16(b). 

From Figure 9.16(a) 

From Figure 9.16(b) - N' = q 

STEP 8 Compute effective overburden pressure at pile toe. 

From effective overburden pressure diagram, p1 at 16 meters is 184 kPa. 
Therefore, limiting overburden pressure at pile toe of 150 kPa applies. 

STEP 9 Compute the ultimate toe resistance, Rt. 

= 

determine qL from Figure 9.17, for <f,=35°. 

= 

c. Use lesser value of Rt from Step 9a andl 9b. Therefore, Rt = 

STEP 10 Compute the ultimate pile capacity, Qu. 
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STEP 11 Compute the allowable design load, Qa l)ased on construction control as 
described in Section 9.6. 

Based on construction control with static load testing 0 8 = 

Based on construction control with the Gates Formula 0
8
= 
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STUDENT EXERCISE #3 - a-METHOD PILE CAPACITY CALCULATION 

Use the a-Method and step by step procedure described in Section 9. 7. 1.2a to calculate 

the ultimate pile capacity and the allowable design load for a 356 mm square, 
prestressed concrete pile driven into the soil profile described below. The trial pile 
length for the calculation is 17 meters. The prestressed concrete pile has a pile-soil 
surface area of 1.42 m2/m and a pile toe area of 0.127 m2

. Based on the soil profile, 
Figure 9.18 or 9.19(c) should be used to calculate pile capacity. The problem solution 
is presented in Appendix G. Note: the soil strengths provided are unconfined 
compression test results (cu = qj2). 

Depth (m) 

0 -------------------------------
1 - ~ Layer 1 : Stiff Clay 

5 qu = 110 kPa 

10 Layer 2: Stiff Clay 

qu = 260 kPa 

15 
17m-

20 

25 ---------------------------------------------
End of Boring 
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STUDENT EXERCISE #3 - a-METHOD - STEP BY STEP 

STEP 1 Delineate the soil profile and determine the pile adhesion from Figure 9.18 or 

the adhesion factor from Figure 9.19(c). 

The soil profile was delineated in the problem statement. The bottom of 
Layer 1 is at 9 meters. Therefore calculations for Layer 1 should be based 

on an embedded pile length to diameter ratio, 0/b, of (9 m); / (.356 m) or 25. 

The bottom of Layer 2 is at 17 meters. Calculations for Layer 2 should then 
be based on an embedded pile length to diameter ratio, 0/b, of (17 m) / (.356 

m) or 48. 

Using Figure 9.18, calculate the pile adhesion, ca, for each layer: 

Layer 1 : Ca1 = 

Layer 2: Ca2 = 

or using Figure 9.19(c), calculate the adhesion on factor, o, for each layer: 

Layer 1: 0 1 = 

Layer 2: 0 2 = 

STEP 2 Compute the unit shaft resistance, f s for each soil layer. 

Layer 1: f 81 = 

Layer 2: f82 = 
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STEP 3 Compute the shaft resistance per layer and the ultimate shaft resistance. 

The embedded pile length is 9 meters in Layer 1 and 8 meters in Layer 2. 
The pile-soil surface area was defined as 1.42 m2/m 'in the problem 
statement. 

The ultimate shaft resistance, R8 , is the sum of the shaft resistance from each 
individual layer. 

STEP 4 Compute the unit toe resistance, qt from 9 cu. 

= 

STEP 5 Compute the ultimate toe resistance, Rt· 

STEP 6 Compute the ultimate pile capacity, Qu· 
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STEP 7 Determine the allowable design load, Qa based on construction control 
method as described in Section 9.6. 

Based on construction control with static lload testing, Oa = 

Based on construction control with the Gates Formula, 0 8 = 
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STUDENT EXERCISE #4 - a-METHOD & NORDLUND METHOD PILE CAPACITY 
CALCULATION IN A LAYERED SOIL PROFILE 

•Use the a-Method described in Section 9.7.1.2a and the Nordlund Method described in 

Section 9. 7.1.1 b to calculate the ultimate pile capacity, the resistance to driving, and the 
allowable design load for a 324 mm 0.0. closed end pipe pile driven into the soil profile 

described below. The trial pile length for the calculation is 19 meters below the pile 
cutoff elevation 1 meter below grade. The pipe pile has a pile-soil surface area of 1.02 

m2/m and a pile toe area of 0.082 m2
. Use Figure 9.18 to calculate the shaft resistance 

in the clay layer. The pile volume is 0.082 m3/m. The effective overburden at 17 m, the 
midpoint of the pile shaft in the sand layer is 177 kPa, and the effective overburden 

pressure at the pile toe is 204 kPa. The problem solution is presented in Appendix G. 

Note: the soil strengths provided are unconfined compression test results (cu = qu / 2). 

Depth (m) 

o---~---~----------------1 m L--_J __y__ 

5 

10 

14 m 
15 

20 20m - ---

25 

Stiff Clay 

'Y = 19.8 kN/m3 

qu = 260 kPa 

Set-up Factor= 1.75 
<I> = 27.5° 

Dense, Silty F-M Sand 
'Y = 18.8 kN/m3 

N' =30 
Set-up Factor= 1.0 

<I> = 35° 

30 ----------------------
End of Boring 
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STUDENT EXERCISE #4 - a-METHOD & NORDLUND METHOD - STEP BY STEP 

Calculate the Shaft Resistance in the Clay Layer Using a-Method 

STEP 1 Delineate the soil profile and determine the pile adhesion from Figure 9.18. 

Layer 1: qu = 260 kPa so cu = 

D/b = 

Therefore ca = 

STEP 2 Compute the unit shaft resistance, fs, for each soil layer. 

STEP 3 Compute the shaft resistance in the clay layer. 

Calculate the Shaft Resistance in the Sand Layer Using Nordlund Method 

STEP 1 The p0 diagram, soil layer determination, and the soil friction angle, ¢, for 

each soil layer were presented in the problem introduction. 

STEP 2 Determine cS. 

a. Compute volume of soil displaced per unit length of pile, V. 

V = 0.082 m3/m (per problem description) 

b. Determine c5/¢ from Figure 9.10. 

V = 0.082 m3/m - c5/¢ = or c5 = 
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c. Calculate c5 for each soil layer based on c5 = 

Layer 2: 02 = 

STEP 3 Determine K6 for each soil layer based on displaced volume, V, and pile taper 

angle, w. 

d. 

Layer 2: For¢ = 35°, V = 0.082 m3/m and w = o· 

From Figure 9.13: K6 = 1.15 

K6 = 1.75 

for V = 0.0093 m3/m 

for V = 0.093 m3/m 

Using log linear interpolation K6 = 1. 72 for V = 0.082 m3/m 

STEP 4 Determine correction factor, CF, to be applied to K6 when c5=rt¢ (Figure 9.15.) 

Layer 2: ¢ = 35° and 8/¢ = 

STEP 5 Compute effective overburden pressure at midpoint of each soil layer, pd. 

From problem description, pd for layer 2 is 177 kPa. 

STEP 6 Compute the shaft resistance for each soil layer. 

Cd = pile perimeter = 1.02 m2/m (given) 

D = embedded length in layer 

Layer 2: R52 = 
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Compute the Ultimate Shaft Resistance, Rs 

Compute the Ultimate Toe Resistance, Rt 

STEP 7 Determine a1 coefficient and bearing capacity factor N'q from ¢ angle of 35° 
at pile toe and Figures 9.16(a) and 9.16(b) 

At pile toe depth 

From Figure 9.16(a) 

From Figure 9.16(b) 

- 0/b = 

= 

N' q = 

STEP 8 Compute effective overburden pressure at pile toe. 

Pt= 

STEP 9 Compute the ultimate toe resistance, R1. 

b. R1 = qL A1 (qL determined from Figure 9.17) 

c. Use lesser value of R1 from Step 9a and 9b. Therefore, R1 = 

STEP 10 Compute the ultimate pile capacity, Qu. 
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STEP 11 Compute the allowable design load, Qa, based on construction control 
methods as described in Section 9.6. 

Based on construction control with a static test, Qa = 

Based on construction control using the Gates Formula, Qa= 

Calculation of the Resistance to Driving 

The clay layer has a set-up factor of 1.75 and the sand layer has a set-up factor of 1.0. 
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STUDENT EXERCISE #5 - EFFECTIVE STRESS PILE CAPACITY CALCULATION IN A 
LAYERED SOIL PROFILE 

Use the Effective Stress Method described in Section 9. 7 .1.3 to calculate the ultimate 

pile capacity, the resistance to driving, and the allowable design load for a 324 mm 0.D. 
closed end pipe pile driven into the soil profile described below. The trial pile length for 

the calculation is 19 meters below the pile cutoff elevation 1 meter below grade. The 
pipe pile has a pile-soil surface area of 1.02 m2/m and a pile toe area of 0.082 m2

. Use 
Table 9-4 or Figure 9.20 to determine f3 values for calculation of the shaft resistance and 
Table 9-4 or Figure 9.21 for calculation of N1. The effective overburden at the midpoint 
of the pile shaft in the clay layer is 85 kPa and 177 kPa at the midpoint of the sand layer. 

The effective overburden pressure at the pile toe is 204 kPa. 

During driving, the excess pore pressure generated in the clay layer at the pile-soil 

interface is expected to be 1.4 times the effective overburden pressyre based on Figure 

9.56. Therefore, use an average effective overburden pressure of 29.5 kPa at the 
midpoint of the pile shaft in the clay layer to calculate the shaft resistance in the clay 
layer during driving. 

Depth (m) 

o---~--~------------1 m L~_J .Y_ 

5 

10 

14 m 
15 

20 20m ---

25 

Stiff Clay 

y = 19.8 kN/m3 

qu = 260 kPa 

~· = 27'.5° 

Dense, Silty F-M Sand 
y = 18.8 kN/m3 

N' = 30 
~· = 35° 

30 -------------------
End of Boring 
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STUDENT EXERCISE #5 - EFFECTIVE STRESS METHOD - STEP BY STEP 

STEP 1 Delineate the soil profile and determine the¢' angle for each layer. 

The soil profile and ¢' angle were given in the problem description. 

STEP 2 Select the /3 coefficient for each soil layer. 

Layer 1: ¢' = 27.5° - /31 = 

Layer 2: ¢' = 35° - /32 = 

STEP 3 Compute the unit shaft resistance, f s• in each layer. 

Layer 1: f sl = /31 (p0 ) = 

Layer 2: f s2 = /32 (p0 ) = 

STEP 4 Compute the shaft resistance for each layer and the ultimate shaft resistance. 

The shaft resistance for each layer is as follows: 

Layer 1: Rs1 = ( fsl )( As)( D1) = 

Layer 2: Rs2 = ( f s2 )( As)( D2) = 

The ultimate shaft resistance, Rs is as follows: 
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STEP 5 Compute the unit toe resistance, q,, using Fiflure 9.21 and ¢' at pile toe. 

STEP 6 Compute the ultimate toe resistance, R,. 

STEP 7 Compute the ultimate pile capacity, Qu. 

= R + R = s I 

STEP 8 Compute the allowable design load, Qa, based on construction control 

method as described in Section 9.6. 

Based on construction control with static load testing, Qa = 

Based on construction control with the Gates Formula, Qa = 

Calculation of the Resistance to Driving 

.The average effective overburden pressure in the clay layer during driving is estimated 

to be 29.5 kPa. Therefore, the average unit shaft resistance in the clay layer at the time 

of driving should be calculated using this effective overburden pressure. The shaft and 

toe resistance from the sand layer are unchanged. The resistance at the time of driving, 

0 0 , is: 
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STUDENT EXERCISE #6 - LPC METHOD PILE CAPACITY CALCULATION 

Cone Penetration Test (CPT) data for a site identified three soil layers having the average 

CPT results presented below. Use the LPC Method described in Section 9.7.1.?b to 
calculate the ultimate pile capacity and the allowable design load for a 324 mm diameter 
closed end pipe pile. Use a trial pile length of 21 meters. The pipe pile has a pile-soil 
surface area of 1.02 m2/m and a pile toe area of 0.083 111

2
. Previous load test data is 

not available in the project vicinity. Use Figure 5.2 to characterize the subsurface 
conditions. The problem solution is presented in Appendix G. 

Depth (m) 

0 
' Layer 1: qc = 1500 kPa 

5 
Sm fs = 52.5 kPa 

' 
Rf= 3.5 

10 
l Layer 2: qc = 4500 kPa 

10 m 
fs = 22.5 kPa 

15 Rf= 0.5 

' 

20 3m Layer 3: qc = 25,000 kPa 

' ..... 21 m fs = 125.0 kPa 

R1 = 0.5 
25 -------------------------------------------

End of CPT Data 

Note: Assume qc at the Pile Toe is the same as Average qc for Layer 3. 
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Cone Tip Resistance 

qc, (kPa) 

11 

Layer 1 

100 L=~====c::==~==~-..l..---1--------l...-_J 
0 2 3 4 5 6 7 8 

FRICTION RATIO (%), Rf 

Modified from Figure 5.2 (Simplified Soil Classified Chart for Standard Electronic Friction 
Cone after Robertson et al., 1986) 

Zone qjN Soil Behavior Type 

1) 2 sensitive fine grained 
2) 1 organic material 

3) 1 clay 

4) 1.5 silty clay to clay 
5) 2 clayey silt to silty clay 

6) 2.5 sandy silt to clayey silt 

7) 3 silty sand to sandy silt 

8) 4 sand to silty sand 

9) 5 sand 

10) 6 gravelly sand to sand 

11) 1 very stiff fine grained 

12) 2 sand to clayey sand 
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STUDENT EXERCISE #6 - LPC METHOD - STEP BY STEP 

STEP 1 Delineate the soil profile. Using the cone tip resistance, qc, and the friction 

ratio, Rf, values in Figure 5.2, the soil profile can be characterized as follows: 

Layer 1: qc = 1500 kPa and R1 = 3.5, the soil type is: 

Layer 2: qc = 4500 kPa and Rf = 0.5, the soil type is: 

Layer 3: qc = 25000 kPa and Rf = 0.5, the soil type is: 

STEP 2 Determine the unit shaft resistance for each soil layer. 

From Table 9-7, the pile type is: 

The unit shaft resistance for each layer can be determine from Tables 9-S(a) 

and 9-S(b) along with Figures 9.25(a) and 9.~~5(b). 

Layer 1: f81 = 

Layer 2: f 82 = 

Layer 3: f 83 = 
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STEP 3 Compute the shaft resistance per layer and the ultimate shaft resistance. 

Layer 1: The unit shaft resistance, f 81 = 

The shaft resistance in this layer can be calculated from: 

Layer 2: The unit shaft resistance, f 82 = 

The shaft resistance in this layer can be calculated from: 

Layer 3: The unit shaft resistance, f53 = 

The shaft resistance in this layer can be calculated from: 

The ultimate shaft resistance, R
8

, is the sum of the shaft resistance from each 
individual layer. 
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a. The average cone tip resistance is 25000 kPa. 

b. From Table 9-9, the cone bearing capacity factor, Kc = 

c. The unit pile toe resistance is then: 

= K q = C C 

Compute the ultimate toe resistance, R1. 

Compute the ultimate pile capacity, Ql,. 

Determine the allowable design load, Qa, based on construction control 
method as described in Section 9.6. 

Based on construction control using a static test, Qa = 

Based on construction control using the Gates F-ormula, Qa = 
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STUDENT EXERCISE #7 - PILE GROUP SETTLEMENT IN LAYERED PROFILE 

A pile group is to be installed in a fine to medium silty sand deposit that is underlain by 
a stiff clay layer and then a very dense fine to coarse sand layer. The pile group has a 
total design load of 16,000 kN. The pile group has a plan area of 3 m by 10 m. Use 
the pile group settlement method for layered soils described in Section 9.8.2.4 to 
calculate the settlement of the pile group depicted on the following page. For ease of 
calculation, compute the settlements for each soil layer below the equivalent footing 
depth using the layer thickness rather than breaking the profile into 1.5 to 3 m thick 
layers as described in Section 9.8.2.4. Also do not calculate the elastic pile deformation 
for this problem. Based on your calculation, is the pile ~1roup settlement acceptable? 

The soil layers have the following properties: 

In the zone below the equivalent footing location, the fine to medium sand has an 
average corrected SPT resistance value of 30 as determined using a SPT safety 
hammer. The existing overburden pressure at the midpoint of the sand layer below the 
equivalent footing location is 190 kPa and the corresponding pressure increase at this 
point is 133 kPa. 

The stiff clay layer has an initial void ratio e0 of 0.80, a preconsolidation pressure, Pc, of 
247 kPa, a compression index, Cc of 0.30 and recompression index Ccri of 0.03. The 
existing overburden pressure at the midpoint of the clay layer is 247 kPa and the 
corresponding pressure increase at this depth is 54 kPa. 

The underlying very dense fine to coarse sand layer has an average corrected SPT 
resistance value of 60 determined by a SPT safety hammer. The pressure increase is 
less than 10% of the effective overburden pressure at a depth of 32 meters. At the 
midpoint of the affected portion of the lower sand layer (30.5 m), the effective 
overburden pressure is 297 kPa and the pressure increase is 34 kPa. 

To solve this problem you will need to calculate the sand layer settlement from the 
equation on page 9-114 and Figure 9.45 on page 9-115. The clay layer settlement 
should be calculated using the properties described above and the appropriate equation 
on page 9-111. (Note the terms for these equations are on page 9-108). 
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Om 

23 m 

29 m 

32 m 

18 m 

P = Total Design Load on Pile Group 
= 16,000 kN 

Footing Size is 5 m x 11 m 

1.0 m 
---------~--------------- -

Group Area 
=3mx10m 

Equivalent Footing 1
1 

I 

at 8/9 D I 

I 
I 

I 

I 

/ • Po = 190 kPa 
/ Ap = 133 kPa 

I 
I 

t 
I 

I 
I 

I • Po = 24 7 kPa 
/ Ap = 54 kPa 

t 

I • Po = 297 kPa 
I 

Fine - Medium 

Silty Sand 
12 m 

Stiff Clay \ 6 m 

Very Dense \\ l 
/ Ap = 34 kPa 

-····· ....__ Ap < 10% of Po 

Fine - Coarse Sand \ 3 r 

Remember settlement computations are based on the design load rather than ultimate 
loads. 
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STUDENT EXERCISE #7 - PILE GROUP SETTLEMENT - STEP BY STEP 

STEP 1 Calculate the settlement of the fine to medium silty sand layer using the 
following equation after determining the bearing capacity index for the layer 
from Figure 9.45. 

Layer 1: 
[ 

1 Po + Lip] = 
s1 = H C' log Po 

STEP 2 Calculate settlement in clay layer after determining appropriate settlement 
equation from page 9-111. 

Layer 2: s = 2 

STEP 3 Calculate the settlement of the very dense, tine to coarse sand layer after 
determining the index value from Figure 9.45. 

Layer 3: 
[ 

1 Po + Lip] 
s3 = H C' log Po = 

STEP 4 Compute total settlement: 

Is the pile group settlement acceptable? 
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STUDENT EXERCISE #8 - BROMS' METHOD LATERAL CAPACITY ANALYSIS 

Perform a lateral capacity analysis using the Broms' method by following the step by 
step procedure outlined in Section 9.7.3.2. The pile is a 356-mm square prestressed 

concrete, which has been driven to a total penetration of 11 meters below grade. The 
subsurface conditions are presented below. Calculate the maximum allowable lateral 
load of the pile, and the corresponding deflection at this maximum allowable load. 

Evaluate the total lateral load capacity of the pile group consisting of 24 piles at 1 .5 
meters center to center spacing. Assume the pile is to be used in group under a pile 
cap (fixed head ec=O) with the possibility of cyclic loading during service life. The 
following pile properties are given: E = 27,800 MPa; f'c = 34.5 MPa; 1=1.32 x 10-3m4

; 

and S = 7.46 x 10-3m3
. The problem solution is presented in Appendix G. 

Depth 
(m) 

0 

5.0 

10.0 

15.0 

-

11 m 

l__ 
.... ....!... .............................. . 

Medium Silty Fine Sand 
'Y = 1 S:.8 kN/m3 

N' == 30 
<I> == 35° 

200 -----------------------------------. 
End of Boring 
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EXERCISE #8 - BROMS' METHOD - STEP BY STEP 

STEP 1 Determine the general soil type within the critical depth below ground surface 
(about 4 or 5 pile diameters). 

STEP 2 Determine the coefficient of horizontal subgrade reaction, Kh, within the critical 
depth based on cohesive or cohesionless soils. 

STEP 3 Adjust Kh for loading and soil conditions. 

STEP 4 Determine pile parameters. 

a. Modulus of elasticity, E = 27,800 MPa 

b. Moment of inertia, I = 1 .32 x 10-3 m4 

c. Section modulus, S = 7.46 x 10-3 m3 

d. Ultimate compressive strength, f' 0 = 34.5 MPa 

e. Embedded pile length, D = 11 m 

f. Pile width, b = 0.356 m 

g. Eccentricity of applied load, e
0 

= 0 for fixed-headed pile 

h. Dimensionless shape factor, C8 , applied only to steel piles. 

i. Resisting moment of pile, My = f' 0 S for concrete piles 

M = y 
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STEP 5 Determine '7 for cohesionless soils. 

5 
'7 = JKJEI = 

STEP 6 Determine the dimensionless length factor for cohesionless soil. 

'7D = 

STEP 7 Determine if pile is long or short according to the cohesionless soil criteria. 

STEP 8 Determine other soil parameters. 

a. Rankine passive pressure coefficient for cohesionless soil, KP, is: 

KP = tan2 
( 45 + ¢/2 ) = 

b. Average effective soil unit weight over embedded pile length, y (kN/m3
). 

y= 

STEP 9 Determine the ultimate (failure) load, Ou, for a single pile. 

a. Calculate 

b. With solution from Step 9a, enter Figure 9.30 and determine 

Oj(KP b 3 y) from fixed head curve. 

c. From Step 9b, Qj(Kp b 3 y) = Solve for Ou 
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STEP 1 O Calculate the maximum allowable working load for a single pile, Om, from the 

ultimate load, Qu, determined in Step 9, as shown in Figure 9.31. 

STEP 11 Calculate the defl.ection, y,, corresponding to= the worKing load, Oa. 

(Since neither the working load, Qa, nor the design deflection at the ground 

surface, y, are given, use Qm to calculate Ym·) 

STEP 12 Compare the design load Qa, and design deflection, y, (if available) with the 

maximum allowable working load, Qm, and deflection, Ym· 

STEP 13 Reduce the allowable load selected to account for group effects and method 

of installation based on Table on page 9-87. 

a. Group effects. 

b. Method of installation. 

STEP 14 Compute the total lateral load capacity of the pile group. 
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10. OVERVIEW OF DYNAMIC ANALYSIS METHODS 

Dynamic analysis methods can be defined as analytical techniques for evaluating the soil 

resistance against which the pile is driven. A pile foundation designed to meet 
compression, uplift, and lateral load performance requirHments using the static design 

methods presented in Chapter 9 is of little use if it cannot be installed as designed and 

without damage. The ability of a selected pile section to be driven within allowable driving 

stress limits to the required ultimate capacity and to the minimum pile penetration depth 

should be evaluated by the foundation designer during the design stage through modern 

dynamic analysis methods. 

The soil resistance acting against the pile during driving consists of both static and dynamic 
resistance components. Of primary interest is the static resistance component because this 
is the only resistance available to support the applied loads. At the time of driving, the 

static resistance component is in most cases only a portion of the ultimate pile capacity. 

The dynamic soil resistance, or damping force, is the temporary viscous resistance on the 
pile during driving. Therefore, the dynamic resistance component provides resistance to pile 

penetration during driving but does not provide long term support under static loading 

conditions. 

Traditional dynamic analysis techniques have been dynamic formulas such as the 

Engineering News formula. Depending upon the formula used, an estimate of the allowable 

or ultimate pile capacity relative to the pile driving resistance at the time of driving is 

obtained. Unfortunately, dynamic formulas have fundamental weaknesses in that they do 
not adequately model the dynamics of the hammer-pile impact, the influence of axial pile 

stiffness, or the soil response. Dynamic formulas have also proven unreliable in determining 

pile capacity in many circumstances. Their continued use is not recommended on 

significant projects. 

Wave equation analysis, Goble and Rausche (1986), is the most readily available modern 

dynamic analysis tool available to the foundation designer during the design stage. A 

detailed discussion of the wave equation method is presented in Chapter 17. Dynamic 

testing and analysis, Goble and Hussein (1994), Hannigan (1990) is an additional modern 

dynamic analysis tool that can be used if a design stage test program is planned. 

Additional details on dynamic testing and analysis methods are presented in Chapter 18. 
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These modern dynamic analysis methods not only provide an estimate of the ultimate pile 
capacity relative to pile driving resistance, but also include an evaluation of pile driving 
stresses. The proper application of modern dynamic analysis methods is to match the 
hammer size and pile section to the static and dynamic soil resistance to be overcome to 

achieve the ultimate pile capacity or to reach the specified pile penetration depth. 

10.1 NEED FOR MODERN DYNAMIC ANALYSIS METHODS 

Piles are forced into the ground by dynamic means such as impact or vibration. A 
successful pile foundation which meets the design objectives depends largely on relating 
the static analysis results presented on the plans to the dynamic methods of field installation 
and control. During the design and construction stage, the following site specific questions 
often arise: 

1 . Can the design pile section be driven to the required penetration depth and capacity with 
readily available pile hammers (design stage) or a proposed hammer (construction 
stage)? 

2. What soil resistance must be overcome? With the anticipated or proposed hammer, what 
will be the maximum driving resistance required to overcome this soil resistance and 
what will be the maximum stresses experienced by the design pile section during driving? 

3. If a specific hammer cannot drive the design pile section to the required depth and/or 
capacity within allowable driving stresses, what hammer characteristics could be 
specified (design stage) or obtained (construction stage) to drive the pile? 

To answer these and other questions that may arise with a specific pile foundation, rational 
analysis of the hammer-cushion-pile-soil system through modern dynamic analysis methods 
is invaluable. Experience alone, however important, is not sufficient to answer the above 
questions. 

As noted earlier, the traditional method for field verification of pile capacity has been 
dynamic formulas, which are discussed in greater detail in Chapter 16. Unfortunately, 

dynamic formulas have fundamental weaknesses and cannot reliably answer any of the 
above questions. Dynamic formulas do not provide pile driving stresses and, in many 
circumstances, have proven unreliable in determining pile capacity. Therefore, their 
continued use is not recommended on significant projects. 
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Modern dynamic analysis methods should be used in both the design and construction 
stages of a project. In a design stage evaluation, wave equation analyses may indicate that 
the contemplated pile section cannot be driven to the required pile penetration depth and/or 
ultimate capacity within the allowable driving stresses or within a reasonable driving 
resistance. A design change should then be considered. The wave equation can then be 
used to evaluate what changes can be made in pile size, pile type, pile material properties, 
hammer size, or what installation techniques can be specifieq to achieve the desired 
foundation. If a test pile program is performed during the design stage, then information 
from dynamic testing and analysis of test piles in conjunction with wave equation analyses 
can be used to evaluate design change alternatives. 

If a project is designed without modern dynamic analysis methods, and then problems are 
detected when these methods are implemented during the construction stage, problem 
solutions may not be quite as easy. In this case, equipment and materials may already be 
on-site, thereby limiting potential solutions. For example, few cost effective options exist 
once a thin walled pipe pile lacking the required driveability arrives on site. In this example, 
it may be necessary to reduce the ultimate capacity per pile and increase the number of 
piles, use a pile installation aid such as predrilling, or order new piling having the necessary 
driveability, assuming that the hammer and crane are still suitably sized. While a 
construction stage problem is more complicated, modern dynamic analysis methods still 
offer the most rational way of determining the most cost E~ffective solution. 

10.2 METHODS OF MODERN DYNAMIC ANALYSIS 

There are two methods of modern dynamic analysis. ThHse include: 

a. Wave equation analysis. 
b. Dynamic testing and analysis. 

The wave equation is a computer simulation of the pile driving process that models wave 
propagation through the hammer-pile-soil system. This computer analysis can be readily 
used in either the design or construction stage to rationally evaluate pile driveability, size 
driving equipment, calculate driving stresses, and assess ultimate pile capacity versus pile 
penetration resistance. These analyses are a significant improvement over the use of 
dynamic formulas. Two limitations of wave equation analysis involve assumptions that must 
be made on drive system performance and on the soil model, (i.e., the soil resistance 
distribution, and the soil quake and damping parameters). 
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Dynamic testing and analysis consists of measuring strain and acceleration near the pile 
head during driving, or restriking using a Pile Driving Analyzer or similar data processing 

device conforming to ASTM D-4945 (1989). The strain and acceleration signals are used 

to calculate quantities such as energy transfer, pile driving stresses, and estimates of 

ultimate pile capacity. Further analysis of dynamic testing data using signal matching 
methods can also characterize the soil model. The information from dynamic testing on 

drive system performance and the soil model can be used to improve the accuracy of wave 

equation results. Dynamic testing and analysis offers a significantly better evaluation 

method and construction control as compared to dynamic formulas. 

10.3 DRIVING RESISTANCE CRITERIA 

The foundation designer should specify the dynamic analysis method to be used for 

determination of the driving resistance criteria. The driving resistance criteria usually 

consists of a specified penetration resistance at a given hammer stroke and, in some cases, 

a minimum pile penetration depth. 

In the past, dynamic formulas were the primary means of establishing the driving resistance 

criteria. As discussed elsewhere in this manual, dynamic formulas do not provide 

information on pile driving stresses and, in many circumstances, have proven unreliable in 

determining pile capacity. Therefore, their continued use is not recommended on significant 
projects. 

The wave equation analysis offers a rational means of establishing a relationship between 

the static pile capacity of a driven pile with the number of blows per 0.25 meter required by 

a particular hammer to drive a selected pile to an ultimate capacity in a given soil situation. 

The driving criteria established from wave equation analysis should be substantiated by 

static load tests whenever possible. 

Dynamic testing and analysis of indicator or test piles allows an assessment of the static 

pile capacity during driving. This is also an appropriate means of establishing a driving 

criteria. Again, the driving criteria established by dynamic testing and analysis should be 

substantiated by static load tests whenever possible. 
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A driving criteria should also consider time dependent changes in pile capacity. Hence, 

lower driving resistances than required may be acceptable in soils where soil setup is 

expected, as are higher driving resistances in cases where relaxation is anticipated. Once 

again the driving criteria should be substantiated by static load tests whenever possible. 

In cases where time dependent soil strength changes are anticipated, load tests should be 
delayed an appropriate waiting period until the anticipatE3d soil strength changes have 

occurred. Approximate waiting periods for various soil types were discussed in Sections 
9.10.1.1 and 9.10.1.2 of Chapter 9. 
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11. ALLOWABLE PILE STRESSES 

This chapter deals with the static and dynamic structural pile capacity in terms of 

allowable stresses for pile materials. Any driven pile has to remain structurally intact and 

not be stressed to its structural limit during its service life under static loading conditions 

as well as under dynamic driving induced loads. Therefore, material stress limits are 

placed on: 

1. The maximum allowable design stress during the service life. 

2. The maximum allowable driving strHsses. 

Additional material stress limits, beyond the design and driving stress limits presented 

in this chapter, may apply to prevent buckling of piles when a portion of the pile is in air, 

water, or soil not capable of adequate lateral support. In these cases, the structural 

design of the pile should also be in accordance with the requirements of Sections 8, 9, 

10, and 13 of AASHTO code (1994) for compression members. 

11.1 FACTORS AFFECTING ALLOWABLE DESIGN STRESSES 

Traditionally, the allowable design stress was determined by dividing the ultimate stress 

of the pile material by a gross factor of safety. The gross factor of safety was based on 

past experience and includes consideration of load and structural resistance variations. 

The allowable design stresses in this chapter are in conformance with AASHTO (1994) 
specifications. 

Allowable design stresses for piles am a function of the ·following variables: 

1. Average section strength from an acceptance test such as: 

a. fy (yield strength) for steel piles. 

b. f' c (unit ultimate strength from 28-day cylinder test for concrete). 

c. Wood crushing strengths. 
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2. Reduction for defects such as knots in timber. 

3. Reduction for section treatment such as preservation treatment of wood. 

4. ¢ - factor which allows for variations in materials, construction dimensions, and 
calculation approximations. These items are partially under the engineer's control. 

5. Load factor to account for the possibility that design service loads may be exceeded. 

a. Among other causes, increase in load may occur due to overloads permitted on 
a bridge, pile mislocation, differential settlement and unaccounted negative shaft 
resistance or downdrag load. 

b. Decrease in resistance offered by the pile may occur due to variability in pile 
material properties, corrosion, heave, or undetected driving induced damage. 

11.2 DRIVING STRESSES 

In almost all cases, the highest stress levels occur in a pile during driving. High driving 
stresses are necessary to cause pile penetration. The pile must be stressed to 
overcome the ultimate soil resistance, plus any dynamic resistance forces, in order to 
be driven to the required penetration depth to support the pile design load. The high 
strain rate and temporary nature of the loading during pile driving allow a substantially 
higher driving stress limitation than for the static design case. Wave equation analyses 
can be used for predicting driving stresses prior to installation. During installation, 
dynamic testing can be used to calculate driving stresses. 
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11.3 MSHTO ALLOWABLE DESIGN AND DRIVING STIRESSES 

The limitations on maximum allowable static design streisses for driven piles in various 

codes generally represent the static load capacity which can be consistently developed 
with traditional driving equipment and methods. 

The pile material ultimate strength must be greater than the ultimate pile-soil resistance. 
The recommended AASHTO limits for maximum pile design stresses ~ill generally keep 
the driving stresses within recommended limits. 

11.3.1 Steel H-piles 

a. Design Stresses 

Table 11-1 contains the AASHTO recommended design and driving stresses for 
axially loaded steel H-piles in terms of the steel yield stress, fy. AASHTO limits 
the maximum allowable design stress to 0.25 ·fy. For A-36 steel with a yield 
stress of 248 MPa, this results in a maximum design stress of 62 MPa. AASHTO 
allows the design stress to be increased to a maximum of 0.33 fy in conditions 
where pile damage is unlikely. However, static and/or dynamic load tests 
confirming satisfactory results should be performed for design at this stress 
level. For A-36 steel, a design stress of 0.33 fY corresponds to a design stress 
of 82 MPa. 

b. Driving Stresses 

AASHTO specifications limit the maximum compression and tension driving 
stresses to 0.9 fy. For A-36 steel, this results in a maximum driving stress of 223 
MPa. 
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TABLE 11-1 MAXIMUM ALLOWABLE STRESSES FOR STEEL H-PILES 

AASHTO (1994) Recommendations 

Design Stresses 0.25 fy 

>0.25 fy If damage is unlikely and load tests are performed. 
Evaluation of load test results by the engineer 
confirms satisfactory results. 

0.33 fy If damage is unlikely, and confirming load tests are 
performed and evaluated by engineer. 

Driving Stresses 0.9 fy 

223 MPa for ASTM A-36 (fy = 248 MPa) 

310 MPa for ASTM A-572 or A-690, GR50 (fy = 345 MPa)* 

* FHWA experience with allowable driving stresses of 0.9 fy for high strength steel is 
limited. The designer should adequately detail splice requirements for high driving 
stress levels. 

11.3.2 Steel Pipe Piles (unfilled) 

a. Design Stresses 

Table 11-2 summarizes the AASHTO recommended design and driving stresses 

for axially loaded unfilled steel pipe piles in terms of the steel yield stress, fy. 

The maximum AASHTO allowable design stress is limited to 0.25 fy. For ASTM 

A-252, Grade 2 steel with a yield stress of 241 MPa, this results in a maximum 
design stress of 60 MPa. AASHTO allows the design stress to be increased to 

a maximum of 0.33 fy in conditions where pile damage is unlikely. However, 

static and/or dynamic load tests confirming satisfactory results should be 

performed for design at this stress level. For ASTM A-252, Grade 2 steel, a 

design stress of 0.33 fY corresponds to a design stress of 79 MPa. 
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b. Driving Stresses 

AASHTO specifications limit the maximum driving stresses to 0.9 fy. For A-252 
Grade 2 steel, this results in a maximum driving stress of 217 MPa. 

TABLE 11-2 MAXIMUM ALLOWABLE STRESSES FOR UNFILLED STEEL PIPE PILES 

AASHTO (1994) Recommendations 

Design Stresses 0.25 fy 

>0.25 fy If damage is unlikely and load tests are performed. 
Evaluation of load test results by the engineer 
confirms satisfactory reisults. 

0.33 fy If damage is unlikely, and confirming load tests are 
performed and evaluated by engineer. 

Driving Stresses 0.9 fy 

186 MPa for ASTM A-252, Grade 1 (fy = 207 MPa) 

217 MPa for ASTM A-252, Grade 2 (fy = 241 MPa) 

279 MPa for ASTM A-252, Gradet 3 (fy = 310 MPa)* 

* FHWA experience with allowable driving stresses o'f 0.9 fy for high strength steel is 
limited. The designer should adequately detail splice requirements for high driving 
stress levels. 

11.3.3 Steel Pipe Piles (top driven and concrete filled) 

a. Design Stresses 

Table 11-3 summarizes the AASHTO (1994) recommended design and driving 
stresses for axially loaded, top driven and concrete filled pipe piles in terms of 
the steel yield stress, fy, and the concrete compressive strength, f'c· These 
requirements are also applicable to Monotube piles. AASHTO limits the 
maximum allowable design stress to the sum of 0.25 fy on the steel cross 
sectional area plus 0.40 f'c on the concrete cross sectional area. 

11-5 



b. Driving Stresses 

Concrete filled pipe piles are generally unfilled when driven. Hence, the 

AASHTO recommended driving stress for unfilled steel pipe piles apply. 

TABLE 11-3 MAXIMUM ALLOWABLE STRESSES FOR TOP DRIVEN, CONCRETE 
FILLED, STEEL PIPE PILES 

AASHTO (1994) Recommendations 

Design Stresses 0.25 fy (on steel area) plus 

0.40 f'c (on concrete area) 

Drivir,g Stresses 0.9 fy 

186 MPa for ASTM A-252, Grade 1 (fy = 207 MPa) 

217 MPa for ASTM A-252, Grade 2 (fy = 241 MPa) 

279 MPa for ASTM A-252, Grade 3 (fy = 310 MPa)* 

* FHWA experience with allowable driving stresses of 0.9 fy for high strength steel is 
limited. The designer should adequately detail splice requirements for high driving 
stress levels. 

11.3.4 Precast, Prestressed Concrete Piles 

a. Design Stresses 

Table 11-4 summarizes the AASHTO recommended design and driving stresses 

for axially loaded prestressed concrete piles in terms of the concrete 

compression strength, f'c, and the effective prestress after losses, fpe· Both f'c 
and f pe must be in MP a. Prestressed concrete piles fully embedded in soils 
providing lateral support are limited to a maximum design stress of 0.33 f'c -
0.27 fpe on the gross cross sectional area of the concrete. The concrete must 
have a minimum 28 day compression strength of 34.5 MPa. 
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b. Driving Stresses 

AASHTO specifications limit the maximum allowable compression driving stress 

to 0.85 times the concrete compressive strength, f'c, minus the effective 

prestress after losses, fw Tension driving stresses are limited to 0.25 times the 
square root of the concrete compressive stren9th plus the effective prestress 
after losses in normal environments, or to the eftective prestress after losses in 
severe corrosive environments. The compression and tension driving stress 

limits are on the gross concrete area. 

Control of driving stresses is particularly important when driving prestressed 

concrete piles at high driving stress levels while penetrating through dense soil 

layers into underlying weaker soils. 

TABLE 11-4 MAXIMUM ALLOWABLE STRESSES FOi=! PRECAST, PRESTRESSED, 
CONCRETE PILES 

AASHTO (1994) Recommendations 

Design Stresses 0.33 f'c - 0.27 fpe (on gross concrete area) 

f'c minimum of 34.5 MPa 

fpe generally > 5 MPa 

Driving Stresses Compression Limit < 0.85 f'c - fpe (on gross concrete area) 

Tension Limit (1) 

Tension Limit (2) 

< O. 25 /t'c + f pe ( on gross concrete area) 

< fpe 

(1) - Normal Environments 

(2) - Severe Corrosive Environments 

Note: f'c and fpe must be in MPa. 
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11.3.5 Conventionally Reinforced Concrete Piles 

a. Design Stresses 

Table 11-5 summarizes the AASHTO recommended design and driving stresses 
for axially loaded reinforced concrete piles in terms of the concrete compression 
strength, f'

0
, and the yield strength of the reinforcing steel, fy. The 

recommended maximum allowable design stress is limited to 0.33 f' 0 on the 
gross cross sectional area of the concrete. The concrete must have a minimum 
28 day compression strength of 34.5 MPa. 

b. Driving Stresses 

MSHTO specifications limit the maximum allowable compression driving stress 

to 0.85 f' 0 and the maximum tension driving stress to 0.70 fy. 

Control of driving stresses is particularly important when driving reinforced 
concrete piles at high driving stress levels while penetrating through dense soil 
layers into underlying weaker soils. 

TABLE 11-5 MAXIMUM ALLOWABLE STRESSES FOR CONVENTIONALLY 
REINFORCED CONCRETE PILES 

MSHTO (1994) Recommendations 

Design Stresses 0.33 f' 0 (on gross concrete area) 

f' C minimum of 34.5 MPa 

Driving Stresses Compression Limit < 0.85 f' 0 

Tension Limit < 0.70 fy (of steel reinforcement) 
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11.3.6 Timber Piles 

a. Design Stresses 

Table 11-6 summarizes AASHTO recommended design and driving stresses for 
axially loaded timber piles in terms of the maximum allowable design stress in 
compression parallel to the grain, 0 8 • This value varies depending upon the 
timber species, and for the common species listed in the table below ranges 
from about 5.5 MPa to 8.3 MPa. The resulting maximum design load is based 
upon the allowable design stress times the pile toe area. 

The engineer can specify species of timber piles but can seldom specify 
subspecies which have a wide range of stren~Jths. There is a large natural 
variability of clear wood strength and natural growth imperfections which can 
also significantly affect wood strength. Therefore, while a high design stress 
may be allowed, engineering judgement must also be used, taking into account 
the above factors as well as the installation conditions. 

b. Driving Stresses 

AASHTO specifications limit maximum allowable compression and tension 
driving stresses to 3 times the allowable design stress from Table 11-6. 

TABLE 11-6 MAXIMUM ALLOWABLE STRESSES FOR TIMBER PILES 

AASHTO (1994) Recommendations 

Design Stresses 5.5 to 8.3 MPa 
(for pile toe area depending upon species) 

Southern Pine Oa = 8.3 MPa 
Douglas Fir Oa = 8.3 MPa 
Red Oak Oa = 7.6 MPa 
Eastern Hemlock Oa = 5.5 MPa 

Driving Stresses Compression Limit < 3 0 8 

Tension Limit < 3 aa 

0 8 - AASHTO allowable workin!~ stress 
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12. CONTRACT DOCUMENTS 

12.1 OVERVIEW OF PLAN AND SPECIFICATION REQUIREMENTS 

Pile foundations generally cannot be inspected after installation. Therefore, construction 
specifications and control are of prime importance for a successful pile foundation. 
Preparation of the contract plan details and construction specifications related to piling 
issues are the responsibility of the foundation designer in cooperation with materials and 
construction personnel. Project plans should include: 

- Location of piles. 
- Designation to identify piles. 
- Pile cut off elevation. 
- Estimated pile toe elevation. 
- Minimum pile toe elevation. 
- Required pile batter and direction. 
- Orientation of H-piles. 
- Ultimate pile capacity. 

- Location of soil borings. 
- Results of subsurface exploration. 

It is the designer's responsibility to confirm that plans and specifications have been 
prepared using compatible language. This is particularly true in defining the required 
pile capacity, which is an important component of any driven pile specification. 
Problems can arise when modern dynamic methods, which use ultimate pile capacity, 
are mixed with specifications written for a dynamic formula that uses allowable pile 
capacity. For example, plans stating 11piles shall be driven to a safe bearing of 1000 kN 11 

may have been suitably worded when construction control was performed with the 
Engineering News formula, which uses the allowable design load. However, this type 

of wording with modern dynamic methods creates confusion and could result in piles 
being driven to only the design load, or to a claim for overdriving. Construction plans 
should therefore indicate the ultimate pile capacity. This ultimate capacity should 
include an appropriate factor of safety on the design load as well as the resistances 
from any unsuitable support layers. 
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This chapter includes a generic pile specification that was developed with input from 
State and Federal bridge and geotechnical engineers. The generic specification, 
originally released in 1985 as FHWA Geotechnical Guideline 13, has been slightly 
modified and updated as necessary. AASHTO (1994) contains similar specifications 
without commentary. 

The intent of the attached generic specification is to provide designers and highway 
agencies with a comprehensive driven pile specification. Commentary sections are 
included where appropriate to explain the reasons behind development of particular 
sections of the specification and the relationship of the specification requirements to 
necessary pile design or construction activities. Note that only driven piles are covered 
by the specification. Other deep foundation types such as drilled shafts require 
completely different construction controls and should not be included in a driven pile 
specification. 
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A good driven pile specification should include the following basic components: 

1. Pile Material Details - Material type and section. 
- Material grade and strength. 
- Splice details. 
- Toe protection requirement. 
- Coating details. 
- Transportation and handling. 

2. Driving System Requirements - Hammer. 
- Hammer and pile cushions. 
- Helmet 
- Pile leads. 

3. Installation Issues - Driving sequence. 
- Pile location tolerances. 
- Pile alignment tolerances. 
- Pile cutoff. 

- Use of followers. 
- Use of jetting. 
- Use of spuddin!J. 
- Predrilling. 
- Pile heave. 
- Pile cap connection. 
- Pile rejection criiteria. 

4. Capacity Verification - Static load testing. 

- Dynamic testin~1. 
- Wave equation analysis. 
- Dynamic formulas. 

9. Basis of Payment - Method of measurement. 
- Payment items. 
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12.2 BACKGROUND AND REASONS FOR SPECIFICATION IMPROVEMENT 

Older pile specifications placed the major responsibilities for pile capacity determination 
on the field staff. Little analysis was done in the design stage to provide accurate 
estimates of the required pile length to safely support the design load. Nor did many 
design analyses account for the actual soil resistance which had to be overcome to drive 
the pile to the estimated length, or the stresses generated in the pile during driving. 
Older specifications frequently placed the responsibility for determining what pile length 
to order on the contractor. Delays for reordering additional lengths or splices to reach 
final penetration requirements were considered incidental to the price bid for the item. 
This resulted in higher bid prices due to the unknown risks associated with the pile item. 

Procedures, equipment, and analysis methods now exist to permit the designer to 
accurately establish pile section and length for any driving condition. Basic foundation 
design procedures are routinely followed by nearly all public agencies. Much of this 
design information is neither reflected in the pile specification of the agency nor utilized 
by the agencies construction staff. Many agencies perform detailed static analyses to 
determine pile length, but control the pile length actually installed in the field with the 
unreliable Engineering News formula. Changes are required in pile specifications to 
permit the cost effective use of modern construction control methods. The five areas 
of major change are briefly explained below as well as in commentary sections of the 
attached driven pile specification. 

1 . Ordered Length Replaces Estimated Length: Public highway agencies should 
assume responsibility for determining and placing in the contract documents the pile 
length necessary to safely support the design load. Costs associated with overruns 
or underruns due to inaccurate length determination should not be borne by the 

contractor. The attached specification is based on the highway agency performing 

an adequate subsurface exploration and design analyses to rationally establish pile 
lengths during the design phase. 

2. Ultimate Pile Capacity Replaces Design Load: Installation of piling to a predetermined 
length involves overcoming the design soil resistance, multiplied by the safety factor 
in suitable pile supporting layers, plus the resistance in any overlying layers unsuitable 

for long term support. The use of procedures involving design load, such as the 

Engineering News formula, should be replaced with ultimate load based methods. 

The ultimate pile load should be based on both the actual resistance to be overcome 
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to reach the required penetration depth and the confidence in the method of 
construction control to be used. The attached specification is written in terms of 

ultimate load. 

3. Increased Emphasis on Approval of Driving Equipment: The use of properly sized pile 
driving equipment will practically insure a successful installation of properly designed 
piles. Conversely, improperly sized pile driving equipment insures a pile project 

fraught with problems, regardless of how well the pile design was done. Too small 
a pile hammer results in extremely difficult, time consuming driving. Too large a pile 
hammer increases the risk of pile damage. The attached specification places great 
emphasis on a formal approval procedure for the hammer and driving system. This 
approval procedure is the most significant change to current specifications. 

4. Pile Capacity Control by Modern Methods Instead of Dynamic Formulas: Good piling 
practice dictates use of the wave equation and dynamic pile testing to replace the use 

of dynamic formulas to monitor pile driving on all projects. Continued use of the 
Engineering News formula can only result in unreliablle, costly pile foundations. 

Highway agencies need to utilize modern methods in both design and construction 
control of pile foundations. The wave equation uses ultimate soil resistances, basic 
soil properties, and calculated pile lengths in conjunction with driving equipment 
characteristics to determine the necessary pile penetration resistance for the ultimate 
capacity, as well as the maximum pile stresses durin!J driving. Dynamic pile testing 

provides a quick, reliable field test supplement and/or alternate to static load testing, 
as well as a supplement to wave equation analysis. Both methods are detailed in the 
attached specification, with commentary containing recommended safety factors 
applied to the pile design load based on the method of construction control selected. 

5. Separation of Payment into Fixed and Variable Cost Items Instead of Lump Sum 
Costs: Fair compensation for work performed in pile driving can only be 
accomplished by recognizing and providing bid items for contract costs which are 

fixed and contract costs which are variable. The currently popular payment methods 
used by highway agencies involve lumping fixed and variable costs into a single item. 
Such lump sum items, with variable contingencies, are recognized as high risk items 
by contractors who, to avoid a monetary loss, increasi~ the price bid to cover the risk. 
The attached specification contains a list of bid items which separate the major fixed 

and variable costs to permit contractors to develop a. low risk bid. 
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12.3 GENERIC DRIVEN PILE SPECIFICATION 

SECTION CONTENTS 

Section XXX.01 

Section XXX.02 

Section XXX.03 

Section XXX.04 

Section XXX.05 

Section XXX.06 

DESCRIPTION 

MATERIALS 

EQUIPMENT FOR DRIVING PILES 
A. Pile Hammers 
B. Approval of Pile Driving Equipment 

1. Alternate Approval Method 
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1. Hammer Cushion 
2. Helmet 
3. Pile Cushion 
4. Leads 
5. Followers 
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7. Preboring 
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3. General 
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SECTION XXX.01 DESCRIPTION 

This item shall consist of furnishing and driving foundation piles of the type and 

dimensions designated, including cutting off or building up foundation piles when 

required. Piling shall conform to and be installed in accordance with these 
specifications, and at the location, and to the elevation, penetration and/or capacity 
shown on the plans, or as directed by the Engineer. 

The Contractor shall furnish the piles in accordance with an itemized order list which will 

be furnished by the Engineer, showing the number and length of all piles. When test 

piles are required, the pile lengths shown on the plans are for estimating purposes only 

and the actual lengths to be furnished for production piles will be determined by the 
Engineer after the test piles have been driven. The lengths given in the order list will be 
based on the lengths which are assumed after cutoff to remain in the completed 
structure. The Contractor shall, without added compensation, increase the lengths to 
provide for fresh heading and for such additional length as may be necessary to suit the 
Contractor's method of operation. 

Commentary: The objective of this specification is to provide criteria by which the 

Owner can assure that designated piles are properly installed and the 

Contractor can expect equitable compensation for work performed. The 
Owner's responsibility is to estimate the pile lengths required to safely 
support the design load. Pile lengths should be estimated based on 
subsurface explorations, testing and analysis which are completed during 

the design phase. Pile contractors who emter contractual agreements to 

install piles for an owner should not be held accountable or indirectly 

penalized for inaccuracies in estimated lengths. The Contractor's 
responsibility is to provide and install de,signated piles, undamaged, to 

the lengths specified by the Owner. This work is usually accomplished 
within an established framework of restrictions necessary to insure a 
"good" pile foundation. The price bid for this item of work will reflect the 
Contractor's estimate of both actual cost to perform the work and 
perceived risk. 
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SECTION XXX.02 MATERIALS 

Materials shall meet the requirements in the following Subsections of Section XXX -

Materials: 

Portland Cement Concrete 
, Reinforcing Steel 

Structural Steel 
Castings for Pile Shoes 
Steel Shells for Cast in Place Piles 
Timber Piles 
Paint / Coatings 
Timber Preservative and Treatment 

Commentary: The appropriate sections of each agency's standard specifications 
should be included under the XXX.02 Materials Section. A generic 
materials section cannot be provided herein, considering the vast 
combinations of materials used in piling operations and the varying 
control methods used by individual highway departments. The above list 
contains the common material components. Additions or deletions may 
be required to this list based on the content of individual agency 
standard specifications and the pile type specified. 

SECTION XXX.03. EQUIPMENT FOR DRIVING PILES 

A. Pile Hammers. Piles may be driven with air, steam, diesel, or hydraulic hammers. 
Gravity hammers, if specifically permitted in the contract, shall only be used to 
drive timber piles. When gravity hammers are permitted, the ram shall weigh 
between 900 and 1600 kg and the height of drop shall not exceed 4 m. In no case 
shall the weight of gravity hammers be less than the combined weight of helmet 
and pile. All gravity hammers shall be equipped with hammer guides to insure 
concentric impact on the helmet. 
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The plant and equipment furnished for air/steam hammers shall have sufficient 
capacity to maintain at the hammer, under working conditions, the volume and 
pressure specified by the manufacturer. The plant and equipment shall be 
equipped with accurate pressure gauges which are easily accessible to the 
Engineer. The weight of the striking parts of air and steam hammers shall not be 

less than % the weight of helmet and pile being driven, and in no case shall the 

striking parts weigh less than 1250 kg. 

Open end (single acting) diesel hammers shall be equipped with a device such as 
rings on the ram to permit the Engineer to visually determine hammer stroke at all 
times during pile driving operations. Also, the Contractor shall provide the 
Engineer a chart from the hammer manufacturer 1squating stroke and blows per 
minute for the open-end diesel hammer to be used. Closed end (double acting) 
diesel hammers shall be equipped with a bounce chamber pressure gauge, in 
good working order, mounted near ground level so as to be easily read by the 
Engineer. Also, the Contractor shall provide the Engineer a chart, calibrated to 
actual hammer performance within 90 days of use, equating bounce chamber 
pressure to either equivalent energy or stroke for the closed-end diesel hammer to 
be used. 

The power plant for hydraulic hammers shall havei sufficient capacity to maintain 
at the hammer, under working conditions, the volume and pressure specified by 
the manufacturer. The power plant and equipment shall be equipped with accurate 
pressure gauges which are easily accessible to the Engineer. 

Commentary: Pile inspectors frequently do not possess adequate knowledge or 
technical information concerning even the most basic details of the 
Contractor's hammer. Chapters 22 and 24 provide information on driving 

equipment and inspection. Highway agencies should also provide pile 
inspectors with basic manuals such as FHWA/RD-86/160 "The 
Performance of Pile Driving Systems: "Inspections Manual" or "Inspectors 
Manual for Pile Foundations" and 11A Pile Inspectors Guide to Hammers, 
Second Edition" available from the Deep Foundation Institute, 120 
Charlotte Place, Englewood Cliffs, NJ 0?632. 
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Non-impact hammers, such as vibratory hammers, or driving aids such as jets, 
followers and prebored holes shall not be used unless either specifically permitted 
in writing by the Engineer or stated in the contract documents. When permitted, 
such equipment shall be used for installing production piles only after the pile toe 
elevation for the ultimate pile capacity is established by load testing and/or test 
piles driven with an impact hammer. The Contractor shall perform, at his cost, 
such load tests and/or extra work required to drive test piles as determined by the 
Engineer as a condition of approval of the non-impact hammers or driving aids. 
Installation of production piles with vibratory hammers shall be controlled according 
to power consumption, rate of penetration, specified toe elevation, or other means 
acceptable to the Engineer which assure the ultimate pile capacity equals or 
exceeds the ultimate capacity of the test pile. In addition, one of every ten piles 
driven with a vibratory hammer shall be restruck with an impact hammer of suitable 
energy to verify the ultimate pile capacity as in XXX.04(O). 

Commentary: At present no formula exists to reliably predict the capacity of piles driven 
with vibratory hammers. Until reliable procedures are developed for 
vibratory installation, special precautions must be taken to insure 

foundation piles installed with vibratory hammers have both adequate 
capacity and structural integrity. On critical projects, highway agencies 

should consider the use of dynamic testing during re strike to substantiate 
pile capacity and integrity. 

B. Approval of Pile Driving Equipment. All pile driving equipment furnished by the 

Contractor shall be subject to the approval of the Engineer. It is the intent of this 
specification that all pile driving equipment be sized in such a way that the project 
piles can be driven with reasonable effort to the ordered lengths without damage. 
Approval of pile driving equipment by the Engineer will be based on wave equation 
analysis and/or other judgments. In no case shall the driving equipment be 
transported to the project site until approval of the Engineer is received in writing. 
Prerequisite to such approval, the Contractor shall submit to the Engineer the 
necessary pile driving equipment information at least 30 days prior to driving piles. 

The form which the Contractor shall complete with the above information is shown 
in Figure 12.1. 
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Contract No.: Structure Name and/or Ne>.: 

Project: 
Pile Driving Contractor or Subcontractor: 

County: 
(Piles driven by) 

U) - Manufacturer: Model No.: -C 
Hammer Type: Serial No.: Cl) 

C Manufacturers Maximum Rated Energy: 
0 Ram Hammer Stroke at Maximum Rated Energy: a. 
E Range in Operating Energy: to 
0 Range in Operating Stroke: to 
0 Ram Weight: (kg) ... 

M Modifications: Cl) 

E 
E cu -I 

Striker Weight: (N) Diameter: 

• i Plate Thickness: (mm) 

Material #1 Material #2 
(for Composite Cushion) 

Name: Name: 

I I 
Hammer Area: (c:m2

) Area: 
Cushion Thickness/Plate: (mm) Thickness/Plate: 

No. of Plates: No. of Plates: 
Total Thickness of Hammer Cushion: 

F=8 
Helmet 
(Drive Head) Weight: (kN) 

Pile Material: 

I I Cushion Area: (c:m2
) Thickness/Sheet: 

No. of Sheets: 

Total Thickness of Pile Cushion: (mm) 

Pile Type: 
Wall Thickness: (mm) Taper: 
Cross Sectional Area: (cm2

) Weight/Meter: 
Pile 

Ordered Length: (m) 
Design Load: (kN) 
Ultimate Pile Capacity: (kN) 

Description of Splice: 

Driving Shoe/Closure Plate Description: 

Submitted By: Date: 
Telephone No.: Fax No.: 

Figure 12.1 Pile and Driving Equipment Data Form 
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Commentary: Use of wave equation analysis for approval of driving equipment can 
substantially reduce pile driving costs and pile driving claims by 
checking that the equipment mobilized to the job can drive the pile to 
the required penetration depth without damage. Public agencies should 

encourage Contractors to use wave equation analysis to select the 
optimum hammer for each project. In cases where disputes arise over 
rejection of pile driving equipment, the Engineer should request the 
Contractor to submit proof of the adequacy of the pile driving equipment. 
Such proof should consist of, but not be limited to, a wave equation 
analysis of the proposed driving equipment performed by a registered 
professional engineer. All costs of such submissions, if required, shall 
be the responsibility of the Contractor. 

The pile and driving equipment data form should be submitted for 
approval even if wave equation analysis will not be used for hammer 
approval. The approved form should be used by the pile inspector to 
check the proposed hammer and drive system components are as 
furnished and are maintained during the driving operation. Few agencies 
currently supply the pile inspector with any such information on which 
rational inspection can be based. 

The criteria, which the Engineer will use to evaluate the driving equipment from the 
wave equation results, consists of both the required number of hammer blows per 
0.25 meter as well as the pile stresses at the required ultimate pile capacity. The 
required number of hammer blows indicated by the wave equation at the ultimate 

pile capacity shall be between 30 and 120 blows per 0.25 meter for the driving 
equipment to be acceptable. 

In addition, for the driving equipment to be acceptable the pile stresses which are 
indicated by the wave equation to be generated by the driving equipment shall not 
exceed allowable values. For steel piles, maximum compressive ,driving stresses 

shall not exceed 90% of the minimum yield strength of the pile material. For 
prestressed concrete piles in normal environments, tensile stresses shall not 
exceed 0.25 multiplied by the square root of the concrete compressive strength, 

f'c plus the effective prestress value, fpe• i.e. (0.2ei /fc + fpe ) . Both f'c and fpe in 
this equation must be in MPa. For prestressed concrete piles in severe corrosive 
environments, tensile stresses shall not exceed fpe' Compressive stresses for 
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prestressed concrete piles shall not exceed 85% of the compressive strength minus 
the effective prestress value, i.e .. (0.85 f'c - fp0). For timber piles, the compressive 
driving stress shall not exceed three times the allowable static design strength 
listed on the plans. These criteria will be used in evaluating wave equation results 
to determine acceptability of the Contractor's proposed driving system. 

The Contractor will be notified of the acceptance or rejection of the driving system 
within 14 calendar days of the Engineer's receipt of the Pile and Driving Equipment 
Data Form. If the wave equation analyses show that either pile damage or inability 
to drive the pile with a reasonable driving resistance to the desired ultimate 
capacity will result from the Contractor's proposHd equipment or methods, the 
Contractor shall modify or replace the proposed methods or equipment at his 
expense until subsequent wave equation analyses indicate the piles can be 
reasonably driven to the desired ultimate capacity, without damage. The Engineer 
will notify the Contractor of the acceptance or rejection of the revised driving 
system within 7 calendar days of receipt of a revised Pile and Driving Equipment 
Data Form. 

During pile driving operations, the Contractor shall use the approved system. No 
variations In the driving system will be permitted without the Engineer's written 
approval. Any change in the driving system will only be considered after the 
Contractor has submitted the necessary information for a revised wave equation 
analysis. The Contractor will be notified of the acceptance or rejection of the 
driving system changes within 7 calendar days of the Engineer's receipt of the 
requested change. The time required for submission, review, and approval of a 
revised driving system shall not constitute the basis for a contract time extension 
to the Contractor. 

Commentary: The ultimate pile capacity during driving is the soil resistance which must 
be overcome (including resistance from unsuitable layers and scour zone 

soils) to reach the pile penetration depth where the design load can be 
obtained with an acceptable safety factor. The safety factor selected will 
depend on design factors, such as quantity of subsurface information 
and geotechnical analysis, as well as construction factors such as the 

use of load tests, wave equation or dynamic formula to determine pile 

capacity. When proper foundation exploration procedures and static 
analyses such as those described in this manual are employed, the 
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following safety factors on design load may be used, based on the pile 

construction control procedures specified: 

Construction Control Method 

Static load test with wave equation analysis 
Dynamic testing with wave equation analysis 
Indicator piles with wave equation analysis 
Wave equation analysis 
Gates dynamic formula 

Factor of Safety 

2.00 
2.25 
2.50 
2.75 
3.50 

The ultimate pile capacity during driving is affected by: 

1. The resistance in unsuitable soil layers overlying suitable support 
layers, 

2. Temporary loss or increase in soil strength due to driving operations. 
3. Pile installation methods which alter the in place soil resistance such 

as· jetting, preboring, etc. 

The designer must estimate the ultimate pile capacity to be encountered 
during driving if pile driving resistance is to be used to determine pile 
capacity. Only on the most routine pile projects will the ultimate pile 
capacity be equal to the pile design load multiplied by the design safety 
factor. More typically, piles are used to penetrate upper soil layers which 
are unsuitable for load support due to either poor soil characteristics, or 
future loss of load support by scour or erosion. In such cases the 
resistance in unsuitable layers is not considered in determining the pile 
penetration necessary to support the design load at the appropriate 
safety factor. However, the estimated ultimate pile capacity to be 
encountered during driving must include the resistance to be 
encountered in penetrating those unsuitable layers, in addition to the 
design load multiplied by the safety factor. This ultimate pile capacity 
must be shown on the contract documents to permit the Contractor to 
properly size the driving equipment and the Engineer to judge the 
acceptability of the Contractor's driving equipment. Optimum pile 
installation generally occurs when the ultimate pile capacity is achieved 
at a driving resistance near the point of maximum curvature (usually 
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60-100 blows per 0.25 meter) of the wave equation bearing graph. 
Larger driving resistances result in negli9ible pile penetration per blow 
and generally inefficient driving conditions. Excessive driving resistances 
can also result in damage to the pile or the driving system. 

1. Alternate Approval Method: An alternate method of driving equipment approval 
will be used when either the contract documents contain a provision that wave 
equation analysis will not be used for approval of driving equipment. The 
alternate approval method requires that the energy of the driving equipment 
submitted for approval on the Pile and Driving Equipment Data form, be rated 
by the manufacturer at or above an appropriate minimum energy level for the 
ultimate pile capacity shown on the plans. The minimum energy requirements 
are as follows: 

TABLE 12-1 ALTERNATE APPROVAL METHOD 
Minimum Pile Hammer Requirements 

Ultimate Pile Capacity Minimum Manufacturers Rated 
(kN) Hammer Energy (Joules)* 

800 and under ----
800 to 1350 ----
1351 to 1850 ----
1851 to 2400 ----
2401 to 2650 ----

2650 and over ----

* Previously published tables which included specific values were based on 
assumptions which might not be appropriate for local conditions and were 
subject to misinterpretation. 

Commentary: A table of the minimum rated hammer energy vs. ultimate pile capacity 
should be developed using wave equation analyses of commonly 
available driving systems for the pile types, pile lengths, and pile loads 
routinely used by the specific agency. These analyses should model the 
typical soil and pile installation conditions. The wave equation results 
should be evaluated for driving stress levels and driving resistances to 
determine which hammer energies are too large (driving stress problems 
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or driving resistances at ultimate capacity less than 30 blows per 0.25 
meter) and which energies are too small (driving resistances at ultimate 
capacity greater than 120 blows per 0.25 meter). 

Once the specific table of energy values has been developed, it should 
only be considered for routine projects in uniform soil conditions or when 
the agency is in the process of phasing the wave equation analysis into 
standard use. Projects involving long piles or large ultimate pile 
capacities relative to the design load (such as scour piles or piles to be 
driven through embankments) should use job specific wave equation 
analysis to establish minimum driving equipment requirements. Piles to 
rock should also be evaluated by wave equation analysis to reduce the 

risk of pile damage from too large a hammer. 

During pile driving operations, the Contractor shall use the approved system. 
If the Engineer determines the Contractor's hammer is unable to transfer 
sufficient energy to the pile, the hammer shall be removed from service until 
repaired to the satisfaction of the Engineer. No variations in the driving system 

will be permitted without the Engineer's written approval. Any changes in the 

driving system will be considered only after the Contractor has submitted a new 

Pile and Driving Equipment Data form. The Contractor will be notified of the 
acceptance or rejection of the proposed change in driving equipment within 7 
calendar days of the Engineer's receipt of the form. 

C. Drive System Components and Accessories 

1. Hammer Cushion: Impact pile driving equipment designed to be used with a 

hammer cushion shall be equipped with a suitable thickness of hammer cushion 

material to prevent damage to the hammer or pile and to insure uniform driving 
behavior. Hammer cushions shall be made of durable manufactured materials, 
provided in accordance with the hammer manuf'acturer's guidelines. Wood, wire 
rope, and asbestos hammer cushions are specifically disallowed and shall not 
be used. A striker plate as recommended by the hammer manufacturer shall be 
placed on the hammer cushion to insure uniform compression of the cushion 
material. The hammer cushion shall be removed from the helmet and inspected 
in the presence of the Engineer when beginning pile driving at each structure or 
after each 100 hours of pile driving, whichever is less. Any reduction of hammer 
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cushion thickness exceeding 25% of the original thickness shall be replaced by 

the Contractor before driving is permitted to continue. 

Commentary: For hammers requiring cushion material, mandatory use of a durable 
hammer cushion material which will retain uniform properties during 
driving is necessary to accurately relate driving resistance to pile 
capacity. Non-durable materials which cteteriorate during driving cause 
erratic estimates of pile capacity and, if allowed to dissolve, result in 
damage to the pile or driving system. 

2. Helmet: Piles driven with impact hammers require an adequate helmet or drive 

head to distribute the hammer blow to the pile head. The helmet shall be axially 
aligned with the hammer and the pile. The helmet shall be guided by the leads 

and not be free-swinging. The helmet shall fit around the pile head in such a 
manner as to prevent transfer of torsional forces during driving, while 

maintaining proper alignment of hammer and pile. 

For steel and timber piling, the pile hea.ds shall be cut squarely and a helmet, 
as recommended by the hammer manufacturer,, shall be provided to hold the 

axis of the pile in line with the axis of the hamm13r. 

For precast concrete and prestressed concrete, piles, the pile head shall be 
plane and perpendicular to the longitudinal axis of the pile to prevent eccentric 
impacts from the helmet. 

For special types of piles, appropriate helmets, mandrels or other devices shall 
be provided in accordance with the manufacturer's recommendations so that the 

piles may be driven without damage. 

3. Pile Cushion: The heads of concrete piles shall each be protected by a pile 
cushion. Pile cushions shall be made of plywood, hardwood, or composite 
plywood and hardwood materials. The minimum pile cushion thickness placed 

on the pile head prior to driving shall not be less than 100 mm. A new pile 

cushion shall be provided for each pile. In addition the pile cushion shall be 

replaced if, during the driving of any pile, the cushion is compressed more than 

one-half the original thickness or it begins to burn. The pile cushion dimensions 
shall match the cross sectional area of the pile top. The use of manufactured 
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pile cushion materials in lieu of a wood pile cushion shall be evaluated on a 
case by case basis. 

Commentary: A pile cushion is only needed for the protection of concrete piles. If the 
wave equation analysis of the Contractor's hammer indicates tension 
stresses exceed specification limits, the pile cushion may need to be 
substantially thicker than 100 mm. Pile cushion thicknesses up to 460 
mm have been used to mitigate tension stresses. Compressive stresses 
at the pile head can be controlled with a relatively thin pile cushion. 
However, wood pile cushions may become overly compressed and hard 
after about 1000 hammer blows. The physical characteristics of 
manufactured pile cushion materials should be determined by standard 
test procedures such as the Deep Foundations Institute standard 
'Testing of Pile Driving Cushion Material". 

4. Leads: Piles shall be supported in line and position with leads while being 
driven. Pile driver leads shall be constructed in a manner that affords freedom 
of movement of the hammer while maintainin~J alignment of the hammer and the 
pile to insure concentric impact for each blow. Leads may be either fixed or 
swinging type. Swinging leads, when used, shall be fitted with a pile gate at the 
bottom of the leads and, in the case of batter piles, a horizontal brace may be 
required between the crane and the leads. The pile section being driven shall 
not extend above the leads. The leads shall be adequately embedded in the 
ground or the pile constrained in a structural frame such as a template to 
maintain alignment. The leads shall be of sufficient length to make the use of 
a follower unnecessary, and shall be so designed as to permit proper alignment 
of batter piles. 

5. Followers: Followers shall only be used when approved in writing by the 
Engineer, or when specifically stated in the contract documents. In cases where 
a follower is permitted, the first pile in each bent and every tenth pile driven 
thereafter shall be driven full length without a follower, to determine that 
adequate pile penetration is being attained to develop the ultimate pile capacity. 

The follower and pile shall be held and maintained in equal and proper 

alignment during driving. The follower shall be of such material and dimensions 
to permit the piles to be driven to the penetration depth determined necessary 
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from the driving of the full length piles. The final position and alignment of the 
first two piles installed with followers in each substructure unit shall be verified 

to be in accordance with the location tolerances in Section XXX.04(E) before 

additional piles are installed. 

Commentary: The use of a follower often causes substantial and erratic reductions in 
the hammer energy transmitted to the pile due to the follower flexibility, 
poor connection to the pile head, frequent misalignment, etc. Reliable 

correlations of driving resistance with ultimate pile capacity are very 
difficult when followers are used. Severe problems with pile alignment 
and location frequently occur when driving batter piles with a follower in 
a cofferdam unless a multi-tier template is used. 

6. Jets: Jetting shall only be permitted if approved in writing by the Engineer or 
when specifically stated in the contract documents. When jetting is not required 
in the contract documents, but approved after the Contractor's request, the 
Contractor shall determine the number of jets and the volume and pressure of 
water at the jet nozzles necessary to freely erode the material adjacent to the 
pile without affecting the lateral stability of the final in place pile. The Contractor 
shall be responsible for all damage to the site caused by unapproved or 
improper jetting operations. When jetting is specifically required in the contract 
documents, the jetting plant shall have sufficient capacity to deliver at all times 
a pressure equivalent to at least 700 kPa at two 19 mm jet nozzles. In either 
case, unless otherwise indicated by the Engine1er, jet pipes shall be removed 
when the pile toe is a minimum of 1 .5 m above prescribed toe elevation and the 
pile shall be driven to the required ultimate pile capacity with an impact hammer. 
Also, the Contractor shall control, treat if necessary, and dispose of all jet water 
in a manner satisfactory to the Engineer. 

7. Preboring: When stated In the contract documents, the Contractor shall prebore 
holes at pile locations to the depths shown on the plans. Prebored holes shall 
be of a size smaller than the diameter or diagonal of the pile cross section that 
is sufficient to allow penetration of the pile to the specified depth. If subsurface 
obstructions, such as boulders or rock layers, are encountered, the hole 
diameter may be increased to the least dimension which is adequate for pile 
installation. Any void space remaining around the pile after completion of 
driving shall be filled with sand or other approve1j material. The use of spuds, 
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a short strong driven member which is removed to make a hole for inserting a 
pile, shall not be permitted in lieu of preboring. 

SECTION XXX.04 CONSTRUCTION METHODS 

A. Driven Pile Capacity 

1. Wave Equation: The ultimate pile capacity shall be determined by the Engineer, 
based on a wave equation analysis. Piles 8hall be driven with the approved 
driving equipment to the ordered length or other lengths necessary to obtain the 
required ultimate pile capacity. Jetting or other methods to facilitate pile 
penetration shall not be used unless specifically permitted either in the contract 
documents or approved by the Engineer after a revised driving resistance is 
established from the wave equation analysis. Adequate pile penetration shall 
be considered to be obtained when the specified wave equation resistance 
criteria is achieved within 1.5 m of the pile toe elevation, based on ordered 
length. Piles not achieving the specified resistance within these limits shall be 
driven to penetrations established by the Engineer. 

2. Dynamic Formula: The ultimate pile capacity will only be determined by 
dynamic formula if either the contract documents contain a provision that 
dynamic formula shall be used or the Engineer approves dynamic formula use. 
In such cases, piles shall be driven to a penetration depth necessary to obtain 
the ultimate pile capacity according to the following formula: 

Where: Ru= the ultimate pile capacity (kN). 

Er = the manufacturer's rated hammer energy (Joules) at the field 
observed ram stroke. 

log(1 ONb) = logarithm to the base 1 O of the quantity 10 multiplied by 
Nb, the number of hammer blows per 25 mm at final 
penetration. 
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The number of hammer blows per 0.25 meter of pile penetration required to 

obtain the ultimate pile capacity shall be calculated as follows: 

Where: x = [(Ru + 550)/(7~)] - 1 

Commentary: Driven pile capacity should be monitored in terms of ultimate pile 
capacity; not design load. The driving resistance at any penetration 

depth reflects the total capacity mobilizecf by the pile. This total capacity 

may include capacity mobilized temporarily in soil deposits unsuited for 

bearing, as well as suitable bearing layers. Therefore, the driving 
resistance should be established for the ultimate pile capacity that must 

be overcome in order to reach anticipatecf pile penetration depth. These 
ultimate capacities are determined by static analysis procedures. In the 
case of piles to be driven to a specified minimum pile toe elevation, the 
ultimate pile capacity must be computed .by static analysis to include the 

capacity of all soil layers penetrated by the pile above the minimum pile 

toe elevation as well as the end bearing resistance at that depth. Also, 

the ultimate pile capacity is directly relatE~d to the maximum pile driving 
stress during installation. This stress is more critical than the stress 
caused after installation by the design load. 

Good piling practices dictate use of the wave equation in place of 
dynamic formulas to monitor driven pile capacity for all projects. The 

driving resistance and maximum pile stresses should be determined for 

the ultimate pile capacity. Use of the wave equation will permit the use 
of lower safety factors on the design load and the minimum permissible 
pile section to resist the driving force. This will result in significant cost 

reductions due to savings in pile lenr1ths and use of smaller pile 
sections. FHWA recommends that all agencies phase in wave equation 
analysis with an ultimate goal of eliminating use of dynamic formulas on 

all pile projects. Wave equation analysis is discussed in greater detail in 
Chapter 1-7 of this manual. 
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The Engineering News formula is recognized to be the least accurate 
and least consistent of all dynamic formula, yet the vast majority of all 
States continue to use this formula. The Washington State DOT study 
WA-RD-163. 1 11Comparison of Methods for Estimating Pile Capacity11 

(1988) found that the Hiley, Gates, .. lanbu, and Pacific Coast Uniform 
Building code formulas all provide relatively more dependable results 
than the Engineering News formula. The dynamic formula contained in 

this specification is the Gates formula which has been revised to reflect 
the ultimate pile capacity in kilonewtons. The formula in this specification 
already includes the 80% efficiency factor on the rated energy, E, 
recommended by Gates. 

The Gates formula was also studied by Olson and Flaate (1967) and 
found to be the most consistent of the dynamic formulas studied. 
However, all dynamic formulas are not suited for soft cohesive soils. 

Engineers planning to use dynamic formula should carefully read these 
references to comprehend the limitations involved with their use. A 
design safety factor of 3. 5 is recommended when using the Gates 
formula to determine the safe design load, i.e., if a design load of 1000 
kN is required in the bearing layer, then an ultimate pile capacity of 3500 
kN should be used in the Gates formula to determine the necessary 
driving resistance. The formula was selected for its relative accuracy, 
consistency and simplicity of use. However, the top priority for highway 
agencies should be to change from dynamic formulas to wave equation 
analysis. 

8. Compression Load Tests 

1. Static Load Tests: Compression load tests shall be performed by procedures 
set forth in ASTM D-1143 using the quick load test method, except that the test 
shall be taken to plunging failure or the capacity of the loading system. Testing 
equipment and measuring systems shall conform to ASTM D-1143, except that 
the loading system shall be capable of applying 150% of the ultimate pile 
capacity or 9000 kN, whichever is less, and that a load cell and spherical 
bearing plate shall be used. The Contractor shall submit to the Engineer for 
approval detailed plans prepared by a licensed professional engineer of the 

proposed loading apparatus. The apparatus shall be constructed to allow the 
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various increments of the load to be placed graclually, without causing vibration 
to the test pile. When the approved method requires the use of tension 

(reaction) piles, the tension piles, when feasible, shall be of the same type and 
diameter as the production piles, and shall be driven in the location of 
permanent piles except that timber or tapered piles installed in permanent 
locations shall not be used as tension piles. 

The design load shall be defined as 50% of the failure load. The failure load for 
the pile shall be defined as follows: for piles 6,1 O mm or less in diameter or 
width, the failure load of a pile tested under axial compressive load is that load 
which produces a settlement at failure of the pil1e head equal to: 

s1 = ti + (4.0 + 0.008b) 

Where: s1 = Settlement at failure in mm. 

b = Pile diameter or width in mm. 

ti = Elastic deformation of total pile length in mm. 

For piles greater than 610 mm in diameter or width: 

The top elevation of the test pile shall be determined immediately after driving 
and again just before load testing to check for t1eave. Any pile which heaves 
more than 6 mm shall be redriven or jacked to the original elevation prior to 
testing. Unless otherwise specified in the contract, a minimum 3-day waiting 

period shall be observed between the driving of any anchor piles or the load test 
pile and the commencement of the load test. 

Commentary: The pile capacity may increase (soil setup) or decrease (relaxation) after 
the end of driving. Therefore, it is essential that static load testing be 
performed after equilibrium conditions in the soil have re-established. 

Static load tests performed before equilibrium conditions have re-
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established will underestimate the long term pile capacity in soil setup 
conditions and overestimate the lon~1 term capacity in relaxation cases. 
For piles in clays, specifications should require at least 2 weeks or longer 

to elapse between driving and load testing. In sandy silts and sands, 5 
days to a week is usually sufficient. Load testing of piles driven into 
shales should also be delayed for at least 2 weeks after driving. 
Additional discussion on time dependent changes in pile capacity may 
be found in Section 9. 10. 1. 

Each static load test pile should be determining the load transferred to 
the pile toe. Instrumentation commonly consists of strain gages and/or 
telltale rods mounted at varying depths from the pile toe. Also, a load 
cell and spherical bearing plate should be mounted between the load 
frame and the pile head to verify the readings from the hydraulic jack 
pressure gauge. Due to jack ram friction, loads indicated by a jack 
pressure gauge are commonly 10% to 20% higher than the actual load 
imposed on the pile. Last, after completion of a load test on a non 
production pile, the static test pile should be pulled and checked for 
damage. The examination of the extracted pile will determine driving 
damage and its effect on capacity. 

When static load tests are used to control production pile driving, the 
time required to analyze the load test results and establish driving criteria 
should be specified so that the delay time to the contractor is clearly 

identified. Static load testing is discussed in greater detail in Chapter 19 
of this manual. A more detailed specification for static load testing may 
be found in FHWA-SA-91-042, Static Testing of Deep Foundations. 

2. Dynamic Load Tests: Dynamic measurements following procedures set forth in 
ASTM D-4945 will be taken by the Engineer during the driving of piles 
designated as dynamic load test piles. 

Commentary: When static load tests are specified, dynamic load tests are 
recommended to be performed on at least half the reaction piles prior to 
driving the static load test pile. The ciynamic test results are used both 
to verify that the desired ultimate pile capacity can be attained at the 
proposed estimated static load test pile penetration depth and to fine 
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tune the dynamic test equipment for site soil conditions. Dynamic 
monitoring of the load test pile during both initial driving and during 
restriking after completion of the static load test are also recommended. 
This allows correlation of static test results with dynamic test results. 
Signal matching techniques using the dynamic test data can further 
quantify dynamic soil parameters such as soil quake and damping for the 
site. When dynamic tests are specified on production piles, the first pile 
driven in each substructure foundation is recommended to be tested. 
Where uniform soil conditions exist across a site, the number of dynamic 
tests may be reduced based on recommendations from the agency's 
geotechnical engineer. 

This section of the specifications applies to the Contractor's activities as 
they relate to the dynamic testing of piles. If the dynamic tests are to be 
performed by an independent firm and not transportation department 
personnel, an additional specification section detailing analysis and 
reporting requirements must be added. Dynamic tests are discussed in 
greater detail in Chapter 1 B of this manual. 

Prior to placement in the leads, the Contractor shall make each designated 
concrete and/or timber pile available for taking of wave speed measurements 

and for predrilling the required instrument attachment holes. Predriving wave 
speed measurements will not be required for steel piles. When wave speed 
measurements are made, the piling shall be in a horizontal position and not in 
contact with other piling. The Engineer will furnisl1 the equipment, materials, and 
labor necessary for drilling holes in the piles for mounting the instruments. The 
instruments will be attached near the head of the pile with bolts placed in 

masonry anchors for the concrete piles, or through drilled holes on the steel 
piles, or with wood screws for timber piles. 

The Contractor shall provide the Engineer reasonable means of access to the 

pile for attaching instruments after the pile is placed in the leads. A platform 
with minimum size of 1.2 x 1.2 m (1.4 sq. m) designed to be raised to the top 
of the pile while the pile is located in the leads shall be provided by the 
Contractor. It is estimated that the Engineer will need approximately 1 hour per 
pile to install the dynamic test equipment. 
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The Contractor shall furnish electric power for the dynamic test equipment. The 
power supply at the outlet shall be 1 0 amp, 115 volt, 55-60 cycle, AC. only. 
Field generators used as the power source shall be equipped with functioning 
meters for monitoring voltage and frequency levels. 

The Contractor shall furnish a shelter to protect the dynamic test equipment from 
the elements. The shelter shall have a minimum floor size of 2.5 x 2.5 m (6.2 
sq. m) and minimum roof height of 2 m. The inside temperature of the shelter 
shall be maintained above 45 degrees. The shelter shall be located within 15 
m of the test location. 

With the dynamic testing equipment attached, the Contractor shall drive the pile 
to the design penetration depth or to a depth determined by the Engineer. The 
Engineer will use the ultimate pile capacity estimates at the time of driving 
and/or restriking from dynamic test methods to determine the required pile 
penetration depth for the ultimate pile capacity. The stresses in the piles will be 
monitored during driving with the dynamic test equipment to ensure that the 
values determined do not exceed the values in Section XXX.03(8). If necessary, 
the Contractor shall reduce the driving energy transmitted to the pile by using 
additional cushions or reducing the energy output of the hammer in order to 
maintain stresses below the values in Section XXX.03(8). If non-axial driving is 
indicated by dynamic test equipment measurements, the Contractor shall 
immediately realign the driving system. 

The Contractor shall wait up to 24 hours ( or a longer duration specified in the 
contract documents) and restrike the dynamic load test pile with the dynamic 
testing instruments attached. It is estimated that the Engineer will require 

approximately ½ hour to reattach the instruments. A cold hammer shall not be 
used for the restrike. The hammer shall be warmed up before restrike begins 
by applying at least 20 blows to another piile. The maximum amount of 
penetration required during restrike shall be 150 mm, or the maximum total 
number of hammer blows required will be 50, whichever occurs first. After 
restriking, the Engineer will either provide the cutoff elevation or specify 
.additional pile penetration and testing. 

Commentary: For purposes of measurement and payment one dynamic test includes 

all data collected on one pile during l)oth the initial pile driving and a 
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restrike done up to 24 hours after the initial driving. Additional long term 
restrikes should be paid for as separate tests unless the restrike 

schedule is specifically stated in the dynamic test specification. 

The restrike time and frequency should be clearly stated in the 

specifications and should be based on the time dependent strength 
change characteristics of the soil. The following restrike durations are 

often used: 

Soil Type 

Clean Sands 

Silty Sands 

Sandy Silts 

Silty Clays 

Shales 

Time De/av Until Restrike 

1 Day 

2 Days 

3-5 Days 
7-14 Days* 

10-14 Days* 

*Longer times sometimE3S required. 

The restrike time interval is particularly important when dynamic testing 

is used for construction control. Speci~dng too short of a restrike time 

for friction piles in fine grained deposits may result in pile length 

overruns. However, it is sometimes difficult for long term restrikes to be 

accommodated in the construction schE~dule. In these cases, multiple 

restrikes are sometimes specified on s19/ected piles with shorter term 
restrikes at other locations. 

The time necessary to analyze the dynamic test results and provide 

driving criteria to the contractor once restrikes are completed should also 

be stated in the specifications. This is important when the testing is 

done by agency personnel or their consultants as well as when the 

testing firm is retained by the contractor.. In cases where the testing is 

retained by the contractor, the time required for the agency to review the 

test results and provide driving criteria should be specified relative to the 

agency's receiving the test results. 

3. General: On completion of the load testing, any test or anchor piling not a part 

of the finished structure shall be removed or cut off at least 300 mm below either 
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the bottom of footing or the finished ground elevation, if not located within the 

footing area. 

C. Test Piles (Indicator Piles). Test piles shall be driven when shown on the plans at 
the locations and to the penetration depths specified by the Engineer. All test piles 
shall be driven with impact hammers unless specifically stated otherwise in the 
plans. In general, the specified length of test piles will be greater than the 
estimated length of production piles in order to provide for variation in soil 
conditions. The driving equipment used for driving test piles shall be identical to 
that which the Contractor proposes to use on the production piling. Approval of 

driving equipment shall conform with the requirements of these Specifications. The 
Contractor shall excavate the ground at each test pile to the elevation of the 
bottom of the footing before the pile is driven. 

Test piles shall be driven to a driving resistance established by the Engineer at the 
estimated pile toe elevation. Test piles which do not attain the driving resistance 
specified above at a depth of 0.25 meter above the estimated pile toe elevation 
shown on the plans shall be allowed to 11 set up 11 1for 12 to 24 hours, or as directed 
by the Engineer, before being redriven. A cold hammer shall not be used for 
redrive. The hammer shall be warmed up before driving begins by applying at least 
20 blows to another pile. If the specified driving resistance is not attained on 
redriving, the Engineer may direct the Contractor to drive a portion or all of the 
remaining test pile length and repeat the 11set up 11 redrive procedure. Test piles 
driven to plan grade and not having the driving resistance required, shall be 
spliced and driven until the required capacity is obtained. 

A record of driving of the test pile will be prepared by the Engineer, including the 
number of hammer blows per 0.25 meter for the E3ntire driven length, the as-driven 
length of the test pile, cutoff elevation, penetration in ground, and any other 
pertinent information. The Contractor shall provide the information listed in Figure 

12.1 of Section XXX.03(8) to the Engineer for inclusion in the record. If a redrive 
is necessary, the Engineer will record the number of hammer blows per 25 mm of 

pile movement for the first 0.25 meter of redrive.. The Contractor shall not order 
piling to be used in the permanent structure until test pile data has been reviewed 
and pile order lengths are authorized by the Engineer. The Engineer will provide 
the pile order list within 7 calendar days after completion of all test pile driving 
specified in the contract documents. 
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Commentary: Test piles are particularly recommended on projects where: 1) large 

quantities or long length of friction piling are estimated, even if load tests 

are to be used at adjacent footings; 2) large ultimate soil resistance is 

expected in relation to the design load and, 3) where concrete piles are 

used. 

D. Ultimate Pile Capacity. Piles shall be driven by the Contractor to the penetration 
depth shown on the plans or to a greater depth if necessary to obtain the ultimate 
pile capacity. The ultimate pile capacity shall be determined by the Engineer 
based on one of the methods listed in Section XXX.04(A). 

Jetting or other methods shall not be used to facilitate pile penetration unless 
specifically permitted in the contract plans or in writing by the Engineer. The 
ultimate pile capacity of jetted piles shall be based on driving resistances recorded 
during impact driving after the jet pipes have been removed. Jetted piles not 
attaining the ultimate pile capacity at the ordered length shall be spliced, as 

required, at the Contractor's cost, and driven with an impact hammer until the 
ultimate pile capacity is achieved, as indicated by the appropriate criteria in Section 
XXX.04(A). 

The ultimate pile capacity of piles driven with followers shall only be considered 
acceptable when the follower driven piles attain thE~ same pile toe elevation as the 
full length piles driven without followers, installed per Section XXX.03(C), which 
attained the required ultimate pile capacity. 

The ultimate pile capacity of piles driven with vibratory hammers shall be based on 
the driving resistance recorded during impact driving after the vibratory equipment 
has been removed from the first pile in each group of 1 0 piles. Vibrated piles not 
attaining the ultimate pile capacity at the ordered length shall be spliced, as 
required, at the Contractor's cost, and driven with an impact hammer until the 
ultimate pile capacity is achieved, as indicated by the appropriate criteria in Section 

XXX.04(A). When the ultimate pile capacity is attained, the remaining 9 piles shall 

be installed to similar depths with similar vibratory hammer power consumption and 
rate of penetration as the first pile. 
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E. Preparation and Driving 

1. General: The heads of all piles shall be plane and perpendicular to the 

longitudinal axis of the pile before the helmet is attached. The heads of all 

concrete piles shall be protected with a pile cushion as described in Section 
XXX.03(C). 

During pile driving, the pile cushion shall be changed as described in Section 

XXX.03(C) before excessive compression or damage takes place. Approval of 

a pile hammer relative to driving stress dama1Je shall not relieve the Contractor 

of responsibility for piles damaged because of misalignment of the leads, failure 

of cushion materials, failure of splices, malfunctioning of the pile hammer, or 

other improper construction methods. Piles damaged for such reasons shall be 
rejected and replaced at the Contractor's expense when the Engineer 

determines that the damage impairs the strength of the pile. 

2. Preboring: Augering, wet-rotary drilling, or other methods of preboring shall be 
used only when approved by the Engineer or in the same manner as used for 

any indicator piles or load test piles. When permitted, such procedures shall be 

carried out in a manner which will not impair the capacity of the piles already in 

place or the safety of existing adjacent structures. 

Except for end bearing piles, preboring shall be stopped at least 1.5 m above 

the pile toe elevation, determined from the ordered length and the pile shall be 
driven with an impact hammer to a driving resistance specified by the Engineer. 
Where piles are to be end-bearing on rock or hardpan, preboring may be carried 

to the surface of the rock or hardpan, and thie piles shall be restruck with an 

impact hammer to insure proper seating. 

If the Engineer determines that preboring t1as disturbed the capacities of 

previously installed piles, those piles that have been disturbed shall be restored 

to conditions meeting the requirements of this specification by redriving or by 

other methods acceptable to the Engineer.. Redriving or other remedial 

measures shall be instituted after the preboring operations in the area have been 

completed. The Contractor shall be responsible for the costs of any necessary 

remedial measures, unless the preboring method was specifically included in the 

contract documents and properly executed by the Contractor. 
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3. Location and Alignment Tolerance: The pile head at cutoff elevation shall be 
within 50 mm of plan locations for bent caps supported by piles, and shall be 

within 150 mm of plan locations for all piles capped below final grade. The 

as-driven centroid of load of any pile group at cutoff elevation shall be within 5% 

of the plan location of the designed centroid of load. No pile shall be nearer 

than 100 mm from any edge of the cap. Any increase in size of cap to meet 

this edge distance requirement shall be at the Contractor's expense. 

Piles shall be installed so that the axial alignment of the top 3 m of the pile is 
within 2% of the specified alignment. For piles that cannot be inspected 

internally after installation, an alignment check shall be made before installing 

the last 1 .5 m of pile, or aftE3r installation is completed provided the exposed 

portion of the pile is not less than 1.5 m in len~Jth. The Engineer may require 
that driving be stopped in order to check the pile alignment. Pulling laterally on 

piles to correct misalignment, or splicing a properly aligned section on a 

misaligned section shall not be permitted. 

If the location and/or alignment tolerances specified in the preceding paragraphs 

are exceeded, the extent of overloading shall b19 evaluated by the Engineer. If 

in the judgement of the Engineer, corrective measures are necessary, suitable 

measures shall be designed and constructed by the Contractor. The Contractor 

shall bear all costs, includin~J delays, associated with the corrective action. 

Commentary: Conditions exist, such as soft overburden soils directly overlying a 
sloping bedrock, where final pile location and/or alignment may be 

beyond the contractor's control. These cases should be identified during 

the design stage with specifications tailored to meet the site and project 

requirements. 

4. Heaved Piles: Level readings to measure pile h19ave after driving shall be made 

by the Engineer at the start of pile driving operations and shall continue until the 

Engineer determines that such checking is no longer required. Level readings 

shall be taken immediately after the pile has been driven and again after piles 

within a radius of 5 m have been driven. If pile heave is observed, accurate 

level readings referenced to a fixed datum shall be taken by the Engineer on all 

piles immediately after installation and periodically thereafter as adjacent piles 

are driven to determine the pile heave range. All piles that have been heaved 
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more than 6 mm shall be redriven at the Contractor's cost, to the required 

resistance or penetration. Concrete shall not be placed in pile casings until pile 

driving has progressed beyond a radius of 5 m from the pile to be concreted. 

If pile heave is detected for pipe or shell piles which have been filled with 
concrete, the piles shall be redriven to original position after the concrete has 

obtained sufficient strength and a proper hammer-pile cushion system, 

satisfactory to the Engineer, is used. 

5. Installation Sequence: The order of placing individual piles in pile groups shall 

be either starting from the center of the group and proceeding outwards in both 
directions, or starting at the outside row and proceeding progressively across 

the group. 

F. Unsatisfactory Piles. The method used in driving piles shall not subject the piles 

to excessive or undue abuse producing crushing and spalling of concrete, injurious 

splitting, splintering, and brooming of the wood, or deformation of the steel. 
Misaligned piles shall not be forced into proper position. Any pile damaged during 
driving by reason of internal defects, or by improper driving, or driven out of its 

proper location, or driven below the designated cutoff elevation, shall be corrected 

by the Contractor, without added compensation, by a method approved by the 
Engineer. 

Commentary: The following procedures may be us1~d to correct unsatisfactory pile 
conditions: 

1. The pile may be withdrawn and replaced by a new and, when 
necessary, longer pile. In removing piles, jets may be used in 
conjunction with jacks or other devices for pulling in an effort to 

remove the whole pile 

2. A second pile may be driven adjacent to the defective pile. 

3. The pile may be spliced or built up as otherwise provided herein, or 
a sufficient portion of the footing extended to properly embed the pile. 

4. All piles pushed up by the driving of adjacent piles, or by any other 

cause, shall be redriven. 
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Piles which have been bent during installation shall be considered unsatisfactory 

unless the ultimate capacity is proven by load tests performed at the Contractor's 

expense. If such tests indicate inadequate capacity, corrective measures as 

determined by the Engineer shall be taken, such as use of bent piles at reduced 

capacity, installation of additional piles, strengthening of bent piles, or replacement 
of bent piles. 

A concrete pile will be considered defective if a visible crack, or cracks, appears 

around the entire periphery of the pile, or if any defect is observed which, as 

determined by the Engineer, affects the strength or life of the pile. 

G. Splices. Full length piles shall always be used where practical. In no case shall 

timber piles be spliced. Where splices are unavoidable for steel or concrete piles, 
their number, locations and details shall be subject to approval of the Engineer. 

Splices in steel piles and steel pile casings shall be welded in conformance with 

Section XXX. Splices for cast in place piles s~1all be watertight. Splices for 

concrete piles shall be made by the cement dowel method as detailed on the plans 

unless the Engineer approves alternate splices. Mechanical splices for concrete 

or steel piles may be approved by the Engineer i1r the splice can transfer the full 

pile strength in compression, tension and bending. Shop drawings of any 

proposed mechanical splice shall be submitted to the Engineer for approval. 

H. Pile Shoes. Pile shoes of the type and dimensions specified shall be provided and 

installed when shown on the contract plans. Shoes for timber piles shall be metal 

and shall be fastened securely to the pile. Timber pile toes shall be carefully 

shaped to secure an even uniform bearing on the pile shoe. Steel pile shoes shall 

be fabricated from cast steel conforming to ASTIVI A 27. 

Commentary: H-pile shoes composed of steel plates welded to the flanges and webs 
are not recommended because this reinforcement provides neither 

protection nor increased strength at the critical area of the flange to web 
connection. Only prefabricated pile shoes made of ASTM A 27 cast steel 

have been proven reliable. The designer should select and detail on the 

plans the proper pile shoe to suit the application. Additional information 
on pile shoes is presented in Chapter 23 of this manual. 
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I. Cutoff Lengths. The pile head of all permanent piles and pile casings shall be cutoff 
at the elevation shown on the plans or as ordered by the Engineer. All cutoff lengths 
shall become the property of the Contractor, and shall be removed by the Contractor 

from the site of the work. 

Commentary: Additional structural details for timber, steel, concrete and cast in place 
piles should be included by each agency in this driven pile specification, 
either directly or by reference to appropriate sections of the individual 
agency's standard specification. Typical items include: timber pile butt 
treatment and preservative treatment; precast concrete pile 
reinforcement, forming, casting, curin:g, and handling; steel pile field 
painting; cast in place pile details for shell, interior reinforcement and 
concrete. 

SECTION XXX.05. METHOD OF MEASUREMENT 

A. Timber, Steel, and Precast Concrete Piles 

1. Piles Furnished: The unit of measurement fm payment for furnishing timber, 
steel, and precast concrete piles shall be the l!inear meter. The quantity to be 
paid for will be the sum of the lengths in meters of the piles, of the types and 
lengths ordered in writing by the Engineer, furnished in compliance with the 
material requirements of these specifications, stockpiled in good condition at the 
site of the work by the Contractor, and accepted by the Engineer. No allowance 

will be made for that length of piles, including test piles, furnished by the 
Contractor to replace piles which were previously accepted by the Engineer, but 
are subsequently damaged prior to completion of the contract. 

When extensions of piles are necessary, the extension length ordered in writing 
by the Engineer will be included in the linear meters of piling furnished. 

2. Piles Driven: The units of measurement for driving timber, steel, and precast 

concrete piles shall be per linear meter of piling in place measured below the 
cutoff elevation. The measured length will be rounded to the nearest meter. 
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Preboring, jetting or other methods used for facilitating pile driving procedures 
will not be measured and payment shall be considered included in the unit price 

bid for the Piles Driven pay item. 

B. Cast in Place Pipe or Shell Concrete Piles. The quantity of cast in place pipe or 
shell concrete piles to be paid for will be the actual number of linear meters of steel 
pipe or shell piles driven, cast, and left in place in the completed and accepted 
work. Measurements will be made from the toe of the steel pipe or shell pile to the 
bottom of the cap or bottom of the footing, as the case may be. 

No separate measurement will be made for reinforcing steel, excavation, drilling, 
cleaning of drilled holes, drilling fluids, sealing materials, concrete, casing, and or 
any other items required to complete the work. Preboring, jetting or other methods 
used for facilitating pile driving procedures will not be measured and payment shall 
be considered included in the unit price bid for the driven and cast in place pay 
item. 

C. Pile Shoes. The number of pile shoes measured for payment shall be those shoes 
actually installed on piles and accepted for payment by the Engineer. 

D. Load Tests. The quantity of load tests to be paid for will be the number of load 
tests completed and accepted, except that load tests made at the option of the 
Contractor will not be included in the quantity measured for payment. 

Reaction and test piling which are not a part of tt1e permanent structure will be 
included in the unit price bid for each load test. Reaction and test piling, which are 
a part of the permanent structure, will be paid for under the appropriate pay item. 

E. Splices. The number of splices measured for payment shall be only those splices 
actually made as required to drive the piles in excess of the ordered length 
furnished by the Engineer. 

F. Furnishing Equipment for Driving Piles. Payment will be made at the lump sum 
price bid for this item as follows: Seventy-five percent (75%) of the amount bid will 

be paid when the equipment for driving piles is furnished and driving of satisfactory 

piles has commenced. The remaining 25% will be paid when the work of driving 

piles is completed. The lump sum price bid shall include the cost of furnishing all 
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labor, materials and equipment necessary for transporting, erecting, maintaining, 
replacing any ordered equipment, dismantling and removing of the entire pile 
driving equipment. The cost of all labor, including the manipulation of the pile 
driving equipment and materials in connection with driving piles, shall be included 
in the unit price bid per linear meter for the piles to be driven. The furnishing of 
equipment for driving sheet piling is not included in this work. Payment for 
furnishing and using a follower, augers or jetting will be considered as included in 
the unit price bid for piles. 

SECTION XXX.06 BASIS OF PAYMENT 

The accepted quantities, determined as provided above, will be paid for at the contract 
price per unit of measurement, respectively, for each of the particular pay items listed 
below that is shown in the bid schedule, which prices and payment will be full 
compensation for the work prescribed in this section. Payment will be made under: 

Pay Item Pay Unit 

XXX(I) __ piles, furnished Linear meter 
XXX(2) __ piles, driven Linear meter 
XXX(3) __ piles, driven & cast in place Linear meter 
XXX(4) __ test piles, furnished Linear meter 
XXX(5) __ test piles, driven Linear meter 
XXX(6) __ test piles, driven & cast in place Linear meter 
XXX(7) Pile load test (static) Each 
XXX(8) Pile load test (dynamic) Each 
XXX(9) Splices Each 
XXX(10) Pile Shoes Each 
XXX(11) Furnishing Equipment for Pile Driving Each 

Commentary: The above pile payment items have beEm chosen to separate the major 

fixed costs from the variable costs. Many highway agencies oversimplify 

pile payment by including all costs associated with the driving operation 

in the price per meter of pile installed. Contractors bidding such "simple" 

items need to break down the total cost of the mobilization, splices, 

shoes, etc., to a price per linear meter based on the total estimated 
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quantity. If that quantity underruns, the contractor does not recover the 
full cost of mobilization, splices, shoes, etc. If that quantity overruns, the 
highway agency pays an unfair price for the overrun quantity. The use 
of separate items for operations of major fixed cost such as mobilization 
can substantially mitigate the inequitable impact of length variations. 
Similarly, the ordered pile length is the highway agency's responsibility. 
Separate payment for furnishing piles anci driving piles compensates the 
contractor for actual materials used anci installation costs, even when 
overruns or underruns occur. 
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13. PILE FOUNDATION DESIGN SUMMARY 

13.1 INTRODUCTION 

In this chapter, the total design process will be reviewed following the procedure outlined 

in Chapter 3. However, this time the design process will be illustrated through a proposed 

bridge construction project. The Foundation Design Process flow chart presented in Figure 

3.1 is repeated for convenience here as Figure 13.1. The proposed project is a bridge that 
will carry the imaginary Peach Freeway over Dismal Creek. This is a new freeway that is to 

be built in a city in the southeastern part of the United States. The alignment of the 

roadway has been defined and the foundation design now comes into consideration. The 

design process will be followed using Figure 13.1. 

13.2 BLOCK 1 - ESTABLISH REQUIREMENTS FOR STRUCTURAL CONDITIONS AND SITE 
CHARACTERIZATION 

The general structure requirements will now be reviewed following the list from Chapter 3, 

Section 3.4. 

1 . The project is a new bridge. 

2. The structure will be constructed at one time by a single contract. 

3. The structure layout has not been finalized at the time that the foundation engineer first 
becomes involved. The alignment is quite well defined but the grades have not been 

established. 

4. The foundation engineer has briefly visited the proposed site. Dismal Creek is a flat, 

shallow stream that, at low water, is more than 30 meters wide in the vicinity of the 

proposed bridge. At the north end of the structure there is a bank about eight meters 

high while on the south end the bank slopes up quite slowly. The new bridge will 

probably be about 80-100 meters long with an approach embankment required for the 
south approach. Bridge piers will probably be located in Dismal Creek. 
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5. Seismic and vessel impact loads are not a design consideration. However, scour and 

debris loading must be considered for the bridge piers. 

6. As yet the structure is not sufficiently defined to consider modifications in the structure 

due to site considerations. 

7. Foundation loads cannot be estimated very accurately at this time. A meeting with the 

bridge engineer indicates that, based on his experience, compression loads on the order 

of 10,000 to 15,000 kN per substructure location are likely. Typical deflection and 
deformation requirements are anticipated. 

13.3 BLOCK 2 - OBTAIN GENERAL. SITE GEOLOGY 

Published data from the sources listed in Table 4-2 has been reviewed in the office planning 

stage. Geologists have also been contacted to provide information regarding the site 
geology. At first glance, an extensive subsurface exploration would probably not be 
required for this modest sized structure. However, a field reconnaissance survey of the area 

has been made by the foundation engineer and the project bridge engineer. Field 

observations of the eroded stream banks indicated that lthe surficial soils on the north side 

of Dismal Creek consist of silty sands while silty clays were noted in the south stream bank. 
The granular upland soils on the north approach and the cohesive lowland soils on the 
south approach further suggest that the subsurface conditions may be quite complex. 

Therefore, it would be desirable that fairly extensive subsurface exploration be made. The 

foundation engineer expected the site to be underlain by limestone bedrock at a depth of 
30 to 50 meters, based on previous experience. 

13.4 BLOCK 3 - COLLECT FOUNDATION EXPERIENCE FROM THE AREA 

Agency files have been reviewed to determine if there are any existing soil borings in the 

area of the proposed bridge site. However, no previous subsurface information has been 

located. There are also no existing bridges in the vicinity of the planned structure to provide 

details on subsurface conditions or previous construction information and/or problems. 
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13.5 BLOCK 4- DEVELOP AND EXECUTE SUBSURFACE EXPLORATION PROGRAM 

Based on the information generated in Blocks 1 to 3, a subsurface exploration program was 
planned. The foundation engineer requested that the bridge engineer provide additional 
information on the planned structural configuration. Since some time had elapsed since the 
initial discussions regarding the proposed structural configuration, it was possible to better 
define the structure geometry. The proposed bridge will be supported at two abutments 
and two interior piers. Due to the possibly complex subsurface conditions, both a soil 
boring and an in-situ cone penetration test will be performed at each substructure location. 

The subsurface program was performed and results of the exploration are included in 
Appendix E. This data was evaluated and a subsurface profile was prepared and is given 
in Figure 13.2. 

13.6 BLOCK 5 - EVALUATE INFORMATION AND SELECT FOUNDATION SYSTEM 

A decision must now be made regarding the foundation system that will be used. First, the 
foundation engineer met again with the bridge engineer to verify the final design loads and 
foundation locations. It was determined that the foundations will be located as anticipated 
at the last meeting. The Peach Freeway Bridge over Dismal Creek will be a three span 
structure supported at North and South Abutments and intE3rior piers, Pier 2 and Pier 3. At 
the proposed bridge location, the only extreme event that must be considered is scour. The 
bridge is not in a region where seismic loads will influence the design and vessel impact 
is not a design consideration. Lateral loads will be induced by stream debris. 

The foundation loads have now been well defined. The total axial compression loads have 
been established at 12,600 kN per substructure location. Other load conditions that include 
several combinations of axial and transverse loads result in axial compression, uplift, lateral, 
and moment loads at each substructure unit. These load combinations are too extensive 
to be repeated here. However, the lateral loads will range from 600 kN at th~ interior piers 
to 900 kN at the abutments, and the maximum uplift load on a pile group will be less than 
1800 kN. 
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The foundation performance requirements have also been established. Maximum pile group 
settlements less than 25 mm are required under the compression loads with maximum 
differential settlements between substructure units of 15 mm. Maximum horizontal 
deflections of up to 1 0 mm are permissible under lateral loading. 

A hydraulics division study indicates that a shallow foundation should not be used under 
the two piers due to scour. In addition, settlement of a shallow foundation at Pier 3 is 
expected to be excessive. Therefore, the use of a shallow foundation was ruled out and a 
deep foundation will be required. 

13.7 BLOCK 6- DEEP FOUNDATION TYPE 

A decision must now be made between the use of driven piles and drilled shafts. Both 
driven piles and drilled shafts are commonly used in the region. However, a cost analysis 
indicates that a driven pile option will be more economical than drilled shafts because of 
the complex subsurface conditions. Therefore, a driven pile system is selected. 

13.8 BLOCK 7 AND 8 - SELECT DRIVEN PILE TYPE 

All of the available information is now used to select a pile type as well as the number of 
piles and group arrangement. The limitations associated with the various design conditions 
are used to check the selection by analyzing the response of the pile to the applied loads. 
Initial design estimates and local availability of materials indicate square, precast, 
prestressed concrete piles will probably be the most cost effective foundation type. A 356 
mm square, prestressed concrete pile is then selected. Pile groups of 24 piles arranged 
in three rows of eight piles each will be used at each substructure location. The maximum 
compressive design load is 890 kN, the design uplift load is 100 kN, and the maximum 
lateral load is 40 kN per pile. 
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13.9 BLOCK 9 - SELECT PILE LENGTH AND CALCULATE PERFORMANCE UNDER 
SPECIFIED LOADS 

13.9.1 Single Pile Capacity 

Several static pile capacity calculations have been performed to determine the estimated 

pile length at each substructure unit (i.e., North Abutment, Pier 2, Pier 3, and South 

Abutment) using the procedures presented in Chapter 9. Construction control procedures 

have been selected that will make a factor of safety of 2.0 appropriate. Therefore, an 

ultimate axial capacity of 1780 kN is required. At Piers 2 and 3, the effect of scour on the 
static axial capacity should also be calculated. Static pi1le capacity calculation details are 

given in Appendix F (including the scour calculation at Pier 2) and summaries of the 

calculations are provided in Tables 13-1 to 13-4. 

The capacity calculation summaries indicate different static analysis methods will yield 

different results. Therefore, designers should use a method they fully understpnd, including 

the method limitations. Based upon the analyses performed, pile penetration lengths of 

11.5 m are selected for the North Abutment, 14 m for Pier 2 (after scour), 13 m for Pier 3 
(total stress a-method so scour effect limited) and 21 m for the South Abutment (17.5 m if 

drag load not considered). 

13.9.2 Pile Group Capacity 

The North Abutment piles will be driven into a dense cohesionless soil at center to center 

pile spacings greater than 4 diameters. Therefore, the ultimate pile group capacity for the 

North Abutment may be taken as the sum of the ultimate capacities of the individual piles 

in the group as discussed in Section 9.8.1.1. Similarly, the Pier 2 piles will be driven into 

a dense cohesionless soil at center to center pile spacings greater than 4 diameters. 

Therefore, the ultimate pile group capacity at Pier 2 may also be taken as the sum of the 

ultimate capacities of the individual piles in the group. 

At Pier 3, the piles will be driven through cohesive soils and into a dense cohesionless layer 

at center to center pile spacings of 4 diameters. Since th13 piles will be founded in a dense 

cohesionless layer, the pile group capacity should be equal to the sum of the ultimate 

capacities of the individual piles in the group. However, the possibility of block failure 

should be checked in accordance with the procedures detailed in Section 9.8.1.3 particularly 

if the dense layer is underlain by a weaker deposit. 
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TABLE 13-1(a) NORTH ABUTMENT PILE CAPACITY SUMMARY FOR 11.5 m PILE 
EMBEDMENT 

Method Used for Estimation Calculated Calculated Calculated 

of Pile Capacity Pile Shaft Pile Toe Ultimate 

Resistance Flesistance Pile Capacity 

(kN) (kN) (kN) 

Meyerhof Method - SPT Data 418 854 1,272 

Nordlund Method - SPT Data 898 940 1,838 

Effective Stress Method - SPT Data 537 1,294 1,831 

SPILE Program - SPT Data 944 1,201 2,145 

LPC CPT Program - CPT Data 780 511 1,291 

Schmertmann Method - CPT Data 604 1,111 1,715 

TABLE 13-1 (b) NORTH ABUTMENT PILE LENGTH SUMMARY FOR A 1,780 kN 
ULTIMATE PILE CAPACITY 

Method Used for Estimation Calculated Pile Length for the 1 , 780 kN 

of Pile Capacity Ultimate Pile Capacity 

Meyerhof Method - SPT Data 13.0 meters for 1 ,840 kN 

Nordlund Method - SPT Data 11 .5 meters for 1 ,838 kN 

Effective Stress Method 11.5 meters for 1,831 kN 

SPILE Program - SPT Data 11.5 meters for 2,145 kN 

LPC CPT Program - CPT Data 13.5 meters for 1,815 kN 

Schmertmann Method - CPT Data 11. 7 meters for 1 ,939 kN 
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TABLE 13-2(a) PIER 2 PILE CAPACITY SUMMARY FOR 10.0 m PILE EMBEDMENT 

Method Used for Estimation Calculated Calculated Calculated 

of Pile Capacity Pile Shaft Pile Toe Ultimate 

Resistance Resistance Pile Capacity 

(kN) (kN) (kN) 

Meyerhof Method - SPT Data 1,134 1,676 2,810 

Nordlund Method - SPT Data 984 854 1,838 

Effective Stress Method 451 1,155 1,606 

SPILE Program - SPT Data 992 1,106 2,098 

TABLE 13-2(b) PIER 2 PILE LENGTH SUMMARY FOR A 1,780 kN ULTIMATE PILE 

Method Used for Estimation Calculated Pile Length for the 1,780 kN 

of Pile Capacity Ultimate Pile Capacity 

Meyerhof Method - SPT Data 1.0 meters for 2,136 kN 

Nordlund Method - SPT Data 10 .. 0 meters for 1 ,838 kN 

Effective Stress Method 12 .. 5 meters for 1,847 kN 

SPILE Program - SPT Data 10.0 meters for 2,098 kN 

TABLE 13-2(c) PIER 2 PILE CAPACITY SUMMARY BEFORE AND AFTER CHANNEL 
DEGRADATION SCOUR BASED ON NORDLUND METHOD 

Pile Embedment Ultimate Pile Capacity 

Before Scour After Scour 

10 meters 1,838 kN 1,347 kN 

14 meters 2,331 kN 1,887 kN 
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TABLE 13-3(a) PIER 3 PILE CAPACITY SUMMARY FOR 13.0 m PILE EMBEDMENT 

Method Used for Estimation Calculated Calculated Calculated 

of Pile Capacity Pile Shaft Pile Toe Ultimate 

Resistance Rtesistance Pile Capacity 

(kN) (kN) (kN) 

Nordlund and a Method - SPT Data 1,171 635 1,806 

Effective Stress Method 525 1,059 1,584 

SPILE Program - SPT Data 1,180 1,130 2,310 

LPC CPT Program - CPT Data 1,189 841 2030 

Schmertmann Method - CPT Data 1,727 1,231 2,958 

TABLE 13-3(b) PIER 3 PILE LENGTH SUMMARY FOR A 1,780 kN ULTIMATE PILE 
CAPACITY 

Method Used for Estimation Calculated Piile Length for the 1,780 kN 

of Pile Capacity Ultimate Pile Capacity 

Nordlund and a Method - SPT Data 13.0 meters for 1 ,806 kN 

Effective Stress Method 14.0 meters for 1,980 kN 

SPILE Program - SPT Data 13.0 meters for 2,31 O kN 

LPC CPT Program - CPT Data 12.5 meters for 1,826 kN 

Schmertmann Method - CPT Data 10.2 meters for 1,808 kN 

Note: Strata transitions from very stiff clay to dense sand and gravel at an embedded pile 
length of 13 m. 
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TABLE 13-4( a) SOUTH ABUTMENT PILE CAPACITY SUMMARY FOR 17.5 m PILE 
EMBEDMENT 

Method Used for Estimation Calculated Calculated Calculated 

of Pile Capacity Pile Shaft Pile Toe Ultimate 

Resistance Resistance Pile Capacity 

(kN) (kN) (kN) 

a Method 1,648 182 1,830 

Effective Stress Method 898 715 1,613 

SPILE Program 1,645 182 1,827 

LPC CPT Program - CPT Data 1,361 328 1,689 

Schmertmann Method - CPT Data 1,717 353 2,070 

TABLE 13-4(b) SOUTH ABUTMENT PILE LENGTH SUMMARY FOR A 1,780 kN 
ULTIMATE PILE CAPACITY 

Method Used for Estimation Calculated Pile Length for the 1,780 kN 

of Pile Capacity Ultimate Pile Capacity 

a Method 17 .. 5 meters for 1,830 kN 

Effective Stress Method 18 .. 7 meters for 1 ,800 kN 

SPILE Program 17 .. 5 meters for 1,827 kN 

LPC CPT Program - CPT Data 19 .. 5 meters for 1,807 kN 

Schmertmann Method - CPT Data 15.2 meters for 1 ,828 kN 

Note: These analyses do not consider the influence o1f downdrag loads on pile capacity 
which are discussed in Section 13.9.6. 
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At the South Abutment, the ultimate pile group capacity against block failure has been 

calculated and compared with the ultimate pile group capacity from the sum of the ultimate 

capacities of the individual piles times the group efficiency. Based on the design 

recommendations outlined in Section 9.8.1.2, a group efficiency of 1.0 was used. This 

calculation, included in Section F.2.4.1 of Appendix F, indicates that ultimate capacity 
against block failure is greater than the ultimate capacity of the group. Therefore, block 

failure is not a design issue. 

At all four substructure locations, the group capacity meets the design requirements. 

13.9.3 Group Settlement Calculations 

The substructure of the bridge is designed to be supported on a pile group having 3 rows 
of piles with 8 piles in each row. The piles are arranged at 1.5 m center to center spacing 

with a total pile group area of 3.36 m by 10.86 m. Piles in a group are combined with a pile 

cap having a dimension of 4.5 m by 1 ~! m. The maximum pile group settlement should be 

less than 25 mm under the compression loads with maximum differential settlements of 15 
mm between substructure units. 

At the North Abutment, group settlement has been calculated using the Meyerhof Method 

detailed in Section 9.8.2.2. Results of this calculation are given in Appendix F.3.1 and 
indicate that the total pile group settlement is 12.2 mm due to soil compression and elastic 

pile compression. This is less than the maximum allowable settlement of 25 mm. 

At Pier 2, group settlement has also been calculated usin!J the Meyerhof Method detailed 

in Section 9.8.2.2. Results of this calculation are given in Appendix F.3.2 and indicate that 

the total pile group settlement is 13 .. 2 mm due to soil compression and elastic pile 

compression. This is less than the maximum allowable of 25 mm. 

At Pier 3, group settlement has been calculated using this equivalent footing method for 

layered soils described in Section 9.8.2.4 and the Meyerhof Method detailed in Section 

9.8.2.2. Results of these calculations are given in Appendix F.3.3. The calculated 

settlement using the equivalent footing method is 16.1 mm including soil settlement and 

elastic pile compression. Most of this calculated settlement (12 mm) is in the clay layer. 

Since the piles are supported in an underlying dense sand and gravel layer where 

settlements are calculated to be 3.0 mm, it is unlikely that the calculated settlement in the 

clay layer could develop due to the lack of strain compatibility between layers. The 
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Meyerhof Method calculation indicates a group settllement of 9.0 mm including soil 

settlement and pile compression. In this soil profile, the Meyerhof Method calculation is 

considered a better indicator of probable foundation performance under load. Therefore the 

calculated settlement at Pier 3 of 9.0 mm is less than the maximum allowable of 25 mm. 

At the South Abutment, group settlement has been calculated using the equivalent footing 

method described in Section 9.8.2.3. Results of this calculation are provided in Appendix 

F.3.4 and indicate that the group settlement at the South Abutment is 28 mm including soil 

and pile compression. This is larger than the maximum allowable pile group settlement of 

25 mm. The group settlement will even be larger after the placement of the approach 

embankment fill materials behind the abutment wall. The settlement from embankment 

construction alone is calculated to be 500 mm. Therefore, preloading of the South 

Abutment should be performed prior to pile installation. 

With preloading of the South Abutment, group settlements could be kept within the 

foundation performance criteria. Differential settlements between substructure units have 

been calculated to be within the 15 mm criterion for differential settlement provided 
preloading at the South Abutment is performed. 

13.9.4 Lateral Pile Capacity Analysis 

The bridge division has estimated that the group lateral loads range from 600 kN at the 

interior pile groups to 900 kN at the abutment pile groups. The maximum lateral load per 

pile is limited to 40 kN. A horizontal deflection of up to 1 O mm is permissible under lateral 

loading. 

A simple Broms' Method lateral pile capacity analysis 17as been performed for the North 

Abutment piles. This calculation, included in Appendix F.4.1, indicates that the maximum 

lateral load per pile is 25 kN in order to meet the 1 O mm deflection requirement. This lateral 
load is less than desired. Therefore, the group capacity of 600 kN (24 piles at 25 kN/pile) 

is less than the 900 kN required, and more piles would be needed. 

A more rigorous COM624P analysis was also performed to evaluate the lateral load capacity 

of the 356 mm square prestressed concrete pile at the North Abutment. This analysis is 

included in Appendix F.4.2 and indicates that the pile deflection under the 40 kN design 

load will be 3.8 mm. The corresponding maximum moment and shear stress are -55.2 m

kN and 14,600 kN/m2
• The deflection, moment and shear stress under the design load are 

13-14 



acceptable. Hence, the more rigorous COM624P analysis indicates a 40 kN design lateral 
load could be used whereas the Broms' Method indicated only a 25 kN design load. 

A COM624P analysis was also performed to evaluate the lateral load capacity of the 356 

mm square prestressed concrete pile at the South Abutment. This analysis is included in 

Appendix F.4.5 and indicates that the pile deflection under the 40 kN design load will be 2.5 

mm. The corresponding maximum moment and shear strE3SS are -46.1 m-kN and 13, 400 

kN/m2
. The deflection, moment and shear stress under the design load are acceptable. 

Additional COM624P analyses should be performed to evaluate Piers 2 and 3. In addition, 

the pile group response should be evaluated at all substructure units using the p-multiplier 

approach described in Section 9.8.4. 

13.9.5 Uplift Capacity Calculations 

The maximum uplift load on a pile group is estimated to be 1 ,800 kN with a maximum uplift 

load per pile of 100 kN. A calculation of the uplift capacity of the North Abutment pile 
group has been performed following AASHTO Code (1994) for service load design as 

outlined in Section 9.8.3.1. Following this procedure, tt1e uplift capacity of the North 

Abutment pile group is 2,475 kN, which is greater than the maximum uplift load of 1,800 kN. 

Uplift calculation results are included in Appendix F.5.1. 

A calculation of the uplift capacity of the Pier 2 pile group has also been performed in 

Appendix F.5.2. Following this procedure, the uplift capaci~y of the Pier 2 pile group is 2,616 
kN, which is greater than the maximum uplift load of 1,800 kN. 

At Pier 3, an uplift capacity calculation in accordance with AASHTO code yielded an uplift 

capacity of 3,354 kN, which is greater than the maximum uplift load of 1,800 kN. Uplift 

calculation results for Pier 3 are included in Appendix F.5.~I. 

A calculation of the uplift capacity of the South Abutment pile group has also been 

performed. The uplift capacity of the South Abutment pile group is 4,275 kN, which is 

greater than the maximum uplift load of 1,800 kN. Uplift calculation result for the South 
Abutment are included in Appendix F.5.4. 
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13.9.6 Negative Shaft Resistance 

Piles at the South Abutment will t>e subjected to ne~1ative shaft resistance or downdrag 

loading due to soil settlement following the placement of 1 0 m of approach embankment 

material behind the abutment after pile installation. This settlement needs to be estimated 
prior to determining the location of the negative and positive shaft resistances along the pile. 

The a-method is now used to estimate both the positive and negative shaft resistance 

components. The step by step procedure for the calculation of downdrag loading is 

presented in Section 9.9.1.1 a. 

Following this procedure, a drag load of 259 kN has been calculated. The net ultimate pile 

capacity for a 17.5 m embedded length available to resist imposed loads is then only 1,312 

kN which is smaller than the required ultimate pile capacity. Therefore, alternatives such 

as preloading to reduce settlement and thereby the drag load, use of bitumen coatings to 

reduce pile-soil adhesion and thereby the drag load, or use of longer length piles to carry 

the drag load should be evaluated. 

Calculations indicate use of bitumen coating to a depth of 5.5 m pile would reduce the 
negative shaft resistance to 78 kN. However, the nelt ultimate pile capacity available to 

resist imposed loads on a 17.5 m embedded length pile is still only 1,493 kN which is less 

than the required ultimate pile capacity of 1780 kN. 

Calculations indicate the use of a 21 m long pile with a bitumen coating to a depth of 5.5 

m would increase the ultimate pile capacity to 1 ,908 kN. With these 21 m long piles, the 

net ultimate pile capacity available to resist imposed loads is 1,830 kN. Hence, this 
alternate provides the required ultimate capacity. However, cost analyses of preloading, 
bitumen coatings, and longer piles in conjunction with meeting performance criteria 

requirements should be performed before making the final selection. The negative shaft 

resistance calculations are given in Appendix F.6.1. 

A stub abutment instead of a full height abutment may also be a solution at the South 

Abutment. The stub abutment could be supported on a spread footing with specified 

embankment material and density control in the foundation area. A stub abutment with pile 
foundation is another alternative available for consideration. 

This design problem illustrates the difficulties encountered in designing pile _foundations in 

clay where substantial settlements occur and large dra!~ loads are encountered by piles. 
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13.9. 7 Lateral Squeeze Evaluation 

The South Abutment should be evaluated for the potential for lateral squeeze following the 

guidelines presented in Section 9.9.3 of Chapter 9. Following these procedures, 

calculations presented in Appendix F.7.1 indicate that abutment tilting can occur. If piles 
are placed before any soil compression occurs, calculations indicate horizontal movement 

of 124 mm, which is not tolerable. If piles are driven after 90% of vertical settlement has 

occurred, calculations indicate horizontal movements of 12.4 mm. This is greater than the 

performance criteria but could be tolerated if provisions were made in the bridge shoe and 

expansion joint design. 

13.9.8 Overall Design Assessment 

The selected pile lengths have now been checked for compression, lateral, and uplift 

loading as well as settlements. With preloading at the South Abutment group capacities 

and settlements are satisfactory. At this point the design has been found acceptable from 

a geotechnical perspective to meet the performance requirements. 

13.10 BLOCK 10 - CALCULATE DRIVEABILITY 

The driveability of the proposed pile section and lengths for the required ultimate pile 

capacity must now be evaluated using a wave equation program analysis. The soil 

resistance versus depth has been calculated for each substructure location using the 

DRIVEN program and then input into the GRLWEAP wave equation program. Details on the 
DRIVEN program are given in Chapter 9 and the GRLWEAP wave equation program is 

presented in Chapter 17 of Volume 11. 

At this stage, driveability analysis results indicate that the proposed 356 mm concrete piles 
would work well at the abutments. However, at the interior piers, the driveability of these 

displacement piles through the extremely dense sand and gravel layer may be quite difficult. 

The driveability results at Pier 2 are presented and discussed in greater detail in Section 

17.5.5. These results indicate displacement piles would like encounter refusal driving 

conditions when penetrating the extremely dense sand and gravel layer. Therefore, a low 

displacement pile, such as an H-pile, may be necessary at the interior piers to meet pile 

penetration requirements dictated by scour. Therefore, the design process should return 

to Block 8 and evaluate an H-pile solution at the interior piers. 
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13.11 BLOCK 11 - DESIGN SATISFACTORY? 

After a driveability review, H-piles are chosen for the pile foundation at the interior pier and 

precast concrete for the abutments. COM624P analyses for the H-piles at Piers and 3 are 

then performed and are presented in Appendix F.4.3. and F.4.4, respectively. To satisfy 

capacity requirements in the event of scour, the H-piles would need to be driven to within 

1.5 meters of bedrock. Driveability results for the H-pile solution at Pier 2, presented in 

Section 17.5.5, indicate H-piles could be driven to bedrock. Therefore, it may also be 

feasible to increase the pile capacity and use fewer piles. The H-piles at the interior piers 
were found to meet all the design requirements including driveability. Therefore, all of the 

design requirements are now satisfied. 

13.12 BLOCK 12 - PREPARE PLANS AND SPECIFICATIONS, SET FIELD CAPACITY 
DETERMINATION PROCEDURE 

The foundation design report should now be prepared. This report should summarize the 
results of the subsurface exploration program, laboratory test data, static analyses, an 

specific design and construction recommendations. The report should also highlight any 

special notes which should be incorporated into the plans or specifications which are also 

prepared at this time. For example, the preloading requirement at the South Abutment to 

reduce foundation settlements and drag loads should be clearly stated in the project plans 
and specifications. 

Because of the variability of the subsurface site conditions, the foundation report 

recommended construction control using a static load test. Wave equation analysis is also 

required for driving system approval. In addition, dynamic testing has been specified during 

initial driving and restriking of two test piles per each substructure location. These test piles 

are to be driven in advance of production pile driving. The required ultimate pile capacity, 

driving stress limits, and testing methods are then incorporated into the plans and 

specifications. 

13.13 BLOCK 13 - CONTRACTOR SELECTION 

At this time the bidding process is completed, a successful contractor is selected. 
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13.14 BLOCK 14 - PERFORM WAVE EQUATION ANALYSIS OF CONTRACTOR'S 
EQUIPMENT SUBMISSION 

The engineering effort now shifts to the field. The contractor has submitted the Pile Driving 
and Equipment Data form shown in Figure 12.1 for the engineer's evaluation of the 
proposed driving system. The design stage driveability studies were saved and can now 
be reanalyzed using the proposed driving system as part of the hammer approval process. 
Additional wave equation analyses are now performed to determine the driving resistance 
that must be achieved in the field to meet the required capacity and pile penetration depth. 
Driving stresses are also determined and checked against specification requirements. All 
conditions are satisfactory, and the equipment is approved for pile driving. 

13.15 BLOCK 15 - SET PRELIMINARY DRIVING CRITERIA 

Based on the results of the wave equation analysis of Block 14 along with minimum pile 
penetration requirements for scour, the preliminary driving criteria is set. 

13.16 BLOCK 16 - DRIVE TEST PILE AND EVALUATE CAPACITY 

Test piles are now driven using the preliminary driving criteria at each substructure location. 
Dynamic testing is performed on the test piles during initial! driving and during restrike. The 
ultimate pile capacity is confirmed at each substructure unit by the dynamic test results and 
the correlating static load test. 

13.17 BLOCK 17 - ADJUST DRIVING CRITERIA OR DESIGN 

At this stage the final conditions can be set. If test results from Block 16 had indicated the 
capacity was inadequate, the driving criteria may have to be changed. In a few cases, it 
may be necessary to make changes in the design as far back as Block 8. If major changes 
are required, it will be necessary to repeat Blocks 14, 15, and 16. 

13-19 



13.18 BLOCK 18 - CONSTRUCTION CONTROL 

After the driving criteria is set, the production pile driving proceeds following established 

quality control procedures. 
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14. FOUNDATION DESIGN REPORT PREPARATION 

A foundation design report should be prepared to present the results of the subsurface 
explorations, laboratory test data, analysis, and specific design and construction 
recommendations for the foundation system of a structure. The foundation report is 
referred to frequently during the design and construction period as well as in resolving 
post construction issues such as claims. It is therefore important tha_t the foundation 
report be clear, concise and accurate. The foundation report is a very important 
document and should be prepared and reviewed accordingly. 

As described in Chapter 13, the foundation design evolves as information is gathered 
and analyzed. Preliminary design recommendations based on, and/or transmitted with 
initial subsurface data does not constitute a foundation design report. A foundation 
design report should be developed with the full knowledge of loads, special design 
events, performance criteria and any site restrictions. Only with this full knowledge can 
a foundation design report be prepared with appropriate content and quality. The parts 
of a foundation design report are described in greater detail in Section 14.2. 

The foundation report should be widely distributed to design, construction and 
maintenance engineers involved in the project. The foundation report should also furnish 
information regarding anticipated construction problems and solutions. This will provide 
a basis for the contractor's cost estimates. 

The foundation design report should be completed and available to the designer prior 
to final design. The foundation drawings, special provisions, and foundation design 
report should all be cross-checked for compliance upon completion of final design 
documents. Conflicts between any of these documents greatly increases the potential 
for construction problems. 
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14.1 GUIDELINES FOR FOUNDATION DESIGN REPORT PREPARATION 

1. The geotechnical engineer responsible for the report preparation should have a 
broad enough background in geotechnical and highway engineering to have 
knowledge of the foundation requirements and limitations for various types of 
structures. This includes knowledge in specifications, construction procedures, 
construction methods, quality control and assurance, and structural components. 

2. The geotechnical engineer must have a clear and complete understanding of the 
compression, uplift and lateral load demands, performance criteria regarding 
deformations and constraints or restrictions. 

3. The report should contain an interpretation and analysis of subsurface and site 
data. This includes a description of analysis and results in a summarized form. 

4. The report should contain specific engineering rE~commendations for design. 

5. Recommendations should be brief, concise, and definitive. 

6. Reasons for recommendations and their supporting data should always be 
included. 

7. Extraneous data of little use to the designer or Project Engineer should be omitted. 

8. Discussion of soil materials and subsurface conditions which may be encountered 
during construction should be included. 

9. Possible design and/or construction problems should be anticipated and 
recommendations for their solution should be included in the report. 

10. The report should highlight any special notes which need to be placed on the plans 
or in the specifications. 
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14.2 PARTS OF A FOUNDATION DESIGN REPORT 

A standard format provides uniformity of report writing as well as a checklist, so that 
major foundation design and construction considerations are not overlooked. The Soil 
and Foundations Workshop Manual FHWA Hl-88-009 by Cheney and Chassie (1993) 
contains a foundation report outline that has been modified to include information from 
the AASHTO manual on Subsurface Investigations (1988). This modified outline is 
presented below and is recommended as a report preparation guide. 

I. Table of Contents 

II. Introduction 

1. Summary of proposed construction, including foundation loading conditions 
(vertical and horizontal, static and dynamic, various combinations). 

2. Summary of special design events: scour, seismic, vessel impact. 

3. Foundation performance criteria (total and clifferential settlements, lateral 
deformation, vibration limits). 

111. Scope of Explorations 

1. Field explorations (summary of dates and methods, appended results). 

2. Laboratory Testing (summary of types of tests, appended results). 

IV. Interpretation of Subsurface Conditions 

1. Description of formations. 

2. Soil types. 

3. Dip and strike of rock. 
a. Regional. 
b. Local. 
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4. Water table data. 
a. Perched. 
b. Regional. 
c. Artesian. 

V. Design Soil Parameters 

1. Narrative to describe procedure for evaluating all factual data to establish design 
values. 

a. Shear strength. 
b. Compressibility. 

VI. Design Analysis 

1. Description of design procedures. 

2. Summary of results. 

3. Explanation of interpretation. 

VII. Geotechnical Conclusions and Recommendations 

1. Approach embankment considerations (primarily for fills over soft, weak 
subsoils). 

a. Stability. 

1. Excavation and replacement of unsuitable materials. 
2. Counterberm. 
3. Stage construction, time delay. 
4. Other treatment methods: change ali9nment, lower grade, lightweight 

fill, etc. 
5. Estimated factors of safety with and without treatment: estimated costs 

for treatment alternates, recommended treatment. 
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b. Settlement of subsoils. 
1. Estimated settlement amount. 
2. Estimated settlement time. 
3. Surcharge height. 
4. Special foundation treatment: vertical drains, soil densification, soil 

removal and replacement, etc. 
5. Waiting periods. 
6. Downdrag loads on deep foundations. 
7. Lateral squeeze of soft subsoils. 

c. Construction considerations. 
1. Select fill material: gradation and compaction requirements. 
2. Construction monitoring (instrumentation). 

d. Special notes. 

2. Spread footing support. 

a. Elevation of bottom of footing: based on frost depth, scour depth, or depth 
to competent bearing material. 

b. Allowable bearing pressure: based on settlement or bearing capacity, 
considering soil or rock type, adjacent foundations, water table, etc. 

c. Footing size used in computations. 

d. Estimated settlement of soil supported footings. 

e. Resistance to sliding of soil supported footings. 

f. Excavation, structural fill, and dewatering requirements. 

g. Special notes. 
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3. Pile foundation support. 

a. Method of pile support: shaft resistance, toe resistance, or both. 
Delineation of unsuitable support layers due to compressibility, scour, or 
liquefaction. 

b. Suitable pile types: reasons for choice and/or exclusion of types. 

c. Pile toe elevations. 
1. Estimated toe elevation, (average estimated values from static analyses 

with probable variation potential). 

2. Specified toe elevation, (toe elevation required due to underlying soft 
layers, negative shaft resistance, scour, lateral or uplift loads, piles 
uneconomically long, etc.). 

d. Estimated pile lengths. 

e. Allowable pile design loads for compression, uplift, and lateral loading. 

f. Estimated pile group settlement; very important for pile groups in cohesive 
soils and large groups in a cohesionless soil deposit underlain by 
compressible soils. 

g. Test piles to establish order lengths; specify test locations for maximum 
utility. 

h. Static pile load tests; specify test locations for maximum utility. 
1. Axial compression. 
2. Axial tension. 
3. Lateral. 

i. Dynamic pile load tests; specify test locations and retap frequency. 

j. Driving criteria; specify use of wave equation analysis or dynamic formula. 
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k. Estimated ultimate soil resistance to overcome in order to reach estimated 
pile length. 

I. Preboring, pile toe reinforcement, or other requirements to reach pile 
penetration requirements or handle potential obstructions. 

m. Pile driving requirements: hammer size, tol1erances, etc. 

n. Cofferdams and seals; seal design should consider potential conflicts 
between batter piles driven at alignment tolerance limits and depth of 
sheeting. Group densification inside sheeiting for displacement piles in 
sands, or heave for displacement piles in clays should be considered. 

o. Corrosion effects or chemical attack; particular concern in marine 
environments, old dumps, areas with soil or groundwater contaminants. 

p. Effects of pile driving on adjacent construction; settlements from vibrations 
and development of excess pore water preissures in soil. 

q. Special notes. 

4. Drilled shaft support. 

a. Method of drilled shaft support: shaft resistance, toe resistance, or both. 
Delineation of unsuitable support layers. 

b. Shaft diameter and configuration: straight shafts, belled, rock sockets. 

c. Anticipated support elevation and resultint~ shaft length. 

d. Specified or likely construction method: dry, casing, slurry. 

e. Allowable shaft load for compression, uplift, and lateral loading with 
consideration of construction method. 

f. Estimated settlement. 
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g. Load tests; specify test locations for maximum utility. 
1. Axial compression (specify static, Osterberg cell, or dynamic). 
2. Axial tension. 
3. Lateral. 

h. Integrity tests; specify type, frequency, and access tube material and 
placement, (if required). 
1 . Low strain pulse echo tests. 
2. Cross hole - sonic logging. 
3. Down hole - parallel seismic. 
4. High strain dynamic tests. 

i. Anticipated construction difficulties due to boulders, obstructions, 
groundwater, artesian conditions, unstable ground, etc. 

j. Special notes. 

5. Special design considerations. 

a. Seismic design; design earthquake ground acceleration, liquefaction 
potential (loose saturated sands and silts). 

b. Lateral earth pressures against retaining walls and high bridge abutments. 

VI 11. Construction Considerations 

1. Water table: fluctuations, control in excavation, pumping, tremie seals, etc. 

2. Excavations: safe slopes for open excavations,, need for sheeting shoring, etc. 

3. Adjacent structures: protection against dama9e from excavation, pile driving 
vibrations, drilled shaft ground loss, drainage, etc. 

4. Special notes. 
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VIV. Appendix: Graphic Presentations 

1. Map showing project location. 

2. Detailed plan of the site showing proposed structure(s) borehole locations and 
existing structures. 

3. Laboratory test data. 

4. Finished boring logs and interpreted soil profile. 

X. Report Distribution 

Copies of the completed Foundation Report should be transmitted to: 

1. Bridge design section. 

2. Roadway design section. 

3. Construction section. 

4. Project engineer. 

5. Residency or maintenance group. 

6. Others, as required by agency policy. 
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14.3 INFORMATION MADE AVAILABLE TO BIDDERS 

The information developed during the foundation design is of value to contractors 
bidding on the project. Disagreement exists among owners, engineers and lawyers as 
to what information should be made available to the bidders. It is generally in the 
interest of the highway agency to release all pertinent information prior to the bid. 

The finished boring logs and/or generalized soil profile should be included in the 
contract plans. Other subsurface information, such as soil and rock samples, results of 
field and laboratory testing and the foundation design report, should be made available 
for inspection by bidders. 

Disclaimers should be used very carefully. 11Genera.l 11 disclaimer clauses should be 
avoided. 11Specific 11 disclaimer clauses are given more weight by the courts in settling 
contract disputes. A good example of a 11specific 11 disclaimer is provided in the 
paragraph below. Refer to Cheney and Chassie (199:3) for additional information. 

"The observed water levels and/or conditions indicated on the subsurface profiles are 
as recorded at the time of exploration. These water IHvels and/or conditions may vary 
considerably, with time, according to the prevailing climate, rainfall or other factors and 
are otherwise dependent on the duration of and methods used in the explorations 
program." 
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APPENDIX B 

List of ASTM Pile Design and Testing Specifications 

DESIGN 

Standard Specification for Welded and Seamless Steel Pipe Piles. 
ASTM Designation: A 252 

Standard Specification for Round Timber Piles. 
ASTM Designation: D 25 

Standard Method for Establishing Design Stresses for Round Timber Piles. 
ASTM Designation: D 2899 

Standard Methods for Establishing Clear Wood Strength Values. 
ASTM Designation: D 2555 

TESTING 

Standard Method for Testing Piles under Axial Compressive Load. 
ASTM Designation: D 1143 

Standard Method for Testing Individual Piles under Static Axial Tensile Load. 
ASTM Designation: D 3689 

Standard Method for Testing Piles under Lateral Load. 
ASTM Designation: D 3966 

Standard Test Method for High Strain Dynamic Testing of Piles. 
ASTM Designation: D 4945 

Standard Test Method for Low Strain Dynamic Testing of Piles. 
ASTM Designation: D 5882 
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1i" ~~ PIPE PILES 

~~ ~u Approximate Pile Dimensions and Design Properties 
........ ---

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per 
I s Exterior 

Diameter Meter r Surface 

mm mm mm2 N mm' x 10• mm3 x 103 mm m2/m 

PP203 3.58 2,245 173 11.197 110.12 70.61 0.64 

4.17 2,607 200 12.903 127.00 70.36 0.64 

4.37 2,729 210 13.486 132.74 70.36 0.64 

4.55 2,839 218 13.985 137.82 70.36 0.64 

4.78 2,974 229 14.651 144.21 70.10 0.64 

5.56 3,452 266 16.857 165.51 69.85 0.64 

PP219 2.77 1,884 145 10.989 100.45 76.45 0.69 

3.18 2,155 166 12.570 114.55 76.45 0.69 

3.58 2,426 187 14.069 128.47 76.20 0.69 

3.96 2,678 206 15.484 141.42 75.95 0.69 

4.17 2,813 216 16.233 148.30 75.95 0.69 

4.37 2,949 227 16.982 155.02 75.95 0.69 

4.55 3,065 236 17,648 160.92 75.95 0.69 

4.78 3,213 247 18.481 168,79 75.6,9 0.69 

5.16 3,465 266 19.813 180.26 75.69 0.69 

5.56 3,729 287 21.269 195.01 75.44 0.69 

6.35 4,245 326 24.017 219.59 75.18 0.69 

7.04 4,684 360 26.389 240.89 74.93 0.69 

7.92 5,258 404 29.344 267.11 74.fi8 0.69 

8.18 5,420 417 30.177 275.30 74.68 0,69 

8.74 5,775 444 31.967 291.69 74.42 0.69 

9.53 6,271 482 34.506 314.63 74.17 0.69 

10.31 6,775 520 36.920 337.57 7Hl1 0.69 

11.13 7,291 559 39.417 358.88 73.66 0.69 

12.70 8,259 633 44.121 401.48 73.15 0.69 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile i~ection. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

30,193 0.0301 

29,806 0.0298 

29,677 0.0296 

29,613 0.0296 

29,484 0.0293 

28,968 0.0291 

35,806 0.0359 

35,548 0.0356 

35,290 0.0354 

35,032 0,0351 

34,903 0.0349 

34,774 0.0349 

34,645 0.0346 

34,452 0.0344 

34,258 0.0341 

33,935 0.0339 

33,419 0.0334 

33,032 0.0331 

32,452 0.0324 

32,258 0.0324 

31,935 0.0319 

31,419 0.0314 

30,903 0.0309 

30,452 0.0304 

29,484 0.0293 

External 
Collapse 

Index 

* 

266 

422 

487 

548 

621 

874 

97 

147 

212 

288 

335 

388 

438 

508 

623 

744 

979 

1,180 

1,500 

1,600 

1,820 

2,120 

2,420 

2,740 

3,340 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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--
~f' "'~ PIPE PILES 

~'-. ~~ Approximate Pile Dimensions and Design Properties 
~ =-

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per 
I s Exterior 

Diameter Meter r Surface 

mm mm mm2 N mm4 x 106 mm3 x 103 mrn m2/m 

PP254 2.77 2,187 168 17.232 135.68 8:B.90 0.80 

3.05 2,400 185 18.939 148.96 8:B.65 0.80 

3.40 2,678 206 21.020 165.51 8:B.65 0.80 

3.58 2,820 217 22.102 173.70 813.65 0.80 

3.81 2,994 230 23.434 185.17 811.39 0.80 

4.17 3,271 251 25.515 201.56 8!1.39 0.80 

4.37 3,426 263 26.680 209.75 8El.39 0.80 

4.55 3,562 274 27.721 217.95 88.14 0.80 

4.78 3,742 287 29.053 229.42 88.14 0.80 

5.16 4,033 310 31.217 245.81 87'.88 0.80 

5.56 4,342 334 33.507 263.83 87.88 0.80 

5.84 4,555 350 35.088 276.94 87.88 0.80 

6.35 4,942 380 37.919 298.24 87.63 0.80 

PP273 2.77 2,349 181 21.478 157.32 95.50 0.86 

3.05 2,587 199 23.559 172.06 95.50 0.86 

3.18 2,690 207 24.516 180.26 95.50 0.86 

3.40 2,884 222 26.223 191.73 95 .. 25 0.86 

3.58 3,032 233 27.513 201.56 95.25 0.86 

3.81 3,226 248 29.219 214.67 95.25 0.86 

3.96 3,349 258 30.343 222.86 95.25 0.86 

4.17 3,516 271 31.800 232.70 95.00 0.86 

4.37 3,691 284 33.299 244.17 95.00 0.86 

4.55 3,832 295 34.589 254.00 95.00 0.86 

4.78 4,026 310 36.212 265.47 94.74 0.86 

5.16 4,342 334 38.959 285.13 94.74 0.86 

5.56 4,679 359 41.623 306.44 94.49 0.86 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile 1section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

48,516 0.0484 

48,258 0.0482 

48,000 0.0479 

47,871 0.0479 

47,677 0.0477 

47,419 0.0474 

47,226 0.0472 

47,097 0.0472 

46,903 0.0469 

46,645 0.0467 

46,322 0.0464 

46,129 0.0462 

45,742 0.0457 

56,193 0.0562 

56,000 0.0559 

55,871 0.0559 

55,677 0.0557 

55,548 0.0554 

55,355 0.0554 

55,226 0.0552 

55,032 0.0549 

54,839 0.0549 

54,710 0.0547 

54,516 0.0544 

54,193 0.0542 

53,871 0.0539 

External 
Collapse 

Index 

* 

62 

83 

116 

135 

163 

214 

247 

279 

324 

409 

515 

588 

719 

50 

67 

76 

93 

109 

131 

148 

172 

199 

224 

260 

328 

414 

• The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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--~r "'~ PIPE PILES 

~\._ ,,)u Approximate Pile Dimensions and Design Properties 
......._ ---

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per 
I s Exterior 

Diameter Meter r Surface 

mm mm mm2 N mm4 x 10• mm3 x 103 mm m2/m 

PP273 5.84 4,904 377 43.704 321.19 94.49 0.86 
(cont'd) 

6.35 5,323 409 47.450 347.41 94.23 0.86 

7.09 5,923 455 52.445 383.46 93.98 0.86 

7.80 6,517 500 57.024 419.51 93.73 0.86 

8.74 7,226 558 63.267 465.39 93.47 0.86 

9.27 7,678 591 67,013 489.97 93.22 0.86 

11.13 9,162 704 78.668 576.82 92.71 0.86 

12.70 10,389 799 88.241 645.65 92.20 0.86 

PP305 3.40 3,226 248 36.587 240.89 106.68, 0.96 

3.58 3,387 261 38.460 252.36 106.43 0.96 

3.81 3,600 277 40.791 267.11 106.43 0.96 

4.17 3,936 303 44.537 291.69 106.43 0.96 

4.37 4,123 317 46.618 304,80 106.17' 0.96 

4.55 4,291 330 48.283 317,91 106.17 0.96 

4.78 4,503 346 50.780 332.66 106.17 0.96 

5.16 4,852 373 54.526 357.24 105.9~! 0.96 

5.56 5,233 402 58,689 383.46 105.9~! 0.96 

5.84 5,484 422 61.186 403.12 105.6€1 0.96 

6.35 5,955 458 66.181 435.90 105.66 0.96 

7.14 6,646 513 74,089 485.06 105.Hi 0.96 

7.92 7,420 568 81.581 534.22 104.90 0.96 

PP324 2.77 2,794 215 36.004 222.86 113.54 1.02 

3.18 3,200 246 41.124 254.00 113.2!! 1.02 

3.40 3,426 264 44.121 272.03 113.2!! 1.02 

3.58 3,607 277 46.202 285.13 113.2!! 1.02 

3.81 3,832 295 49.115 303,16 113.20 1.02 

3.96 3,981 306 50.780 314.63 113.0:1 1.02 

4.17 4,181 322 53.278 329.38 113.0:l 1.02 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

53,677 0.0537 

53,226 0.0532 

52,645 0.0527 

52,064 0.0522 

51,290 0.0514 

50,903 0.0509 

49,419 0.0494 

48,193 0.0482 

69,677 0.0697 

69,677 0.0695 

69,677 0.0695 

69,032 0.0690 

69,032 0.0687 

68,387 0.0687 

68,387 0.0685 

68,387 0,0682 

67,742 0.0677 

67,742 0.0675 

67,097 0.0670 

66,451 0.0662 

65,806 0.0655 

79,355 0.0795 

79,355 0.0793 

78,710 0.0790 

78,710 0.0788 

78,710 0.0785 

78,710 0.0785 

78,064 0.0783 

External 
Collapse 

Index 

* 

480 

605 

781 

951 

1,180 

1,320 

1,890 

2,380 

67 

78 

94 

123 

142 

161 

186 

235 

296 

344 

443 

616 

784 

30 

45 

56 

65 

78 

88 

103 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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-----~r ~~ PIPE PILES 

~'-. ~v Approximate Pile Dimensions and Design Properties 

----
Designation Section Properties 

and Wall Area Weight Area of 
Outside Thickness A per s Exterior 
Diameter Meter I 1r Surface 

mm mm mm2 N rnm4 x 106 mm3 x 103 mm m2/m 

PP324 4.37 4,387 337 55.775 345.77 113.03 1.02 
(cont'd) 

4.55 4,562 351 58.272 358.88 113.03 1.02 

4.78 4,787 368 60.770 376.90 112.78 1.02 

5.16 5,162 397 65.765 404.76 112.78 1.02 

5.56 5,562 428 70.343 435.90 112.52 1.02 

5.84 5,839 449 73.673 455.56 112.52 1.02 

6.35 6,336 487 79.916 493.25 112.27 1.02 

7.14 7,097 546 89.074 550.61 112.01 1.02 

7.92 7,871 605 98.231 606.32 111.76 1.02 

8.38 8,323 639 103.225 639.10 111.51 1.02 

8.74 8,646 665 107.388 663.68 111.51 1.02 

9.53 9,420 723 116.129 717.75 111.25 1.02 

10.31 10,131 781 124.869 771.83 111.00 1.02 

11.13 10,905 840 133.610 825.91 110.74 1.02 

12.70 12,389 955 150.676 929.15 10!~.98 1.02 

PP356 3.40 3,768 290 58.272 327.74 124.47 1.12 

3.58 3,962 305 61.186 345.77 124.47 1.12 

3.81 4,213 324 65.348 367.07 124.46 1.12 

3.96 4,374 337 67.846 380.18 124.21 1.12 

4.17 4,600 354 71.176 399.84 124.21 1.12 

4.37 4,820 371 74.505 417.87 12~1.21 1.12 

4.55 5,013 386 77.419 434.26 124.21 1.12 

4.78 5,265 405 81.165 455.56 123.95 1.12 

5.16 5,678 436 86.992 489.97 123.95 1.12 

5.33 5,871 451 89.906 506.36 123.95 1.12 

5.56 6,116 470 93.652 527.66 123.70 1.12 

5.84 6,420 494 98.231 552.24 123.70 1.12 

6.35 6,968 536 106.139 598.13 123.44 1.12 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

78,064 0.0780 

78,064 0.0778 

77,419 0.0775 

77,419 0.0773 

76,774 0.0768 

76,774 0.0765 

76,129 0.0760 

75,484 0.0753 

74,193 0.0745 

74,193 0.0740 

73,548 0.0737 

72,903 0.0730 

72,258 0.0722 

71,613 0.0715 

69,677 0.0700 

95,484 0.0956 

95,484 0.0953 

94,839 0.0951 

94,839 0.0948 

94,839 0.0948 

94,193 0.0946 

94,193 0.0943 

94,193 0.0941 

93,548 0.0936 

93,548 0.0936 

92,903 0.0933 

92,903 0.0928 

92,258 0.0923 

External 
Collapse 

Index 

* 

118 

134 

155 

196 

246 

286 

368 

526 

684 

776 

848 

1,010 

1,170 

1,350 

1,760 

42 

49 

59 

66 

77 

89 

101 

117 

147 

163 

815 

215 

277 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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....., =--

tir ~~ PIPE PILES 

~\.. ~~ Approximate Pile Dimensions and Design Properties 
....... --

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per s Exterior 
Diameter Meter I r Surface 

mm mm mm2 N mm• x 106 mm" x 103 mm m2/m 

PP356 7.14 7,807 601 118.626 666.95 123.19 1.12 
(cont'd) 

7.92 8,646 666 130.697 735.78 122.94 1.12 

8.74 9,549 732 143.184 806.24 122.68 1.12 

9.53 10,389 796 155.254 873.43 122.43 1.12 

11.13 12,065 926 178.563 1,006.17 121.92 1.12 

11.91 12,839 989 190.218 1,070.08 121.67 1.12 

12.70 13,678 1,052 201.456 1,132.35 121,41 1.12 

PP406 3.40 4,310 331 87.409 430,98 142.49 1.28 

3.58 4,529 348 91.987 452.28 142.49 1.28 

3.81 4,820 371 97,814 480.14 142.24 1.28 

3.96 5,007 385 101,560 499.81 142.24 1.28 

4.17 5,265 405 106.555 524,39 142.24 1.28 

4.37 5,516 424 111,550 548.97 142.24 1.28 

4.55 5,742 441 115.712 570.27 141.99 1.28 

4.78 6,026 463 121.540 598,13 141,99 1.28 

5.16 6,517 500 130.697 644.01 141,99 1.28 

5.56 7,033 539 140,686 693.17 141.73 1.28 

5.84 7,355 565 147.346 725.95 141,73 1.28 

6.35 8,000 614 159.833 786,58 141.48 1.28 

7.14 8,968 688 178.563 878.35 141.22 1.28 

7.92 9,936 763 196.877 970.11 140,97 1.28 

8.74 10,905 839 216.024 1,061.88 140.72 1.28 

9.53 11,873 913 233,922 1,152.01 140.46 1.28 

11.13 13,807 1,062 270,134 1,328.99 139,70 1.28 

11.91 14,775 1,135 287,616 1,414.20 139.45 1.28 

12.70 15,679 1,208 304.681 1,499.42 139.19' 1.28 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

91,613 0.0916 

90,968 0.0906 

89,677 0.0898 

89,032 0.0890 

87,097 0.0873 

86,451 0.0865 

85,806 0.0855 

125,161 1.2542 

125,161 0.1252 

125,161 0.1249 

124,516 0.1247 

124,516 0.1244 

124,516 0.1242 

123,871 0.1239 

123,871 0.1237 

123,226 0.1232 

122,580 0.1227 

122,580 0.1224 

121,935 0.1217 

120,645 0.1207 

120,000 0.1199 

118,709 0.1189 

118,064 0.1179 

116,129 0.1159 

114,838 0.1149 

114,193 0.1141 

External 
Collapse 

Index 

* 

395 

542 

691 

835 

1,130 

1,280 

1,460 

28 

33 

39 

44 

52 

60 

67 

78 

98 

124 

144 

185 

264 

362 

487 

617 

874 

1,000 

1,130 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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lr ~~ PIPE PILES 

'"-- ,.JV Approximate Pile, Dimensions and Design Properties 
-.: =---

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per s Exterior 
Diameter Meter I r Surface 

mm mm mm2 N mm4 x 106 mm3 x 103 nnm m2/m 

PP457 3.58 5,104 392 131.113 573.55 160.27 1.44 

4.37 6,213 478 159.417 696.45 160.02 1.44 

4.78 6,775 522 173.569 760.36 160.02 1.44 

5.16 7,291 563 186.888 817.71 159.77 1.44 

5.56 7,871 607 201.456 879.99 159.77 1.44 

5.84 8,259 637 211.029 922.59 159.51 1.44 

6.35 8,968 692 228.511 999.61 159.51 1.44 

7.14 10,065 776 255.566 1,117.60 159.26 1.44 

7.92 11,163 860 282.205 1,235.58 158.75 1.44 

8.74 12,323 947 309.676 1,353.57 1.58.50 1.44 

9.53 13,420 1,030 335.899 1,468.28 158.24 1.44 

10.31 14,452 1,113 361.705 1,581.35 157.99 1.44 

11.13 15,615 1,199 387.928 1,704.25 1!57.73 1.44 

11.91 16,646 1,281 413.318 1,802.58 1!57.48 1.44 

12.70 17,743 1,364 437.043 1,917.29 1157.23 1.44 

PP508 3.58 5,678 436 180.644 711.20 178.31 1.60 

4.37 6,904 531 219.354 863.60 178.05 1.60 

4.78 7,549 581 238.917 940.62 177.80 1.60 

5.16 8,130 626 257.647 1,014.36 177.80 1.60 

5.56 8,775 675 277.210 1,091.38 177.55 1.60 

6.35 10,002 769 314.671 1,238.86 177.29 1.60 

7.14 11,226 864 352.132 1,386.35 177.04 1.60 

7.92 12,452 957 389.176 1,532.19 176.78 1.60 

8.74 13,678 1,054 428.718 1,687.87 176.53 1.60 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

159,355 0.1590 

158,064 0.1580 

157,419 0.1573 

156,774 0.1568 

156,129 0.1563 

156,129 0.1558 

155,484 0.1553 

154,193 0.1540 

152,903 0.1530 

151,613 0.1518 

150,967 0.1508 

149,677 0.1498 

148,387 0.1485 

147,742 0.1475 

146,451 0.1465 

196,774 0.1969 

195,483 0.1957 

194,838 0.1952 

194,838 0.1947 

194,193 0.1939 

192,903 0.1926 

191,613 0.1914 

190,322 0.1901 

189,032 0.1889 

External 
Collapse 

Index 

* 

23 

42 

55 

69 

87 

101 

129 

184 

253 

341 

443 

559 

675 

788 

900 

17 

30 

40 

50 

63 

94 

134 

184 

247 

• The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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~r "'~ PIPE PILES 

~\... ,.JV Approximate Pile Dimensions and Design Properties 
,-.. ::a-' 

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per 
I s Exterior 

Diameter Meter r Surface 

mm mm mm2 N mm• x 106 mm' x 103 mm m2/m 

PP508 9.53 14,904 1,147 462.017 1,818.96 176.28 1.60 
(cont'd) 

10.31 16,130 1,240 499.478 1,966.45 176.0:2 1.60 

11.13 17,357 1,335 536.939 2,113.93 175.77 1.60 

11.91 18,583 1,428 570.237 2,245.03 175.51 1.60 

12.70 19,743 1,520 607.698 2,392.51 175.26 1.60 

PP559 4.37 7,613 585 292.611 1,047.13 196.09 1.76 

4.78 8,323 639 318.833 1,142.18 195.8:3 1.76 

5.56 9,678 743 370.030 1,324.07 195.58 1.76 

6.35 11,034 847 420.394 1,504.33 195.3:3 1.76 

7.14 12,389 951 470.342 1,687.87 195.07 1.76 

7.92 13,744 1,055 520.289 1,868.13 194.82 1.76 

8.74 15,099 1,161 570.237 2,048.38 194.56 1.76 

9.53 16,454 1,264 620.185 2,212.25 194.31 1.76 

10.31 17,743 1,366 670.133 2,392.51 194.06 1.76 

11.13 19,162 1,472 715.918 2,572.77 193.55 1.76 

11.91 20,454 1,574 765.866 2,736.64 193.29 1.76 

12.70 21,809 1,675 811.651 2,900.51 193.04 1.76 

PP610 4.37 8,323 639 380.436 1,248.69 213.87 1.91 

4.78 9,097 698 414.983 1,361.77 213.87 1.91 

5.56 10,582 812 482.828 1,579.71 213.61 1.91 

6.35 12,065 925 549.425 1,802.58 213.36 1.91 

7.14 13,486 1,039 611.860 2,015.61 213.11 1.91 

7.92 14,970 1,152 678.457 2,228.64 212.815 1.91 

8.74 16,517 1,268 745.054 2,441.67 212.34 1.91 

9.53 17,937 1,381 807.489 2,654.70 212.0!~ 1.91 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availabilily of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

187,742 0.1879 

186,451 0.1866 

185,161 0.1854 

183,871 0.1841 

183,225 0.1829 

237,419 0.2375 

236,774 0.2370 

235,483 0.2355 

234,193 0.2343 

232,903 0.2328 

231,612 0.2315 

230,322 0.2303 

229,032 0.2288 

227,741 0.2275 

225,806 0.2260 

224,516 0.2248 

223,225 0.2235 

283,870 0.2834 

282,580 0.2834 

281,290 0.2809 

279,999 0.2809 

278,064 0.2784 

276,774 0.2759 

275,483 0.2759 

274,193 0.2734 

External 
Collapse 

Index 

* 

321 

409 

515 

618 

719 

23 

30 

47 

70 

100 

138 

185 

241 

306 

386 

475 

571 

18 

23 

36 

54 

77 

106 

142 

185 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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----lir "'~ PIPE PILES 

~'-. ~u Approximate Pile Dimensions and Design Properties 
.___ ,_.... 

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per Exterior 
Diameter Meter I s r Surface 

mm mm mm2 N mm4 x 106 mm3 x 103 mm m2/m 

PP610 10.31 19,421 1,493 869.924 2,867.74 211.84 1.91 
(cont'd) 

11.13 20,904 1,608 936,521 3,080.77 211,58 1.91 

11.91 22,388 1,720 998.955 3,277.41 211.33 1.91 

12.70 23,809 1,831 1,061.390 3,474.06 211.07 1.91 

PP660 6.35 13,033 1,003 699.269 2,113.93 23',1,14 2.08 

7.14 14,646 1,126 782,515 2,359.74 230,89 2.08 

7.92 16,259 1,249 865,761 2,621.93 230.63 2.08 

8.74 17,872 1,376 949,008 2,884.12 230.38 2.08 

9.53 19,485 1,498 1,032.254 3,129.93 230.12 2.08 

10.31 21,034 1,620 1,111,338 3,375.74 229.87 2.08 

11.13 22,711 1,745 1,194.584 3,621.54 229.62 2.08 

11.91 24,260 1,866 1,277.830 3,867.35 229.36 2.08 

12.70 25,873 1,987 1,356,914 4,113.15 229.11 2.08 

14.27 28,969 2,228 1,510.920 4,588.38 228.60 2.08 

15.88 32,132 2,472 1,669,088 5,063.60 227.84 2.08 

17.48 35,292 2,714 1,823,094 5,522.44 227.33 2.08 

19.05 38,389 2,951 1,977.099 5,981.28 226.82 2.08 

PP711 6.35 14,065 1,081 874.086 2,458.06 24!U7 2.23 

7.14 15,807 1,214 978.144 2,753.03 2413.92 2.23 

7.92 17,486 1,346 1,082.202 3,047.99 24B.67 2.23 

8.74 19,291 1,483 1,190.422 3,342.96 24B.41 2.23 

9.53 20,969 1,615 1,294.480 3,637.93 2413.16 2.23 

10.31 22,711 1,746 1,394.375 3,916.51 247.90 2.23 

11.13 24,453 1,881 1,498,433 4,211.48 247.65 2.23 

11.91 26,195 2,012 1,598.329 4,506.44 247.40 2.23 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pilEt section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

272,258 0.2734 

270,967 0.2709 

269,677 0.2684 

267,741 0.2684 

329,677 0.3286 

327,741 0.3286 

326,451 0.3261 

324,515 0.3236 

323,225 0.3236 

321,290 0.3211 

319,999 0.3211 

318,064 0.3186 

316,774 0.3161 

313,548 0.3135 

310,322 0.3110 

307,096 0.3060 

303,870 0.3035 

383,225 0.3838 

381,290 0.3813 

379,999 0.3788 

378,064 0.3788 

376,128 0,3763 

374,838 0.3737 

372,902 0.3737 

370,967 0.3712 

External 
Collapse 

Index 

* 

235 

296 

364 

443 

43 

61 

83 

112 

145 

184 

232 

286 

347 

495 

656 

814 

970 

34 

48 

66 

89 

116 

' 147 

185 

228 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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......,, -~r ""~ PIPE PILES 

~'-. ,.JV Approximate Pile Dimensions and Design Properties 
---= =--

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per 
I s Exterior 

Diameter Meter r Surface 

mm mm mm2 N mm4 x 106 mm3 x 103 mm m2/m 

PP711 12.70 27,874 2,143 1,698.224 4,785.02 246.89 2.23 
(cont'd) 

14.27 31,229 2,403 1,898.015 5,342.18 246.38 2.23 

15.88 34,713 2,667 2,097.806 5,899.34 245.87 2.23 

17.48 38,068 2,929 2,293.435 6,440.12 245.36 2.23 

19.05 41,423 3,185 2,480.739 6,980.89 244.86 2.23 

PP762 6.35 15,099 1,159 1,078.039 2,818.58 266.70 2.39 

7.14 16,904 1,302 1,207.071 3,162.70 266.70 2.39 

7.92 18,775 1,444 1,336.103 3,506.83 266.70 2.39 

8.74 20,646 1,590 1,465.135 3,850.96 266.70 2.39 

9.53 22,517 1,731 1,594.166 4,178.70 266.70 2.39 

10.31 24,324 1,873 1,719.036 4,522.83 266.70 2.39 

11.13 26,261 2,018 1,848.068 4,850.57 266.70 2.39 

11.91 28,066 2,159 1,972.937 5,178.31 264.16 2.39 

12.70 29,874 2,299 2,097.806 5,506.05 264.16 2.39 

14.27 33,550 2,578 2,343.383 6,145.15 264.16 2.39 

15.88 37,228 2,861 2,588.959 6,800.63 264.16 2.39 

17.48 40,907 3,143 2,834.536 ·7,439.73 264.16 2.39 

19.05 44,454 3,419 3,071.788 8,062.44 261.62 2.39 

PP813 6.35 16,065 1,237 1,306.967 3,211.86 284.48 2.55 

7.14 18,067 1,389 1,465.135 3,605.15 284.488 2.55 

7.92 20,067 1,541 1,623.303 3,998.44 284.48 2.55 

8.74 22,067 1,697 1,785.633 4,391.73 284.48 2.55 

9.53 24,067 1,848 1,939.638 4,768.64 284.48 2.55 

10.31 26,002 1,999 2,093.644 5,145.54 284.48 2.55 

11.13 28,003 2,155 2,251.812 5,538.83 284.48 2.55 

11.91 30,003 2,305 2,401.655 5,915.73 281.94 2.55 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile sec:tion. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

369,677 0.3687 

365,806 0.3587 

362,580 0.3612 

359,354 0.3587 

356,128 0.3562 

440,644 0.4415 

439,354 0.4390 

437,418 0.4365 

435,483 0.4365 

433,548 0.4340 

431,612 0.4314 

429,677 0.4289 

427,741 0.4289 

426,451 0.4264 

422,580 0.4214 

418,709 0.4189 

415,483 0.4164 

411,612 0.4114 

502,580 0.5017 

500,644 0.5017 

498,709 0.4992 

496,773 0.4967 

494,838 0.4942 

492,902 0.4916 

490,967 0.4916 

489,031 0.4891 

External 
Collapse 

Index 

* 

277 

395 

544 

691 

835 

28 

39 

54 

72 

94 

120 

150 

185 

225 

321 

443 

584 

719 

23 

32 

44 

60 

77 

98 

124 

152 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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----~r ~~ PIPE PILES 

~\... ~u Approximate Pil1e Dimensions and Design Properties -- =--

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per Exterior 
Diameter Meter I s r Surface 

mm mm mm2 N mm' x 10" mm3 x 103 mm m2/m 

PP813 12.70 31,937 2,455 2,555.661 6,292.63 281.94 2.55 
(cont'd) 

14.27 35,810 2,754 2,855.348 7,030.05 281.94 2.55 

15.88 39,744 3,056 3,155.034 7,767.47 .281.94 2.55 

17.48 43,680 3,358 3,454.721 8,504.89 281.94 2.55 

19.05 47,488 3,653 3,741.921 9,209.53 :281.94 2.55 

PP864 6.35 17,099 1,315 1,569.192 3,637.93 :302.26 2.71 

7.14 19,228 1,477 1,760.659 4,080.38 302.26 2.71 

7.92 21,2~3 1,638 1,947.963 4,522.83 302.26 2.71 

8.74 23,485 1,804 2,143.592 4,965.28 302.26 2.71 

9.53 25,551 1,965 2,330.896 5,391.34 :302.26 2.71 

10.31 27,615 2,126 2,518.200 5,833.79 :302.26 2.71 

11.13 29,808 2,291 2,705.504 6,276.25 302.26 2.71 

11.91 31,873 2,451 2,888.646 6,702.31 :!02.26 2.71 

12.70 33,938 2,611 3,071.788 7,111.99 :!99.72 2.71 

14.27 38,068 2,929 3,433.909 7,964.11 :!99.72 2.71 

15.88 42,262 3,251 3,800.193 8,799.85 ,!99.72 2.71 

17.48 46,454 3,572 4,158.152 9,635.59 <!99.72 2.71 

19.05 50,519 3,887 4,495.299 10,438.56 <!99.72 2.71 

22.23 58,779 4,517 5,202.893 12,044.49 ,!97.18 2.71 

25.40 67,102 5,143 5,868.863 13,617.65 ,!97.18 2.71 

PP914 6.35 18,130 1,393 1,868.879 4,080.38 ~120.04 2.87 

7.14 20,325 1,564 2,093.644 4,571.99 3:20.04 2.87 

7.92 22,582 1,735 2,318.409 5,063.60 320.04 2.87 

8.74 24,840 1,912 2,547.336 5,571.60 320.04 2.87 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

487,096 0.4866 

483,225 0.4841 

479,354 0.4791 

475,483 0.4741 

471,612 0.4716 

568,386 0.5694 

566,450 0.5669 

564,515 0.5644 

562,580 0.5619 

559,999 0.5594 

558,063 0.5569 

556,128 0.5569 

554,192 0.5544 

551,612 0.5518 

547,741 0.5468 

543,225 0.5443 

539,354 0.5393 

535,483 0.5343 

527,096 0.5268 

518,709 0.5192 

638,708 0.6396 

636,128 0.6371 

634,192 0.6346 

631,612 0.6321 

External 
Collapse 

Index 

* 

185 

264 

364 

487 

617 

19 

27 

37 

50 

64 

82 

103 

127 

154 

219 

303 

405 

527 

767 

1,010 

16 

23 

31 

42 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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....., -Ar "'~ PIPE PILES 

~'-. ~u Approximate Pile Dimensions and Design Properties ----
Designation Section Properties 

and Wall Area Weight Area of 
Outside Thickness A per 

I s Exterior 
Diameter Meter r Surface 

mm mm mm2 N mm• x 106 mm3 x 103 mm m2/m 

PP914 9.53 27,098 2,082 2,772.101 6,063.21 320.04 2.87 
(cont'd) 

10.31 29,292 2,252 2,992.704 6,538.44 320.04 2.87 

11.13 31,550 2,428 3,221.631 7,046.44 320.04 2.87 

11.91 33,808 2,597 3,438.072 7,521.66 320.04 2.87 

12.70 36,002 2,766 3,658.674 7,996.89 320.04 2.87 

14.27 40,390 3,104 4,087.393 8,947.34 317.50 2.87 

15.88 44,841 3,446 4,536.923 9,897.79 317.50 2.87 

17.48 49,230 3,786 4,953.154 10,831.85 317.50 2.87 

19.05 53,616 4,120 5,369.385 11,749.52 317.50 2.87 

22.23 62,326 4,790 6,201.848 13,568.49 314.96 2.87 

25.40 70,972 5,455 7,034.311 15,338.29 314.96 2.87 

31.75 87,747 6,770 8,574.367 18,845.12 312.42 2.87 

PP965 6.35 19,099 1,471 2,197.702 4,555.60 337.82 3.03 

7.14 21,485 1,652 2,464.090 5,112.76 337.82 3.03 

7.92 23,809 1,833 2,730.478 5,653.54 337.82 3.03 

8.74 26,261 2,019 3,001.029 6,227.08 337.82 3.03 

9.53 28,582 2,199 3,263.254 6,767.86 337.82 3.03 

10.31 30,971 2,379 3,525.480 7,308.63 337.82 3.03 

11.13 33,358 2,564 3,796.031 7,865.79 337.82 3.03 

11.91 35,680 2,743 4,054.094 8,406.56 337.82 3.03 

12.70 38,002 2,922 4,328.807 8,930.95 337.82 3.03 

14.27 42,649 3,279 4,828.285 9,996.11 335.28 3.03 

15.88 47,359 3,641 5,327.762 11,061.27 335.28 3.03 

17.48 52,003 4,001 5,827.240 12,110.04 335.28 3.03 

Pile design data converted to SI units from US units published in 1985 version of this mainual. 

Note: Designer must confirm section properties and local availability of selected pile se<:tion. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

629,676 0.6296 

627,096 0.6271 

625,160 0.6246 

623,225 0.6221 

620,644 0.6221 

616,128 0.6171 

611,612 0.6120 

607,741 0.6070 

603,225 0.6020 

594,192 0.5945 

585,805 0.5870 

568,386 0.5694 

709,676 0.7124 

709,676 0.7099 

709,676 0.7074 

703,224 0.7049 

703,224 0.7023 

703,224 0.6998 

696,773 0.6973 

696,773 0.6973 

696,773 0.6923 

690,321 0.6898 

683,870 0.6848 

677,418 0.6798 

External 
Collapse 

Index 

• 

54 

69 

87 

107 

129 

184 

254 

341 

443 

674 

900 

1,380 

14 

19 

26 

35 

46 

59 

74 

90 

110 

156 

216 

289 

• The External Collapse Index is a non-dimensional function of the diameter to wall thiickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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lr ~~ PIPE PILES 

~'-- ,,)u Approximate PilE~ Dimensions and Design Properties ---
Designation Section Properties 

and Wall Area Weight Area of 
Outside Thickness A per Exterior 

Diameter Meter I s r Surface 

mm mm mm2 N mm• x 108 mm3 x 103 mm m2/m 

PP965 19.05 56,649 4,354 6,326.718 13,142.43 :335.28 3.03 
(cont'd) 

22.23 65,810 5,063 7,325.673 15,174.42 :332.74 3.03 

25.40 74,843 5,767 8,283.005 17,206.42 332.74 3.03 

31.75 92,909 7,160 10,156.047 20,975.44 :330.20 3.03 

38.10 110,974 8,533 11,945.842 24,744.47 327.66 3.03 

PP1016 7.92 25,098 1,930 3,188.333 6,276.25 355.60 3.20 

8.74 27,679 2,126 3,508.831 6,898.95 355.60 3.20 

9.53 30,131 2,316 3,812.680 7,505.28 355.60 3.20 

10.31 32,583 2,505 4,120.691 8,111.60 355.60 3.20 

11.13 35,099 2,701 4,453.676 8,734.31 ::155.60 3.20 

11.91 37,551 2,890 4,745.038 9,324.24 ::155.60 3.20 

12.70 40,002 3,078 5,036.400 9,914.17 355.60 3.20 

14.27 44,906 3,454 5,619.124 11,094.04 353.06 3.20 

15.88 49,874 3,836 6,243.471 12,273.91 3:53.06 3.20 

17.48 54,842 4,215 6,826.195 13,453.78 353.06 3.20 

19.05 59,681 4,588 7,408.919 14,600.87 353.06 3.20 

22.23 69,682 5,336 8,574.367 16,878.68 350.52 3.20 

25.40 79,360 6,078 9,698.192 19,172.86 350.52 3.20 

31.75 98,070 7,549 11,904.219 23,433.50 347.98 3.20 

38.10 116,781 9,001 14,026.999 27,530.27 345.44 3.20 

44.45 135,492 10,433 16,024.910 31,627.03 342.90 3.20 

PP1067 7.92 26,389 2,027 3,696.135 6,931.73 373.38 3.35 

8.74 29,034 2,233 4,066.581 7,619.98 373.38 3.35 

9.53 31,615 2,433 4,412.053 8,291.85 373.38 3.35 

10.31 34,260 2,632 4,786.661 8,947.34 373.38 3.35 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

677,418 0.6748 

664,515 0.6647 

658,063 0.6572 

638,708 0.6396 

620,644 0.6221 

787,095 0.7851 

780,644 0.7826 

780,644 0.7801 

780,644 0.7776 

774,192 0.7751 

774,192 0.7726 

767,740 0.7701 

767,740 0.7651 

761,289 0.7600 

754,837 0.7550 

748,386 0.7500 

741,934 0.7425 

729,031 0.7324 

709,676 0.7124 

696,773 0.6923 

677,418 0.6748 

864,514 0.8679 

864,514 0.8654 

864,514 0.8629 

864,514 0.8604 

External 
Collapse 

Index 

* 

376 

590 

805 

1,230 

1,780 

23 

30 

39 

50 

63 

77 

94 

134 

185 

247 

321 

514 

719 

1,130 

1,620 

2,140 

20 

26 

34 

43 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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~" "'~ PIPE PILES 

~'-. ..JV Approximate Pile Dimensions and Design Properties 
........ ~ 

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per 
I s Exterior 

Diameter Meter r Surface 

mm mm mm2 N mm• x 106 mm3 x 103 mm m2/m 

PP1067 11.13 36,905 2,837 5,161.270 9,635.59 373.38 3.35 
(cont'd) 

11.91 39,486 3,036 5,494.255 10,291.08 373.38 3.35 

12.70 42,067 3,234 5,827.240 10,946.56 373.38 3.35 

14.27 47,229 3,630 6,534.833 12,257.52 373.38 3.35 

15.88 52,390 4,030 7,242.427 13,568.49 370.84 3.35 

17.48 57,616 4,430 7,950.020 14,863.07 370.84 3.35 

19.05 62,713 4,822 8,615.991 16,141.26 370.84 3.35 

22.23 72,908 5,608 9,947.931 18,681.25 368.30 3.35 

25.40 83,231 6,390 11,279.872 21, 139,31 368.30 3.35 

31.75 103,232 7,939 13,818,883 25,891.56 365,76 3.35 

38.10 123,233 9,468 16,316.272 30,643.81 363.22 3.35 

44.45 142,589 10,978 18,688,791 35,068.32 360,68 3.35 

50.80 161,945 12,468 20,978.064 39,328.95 360,68 3.35 

PP1118 8.74 30,453 2,341 4,661.792 8,373.79 391.16 3.51 

9.53 33,163 2,550 5,078.023 9,111.21 391.16 3.51 

10.31 35,873 2,759 5,494.255 9,832.24 391.16 3.51 

11.13 38,647 2,974 5,910.486 10,586.04 391.16 3.51 

11.91 41,357 3,182 6,326,718 11,323.46 391,16 3.51 

12.70 44,067 3,390 6,742.949 12,044.49 391.16 3.51 

15.88 54,971 4,225 8,324,629 14,928.62 388,62 3.51 

19.05 65,810 5,056 9,906,308 17,698.03 388,62 3.51 

22.23 76,779 5,881 11,487,987 20,483.83 388.62 3.51 

25.40 87,102 6,702 12,986.420 23,269.63 386,08 3.51 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

858,063 0.8579 

851,611 0.8554 

851,611 0.8528 

845,160 0.8478 

838,708 0.8403 

838,708 0.8353 

832,256 0.8303 

819,353 0.8202 

812,902 0.8102 

793,547 0,7901 

767,740 0.7701 

748,386 0,7500 

729,031 0.7324 

948,385 0.9507 

948,385 0.9482 

941,934 0.9457 

941,934 0.9432 

941,934 0,9406 

935,482 0,9381 

929,030 0.9256 

916,127 0.9156 

903,224 0,9055 

896,772 0.8930 

External 
Collapse 

Index 

* 

54 

67 

81 

116 

159 

213 

277 

443 

641 

1,030 

1,460 

1,970 

2,470 

23 

30 

38 

47 

58 

70 

138 

241 

384 

571 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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---Ar ~~ PIPE PILES 

~'-. ,,Ju Approximate Pile Dimensions and Design Properties 
.__, --

Designation Section Properties 
and Wall Area Weight Area of 

Outside Thickness A per 
I s Exterior 

Diameter Meter r Surface 

mm mm mm2 N mm• x 106 mm3 x 103 rnm m2/m 

PP1118 31.75 108,394 8,328 15,983.287 28,513.49 383.54 3.51 
(cont'd) 

38.10 129,040 9,936 18,855.284 33,757.35 3191.00 3.51 

44.45 149,686 11,524 21,602.411 38,673.47 381.00 3.51 

50,80 170,333 13,092 24,266.292 43,425.72 378.46 3.51 

57.15 190,334 14,641 26,846.927 48,014.10 375.92 3.51 

PP1219 8.74 33,228 2,555 6,076.979 9,979.72 4:26.72 3.84 

9.53 36,196 2,784 6,618.080 10,864.62 4:~6.72 3.84 

10.31 39,164 3,012 7,159.181 11,733.14 4:~6.72 3.84 

11.13 42,196 3,247 7,700.281 12,6~4.43 4:16.72 3.84 

11.91 45,164 3,474 8,241.382 13,502.94 426.72 3.84 

12.70 48,132 3,702 8,740.860 14,371.46 426.72 3.84 

15.88 60,004 4,615 10,863.640 17,861.90 4W.72 3.84 

19.05 71,617 5,523 '12,944.797 21,139.31 4,!4.18 3.84 

22.23 83,876 6,427 '14,984.331 24,580.60 4::!4.18 3.84 

25.40 95,490 7,325 '16,982.242 27,858.01 4<11.64 3.84 

31.75 118,717 9,108 20,894.818 34,248.96 419.10 3.84 

38.10 141,299 10,871 24,682.524 40,476.05 416.56 3.84 

44.45 163,881 12,614 28,345.360 46,539.26 416.56 3.84 

50.80 186,463 14,339 ~➔ 1 ,883.327 52,274.73 414.02 3.84 

57.15 208,400 16,043 35,296.425 57,846.34 411.48 3.84 

63.50 230,336 17,729 38,626.276 63,254.07 408.94 3.84 

Pile design data converted to SI units from US units published in 1985 version of this manual. 

Note: Designer must confirm section properties and local availability of selected pile section. 

Material Specifications - ASTM A252 

Example of suggested method of designation: PP219 x 2.77 

Inside 
Cross Inside 

Sectional Volume 
Area 

mm2 m3/m 

870,966 0.8729 

851,611 0.8528 

832,256 0.8303 

812,902 0.8102 

793,547 0.7901 

1,135,482 1.1338 

1,129,030 1.1313 

1,129,030 1.1288 

1,122,578 1.1263 

1,122,578 1.1212 

1,116,127 1.1187 

1,109,675 1.1087 

1,096,772 1.0962 

1,083,869 1.0836 

1,070,966 1.0711 

1,051,611 1.0485 

1,025,804 1.0259 

1,006,450 1.0034 

980,643 0.9808 

961,288 0.9582 

935,482 0,9381 

External 
Collapse 

Index 

* 

941 

1,300 

1,810 

2,290 

2,770 

18 

23 

29 

36 

45 

54 

106 

185 

295 

443 

787 

1,130 

1,530 

1,970 

2,410 

2,850 

* The External Collapse Index is a non-dimensional function of the diameter to wall thickness ratio and is for general guidance only. 
The higher the number, the greater is the resistance to collapse. 
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MONOTUBE PILES 
Standard Monotube Weights and Volumes 

Weight (N) per m EST. 
SIZE CONC. 
POINT DIAMETER x 

9 GA. 7 GA. 5 GA. 3 GA. 
VOL. 

TYPE BUTT DIAMETER x LENGTH m• 

F 216 mm x 305 mm x 7.62 m 248 292 350 409 0.329 
Taper 
3.6 mm 
per Meter 

203 mm x 305 mm x 9.14 m 233 292 336 394 0.420 

216 mm x 356 mm x 12.19 m 277 321 379 452 0.726 

203 mm x 406 mm x 18.29 m 292 350 409 482 1.284 

203 mm x 457 mm x 22.86 m - 379 452 511 1.979 

J 203 mm x 305 mm x 5.18 m 248 292 336 394 0.244 
Taper 
6.4 mm 
per Meter 

203 mm x 356 mm x 7.62 m 263 321 379 438 0.443 

203 mm x 406 mm x 10.06 m 292 350 409 467 0.726 

203 mm x 457 mm x 12.19 m - 379 438 511 1.047 

y 203 mm x 305 mm x 3.05 m 248 292 350 409 0.138 
Taper 
10.2 mm 
per Meter 

203 mm x 356 mm x 4.57 m 277 321 379 438 0.260 

203 mm x 406 mm x 6.10 m 292 350 409 482 0.428 

203 mm x 457 mm x 7.62 m - 379 452 511 0.657 

Extensions (Overall Length 0.305 m Greater than indicated) 

TYPE DIAMETER + LENGTH 9 GA. 7 GA. 5 GA. 3 GA. m3 /m 

N 12 305 mm x 305 mm x 6.10 / 12.19 m 292 350 409 482 0.065 

N 14 356 mm x 356 mm x 6.10 m / 12.19 m 350 423 496 598 0.088 

N 16 406 mm x 406 mm x 6.10 m / 12.19 m 409 482 569 671 0.113 

N 18 457 mm x 457 mm x 6.10 m / 12.19 m - 555 642 759 0.145 

Note: Designer must confirm section properties of selected pile section. 

Pile design data converted to SI units from US units published in Monotube Pile Corporation Catalog 592. 
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MONOTUBE PILES 
Physical Properties 

POINTS 

203 216 
mm mm 

STEEL A A 
THICKNESS mm2 mm2 

9 GAUGE 2,342 2,535 
3.797 mm 

7 GAUGE 2,839 3,077 
4.554 mm 

5 GAUGE 3,348 3,619 
5.314 mm 

3 GAUGE 3,787 4,245 
6.073 mm 

CONCRETE 
AREA 27,290 30,518 
mm2 

POINTS 

203 216 
mm mm 

STEEL A A 
THICKNESS mm2 mm2 

9 GAUGE 2,342 2,535 
3.797 mm 

7 GAUGE 2,839 3,077 
4.554 mm 

5 GAUGE 3,348 3,619 
5.314 mm 

3 GAUGE 3,787 4,245 
6.073 mm 

CONCRETE 
AREA 27,290 30,518 
mm2 

A 
mm2 

3,748 

4.497 

5,277 

5,781 

A 
mm2 

4,929 

5,923 

6,968 

7,742 

suns OF PILE SECTIONS 

305 mm 356 mm 

I s r A I s 
mm• x 106 mm3 x 103 mm mm2 mm4 x 106 mm3 x 103 

42.456 267.109 106 4,355 66.181 360.515 

50.780 319.548 106 5,252 80.749 437.535 

60.354 376.902 107 6,129 94.485 507.999 

61,602 396.567 103 6,839 99.479 550.605 

65,161 87,742 

BUTTS OF PILE SECTIONS 

406 mm 457 mm 

I s r A I s 
mm• x 106 mm3 x 103 mm mm2 mm• x 106 mm3 x 10' 

96.566 463.754 140 - - -

115.712 555.521 140 6,710 168.157 712.837 

136,940 555.521 140 7,871 198.959 839.018 

144.849 706.282 137 8,774 209. 781 907.843 

113,548 144,516 

Note: Designer must confirm section properties of selected pile section. 

Pile design data converted to SI units from US units published in Monotube Pile Corporation Catalog 592. 
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PRECAST/PRESTRESSED CONCRETE PILES 

D D Size1 

~ Core .... .---.---. ,<,,.. --- Diameter <-·►, 
I I 

I ~ ~ ~ Continuous I ~ I 
Tie '\ t I ' .......... .Y " 
Prestressing 

Square Octagonal Strand* Square 
Round Solid Hollow Soild or Hollow 

Sqaure 

5 turns@ 25 mm ( 16 turns@ 76 mm 
~ 152 mm pitch 

25 mm [ 

1
. •j• 

[IIIIIIWJ'-fNll·NJ'-.f'·./'-./'-./'-./'-. 

16 turns@ 76 mm \5 turns@ 25 mm 

T .1"1 f'mm 
J 

Typical Elevation 
• Strand pattern may be circular or square 

Section Prop1arties 

Core Moment of Section Radius of 
Size Diameter Area Weight Inertia Modulus Gyration Perimeter 
mm mm mm2 N/m mm4 x106 rnm3 x 103 mm m 

Square Piles 

254 Solid 64,516 1,518 346,721 2,736,640 73.4 1.015 

305 Solid 92,903 2,189 719.248 4,719.474 87.9 1.219 

356 Solid 126,451 2,977 1,332.357 7,488.888 102.6 1.423 

406 Solid 165,161 3,896 2,273.040 11,192.365 117.3 1.625 

457 Solid 209,032 4,932 3,641.193 15,928.226 132.1 1.829 

508 Solid 258,064 6,085 5,549,614 21,843,956 146.6 2 033 

508 279 mm 196,774 4,641 5,250.759 20,680.475 163.3 2.033 

610 Solid 371,612 8,756 11,507.966 37,755,795 176.0 2.438 

610 305 mm 298,709 7,034 11,084.243 36,362,895 192.5 2.438 

610 356 mm 272,258 6,406 10,722,954 35,183,026 198.4 2.438 

610 381 mm 257,419 6,056 10,473.631 34,363.673 201.7 2.438 

762 457 mm 416,773 9,807 25,950,781 68,121.025 249.4 3 048 

914 457 mm 672,257 15,834 56,114.240 122,739.109 289,1 3.658 

Note: Designer must confirm section properties for a selected pile. Form dimensions may vary with producers, with corresponding 
variations in section properties. 

Data converted to SI units from US unit properties in PCI (1993), Precast/Prestressed Concrete Institute Journal, Volume 38, No. 
2, March-April, 1993. 
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PRECAST/PRESTRESSED CONCRETE PILES 

D D t:J 
Size 

Core 

G ,,. __ --.---. 
~ .... ~ Diameter ;, " - ... , I I 

Continuous..- ·t I te;:-- ~ll ~ 1 I 

Tie I 
, 

~ ' . ., ~ 1 I I 
I I ~ .... ..,, , .... _~✓ -.....:....,r -----·---· Prestressing -

Square Square Octagonal -Strand• Round 
Solid Hollow Soild or Hollow 

Sqaure 
5 turns@ 25 mm (_ 16 turns@ 76 mm 

25mm [ 
1
• "j 

152 mm pitch 
16 turns@ 76 mm j5 turnj@ 25 mm 

• 
1 
• , I \ ! 25 mm 

~lllf\lJJ'N··N}l./ .. .l'-./ .. ./ .. .f .. .f ·., ) 
Typical Elevation 

• Strand pattern may be circular or square 

Section Properties 

Core Moment of Section Radius of 
Size Diameter Area Weight Inertia Modulus Gyration Perimeter 

mm mm mm2 N/m mm4 x 106 mm3 x 103 mm m 

Octagonal Piles 

254 Solid 53,548 1,240 231.00!! 1,818.964 65.8 0.841 

305 Solid 76,774 1,824 472.00fi 3,097.155 78.5 1.009 

356 Solid 104,516 2,466 876.167 4,932.506 91.4 1.180 

406 Solid 136,774 3,210 1.495.1 oa 7,357.792 104.6 1.347 

457 Solid 172,903 4,086 2,374.600 10,471.334 117'.1 1.515 

508 Solid 213,548 5,035 3,650.350 14,371.455 130.8 1.682 

508 279 mm 152,258 3,575 3,350.663 13,191.587 148.3 1.682 

559 Solid 258,709 6,129 5,343.163 19,123.704 143.8 1.853 

559 330 mm 172,903 4,086 4,761.688 17,042.547 165.9 1.853 

610 Solid 307,741 7,224 7,567.087 24,826.402 156.7 2.021 

610 381 mm 193,548 4,597 6,533.168 21,434.280 183.6 2.021 

Round Piles 

914 660 mm 314,193 7,399 24,976.799 54,634.471 281.9 2.874 

1,067 813 mm 374,838 8,829 42,153.005 79,034.810 335.3 3.353 

1,219 965 mm 435,483 10,259 65,856.969 108,023.526 388.9 3.831 

1,372 1118 mm 496,773 11,704 97,137.176 141,633.394 442.2 4.310 

1,676 1372 mm 729,676 17,191 213,954.191 255,261.296 541.5 5.267 

Note: Designer must confirm section properties for a selected pile. Form dimemiions may vary with producers, with corresponding 
variations in section properties. · · 

Data converted to SI units from US unit properties in PCI (1993), Precasl/Prestn3ssed Concrete Institute Journal, Volume 38, No. 
2, March-April, 1993. 
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y - rki L_ ! 
k I I I ~) H-PILES ~ 

"----R 

~iw X 
T d 

L H~_il 
k I I ~ 

r-~b~ 
t 

0 
Flange Distance Elastic Properies 

I 
I\) _._ Web Fillet X-X Y-Y 

Section Area Depth Thickness Width Thickness Radius 
Designation A d t., b1 ti T k k1 a R I s r I s r 

mm x kg/m mm2 mm mm mm mm mm mm mm mm mm mm4 x 106 mm3 x 103 mm mm4 x 106 mm3 x 103 mm 

HP360 x 174 22,200 361 20.4 378 20 277 42 30.2 179 20 511 2,830 152 183 968 91 
HP360 x 152 19,400 356 17.9 376 18 077 An 29.0 179 20 442 2,480 151 158 840 90 C..f, '"TV 

HP360 x 132 16,900 351 15.6 373 16 277 37 27.8 179 20 378 2,150 150 135 724 89 
HP360 x 108 13,800 346 12.8 370 13 277 34 26.4 179 20 306 1,770 148 108 584 88 

HP310 x 125 15,800 312 17.4 312 17 244 34 23.7 147 15 270 1,730 131 88 565 75 
HP310 x 110 14,000 308 15.4 310 15 244 32 22.7 147 15 236 1,530 130 77 497 74 
HP310 x 93 11,800 303 13.1 308 13 244 30 21.6 148 15 196 1,290 129 64 414 74 
HP310 x 79 9,970 299 11.0 306 11 244 28 20.5 148 15 162 1,080 127 53 343 73 

HP250 x 85 10,800 254 14.4 260 14 196 29 20.2 123 13 123 969 107 42 325 63 
HP250 x 62 7,980 246 10.5 256 11 96 25 18.3 123 13 88 711 105 30 234 61 

HP200 x 53 6,810 204 11.3 207 11 158 23 15.7 98 10 50 487 86 17 161 50 

Note: Designer must confirm section properties for a selected pile. 

Data obtained from FHWA Geotechnical Metrication Guidelines (1995) FHWA-SA-95-035. 
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BITUMEN COATING FOR CONCRETE PILES 

(This is a generic specification that should be modified to meet the specific needs of a 
given project.) 

Description. This work shall consist of furnishing and applying bituminous coating and 
primer to prestressed concrete pile surfaces as required in the plans and as specified 
herein. 

Materials 

A. Bituminous Coating. Bituminous coating shall be an asphalt type bitumen 
conforming to ASTM D946, with a minimum penetration grade 50 at the time of 
pile driving. Bituminous coating shall be applied uniformly over an asphalt 
primer. Grade 40-50 or lower grades shall not be used. 

B. Primer. Primer shall conform to the requirements of ASTM D41. 

Construction Requirements. All surfaces to be coated with bitumen shall be dry and 
thoroughly cleaned of dust and loose materials. No primer or bitumen shall be applied 
in wet weather, nor when the temperature is below 18 degrees Celsius. 

The primer shall be applied to the surfaces and allowed to completely dry before the 
bituminous coating is applied. Primer shall be applied uniformly at the quantity of one 
liter per 2.43 square meters. 

Bitumen shall be applied uniformly at a temperature of not less than · 149 degrees 
Celsius, nor more than 177 degrees Celsius, and shall be applied either by mopping, 
brushing, or spraying at the project site. All holes or depressions in the concrete surface 
shall be completely filled with bitumen. The bituminous coating shall be applied to a 
minimum dry thickness of 3.2 mm, but in no case shalll the quantity of application be 
less than 3.29 liters per square meters. 
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Bitumen coated piles shall be stored before driving and protected from sunlight and 
heat. Pile coatings shall not be exposed to damage cluring storage, hauling or handling. 
The Contractor shall take appropriate measures to preserve and maintain the bitumen 
coating. At the time of pile driving, the bitumen coating shall have a minimum dry 
thickness of 3.2 mm and a minimum penetration value of 50. If necessary, the 
Contractor shall recoat the piles, at his expense, to comply with these requirements. 

Method of Measurement. Bitumen coating will be measured by the square meter of 
coating in place on concrete pile surfaces. No separate payment will be made for 
primer. 

Basis of Payment. The accepted quantities of bitumen coating will be paid for at the 
contract unit price per square meter, which price shall be full compensation for 
furnishing all labor, materials, tools, equipment, and incidentals, and for doing all the 

work involved in applying the bituminous coating and primer, as shown in the plans, and 

as specified in these specifications, and as directed by the Engineer. 

Payment will be made under: 

Pay Item 
Bitumen Coating 

Pay Unit 

Square Meters. 
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BITUMEN COATING FOR STEEL PILES 

(This is a generic specification that should be modified to meet the specific needs of a 
given project.) 

Description. This work shall consist of furnishing and applying bituminous coating and 
primer to steel pile surfaces as required in the plans and as specified herein. 

Materials 

A. Bituminous Coating. Canal Liner Bitumen (ASTM D-2521) shall be used for the 
bitumen coating and shall have a softening point of 88 to 93 degrees Celsius, 
a penetration of 56 to 61 at 25 degrees Celsius, and a ductility at 25 degrees 
Celsius, in excess of 35.0 mm. 

B. Primer. Primer shall conform to the requirements of AASHTO M116. 

Construction Requirements. All surfaces to be coated with bitumen shall be dry and 
thoroughly cleaned of dust and loose materials. No primer or bitumen shall be applied 
in wet weather, nor when the temperature is below 18 degrees Celsius. 

Application of the prime coat shall be with a brush or other approved means and in a 
manner to thoroughly coat the surface of the piling with a continuous film of primer. The 
purpose of the primer is to provide a suitable bond of the bitumen coating to the pile. 
The primer shall set thoroughly before the bitumen coating is applied. 

The bitumen should be heated to 149 degrees Celsius, and applied at a temperature 
between 93 and 149 degrees Celsius, by one or more mop coats, or other approved 
means, to apply an average coating depth of 9.5 mm. Whitewashing of the coating may 
be required, as deemed necessary by the engineer, to prevent running and sagging of 
the asphalt coating prior to driving, during hot weather. 
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Bitumen coated piles shall be stored immediately after the coating is applied for 
protection from sunlight and heat. Pile coatings shall not be exposed to damage or 
contamination during storage, hauling, or handling. Once the bitumen coating has been 

applied, the contractor will not be allowed to drag the piles on the ground or to use 
cable wraps around the pile during handling. Pad eyes, or other suitable devices, shall 
be attached to the pile to be used for lifting and handling. If necessary, the contractor 

shall recoat the piles, at his expense to comply with these requirements. 

A nominal length of pile shall be left uncoated where field splices will be required. After 
completing the field splice, the splice area shall be t)rush or map coated with at least 
one coat of bitumen. 

Method of Measurement. Bitumen coating will be measured by the linear meter of 
coating in place on the pile surfaces. No separate payment will be made for primer or 
coating of the splice areas. 

Basis of Payment. The accepted quantities of bitum~:m coating will be paid for at the 
contract unit price per linear meter, which price shall be full compensation for furnishing 

all labor, materials, tools, equipment, and incidentals, and for doing all the work involved 
in applying the bituminous coating and primer, as shown in the plans, and as specified 
in these specifications, and as directed by the EnginEier. 

Payment will be made under: 

Pay Item 
Bitumen Coating 

Pay-Unit 
Meter. 
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APPENDIX D 

Pile Hammer Information 

Page 
TABLE D-1 DIESEL HAMMER LISTING 

(sorted by Maximum Energy) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D-3 

TABLE D-2 EXTERNAL COMBUSTION HAMMER LISTING 
(sorted by Maximum Energy) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D-7 

TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) . . . . . . . . . . . . . . . . . . . . . . . . . . D-13 

Note: GRLWEAP hammer ID numbers correspond to those contained in Version 1.996-2 
of the GRLWEAP program. 
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TABLE D-1 DIESEL HAMMER LISTING 
(sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

E kN-m kN m T 

81 LINKBELT LB 180 10.98 7.70 1.43 CED 
120 ICE 180 11.03 7.70 1.43 CED 

1 DELMAG D 5 11.16 4.89 2.28 OED 
36 DELMAG D 6-32 14.24 5.88 2.42 OED 
82 LINKBELT LB 312 20.37 17.18 1.19 CED 

146 MKT DE 10 20.75 7.57 2.74 OED 
147 MKT DE 20 21.70 8.90 2.44 OED 

2 DELMAG D 8-22 23.87 7.83 3.05 OED 
402 BERMINGH B200 24.41 8.90 2.74 OED 

83 LINKBELT LB 440 24.69 17.80 1.39 CED 
122 ICE 440 25.17 17.80 1.41 CED 
141 MKT 20 DE333020 27.13 8.90 3.05 OED 
151 MKT DA 35B 28.48 12.46 2.29 CED 
148 MKT DE 30 30.38 12.46 2.44 OED 

41 FEC FEC 1200 30.51 12.24 2.49 OED 
127 ICE 30-S 30.52 13.35 2.29 OED 
401 BERMINGH B23 31.18 12.46 2.50 CED 
414 BERMINGH B23 5 31.18 12.46 2.50 CED 
121 ICE 422 31.36 17.80 1.76 CED 

3 DELMAG D 12 32.00 12.24 2.62 OED 
149 MKT DA35B SA 32.28 12.46 2.59 OED 
150 MKT DE 30B 32.28 12.46 2.59 OED 

61 MITSUB. M 14 34.24 13.22 2.59 OED 
350 HERA 1250 34.38 12.50 2.75 OED 
101 KOBE K 13 34.49 12.77 2.70 OED 
84 LINKBELT LB 520 35.69 22.56 1.58 CED 
42 FEC FEC 1500 36.75 14.68 2.50 OED 

201 VULCANI VUL V12 36.77 12.26 3.00 OED 
142 MKT 30 DE333020 37.98 12.46 3.05 OED 
62 MITSUB. MH 15 38.16 14.73 2.59 OED 
4 DELMAG D 15 38.40 14.68 2.62 OED 

403 BERMINGH B225 39.67 13.35 2.97 OED 
123 ICE 520 41.19 22.56 1.83 CED 
351 HERA 1500 41.25 15.00 2.75 OED 
152 MKT DA 45 41.67 17.80 2.34 CED 
37 DELMAG D 12-32 42.50 12.55 3.39 OED 

153 MKT DE 40 43.40 17.80 2.44 OED 
143 MKT 33 DE333020 44.76 14.68 3.05 OED 
415 BERMINGH B250 5 48.02 13.35 3.60 OED 
161 MKT DA 55B 51.81 22.25 2.33 CED 
202 VULCAN VUL V18 52.97 17.66 3.00 OED 
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TABLE 0-1 DIESEL HAMMER LISTING 
{sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type· 

E kN-m kN m T 

5 DELMAG D 16-32 53.23 15.66 3.40 OED 
128 ICE 40-S 54.25 '17.80 3.05 OED 
144 MKT 40 DE333020 54.25 17.80 3.05 OED 
160 MKT DA55B SA 54.25 22.25 2.44 OED 
404 BERMINGH 8300 54.68 16.69 3.28 OED 
410 BERMINGH 8300 M 54.68 16.69 3.28 OED 

6 DELMAG D 22 55.08 21.85 2.52 OED 
124 ICE 640 55.10 26.70 2.06 CED 
129 ICE 42-S 56.97 18.19 3.13 OED 
38 DELMAG D 19-32 57.51 17.80 3.23 OED 

159 MKT DE 508 57.65 22.25 2.59 OED 
63 MITSUB. M 23 58.34 22.52 2.59 OED 

412 BERMINGH 8400 4.8 58.59 21.36 2.74 OED 
413 BERMINGH 8400 5.0 61.04 22.25 2.74 OED 
103 KOBE K22-Est 61.51 21.58 2.85 OED 
64 MITSUB. MH 25 63.53 24.52 2.59 OED 

416 BERMINGH 8350 5 64.02 17.80 3.60 OED 
7 DELMAG D 22-02 65.78 21.58 3.05 OED 
8 DELMAG D 22-13 65.78 21.58 3.05 OED 

43 FEC FEC 2500 67.81 24.47 2.77 OED 
163 MKT 50 DE70/50B 67.82 22.25 3.05 OED 
352 HERA 2500 68.75 25.00 2.75 OED 

9 DELMAG D 22-23 69.53 21.58 3.22 OED 
104 KOBE K 25 69.88 24.52 2.85 OED 
125 ICE 660 70.03 33.69 2.08 CED 
85 LINKBELT LB 660 70.03 33.69 2.08 CED 

405 BERMINGH 8400 72.90 22.25 3.28 OED 
411 BERMINGH 8400 M 72.90 22.25 3.28 OED 

44 FEC FEC 2800 75.95 27.41 2.77 OED 
353 HERA 2800 77.00 28.00 2.75 OED 
203 VULCAN VUL V25 78.51 24.53 3.20 OED 
417 BERMINGH 8400 5 80.03 22.25 3.60 OED 
162 MKT DE 708 80.70 31.15 2.59 OED 

11 DELMAG D 30 80.84 29.37 2.75 OED 
10 DELMAG D 25-32 83.40 24.52 3.40 OED 
65 MITSUB. M 33 83.70 32.31 2.59 OED 
45 FEC FEC 3000 85.49 29.37 2.91 OED 
66 MITSUB. MH 35 89.00 34.35 2.59 OED 
12 DELMAG D 30-02 89.52 29.37 3.05 OED 
13 DELMAG D 30-13 89.52 29.37 3.05 OED 

131 ICE 70-S 94.95 31.15 3.05 OED 
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TABLE D-1 DIESEL HAMMER LISTING 
(sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

E kN-m kN m T 

164 MKT 70 DE70/50B 94.95 ~31.15 3.05 OED 
354 HERA 3500 96.25 ~35.00 2.75 OED 
107 KOBE K 35 97.90 ~34.35 2.85 OED 
126 ICE 1070 98.47 44.50 2.21 CED 
130 ICE 60-S 98.93 ~31.15 3.18 OED 
46 FEC FEC 3400 99.02 ~33.29 2.97 OED 
14 DELMAG D 30-23 99.90 :29.37 3.40 OED 
15 DELMAG D 30-32 99.90 :29.37 3.40 OED 

418 BERMINGH B450 5 105.63 :29.37 3.60 OED 
67 MITSUB. M 43 109.06 42.10 2.59 OED 
16 DELMAG D 36 113.69 :35.29 3.22 OED 
17 DELMAG D 36-02 113.69 :35.29 3.22 OED 
18 DELMAG D 36-13 113.69 :35.29 3.22 OED 
68 MITSUB. MH 45 115.87 44.72 2.59 OED 

421 BERMINGH B550 C 119.36 48.95 2.44 OED 
19 DELMAG D 36-23 120.04 :35.29 3.40 OED 
20 DELMAG D 36-32 120.04 :35.29 3.40 OED 

133 ICE 90-S 122.07 40.05 3.05 OED 
21 DELMAG D 44 122.67 42.27 2.90 OED 

419 BERMINGH B500 5 124.84 :34.71 3.60 OED 
110 KOBE K 45 125.81 44.14 2.85 OED 
24 DELMAG D 46-13 130.93 45.12 2.90 OED 

132 ICE 80-S 134.77 ,35.60 3.79 OED 
136 ICE 200-S 135.64 89.00 1.52 OED 
355 HERA 5000 137.50 50.00 2.75 OED 
420 BERMINGH B550 5 144.05 40.05 3.60 OED 

22 DELMAG D 46 145.37 45.12 3.22 OED 
23 DELMAG D 46-02 145.37 45.12 3.22 OED 
25 DELMAG D 46-23 145.37 45.12 3.22 OED 

165 MKT 110 DE110150 149.20 48.95 3.05 OED 
26 DELMAG D 46-32 153.49 45.12 3.40 OED 

356 HERA 5700 156.75 57.00 2.75 OED 
134 ICE 100-S 162.76 44.50 3.66 OED 
27 DELMAG D 55 168.91 52.78 3.20 OED 

357 HERA 6200 170.50 62.00 2.75 OED 
112 KOBE KB 60 176.58 58.87 3.00 OED 

70 MITSUB. MH 72B 183.31 70.75 2.59 OED 
135 ICE 120-S 202.15 53.40 3.79 OED 

71 MITSUB. MH 80B 202.91 78.32 2.59 OED 
166 MKT 150 DE110150 203.45 66.75 3.05 OED 
358 HERA 7500 206.25 75.00 2.75 OED 
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TABLE D-1 DIESEL HAMMER LISTING 
(sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

E kN-m kN m T 

28 DELMAG D 62-02 206.77 60.79 3.40 OED 
29 DELMAG D 62-12 206.77 60.79 3.40 OED 
30 DELMAG D 62-22 206.77 60.79 3.40 OED 

113 KOBE KB 80 235.43 78.50 3.00 OED 
359 HERA 8800 242.00 88.00 2.75 OED 

31 DELMAG D 80-12 252.61 78.41 3.22 OED 
32 DELMAG D 80-23 266.71 78.41 3.40 OED 
33 DELMAG 0100-13 333.47 98.03 3.40 OED 
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TABLE D-2 EXTERNAL COMBUSTION HAMMER LISTING 
(sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy WE~ight Stroke Type 

kN-m l<N m 

301 MKT No. 5 1.36 .89 1.52 ECH 
302 MKT No. 6 3.39 1.78 1.90 ECH 
303 MKT No. 7 5.63 3.56 1.58 ECH 
205 VULCAN VUL 02 9.85 13.35 .74 ECH 
220 VULCAN VUL 30C 9.85 13.35 .74 ECH 
521 DAWSON HPH 1200 11.73 10.20 1.15 ECH 
304 MKT 9B3 11.87 7.12 1.67 ECH 
305 MKT 10B3 17.78 13.35 1.33 ECH 
306 MKT C5-Air 19.26 22.25 .87 ECH 
171 CONMACO C 50 20.35 22.25 .91 ECH 
204 VULCAN VUL 01 20.35 22.25 .91 ECH 
251 RAYMOND R 1 20.35 22.25 .91 ECH 
221 VULCAN VUL 50C 20.48 22.25 .92 ECH 
307 MKT C5-Steam 21.97 22.25 .99 ECH 
308 MKT S-5 22.04 22.25 .99 ECH 
522 DAWSON HPH 2400 23.49 18.64 1.26 ECH 
541 BANUT 3 Tonnes 23.53 29.41 .80 ECH 
309 MKT 11B3 25.97 22.25 1.17 ECH 
222 VULCAN VUL 65C 26.01 28.92 .90 ECH 
172 CONMACO C 65 26.45 28.92 .91 ECH 
206 VULCAN VUL 06 26.45 28.92 .91 ECH 
252 RAYMOND R 1S 26.45 28.92 .91 ECH 
253 RAYMOND R 65C 26.45 28.92 .91 ECH 
254 RAYMOND R 65CH 26.45 28.92 .91 ECH 
223 VULCAN VUL 65CA 26.54 28.92 .92 ECH 
311 MKT C826 Air 28.75 35.60 .81 ECH 
341 IHC Hydh SC 30 30.02 16.20 1.85 ECH 
542 BANUT 4 Tonnes 31.39 39.25 .80 ECH 
255 RAYMOND R 0 33.06 33.38 .99 ECH 
310 MKT C826 Stm 33.10 35.60 .93 ECH 
224 VULCAN VUL BOC 33.20 35.60 .93 ECH 
256 RAYMOND R BOC 33.20 35.60 .93 ECH 
257 RAYMOND R BOCH 33.20 35.60 .93 ECH 
449 MENCK MHF3-3 33.59 31.39 1.07 ECH 
515 UDDCOMB H3H 33.75 29.37 1.15 ECH 
173 CONMACO C 550 33.91 22.25 1.52 ECH 
235 VULCAN VUL 505 33.91 22.25 1.52 ECH 
320 IHC Hydh S 35 35.01 32.35 1.08 ECH 
225 VULCAN VUL 85C 35.25 37.91 .93 ECH 
175 CONMACO C 80 35.27 35.60 .99 ECH 
207 VULCAN VUL 08 35.27 35.60 .99 ECH 
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TABLE 0-2 EXTERNAL COMBUSTION HAMMER LISTING 
(sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

312 MKT S-8 35.27 35.60 .99 ECH 
381 BSP HH 3 35.29 29.42 1.20 ECH 
481 JUNTTAN HHK 3 36.01 29.46 1.22 ECH 
543 BANUT 5 Tonnes 39.22 49.04 .80 ECH 
342 IHC Hydh SC 40 39.98 24.52 1.63 ECH 
321 IHC Hydh S 40 41.18 24.52 1.68 ECH 
313 MKT MS-350 41.78 34.35 1.22 ECH 
450 MENCK MHF3-4 41.99 39.24 1.07 ECH 
174 CONMACO C 565 44.08 28.92 1.52 ECH 
176 CONMACO C 100 44.08 44.50 .99 ECH 
208 VULCAN VUL 010 44.08 44.50 .99 ECH 
236 VULCAN VUL 506 44.08 28.92 1.52 ECH 
258 RAYMOND R 2/0 44.08 44.50 .99 ECH 
314 MKT S 10 44.08 44.50 .99 ECH 
506 HPSI 650 44.08 28.92 1.52 ECH 
372 FAIRCHLD F-32 44.15 48.28 .91 ECH 
226 VULCAN VUL 100C 44.62 44.50 1.00 ECH 
516 UDDCOMB H4H 45.00 39.16 1.15 ECH 
544 BANUT 6 Tonnes 47.09 58.87 .80 ECH 
482 JUNTTAN HHK 4 47.97 39.25 1.22 ECH 
227 VULCAN VUL 140C 48.80 62.30 .78 ECH 
177 CONMACO C 115 50.69 51.17 .99 ECH 
315 MKT S 14 50.89 62.30 .82 ECH 
551 ICE 110-SH 51.16 51.17 1.00 ECH 
552 ICE 115-SH 51.47 51.17 1.01 ECH 
441 MENCK MHF5-5 52.48 49.05 1.07 ECH 
451 MENCK MHF3-5 52.48 49.05 1.07 ECH 
209 VULCAN VUL 012 52.90 53.40 .99 ECH 
178 CONMACO C 80E5 54.25 35.60 1.52 ECH 
237 VULCAN VUL 508 54.25 35.60 1.52 ECH 
545 BANUT 7 Tonnes 54.92 68.66 .80 ECH 
259 RAYMOND R 3/0 55.10 55.62 .99 ECH 
517 UDDCOMB H5H 56.25 48.95 1.15 ECH 
182 CONMACO C 140 56.97 62.30 .91 ECH 
210 VULCAN VUL 014 56.97 62.30 .91 ECH 
382 BSP HH 5 58.83 49.04 1.20 ECH 
316 MKT MS 500 59.68 48.95 1.22 ECH 
501 HPSI 110 59.68 48.95 1.22 ECH 
489 JUNTTAN HHK 5A 59.79 49.04 1.22 ECH 
483 JUNTTAN HHK 5 59.99 49.08 1.22 ECH 
343 IHC Hydh SC 60 60.00 34.35 1.75 ECH 
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TABLE D-2 EXTERNAL COMBUSTION HAMMER LISTING 
(sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy W13ight Stroke Type 

kN-m 1-<N m 

322 IHC Hydh S 60 60.04 58.86 1.02 ECH 
371 FAIRCHLD F-45 61.04 66.75 .91 ECH 
282 MENCK MRBS 500 61.13 49.04 1.25 ECH 
442 MENCK MHF5-6 62.98 58.86 1.07 ECH 
452 MENCK MHF3-6 62.98 58.86 1.07 ECH 
183 CONMACO C 160 66.12 72.31 .91 ECH 
211 VULCAN VUL 016 66.12 72.31 .91 ECH 
260 RAYMOND R 150C 66.12 66.75 .99 ECH 
261 RAYMOND R 4/0 66.12 66.75 .99 ECH 
271 MENCK MH 68 66.70 34.35 1.94 ECH 
518 UDDCOMB H6H 67.50 58.74 1.15 ECH 
179 CONMACO C 100E5 67.82 44.50 1.52 ECH 
507 HPSI 1000 67.82 44.50 1.52 ECH 
238 VULCAN VUL 510 67.82 44.50 1.52 ECH 
228 VULCAN VUL 200C 68.09 89.00 .77 ECH 
323 IHC Hydh S 70 70.05 34.35 2.04 ECH 
191 CONMACO C 160 ** 70.23 76.81 .91 ECH 
484 JUNTTAN HHK 6 71.96 58.87 1.22 ECH 
443 MENCK MHF5-7 73.48 68.67 1.07 ECH 
453 MENCK MHF3-7 73.48 68.67 1.07 ECH 
262 RAYMOND R 5/0 77.14 77.88 .99 ECH 
180 CONMACO C 115E5 77.99 51.17 1.52 ECH 
344 IHC Hydh SC 80 79.89 50.02 1.60 ECH 
184 CONMACO C 200 81.38 89.00 .91 ECH 
212 VULCAN VUL 020 81.38 89.00 .91 ECH 
231 VULCAN VUL 320 81.38 89.00 .91 ECH 
239 VULCAN VUL 512 81.38 53.40 1.52 ECH 
317 MKT S 20 81.38 89.00 .91 ECH 
502 HPSI 150 81.38 66.75 1.22 ECH 
383 BSP HH 7 82.44 68.65 1.20 ECH 
503 HPSI 154 83.55 68.53 1.22 ECH 
490 JUNTTAN HHK 7A 83.71 68.66 1.22 ECH 
444 MENCK MHF5-8 83.97 78.48 1.07 ECH 
485 JUNTTAN HHK 7 83.98 68.71 1.22 ECH 
181 CONMACO C 125E5 84.77 55.62 1.52 ECH 
553 ICE 160-SH 86.81 71.20 1.22 ECH 
324 IHC Hydh S 90 90.01 44.14 2.04 ECH 
283 MENCK MRBS 750 91.92 73.56 1.25 ECH 
519 UDDCOMB H8H 94.06 78.32 1.20 ECH 
272 MENCK MH 96 94.17 49.04 1.92 ECH 
384 BSP HH 8 94.27 78.50 1.20 ECH 
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TABLE D-2 EXTERNAL COMBUSTION HAMMER LISTING 
(sorted by Maximum Em!rgy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Namei Energy Weight Stroke Type 

kN-m kN m 

445 MENCK MHF5-9 94.47 88.29 1.07 ECH 
263 RAYMOND R 30X 101.73 133.50 .76 ECH 
446 MENCK MHF5-10 104.97 98.10 1.07 ECH 
345 IHC Hydh SC 110 105.01 67.68 1.55 ECH 
385 BSP HH 9 106.03 88.29 1.20 ECH 
491 JUNTTAN HHK 9A 107.64 88.29 1.22 ECH 
504 HPSI 200 108.51 89.00 1.22 ECH 
264 RAYMOND R 8/0 110.2 111.25 .99 ECH 
508 HPSI 1605 112.58 73.87 1.52 ECH 
447 MENCK MHF5-11 115.46 107.91 1.07 ECH 
520 UDDCOMB H10H 117.84 98.12 1.20 ECH 
486 JUNTTAN HHK 10 119.93 98.12 1.22 ECH 
185 CONMACO C 300 122.07 133.50 .91 ECH 
213 VULCAN VUL 030 122.07 133.50 .91 ECH 
232 VULCAN VUL 330 122.07 133.50 .91 ECH 
270 9K DROP 9K DROP 122.07 40.05 3.05 ECH 
505 HPSI 225 122.07 100.12 1.22 ECH 
448 MENCK MHF5-12 125.96 117.72 1.07 ECH 
284 MENCK MRBS 800 126.53 84.37 1.50 ECH 
285 MENCK MRBS 850 126.53 84.37• 1.50 ECH 
509 HPSI 2005 128.99 84.64 1.52 ECH 
386 BSP HH 11 129.59 107.91 1.20 ECH 
186 CONMACO C 5200 135.64 89.00 1.52 ECH 
240 VULCAN VUL 520 135.64 89.00 1.52 ECH 
265 RAYMOND R 40X 135.64 178.00 .76 ECH 
346 IHC Hydh SC 150 140.12 107.91 1.30 ECH 
273 MENCK MH 145 142.15 73.56 1.93 ECH 
487 JUNTTAN HHK 12 143.92 117.75 1.22 ECH 
229 VULCAN VUL 400C 154.08 178.00 .87 ECH 
454 MENCK MHF10-15 157.39 147.12 1.07 ECH 
214 VULCAN VUL 040 162.76 178.00 .91 ECH 
233 VULCAN VUL 340 162.76 178.00 .91 ECH 
387 BSP HH 14 164.92 137.33 1.20 ECH 
286 MENCK MRBS1100 167.42 107.91 1.55 ECH 
488 JUNTTAN HHK 14 167.90 137.37 1.22 ECH 
287 MENCK MRBS1502 183.90 147.16 1.25 ECH 
388 BSP HH 16 188.35 156.96 1.20 ECH 
274 MENCK MH 195 191.41 98.12 1.95 ECH 
325 IHC Hydh S 200 199.63 97.90 2.04 ECH 
461 MENCK MHUT 200 199.90 117.75 1.70 ECH 
187 CONMACO C 5300 203.45 133.50 1.52 ECH 
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TABLE D-2 EXTERNAL COMBUSTION HAMMER LISTING 
(sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

241 VULCAN VUL 530 203.45 133.50 1.52 ECH 
266 RAYMOND R 60X 203.45 267.00 .76 ECH 
347 IHC Hydh SC 200 204.81 134.39 1.52 ECH 
455 MENCK MHF10-20 209.81 196.11 1.07 ECH 
510 HPSI 3005 209.32 137.35 1.52 ECH 
275 MENCK MHU 220 215.76 111.83 1.93 ECH 
389 BSP HH 20 235.44 196.20 1.20 ECH 
390 BSP HH 20S 235.44 196.20 1.20 ECH 
511 HPSI 3505 239.16 156.93 1.52 ECH 
348 IHC Hydh SC 250 240.04 174.62 1.37 ECH 
230 VULCAN VUL 600C 243.01 267.00 .91 ECH 
215 VULCAN VUL 060 244.14 267.00 .91 ECH 
234 VULCAN VUL 360 244.14 267.00 .91 ECH 
326 IHC Hydh S 250 250.44 122.82 2.04 ECH 
288 MENCK MRBS1800 257.46 171.68 1.50 ECH 
242 VULCAN VUL 540 271.27 182.01 1.49 ECH 
327 IHC Hydh S 280 280.11 132.61 2.11 ECH 
188 CONMACO C 5450 305.18 200.25 1.52 ECH 
290 MENCK MRBS2502 306.47 245.24 1.25 ECH 
291 MENCK MRBS2504 306.47 245.24 1.25 ECH 
391 BSP HA 30 353.16 294.30 1.20 ECH 
289 MENCK MRBS2500 355.52 284.49 1.25 ECH 
276 MENCK MHU 400 392.74 225.66 1.74 ECH 
328 IHC Hydh S 400 399.58 197.13 2.03 ECH 
462 MENCK MHUT 400 400.29 234.51 1.71 ECH 
243 VULCAN VUL 560 406.91 278.13 1.46 ECH 
245 VULCAN VUL 3100 406.91 445.00 .91 ECH 
292 MENCK MRBS3000 441.30 294.28 1.50 ECH 
392 BSP HA 40 470.88 392.40 1.20 ECH 
189 CONMACO C 5700 474.73 311.50 1.52 ECH 
329 IHC Hydh S 500 499.54 246.08 2.03 ECH 
463 MENCK MHUT 500 499.89 264.95 1.89 ECH 
277 MENCK MHU 600 588.17 343.36 -1 .71 ECH 
294 MENCK MRBS4600 676.74 451.27 1.50 ECH 
246 VULCAN VUL 5100 678.18 445.00 1.52 ECH 
190 CONMACO C 6850 691.74 3,78.25 1.83 ECH 
293 MENCK MRBS3900 696.28 386.53 1.80 ECH 
464 MENCK MHUT700U 700.06 413.09 1.69 ECH 
295 MENCK MRBS5000 735.60 490.52 1.50 ECH 
330 IHC Hydh S 800 800.05 363.00 2.20 ECH 
465 MENCK MHUT700A 839.83 413.09 2.03 ECH 
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TABLE D-2 EXTERNAL COMBUSTION HAMMER LISTING 
(sorted by Maximum Energy) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

297 MENCK MRBS7000 856.41 685.30 1.25 ECH 
466 MENCK MHUT1000 999.52 588.73 1.70 ECH 
331 IHC Hydh S 1000 999.99 451.26 2.22 ECH 
278 MENCK MHU 1000 1000.58 565.02 1.77 ECH 
247 VULCAN VUL 5150 1017.27 667.50 1.52 ECH 
296 MENCK MRBS6000 1029.79 588.60 1.75 ECH 
298 MENCK MRBS8000 1176.97 784.85 1.50 ECH 
299 MENCK MRBS8800 1294.69 863.34 1.50 ECH 
332 IHC Hydh S 1600 1597.52 694.20 2.30 ECH 
279 MENCK MHU 1700 1666.80 922.17 1.81 ECH 
280 MENCK MHU 2100 2099.09 1138.31 1.84 ECH 
300 MENCK MBS12500 2145.53 1226.33 1.75 ECH 
333 IHC Hydh S 2300 2298.99 1008.37 2.28 ECH 
248 VULCAN VUL 6300 2441.45 1335.00 1.83 ECH 
281 MENCK MHU 3000 2945.54 1618.73 1.82 ECH 
334 IHC Hydh S 3000 2997.72 1477.40 2.03 ECH 
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TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) . 

GRLWEAP Hammer Hammer Max. F~am Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

1 DELMAG D5 11.16 4.89 2.28 OED 
2 DELMAG D 8-22 23.87 7.83 3.05 OED 
3 DELMAG D 12 32.00 12.24 2.62 OED 
4 DELMAG D 15 38.40 14.68 2.62 OED 
5 DELMAG D 16-32 53.23 15.66 3.40 OED 
6 DELMAG D 22 55.08 21.85 2.52 OED 
7 DELMAG D 22-02 65.78 21.58 3.05 OED 
8 DELMAG D 22-13 65.78 21.58 3.05 OED 
9 DELMAG D 22-23 69.53 21.58 3.22 OED 

10 DELMAG D 25-32 83.40 24.52 3.40 OED 
11 DELMAG D 30 80.84 29.37 2.75 OED 
12 DELMAG D 30-02 89.52 29.37 3.05 OED 
13 DELMAG D 30-13 89.52 29.37 3.05 OED 
14 DELMAG D 30-23 99.90 29.37 3.40 OED 
15 DELMAG D 30-32 99.90 29.37 3.40 OED 
16 DELMAG D 36 113.69 35.29 3.22 OED 
17 DELMAG D 36-02 113.69 35.29 3.22 OED 
18 DELMAG D 36-13 113.69 35.29 3.22 OED 
19 DELMAG D 36-23 120.04 35.29 3.40 OED 
20 DELMAG D 36-32 120.04 35.29 3.40 OED 
21 DELMAG D 44 122.67 42.27 2.90 OED 
22 DELMAG D 46 145.37 45.12 3.22 OED 
23 DELMAG D 46-02 145.37 45.12 3.22 OED 
24 DELMAG D 46-13 130.93 45.12 2.90 OED 
25 DELMAG D 46-23 145.37 45.12 3.22 OED 
26 DELMAG D 46-32 153.49 45.12 3.40 OED 
27 DELMAG D 55 168.91 52.78 3.20 OED 
28 DELMAG D 62-02 206.77 60.79 3.40 OED 
29 DELMAG D 62-12 206.77 60.79 3.40 OED 
30 DELMAG D 62-22 206.77 60.79 3.40 OED 
31 DELMAG D 80-12 252.61 78.41 3.22 OED 
32 DELMAG D 80-23 266.71 78.41 3.40 OED 
33 DELMAG D100-13 333.47 98.03 3.40 OED 
36 DELMAG D 6-32 14.24 5.88 2.42 OED 
37 DELMAG D 12-32 42.50 12.55 3.39 OED 
38 DELMAG D 19-32 57.51 17.80 3.23 OED 
41 FEC FEC 1200 30.51 12.24 2.49 OED 
42 FEC FEC 1500 36.75 14.68 2.50 OED 
43 FEC FEC 2500 67.81 24.47 2.77 OED 
44 FEC FEC 2800 75.95 27.41 2.77 OED 
45 FEC FEC 3000 85.49 29.37 2.91 OED 
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TABLE 0-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

46 FEC FEC :3400 99.02 33.29 2.97 OED 
61 MITSUB. M 14 34.24 13.22 2.59 OED 
62 MITSUB. MH 15 38.16 14.73 2.59 OED 
63 MITSUB. M 23 58.34 22.52 2.59 OED 
64 MITSUB. MH 25 63.53 24.52 2.59 OED 
65 MITSUB. M 33 83.70 32.31 2.59 OED 
66 MITSUB. MH 35 89.00 34.35 2.59 OED 
67 MITSUB. M 43 109.06 42.10 2.59 OED 
68 MITSUB. MH 45 115.87 44.72 2.59 OED 
70 MITSUB. MH 728 183.31 70.75 2.59 OED 
71 MITSUB. MH 808 202.91 78.32 2.59 OED 
81 LINKBELT LB 180 10.98 7.70 1.43 CED 
82 LINKBELT LB 312 20.37 17.18 1.19 CED 
83 LINKBELT LB 440 24.69 17.80 1.39 CED 
84 LINKBELT LB 520 35.69 22.56 1.58 CED 
85 LINKBELT LB 660 70.03 33.69 2.08 CED 

101 KOBE K 13 34.49 12.77 2.70 OED 
103 KOBE K22-Est 61.51 21.58 2.85 OED 
104 KOBE K 25 69.88 24.52 2.85 OED 
107 KOBE K 35 97.90 34.35 2.85 OED 
110 KOBE K 45 125.81 44.14 2.85 OED 
112 KOBE KB 60 176.58 58.87 3.00 OED 
113 KOBE KB 80 235.43 78.50 3.00 OED 
120 ICE 180 11.03 7.70 1.43 CED 
121 ICE 422 31.36 17.80 1.76 CED 
122 ICE 440 25.17 17.80 1.41 CED 
123 ICE 520 41.19 22.56 1.83 CED 
124 ICE 640 55.10 26.70 2.06 CED 
125 ICE 660 70.03 33.69 2.08 CED 
126 ICE 1070 98.47 44.50 2.21 CED 
127 ICE 30-S 30.52 13.35 2.29 OED 
128 ICE 40-S 54.25 17.80 3.05 Ol;D 
129 ICE 42-S 56.97 18.19 3.13 OED 
130 ICE 60-S 98.93 31.15 3.18 OED 
131 ICE 70-S 94.95 31.15 3.05 OED 
132 ICE 80-S 134.77 35.60 3.79 OED 
133 ICE 90-S 122.07 40.05 3.05 OED 
134 ICE 100-S 162.76 44.50 3.66 OED 
135 ICE 120-S 202.15 53.40 3.79 OED 
136 ICE 200-S 135.64 89.00 1.52 OED 
141 MKT 20 DE333020 27.13 8.90 3.05 OED 
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TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) 

GRLWEAP Hammer Hammer Max. f~am Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

142 MKT 30 DE333020 37.98 12.46 3.05 OED 
143 MKT 33 DE333020 44.76 14.68 3.05 OED 
144 MKT 40 DE333020 54.25 17.80 3.05 OED 
146 MKT DE10 20.75 7.57 2.74 OED 
147 MKT DE 20 21.70 8.90 2.44 OED 
148 MKT DE 30 30.38 12.46 2.44 OED 
149 MKT DA358 SA 32.28 12.46 2.59 OED 
150 MKT DE 308 32.28 12.46 2.59 OED 
151 MKT DA 358 28.48 12.46 2.29 CED 
152 MKT DA 45 41.67 17.80 2.34 CED 
153 MKT DE 40 43.40 17.80 2.44 OED 
159 MKT DE 508 57.65 22.25 2.59 OED 
160 MKT DA558 SA 54.25 22.25 2.44 OED 
161 MKT DA 558 51.81 22.25 2.33 CED 
162 MKT DE 708 80.70 31.15 2.59 OED 
163 MKT 50 DE70/508 67.82 22.25 3.05 OED 
164 MKT 70 DE70/508 94.95 31.15 3.05 OED 
165 MKT110 DE110150 149.20 48.95 3.05 OED 
166 MKT150 DE110150 203.45 66.75 3.05 OED 
171 CONMACO C 50 20.35 22.25 .91 ECH 
172 CONMACO C 65 26.45 28.92 .91 ECH 
173 CONMACO C 550 33.91 22.25 1.52 ECH 
174 CONMACO C 565 44.08 28.92 1.52 ECH 
175 CONMACO C 80 35.27 35.60 .99 ECH 
176 CONMACO C 100 44.08 44.50 .99 ECH 
177 CONMACO C 115 50.69 51.17 .99 ECH 
178 CONMACO C 80E5 54.25 35.60 1.52 ECH 
179 CONMACO C 100E5 67.82 44.50 1.52 ECH 
180 CONMACO C 115E5 77.99 51.17 1.52 ECH 
181 CONMACO C 125E5 84.77 55.62 1.52 ECH 
182 CONMACO C 140 56.97 62.30 .91 ECH 
183 CONMACO C 160 66.12 72.31 .91 ECH 
184 CONMACO C 200 81.38 89.00 .91 ECH 
185 CONMACO C 300 122.07 '133.50 .91 ECH 
186 CONMACO C 5200 135.64 89.00 1.52 ECH 
187 CONMACO C 5300 203.45 '133.50 1.52 ECH 
188 CONMACO C 5450 305.18 :wo.25 1.52 ECH 
189 CONMACO C 5700 474.73 :311.50 1.52 ECH 
190 CONMACO C 6850 691.74 :378.25 1.83 ECH 
191 CONMACO C 160 ** 70.23 76.81 .91 ECH 
201 VULCAN VUL V15 36.77 12.26 3.00 OED 
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TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

202 VULCAN VUL V18 52.97 17.66 3.00 OED 
203 VULCAN VUL V25 78.51 24.53 3.20 OED 
204 VULCAN VUL 01 20.35 22.25 .91 ECH 
205 VULCAN VUL 02 9.85 13.35 .74 ECH 
206 VULCAN VUL 06 26.45 28.92 .91 ECH 
207 VULCAN VUL 08 35.27 35.60 .99 ECH 
208 VULCAN VUL010 44.08 44.50 .99 ECH 
209 VULCAN VUL012 52.90 53.40 .99 ECH 
210 VULCAN VUL014 56.97 62.30 .91 ECH 
211 VULCAN VUL016 66.12 72.31 .91 ECH 
212 VULCAN VUL020 81.38 89.00 .91 ECH 
213 VULCAN VUL030 122.07 133.50 .91 ECH 
214 VULCAN VUL040 162.76 178.00 .91 ECH 
215 VULCAN VUL060 244.14 267.00 .91 ECH 
220 VULCAN VUL30C 9.85 13.35 .74 ECH 
221 VULCAN VUL50C 20.48 22.25 .92 ECH 
222 VULCAN VUL65C 26.01 28.92 .90 ECH 
223 VULCAN VUL 65CA 26.54 28.92 .92 ECH 
224 VULCAN VUL80C 33.20 35.60 .93 ECH 
225 VULCAN VUL85C 35.25 37.91 .93 ECH 
226 VULCAN VUL 100C 44.62 44.50 1.00 ECH 
227 VULCAN VUL 140C 48.80 62.30 .78 ECH 
228 VULCAN VUL 200C 68.09 89.00 .77 ECH 
229 VULCAN VUL 400C 154.08 178.00 .87 ECH 
230 VULCAN VUL 600C 243.01 267.00 .91 ECH 
231 VULCAN VUL320 81.38 89.00 .91 ECH 
232 VULCAN VUL330 122.07 133.50 .91 ECH 
233 VULCAN VUL340 162.76 178.00 .91 ECH 
234 VULCAN VUL360 244.14 267.00 .91 ECH 
235 VULCAN VUL505 33.91 22.25 1.52 ECH 
236 VULCAN VUL506 44.08 28.92 1.52 ECH 
237 VULCAN VUL508 54.25 35.60 1.52 ECH 
238 VULCAN VUL510 67.82 44.50 1.52 ECH 
239 VULCAN VUL512 81.38 53.40 1.52 ECH 
240 VULCAN VUL520 135.64 89.00 1.52 ECH 
241 VULCAN VUL530 203.45 133.50 1.52 ECH 
242 VULCAN VUL540 271.27 182.01 1.49 ECH 
243 VULCAN VUL560 406.91 278.13 1.46 ECH 
245 VULCAN VUL 3100 406.91 445.00 .91 ECH 
246 VULCAN VUL 5100 678.18 445.00 1.52 ECH 
247 VULCAN VUL 5150 1017.27 667.50 1.52 ECH 
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TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) 

GRLWEAP Hammer Hammer Max. F~am Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

248 VULCAN VUL 6300 2441.45 1:335.00 1.83 ECH 
251 RAYMOND R 1 20.35 22.25 .91 ECH 
252 RAYMOND R 1S 26.45 28.92 .91 ECH 
253 RAYMOND R 65C 26.45 28.92 .91 ECH 
254 RAYMOND R 65CH 26.45 28.92 .91 ECH 
255 RAYMOND R 0 33.06 33.38 .99 ECH 
256 RAYMOND R BOC 33.20 35.60 .93 ECH 
257 RAYMOND R BOCH 33.20 35.60 .93 ECH 
258 RAYMOND R 2/0 44.08 44.50 .99 ECH 
259 RAYMOND R 3/0 55.10 55.62 .99 ECH 
260 RAYMOND R 150C 66.12 66.75 .99 ECH 
261 RAYMOND R 4/0 66.12 66.75 .99 ECH 
262 RAYMOND R 5/0 77.14 77.88 .99 ECH 
263 RAYMOND R 30X 101.73 '133.50 .76 ECH 
264 RAYMOND R 8/0 110.20 ·111.25 .99 ECH 
265 RAYMOND R 40X 135.64 "178.00 .76 ECH 
266 RAYMOND R 60X 203.45 :267.00 .76 ECH 
270 9K DROP 9K DROP 122.07 40.05 3.05 ECH 
271 MENCK MH 68 66.70 34.35 1.94 ECH 
272 MENCK MH 96 94.17 49.04 1.92 ECH 
273 MENCK MH 145 142.15 73.56 1.93 ECH 
274 MENCK MH 195 191.41 98.12 1.95 ECH 
275 MENCK MHU 220 215.76 ·111.83 1.93 ECH 
276 MENCK MHU 400 392.74 :225.66 1.74 ECH 
277 MENCK MHU 600 588.17 :343.36 1.71 ECH 
278 MENCK MHU 1000 1000.58 !565.02 1.77 ECH 
279 MENCK MHU 1700 1666.80 B22.17 1.81 ECH 
280 MENCK MHU 2100 2099.09 1 "138.31 1.84 ECH 
281 MENCK MHU 3000 2945.54 1fi18.73 1.82 ECH 
282 MENCK MRBS 500 61.13 49.04 1.25 ECH 
283 MENCK MRBS 750 91.92 73.56 1.25 ECH 
284 MENCK MRBS 800 126.53 84.37 1.50 ECH 
285 MENCK MRBS 850 126.53 84.37 1.50 ECH 
286 MENCK MRBS1100 167.42 ·107.91 1.55 ECH 
287 MENCK MRBS1502 183.90 "147.16 1.25 ECH 
288 MENCK MRBS1800 257.46 "171.68 1.50 ECH 
289 MENCK MRBS2500 355.52 ~~84.49 1.25 ECH 
290 MENCK MRBS2502 306.47 ~~45.24 1.25 ECH 
291 MENCK MRBS2504 306.47 ~~45.24 1.25 ECH 
292 MENCK MRBS3000 441.30 ~~94.28 1.50 ECH 
293 MENCK MRBS3900 696.28 386.53 1.80 ECH 
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TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

294 MENCK MRBS4600 676.74 451.27 1.50 ECH 
295 MENCK MRBS5000 735.60 490.52 1.50 ECH 
296 MENCK MRBS6000 1029.79 588.60 1.75 ECH 
297 MENCK MRBS7000 856.41 685.30 1.25 ECH 
298 MENCK MRBS8000 1176.97 784.85 1.50 ECH 
299 MENCK MRBS8800 1294.69 863.34 1.50 ECH 
300 MENCK MBS12500 2145.53 1226.33 1.75 ECH 
301 MKT No. 5 1.36 .89 1.52 ECH 
302 MKT No. 6 3.39 1.78 1.90 ECH 
303 MKT No. 7 5.63 3.56 1.58 ECH 
304 MKT 9B3 11.87 7.12 1.67 ECH 
305 MKT 10B3 17.78 13.35 1.33 ECH 
306 MKT C5-Air 19.26 22.25 .87 ECH 
307 MKT C5-Steam 21.97 22.25 .99 ECH 
308 MKT S-5 22.04 22.25 .99 ECH 
309 MKT 11B3 25.97 22.25 1.17 ECH 
310 MKT C826 Stm 33.10 35.60 .93 ECH 
311 MKT C826 Air 28.75 35.60 .81 ECH 
312 MKT S-8 35.27 35.60 .99 ECH 
313 MKT MS-350 41.78 34.35 1.22 ECH 
314 MKT S 10 44.08 44.50 .99 ECH 
315 MKT S 14 50.89 62.30 .82 ECH 
316 MKT MS 500 59.68 48.95 1.22 ECH 
317 MKT S 20 81.38 89.00 .91 ECH 
320 IHC Hydh S 35 35.01 32.35 1.08 ECH 
321 IHC Hydh S 40 41.18 24.52 1.68 ECH 
322 IHC Hydh S 60 60.04 58.86 1.02 ECH 
323 IHC Hydh S 70 70.05 34.35 2.04 ECH 
324 IHC Hydh S 90 90.01 44.14 2.04 ECH 
325 IHC Hydh S 200 199.63 97.90 2.04 ECH 
326 IHC Hydh S 250 250.44 122.82 2.04 ECH 
327 IHC Hydh S 280 280.11 132.61 2.11 ECH 
328 IHC Hydh S 400 399.58 197.13 2.03 ECH 
329 IHC Hydh S 500 499.54 246.08 2.03 ECH 
330 IHC Hydh S 800 800.05 363.00 2.20 ECH 
331 IHC Hydh S 1000 999.99 451.26 2.22 ECH 
332 IHC Hydh S 1600 1597.52 694.20 2.30 ECH 
333 IHC Hydh S 2300 2298.99 1008.37 2.28 ECH 
334 IHC Hydh S 3000 2997.72 1477.40 2.03 ECH 
341 IHC Hydh SC 30 30.02 16.20 1.85 ECH 
342 IHC Hydh SC 40 39.98 24.52 1.63 ECH 
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TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Wr:iight Stroke Type 

kN-m lkN m 

343 IHC Hydh SC 60 60.00 34.35 1.75 ECH 
344 IHC Hydh SC 80 79.89 50.02 1.60 ECH 
345 IHC Hydh SC 110 105.01 67.68 1.55 ECH 
346 IHC Hydh SC 150 140.12 1!07.91 1.30 ECH 
347 IHC Hydh SC 200 204.81 1134.39 1.52 ECH 
348 IHC Hydh SC 250 240.04 1174.62 1.37 ECH 
350 HERA 1250 34.38 12.50 2.75 OED 
351 HERA 1500 41.25 15.00 2.75 OED 
352 HERA 2500 68.75 25.00 2.75 OED 
353 HERA 2800 77.00 28.00 2.75 OED 
354 HERA 3500 96.25 35.00 2.75 OED 
355 HERA 5000 137.50 50.00 2.75 OED 
356 HERA 5700 156.75 57.00 2.75 OED 
357 HERA 6200 170.50 62.00 2.75 OED 
358 HERA 7500 206.25 75.00 2.75 OED 
359 HERA 8800 242.00 88.00 2.75 OED 
371 FAIRCHLD F-45 61.04 66.75 .91 ECH 
372 FAIRCHLD F-32 44.15 48.28 .91 ECH 
381 BSP HH 3 35.29 29.42 1.20 ECH 
382 BSP HH 5 58.83 49.04 1.20 ECH 
383 BSP HH 7 82.44 68.65 1.20 ECH 
384 BSP HH 8 94.27 78.50 1.20 ECH 
385 BSP HH 9 106.03 88.29 1.20 ECH 
386 BSP HH 11 129.59 1107.91 1.20 ECH 
387 BSP HH 14 164.92 1137.33 1.20 ECH 
388 BSP HH 16 188.35 1156.96 1.20 ECH 
389 BSP HH 20 235.44 1196.20 1.20 ECH 
390 BSP HH 20S 235.44 1196.20 1.20 ECH 
391 BSP HA 30 353.16 ~~94.30 1.20 ECH 
392 BSP HA 40 470.88 ~l92.40 1.20 ECH 
401 BERMINGH B23 31.18 12.46 2.50 CED 
402 BERMINGH B200 24.41 8.90 2.74 OED 
403 BERMINGH B225 39.67 13.35 2.97 OED 
404 BERMINGH B300 54.68 16.69 3.28 OED 
405 BERMINGH B400 72.90 22.25 3.28 OED 
410 BERMINGH B300 M 54.68 16.69 3.28 OED 
411 BERMINGH B400 M 72.90 22.25 3.28 OED 
412 BERMINGH B400 4.8 58.59 21.36 2.74 OED 
413 BERMINGH B400 5.0 61.04 22.25 2.74 OED 
414 BERMINGH B23 5 31.18 12.46 2.50 CED 
415 BERMINGH B250 5 48.02 13.35 3.60 OED 
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TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers} 

GRLWEAP Hammer Hammer Max. Ram Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

416 BERMINGH B350 5 64.02 17.80 3.60 OED 
417 BERMINGH B400 5 80.03 22.25 3.60 OED 
418 BERMINGH B450 5 105.63 29.37 3.60 OED 
419 BERMINGH B500 5 124.84 34.71 3.60 OED 
420 BERMINGH B550 5 144.05 40.05 3.60 OED 
421 BERMINGH B550 C 119.36 48.95 2.44 OED 
441 MENCK MHF5-5 52.48 49.05 1.07 ECH 
442 MENCK MHF5-6 62.98 58.86 1.07 ECH 
443 MENCK MHF5-7 73.48 68.67 ·1.07 ECH 
444 MENCK MHFfi-8 83.97 78.48 1.07 ECH 
445 MENCK MHF5-9 94.47 88.29 1.07 ECH 
446 MENCK MHF5-10 104.97 98.10 1.07 ECH 
447 MENCK MHF5-11 115.46 107.91 1.07 ECH 
448 MENCK MHF5-12 125.96 117.72 1.07 ECH 
449 MENCK MHF~-1-3 33.59 31.39 1.07 ECH 
450 MENCK MHF3-4 41.99 39.24 1.07 ECH 
451 MENCK MHF3-5 52.48 49.05 1.07 ECH 
452 MENCK MHF3-6 62.98 58.86 1.07 ECH 
453 MENCK MHF3-7 73.48 68.67 1.07 ECH 
454 MENCK MHF10-15 157.39 147.12 1.07 ECH 
455 MENCK MHF10-20 209.81 196.11 1.07 ECH 
461 MENCK MHUT 200 199.90 117.75 1.70 ECH 
462 MENCK MHUT 400 400.29 234.51 1.71 ECH 
463 MENCK MHUT 500 499.89 264.95 '1.89 ECH 
464 MENCK MHUT700U 700.06 413.09 1.69 ECH 
465 MENCK MHUT700A 839.83 413.09 2.03 ECH 
466 MENCK MHUT1000 999.52 588.73 1.70 ECH 
481 JUNTTAN HHK ~l 36.01 29.46 1.22 ECH 
482 JUNTTAN HHK 4 47.97 39.25 1.22 ECH 
483 JUNTTAN HHK 5 59.99 49.08 1.22 ECH 
484 JUNTTAN HHK fi 71.96 58.87 1.22 ECH 
485 JUNTTAN HHK 7 83.98 68.71 1.22 ECH 
486 JUNTTAN HHK 10 119.93 98.12 1.22 ECH 
487 JUNTTAN HHK 12 143.92 117.75 1.22 ECH 
488 JUNTTAN HHK 14 167.90 137.37 1.22 ECH 
489 JUNTTAN HHK 5A 59.79 49.04 1.22 ECH 
490 JUNTTAN HHK 7A 83.71 68.66 1.22 ECH 
491 JUNTTAN HHK 9A 107.64 88.29 1.22 ECH 
501 HPSI 110 59.68 48.95 1.22 ECH 
502 HPSI 150 81.38 66.75 1.22 ECH 
503 HPSI 154 83.55 68.53 1.22 ECH 
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TABLE D-3 COMPLETE HAMMER LISTING 
(sorted by GRLWEAP ID Numbers) 

GRLWEAP Hammer Hammer Max. IRam Eq. Max. Hammer 
ID Mfgr Name Energy Weight Stroke Type 

kN-m kN m 

504 HPSI 200 108.51 89.00 1.22 ECH 
505 HPSI 225 122.07 100.12 1.22 ECH 
506 HPSI 650 44.08 28.92 1.52 ECH 
507 HPSI 1000 67.82 44.50 1.52 ECH 
508 HPSI 1605 112.58 73.87 1.52 ECH 
509 HPSI 2005 128.99 84.64 1.52 ECH 
510 HPSI 3005 209.32 137.35 1.52 ECH 
511 HPSI 3505 239.16 156.93 1.52 ECH 
515 UDDCOMB H3H 33.75 29.37 1.15 ECH 
516 UDDCOMB H4H 45.00 39.16 1.15 ECH 
517 UDDCOMB H5H 56.25 48.95 1.15 ECH 
518 UDDCOMB H6H 67.50 58.74 1.15 ECH 
519 UDDCOMB H8H 94.06 78.32 1.20 ECH 
520 UDDCOMB H10H 117.84 98.12 1.20 ECH 
521 DAWSON HPH 1200 11.73 10.20 1.15 ECH 
522 DAWSON HPH 2400 23.49 18.64 1.26 ECH 
541 BANUT 3 Tonnes 23.53 29.41 .80 ECH 
542 BANUT 4 Tonnes 31.39 39.25 .80 ECH 
543 BANUT 5 Tonnes 39.22 49.04 .80 ECH 
544 BANUT 6 Tonnes 47.09 58.87 .80 ECH 
545 BANUT 7 Tonnes 54.92 68.66 .80 ECH 
551 ICE 110-SH 51.16 51.17 1.00 ECH 
552 ICE 115-SH 51.47 51.17 1.01 ECH 
553 ICE 160-SH 86.81 71.20 1.22 ECH 
701 ICE 1412 27.13 4.45 6.10 VIB 
702 ICE 815 36.21 4.45 8.14 VIB 
703 ICE 812 32.59 4.01 8.14 VIB 
704 ICE 416 18.11 2.23 8.14 VIB 
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APPENDIX E 

Subsurface Exploration Results for Peach Freeway Design Problem 
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SUBSURFACE EXPLORATION LOG BORING NO. S - 1 SHEET NO. 1 OF 2 
Region 6 Hammer Fall-Casing -- Line Baseline 
County James Hammer Fall-Sampler -- Station 1223 + 88 

Project Peach Freewa}'. Wt. of Hammer-Casing -- Offset _ 20 m Rt 
-------

Surface Elev. 96.0_m____ Structure Dl§m!II Rlv1r Wt. of Hammer-Sampler 64 kg 
Date Start 10-1-1995 SPT Hammer Type Safet}'. Hammer Water Tbl. Elev~<Ll!!_ 

Date Finish 10-2-1995 Core Barrel Type Double Tube Date 10-3-1995 
Time 5:00 (!.m. 

Backfill/Sealed 10-3-1995 Drill Ria Tvoe RQt!lr}'. nAnlh 4.0 m 
BLOWS ON 

qu Yo SAMPLER DEPTH SOIL DESCRIPTION We 
NO. PER 150 mm ~z 300 (m) (ft) AND REMARKS kPa kN/m 9 % 

1so ool4 N 
0 -- 0 {tsf) (pcf) 

SS-1 1 1 3 4 

1 -
..... 5 LOOSE TO MEDIUM DENSE, 

SS-2 1 2 2 4 2 - SIL TY FINE SAND 

SS-3 2 2 4 
3 -

6 -10 

4 - ~ 

SS-4 2 3 3 6 -15 
5 -

6 -
SS-5 2 3 5 8 ..... 20 

7 -

SS-6 3 6 7 13 8 -
..... 25 

SS-7 4 7 8 15 
9 - ..... 30 

10 -

SS-8 3 5 6 11 
11 -

-35 

SS-9 6 7 8 15 
12 - --40 

13 -

SS-10 7 9 9 18 ..... 45 
14 -

15 -
SS-11 10 19 21 40 --50 DENSE SAND AND GRAVEL 

16 -

SS-12 15 19 20 39 
17 - --55 

18 -SS-13 15 20 21 41 -60 

19 -

SS-14 16 21 22 43 20 - -65 
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SUBSURFACE EXPLORATION LOG BORING NO. S · 1 SHEET NO. 2 OF 2 
'Region 6 Hammer Fall-Casing .. Line Baseline 
County James Hammer Fall-Sampler .. Station 1223 + 88 
Project Peach Freewa}' Wt. of Hammer-Casing .. Offset 20 m Rt 

Structure Dismal River Wt. of Hammer-Sampler 84 kg Surface Elev. 96.0 m 

Date Start 10·1-1995 SPT Hammer Type Sale!}' Hammer Water Tbl. Elev-----H&.m_ 

Date Finish 10·3·1995 Core Barrel Type Double Tube Date 10·3·1995 
Time 5:00 e.m. 

Backfill/Sealed 10·3·1995 Drill Ria Tvoe Rotar}' Deoth 4.0 m 
BLOWS ON 

qu SAMPLER DEPTH SOIL DESCRIPTION 'Yo We 
NO. PER 150 mm 

~ ~ Y.: {m} {fg AND REMARKS kPa kN/m9 % 
N 0 450 20 -- 5 (tsf) {pct) 

SS-15 15 19 22 41 
21 - DENSE SAND AND GRAVEL 

22 -
-70 

SS-16 17 21 23 44 23 - - 75 

SS-17 18 20 25 45 
24-

1- 80 
25 -

SS-18 19 23 25 48 
26 - --85 

SS-19 15 21 21 42 
27-

-90 
28 -

SS-20 17 21 23 44 
29 -

-- 95 

SS-21 20 23 26 49 30 -

31 -
1- 100 

RUN LIMESTONE BEDROCK 
1 32 - 1-105 RUN 1 31.0-32.5m REC■83% ROD■81 % 

33 -

~ 110 END OF BORING @~~2.5m 
34-

35 - NOTES: 
1-115 

SPT N VALUES FROM SAFETY HAMMER. 
36 -

37 - """120 

38 -
-125 

39 -

40 _-130 
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SUBSURFACE EXPLORATION LOG BORING NO. 8·2 SHEET NO. 1 OF 2 
Region 6 Hammer Fall-Casing .. 

Line Bt§eline 
County JBmH Hammer Fall-Sampler .. Station 12212 + 13 
Project Peach Freew1y Wt. of Hammer-Casing .. Offset 20 m Lt 

Surface Elev. 85.0 m Structure Dl§mtl River Wt. of Hammer-Sampler 64 kg 
Date Start ]!!·3·]995 SPT Hammer Type S1fety H1mm_8L__ Water Tbl. Elev 87.0 m 

Date Finish 10·3·1!!!!12 Core Barrel Type Double Tube Date 10·3·1995 
Time Backfill/Sealed 10·3·1995 Drill Rig Type Rotary 12:!!!!11,m, 

- nAoth Surface 
BLOWS ON 

qu 'Yo We SAMPLER DEPTH SOIL DESCRIPTION 
NO. PER 1 ;o mm L 150 300 (m) (ft) AND REMARKS kPa kN/m 3 % 

150 ~l?o N 
0 -- 0 

(tsf) (pcf) 

SS-1 2 2 3 5 

1 - LOOSE SILT 

SS-2 2 3 4 7 2 -
-5 

3 -
SS-3 3 3 4 7 - 10 

4 -

SS-4 3 4 5 9 -15 
5 -

6 - EXTREMELY DENSE SAND SS-5 25 39 46 85 -20 
AND GRAVEL 

7 -

SS-6 33 41 55 96 8 -
,-25 

SS-7 12 13 18 31 
9 - -30 

10 - DENSE SAND AND GRAVEL 

SS-8 15 16 19 35 11 -
-35 

SS-9 11 16 16 32 
12 - -40 

13 - NOTE: OCCASIONAL COBBLES 
SS-10 12 15 18 33 -45 15-15.Sm. 

14 -

SS-11 15 17 21 38 
15 - -so 
16 -

SS-12 13 16 18 34 
17 -

,-55 

18 -SS-13 17 19 20 39 -60 

19 -

SS-14 16 19 22 ~1 20 _-65 
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SUBSURFACE EXPLORATION LOG 

Region ~e~-----
County James 
Project Peach Freeway 
Structure Dismal River 
Date Start _1.ui0=·3u· 1....,99..,5 ___ _ 

Date Finish _1,_,.Q..,._·3·....,_19,._.9""-5 __ _ 
Backfill/Sealed 10·3·1995 

BLOWS ON 
SAMPLER DEPTH NO Pl=R1iOmn 

· o,,. 1s; 302, (m} (ft) 
1--~~_1s_·o~~-)(c~-1,,-s•o~N~20-~a5 

RUN 21 -
1 .... 70 

RUN 
22 -

2 23 - -75 

24 -
-80 

25 -

26 - 1-85 

27 -

-- 90 
28 -

29 - .... 95 

30 -

--100 
31 -

32 - i-105 

33 -

--110 
34 -

35 -
-115 

36 -

37 - -120 

38 -
--125 

39 -

40 _ --130 

BORING NO. S · 2 
Hammer Fall-Casing _._. ___ _ 
Hammer Fall-Sampler _ .. ___ _ 
Wt.. of Hammer-Casing _·· __ _ 
Wt. of Hammer-Sampler -'8::....:.4~1c:;~g.____ __ 
SPT Hammer Type Safety Hammer 
Core Barrel Type Double Tube 
Drill Ria Tvoe Rotary 

SOIL DESCRIIPTION 
AND REMARKS 

LIMESTONE BEDROCK 

SHEET NO. 2 OF 2 

Line Baseline 
Station 122s + 13 
Offset 20 m Lt 
Surface Elev. 85.0 m 
Water Tbl. Elev 87.o m 
Date 10·3-1995 
Time 5:00 p.m. 
n .. ~,i. Surface 

qu 'Yo We 
kPa kN/m3 

% 

{tsf) {pcf) 

RUN 1 20.5-22.0m REC .. =98%, RQD-67% 

RUN 2 22.0·23.5m REC.=100%, RO0=85% 

END OF BORING @20.0m 

NOTES: 
SPT N VALUES FROM SAFETY HAMMER. 
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SUBSURFACE EXPLORATION LOG BORING NO. S-3 SHEET NO. 1 OF 2 
Region 8 Hammer Fall-Casing .. Line aa1111l□ 11 
County James Hammer Fall-Sampler .. Station 122!! + 13 
Project Peach Freeway Wt. of Hammer-Casing .. Offset 20 m Rt 

Surface Elev. 85.0 m Structure Dismal River Wt. of Hammer-Sampler _!!!_kg 
Water Tbl. Elev. 87.0 m Date Start ]!!-4-]995 SPT Hammer Type Safeti Hammer 

Date Finish 1!!·4·1995 Core Barrel Type Double Tube 
Date 1!!·4·1995 
Time 5:0D p,m, Backfill/Sealed 10·4·1995 Drill Ria Tvoe Botary n"'nth Surface 

BLOvvo Vl'l 

qu Yo We SAMPLER DEPTH SOIL DESCRIPTION 
NO. PER 150 mm 

kPa kN/m9 Lt.:'j:Z 300 (m} (ft} AND REMARKS % 

1so oo~ N 0 -- 0 
{tsf) (pcf) 

S8-1 1 2 2 4 
1 - LOOSE SILT 

SS-2 2 3 4 7 
'- 5 

2 -
SS-3 38 41 42 ~3 EXTREMELY DENSE SAND 

3 - -10 AND GRAVEL 
UD-1 182 14.6 33 

4 - STIFF TO VERY STIFF (1.90 (93) 

-- 15 SILTY CLAY 
UD-2 5 - 240 15.1 31 

(2.51 (96) 

UD-3 
6 - ._ 20 

278 15.7 27 
7 - (2.90 (100) 

UD-4 -25 
307 16.2 24 8 -
(3.21 (103) 

UD-5 9 - -30 316 16.7 22 

10 - (3.30 (106) 

UD-6 --35 311 16.3 23 11 -
(3.25 (104) 

UD-7 12 - ..... 40 316 16.7 22 

13 - (3.30 (106) 

UD-8 ..... 45 
326 17.0 21 14 -
(3.40 (108) 

SS-4 18 19 19 38 
15 -

'-50 

16 - DENSE SAND AND GRAVEL 

SS-5 21 22 24 46 
17 -

._ 55 

18 -SS-6 19 19 22 41 '-60 

19 -

SS-7 21 24 26 50 20 - -65 
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SUBSURFACE EXPLORATION LOG 

Region_~s------~ 
County James 
Project Peach Freeway 
Structure Dismal River 
Date Start __,1=0-~4-__,_19,.__,,9=5 ___ _ 

Date Finish _1~0~-4~-1~99~5 __ _ 
Backfill/Sealed 10-4-1995 

BLOWS ON 
SAMPLER DEPTH 

NO. ~PER150mmN 

RUN 
1 

(m} (ft) 
20 --- 65 

21 -
-70 

22 -

23 -,_ 75 

24 -
,_ 80 

25 -

26 - -95 

27 -

... 90 
28 -

29 - -95 

30 -

..... 100 
31 -

32 - ..... 105 

33 -

..... 110 
34 -

35 - -115 

36 -

37 _ -120 

38 - ..... 125 

39 -

BORING NO. S · 3 
Hammer Fall-Casing _·· ____ _ 

Hammer Fall-Sampler _·· ___ _ 
Wt. of Hammer-Casing _ .. ___ _ 
Wt. of Hammer-Sampler 64 ki.11~ __ 
SPT Hammer Type Safety Harnmer 
CorE1 Barrel Type Double Tub11 
Drill Rig Type Rotary 

SOIL DESCRIPTION 
AND REMARKS 

LIMESTONE BEDROCK 

SHEET NO. 2 OF 2 

Line Baseline 
Station 122s + 13 
Offset 20 m Rt 
Surface Elev. 85.0 m 
Water Tbl. Elev. 87.0 m 
Date 10-4-1995 
Time 5·0o p.m. 
nAnth Surface 

qu Yo We 
kPa kN/m 9 % 

(lsf) (pcf) 

RUN 1 20-21.5m REC.=9CI%, ROD=79% 

END OF BORING @2:1.5m 

NOTES: 

SPT N VALUES FROM SAFETY HAMMER. 

40 _::: 130 ---------------------
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SUBSURFACE EXPLORATION LOG BORING NO. S-4 SHEET NO. 1 OFL 
Region II Hammer Fall-Casing .. 

---·-- Line Baseline 
County James Hammer Fall-Sampler .. Station 1227 + ~!! 
Project Pea1:h Freeway Wt. of Hammer-Casing .. Offset 2!! m Lt 
Structure Dismal River Wt. of Hammer-Sampler 84 kg Surface Elev. 91.!! m 

Water Tbl. Elev_ 90.5 m Date Start 1!!-5-1995 SPT Hammer Type Safety Hamm___er__ 
Date Finish 1!!·5·1995 Core Barrel Type Double Tube Date 1!!-~·1995 

Time 5:!!!! 11,m. Backfill/Sealed lll·5·l 995 Drill Ria Tvoe Rotar:,, n,anth I ,5 m 
BLOWS ON 

qu 'Yo We SAMPLER DEPTH SOIL DESCRIPTION 
NO. PER 150 mm 

~ ~ l2 (m} (ft}' AND REMARKS kPa kN/m3 % 

N 0 450 0 -,- 0 {Isl) {pcf) 

UD-1 T 62 13.9 35 -
1 - MEDIUM SILTY CLAY 0.65 (89) 

UD-2 -5 
2 - 60 13.6 38 

(0.63 (87) 
3 - -10 UD-3 65 14.1 34 
4 - (0.68 (90) 

UD-4 -15 
67 14.4 32 5 -
0.70 (92) 

UD-5 6 - -20 
69 14.6 31 

7 - 0.72 (93) 

UD-6 -25 
STIFF SILTY CLAY 172 14.9 30 8 -

(1.79 (95) 

UD-7 9 - ,_ 30 182 15.7 27 

10 - 1.89 (100) 

UD-8 
11 -

-35 192 16.3 24 

(2.00 (104) 

UD-9 12 - -40 188 16.0 26 

13 - 1.96 (102) 

UD-1C ,-45 192 16.3 24 14 -
2.00 (104) 

UD-11 15 -
190 16.2 1-50 25 

16 - 1.98 (103) 

UD-1~ 
17 -

,-55 316 16.7 22 
VERY STIFF SILTY CLAY 3.30 (106) 

UD-1~ 18 -
-60 310 16.5 23 

19 - 3.24 (105) 

UD-1~ 
20 _-65 326 17.0 21 

,~ 4nl llu" 
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SUBSURFACE EXPLORATION LOG BORING NO. S-4 SHEET NO. 2 OF..L 
Region 6 Hammer Fall-Casing .. Line BBHl!DI 
County James Hammer Fall-Sampler .. Station 1227 + 38 

.Project eeacb Ec11wa~ Wt. of Hammer-Casing .. Offset 20 m LI 

Structure Qlsrnal Bi't'I[ Wt. of Hammer-Sampler _64 kg Surface Elev. 91.0 rn 
Date Start 10·5·1995 SPT Hammer Type Sll!!IX Hamm1r Water Tbl. Elev,__9_0,_!i._ 

Date Finish 10-5-1995 Core Barrel Type Double Tube Date 10·6·1995 
Time 5·00 p.rn. Backfill/Sealed 11H!·l !195 Drill Rig Type Rotarx nAnth 0.5 m 

BLOWS ON 
DEPTH qu 'Yo We SAMPLER SOIL DESCRIPTION 

NO. PER 150 mm 
kPa kN/m9 

~ 150 300 (m) (ft) AND REMARKS % 

1so4Z N 20 - - 65 (tsf) (pcf) 

21 -UD-15 STIFF TO VE RY STIFF 
335, 16.8 21 -70 SILTY CLAY 

22 - (3.50 (107) 

UD-1 € 
23 - 340 17,0 20 .... 75 

(3.55 (108) 

UD-1 i 24 -
350 17.1 19 .... 80 

25 - 3.65 (109) 

UD-1 € 
26 - 345 17.0 20 -as 3.60) (108) 

UD-H 
27-

350 17,2 19 

28 -
-90 

3.65) (110) 

UD-2C 
29 - 354 17.3 18 

-95 3.70 (110) 

SS-1 20 22 27 ~9 30 - DENSE SAND AND GRAVEL 
- 100 

31 -
RUN LIMESTONE BEDROCK 

1 32 - RUN 1 31 ·32.5m REC.=93%, RQD=88% -105 

33 -

-110 END OF BORING @32.Sm 
34 -

NOTES: 
35 -

SPT N VALUES FROM SAFETY HAMMER. -115 

36 -

37 - -120 

38 -
-125 

39 -

40 -= 130 
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Ins J_ tu Tee: h 
Engineer: DM HOLLOWAY CPT Date: 8/21/89 Page No.: 1 / 1 

Location: PEACH FREEWAY, CPT1 Cone Used: 186 Job No.: 93/2/1001 

UNIT TIP RESISTANCE UNIT FRICTION FRICTION RATIO 
Qc (bar) 

500 0 
(bar) 

5 0 
Rf(%) 

5 
0 0 

8 8 8 

'in 
v 
4) 

.s 16 16 16 
I 
I-
a.. 
w 
Cl 

24 24 24 

32.-................ ...__..__..._..._..._..._ ....... 32 __ ..._....._ .............. 32....._..._ .................. 

Depth Increment: .1 m Ma>: Depth: 30.9 m 
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Licensed to: lnSituTech Ltd. 
Address: 5 del Valle 
City: Orinda, CA 94563, U.S.A. 

Interpreter Name: Mike Holloway 

Date: 8/21/89 File Number: 202 
Operator: OM HOLLOWAY 
Cone Type: 186 

On Site Location: Peach Freeway CPT-1 
Comment: 93/2/1001 

SUMMARY SHEET 

'a' for calculating Qt: 
Value for Water Table (in m): 
Valid Zone Classification based on: 
Missing unit weight to start depth: 
Method for calculating su: 
Value of the constant Nk: 
Define Zone 6 for Sand Parameters? 
Sand Compressibility for calc Dr: 

0.800 
4.000 
R, 
15.720 
Nk 
15.000 
Yes 
All sands 

Soil Behavior Type Zone Numbers for R1 Zone and Bq Zone Classification 

Zone #I = Sensitive fine grained Zone #7 
Zone #2 = Organic material Zone #8 
Zone #3 = Clay Zone #9 
Zone #4 = Silty clay Zone #1 O 
Zone #5 = Clayey silt Zone #11 
Zone #6 = Silty sand Zone #12 

* Overconsolidated and/or cemented 

= Sand with some silt 
= Fine sand 
= Sand 
= Gravelly sand 
= Very stiff fine grained * 
= Sand to clayey sand * 

NOTE: For 8011 classification, R1 values > are assumed to be 8. 

NOTE: Since U2 (pore pressure) has not been defined, Qt cannot be calculated, 
therefore, the value of Qt has been made equal to q0 • 

NOTE: ---- means out of range. 
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PEACH FREEWAY CPT-1 

Depth qc ts R, OS EOS R,Zone SPT N SPT N1 Dr Su sJEOS 
Average Average Average Average 

(meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 m) (blow/.3 m) (%) (bars) (ratio) 

0.25 49.900 0.195 0.391 0.054 0.054 8 12 18 89 ---- ----

0.50 46.867 0.190 0.405 0.103 0.103 8 12 18 78 ---- ----

0.75 43.900 0.180 0.410 0.152 0.152 8 11 17 71 ---- ----

1.00 42.633 0.167 0.391 0.201 0.201 8 11 17 66 ---- ----
1.25 38.650 0.150 0.388 0.251 0.251 8 10 15 60 ---- ----
1.50 33.600 0.130 0.387 0.299 0.299 7 11 17 54 ---- ----
1.75 32.450 0.145 0.447 0.346 0.346 7 11 17 51 ---- ----
2.00 34.700 0.157 0.451 0.393 0.393 7 12 18 51 ---- ----
2.25 34.250 0.165 0.482 0.440 0.440 7 11 17 49 ---- ----
2.50 34.400 0.220 0.640 0.487 0.487 7 11 17 47 ---- ----
2.75 32.150 0.150 0.467 0.534 0.534 7 11 17 44 ---- ----
3.00 36.633 0.180 0.491 0.582 0.582 7 12 18 47 ---- ----

3.25 44.200 0.245 0.554 0.630 0,630 8 11 15 51 ---- ----
3.50 58.667 0.267 0.455 0.679 0.679 8 15 20 58 ---- ----

3.75 67.250 0.360 0.535 0.728 0.728 8 17 21 61 ---- ----

4.00 63.733 0.393 0.617 0.777 0.777 8 16 19 58 ---- ----

4.25 49.750 0.305 0.613 0.826 0.802 8 12 14 51 ---- ----
4.50 41.733 0.263 0.631 0.874 0.825 7 14 16 45 ---- ----
4.75 48.500 0.250 0.515 0.922 0.849 8 12 13 49 ---- ----

5.00 43.733 0.223 0.511 0.972 0.874 8 11 12 46 ---- ----
5.25 40.200 0.200 0.498 1.020 0.897 7 13 14 43 ---- ----

5.50 39.667 0.193 0.487 1.067 0.920 7 13 13 42 ---- ----
5.75 41.350 0.215 0.520 1.115 0.943 8 10 10 43 ---- ----
6.00 42.400 0.217 0.511 1.164 0.968 8 11 11 43 ---- ----
6.25 43.950 0.250 0.569 1.213 0.993 8 11 11 44 ---- ----
6.50 44.600 0.283 0.635 1.261 1.016 7 15 14 44 ---- ----
6.75 41.550 0.225 0.542 1.309 1.039 7 14 13 42 ---- ----
7.00 32.767 0.170 0.519 1.356 1.061 7 11 10 35 ---- ----

7.25 29.100 0.150 0.515 1.403 1.084 7 10 9 31 ---- ----

7.50 26.567 0.123 0.464 1.450 1. 107 7 9 8 28 ---- ----
7.75 26.350 0.125 0.474 1.497 1.129 7 9 8 28 ---- ----

8.00 28.900 0.160 0.554 1.544 1. 152 7 10 9 30 ---- ----

8.25 29.950 0.160 0.551 1.591 1.175 7 10 9 31 ---- ----

8.50 31.033 0.183 0.591 1.639 1.197 7 10 8 31 ---- ----
8.75 31.400 0.145 0.462 1.686 1.220 7 10 8 31 ---- ----
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PEACH FREEWAY CPT-1 

Depth qc Is R, OS EOS R,Zone SPT N SPT N1 Dr Su sjEOS 
Average Average Average Average 

(meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 m) (blow/.3 m) (%) (bars) (ratio) 

9.00 32.833 0.147 0.447 1.733 1.242 7 11 9 33 ---- ....... 

9.25 32.100 0.140 0.436 1.780 1.265 7 11 9 32 ---- ----
9.50 36.133 0.150 0.415 1.827 1.288 7 12 10 35 ---- ----
9.75 42.700 0.195 0.457 1.875 1 .311 8 11 9 39 ---- ----

10.00 32.867 0.123 0.375 1.923 1.335 7 11 9 32 ---- ----
10.25 29.150 0.130 0.446 1.971 1.358 7 10 8 28 ---- ----
10.50 31.500 0.133 0.423 2.018 1.380 7 11 8 30 ---- ----
10.75 33.350 0.105 0.315 2.065 1.403 7 11 8 31 ---- ----
11.00 35.100 0.143 0.408 2.112 1.425 7 12 9 32 ---- ----
11.25 42.650 0.195 0.457 2.160 1.449 8 11 8 38 ---- ----
11.50 54.300 0.290 0.534 2.209 1.474 8 14 10 44 ---- ----
11.75 53 500 0.445 0.832 2.258 1.498 8 13 9 44 ---- ----
12.00 51.333 1.207 2.351 2.308 1.523 6 21 15 42 ---- ----
12.25 58.350 1.215 2.082 2.356 1.546 7 19 13 46 ---- ----
12.50 56.700 1.140 2.011 2.403 1.569 7 19 13 45 ---- ----
12.75 55.000 1.165 2.118 2.451 1.593 6 22 15 44 ---- ----
13.00 50.200 1.163 2.317 2.500 1.617 6 20 13 41 ---- ----
13.25 46.500 0.990 2.129 2.549 1.642 6 19 13 38 ---- ----
13.50 47.267 0.843 1.784 2.597 1.665 7 16 10 39 ---- ----
13.75 47.300 0.590 1.247 2.645 1.688 7 16 10 39 ---- ----
14.00 62.467 0.973 1.558 2.692 1. 711 7 21 13 46 ---- ----
14.25 106.350 1.525 1.434 2.740 1.734 8 27 17 61 ---- ----
14.50 127.733 1.110 0.869 2.789 1.759 9 26 16 66 ---- ----
14.75 149.800 1.110 0.741 2.838 1.784 9 30 19 71 ---- ----
15.00 162.900 2.047 1.256 2.887 1.808 8 41 25 73 ---- ----
15.25 196.200 1.715 0.874 2.936 1.833 9 39 24 78 ---- ----
15.50 203.300 1.477 0.726 2.985 1.857 9 41 25 79 ---- ----

15.75 170.900 1.155 0.676 3.035 1.882 9 34 20 74 ---- ----
16.00 168.633 1.153 0.684 3.084 1.907 9 34 20 73 ---- ----
16.25 173.950 1.240 0.713 3.133 1.931 9 35 20 74 ---- ........ 

16.50 208.867 1.610 0.771 3.182 1.956 9 42 24 79 ---- ----
16.75 224.800 1.605 0.714 3.231 1.980 9 45 26 81 ---- ----
17.00 252.367 1.877 0.744 3.280 2.005 9 50 28 84 ---- ----
17.25 260.650 1.840 0.706 3.329 2.030 9 52 29 85 ---- ----
17.50 249.233 2.083 0.836 3.378 2.054 9 50 28 83 ---- ----
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PEACH FREEWAY CPT-1 

Depth qc ts R, OS EOS R,Zone SPT N SPT N1 Dr Su sufEOS 
Average Average Average Average 

(meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 m) (blow/.3 m) (%) (bars) (ratio) 

17.75 252.400 2.275 0.901 3.428 2.079 9 50 28 84 ---- ----
18.00 305.000 2.860 0.938 3.477 2.103 9 61 33 89 ---- ----
18.25 297.400 2.555 0.859 3.526 2.128 9 59 32 88 ---- ----
18.50 254.833 2.123 0.833 3.575 2.153 9 51 27 83 ---- ----
18.75 214.850 1.705 0.794 3.624 2.177 9 43 23 78 ---· ----
19.00 148.067 1.310 0.885 3,673 2.202 9 30 16 67 ---- ----
19.25 139.100 1.125 0.809 3,722 2.226 9 28 15 66 ---- ----
19.50 162.450 1.390 0.856 3.771 2.251 9 32 17 70 ---- ----
19.75 173.100 1.450 0.838 3.821 2.276 9 35 18 71 ---- ----
20.00 214.933 1.657 0.771 3.870 2.300 9 43 22 78 ---- ----
20.25 236.350 1.165 0.493 3.919 2.325 9 47 24 80 ---- ----

20.50 204.867 1.427 0.696 3.968 2.349 9 41 21 76 ---- ----
20.75 214.700 1.515 0.706 4.017 2.374 9 43 22 77 ---- ----
21.00 221.533 1.477 0.667 4.066 2.399 9 44 22 78 ---- ----
21.25 201,300 1.015 0.504 4.115 2.423 9 40 20 75 ---- ----

21.50 192.700 0.710 0.368 4.164 2.448 9 39 20 74 ---- ----

21.75 154.550 0.465 0.301 4.214 2.472 9 31 16 67 ---- ----
22.00 186,733 0.577 0.309 4.263 2.497 9 37 19 72 ---- ----

22.25 172.050 0 615 0.357 4.312 2.522 9 34 17 70 ---- ----
22.50 180.900 0.713 0.394 4,361 2.546 9 36 18 71 ---- ----
22.75 180.450 0.615 0.341 4.410 2.571 9 36 18 71 ---- ----
23.00 209.567 2.040 0.973 4.459 2.595 9 42 21 75 ---- ----

23.25 255.250 2.870 1. 124 4.508 2.620 9 51 26 81 ---- ----
23.50 286.267 1.450 0.507 4.558 2.646 10 48 24 84 ---- ----
23.75 267.100 1.085 0.406 4.610 2.672 10 45 23 82 ---- ----
24.00 213.833 0.607 0.284 4.661 2.699 10 36 18 75 ---- ----
24.25 195.400 0.615 0.315 4.711 2.724 9 39 20 72 ---- ----
24.50 183.033 0.630 0.344 4.760 2.749 9 37 19 70 ---- ----
24.75 205.600 0.395 0.192 4,810 2.774 10 34 17 74 ---- ----
25.00 197.667 0.590 0.298 4.860 2.800 9 40 20 72 ---- ----
25.25 198.400 0.730 0.368 4.909 2.825 9 40 20 72 ---- ----
25.50 203.167 0.617 0.304 4.958 2.849 9 41 21 73 ---- ----
25.75 164.050 0.675 0.411 5.008 2.874 9 33 17 67 ---- ----
26.00 197.300 0.653 0.331 5.057 2.898 9 39 20 72 ---- ----
26.25 219.850 0.645 0.293 5.107 2.924 10 37 19 7$ ---- ----
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PEACH FREEWAY CPT-1 

Depth qc fs R, OS EOS R1 Zone SPT N SPT N1 Dr Su sJEOS 
Average Average Average Average 

(meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 m) {blow/.3 m) (%) (bars) (ratio) 

26.50 204.100 0.700 0.343 5.157 2.950 9 41 21 72 ---- ----
26.75 205.200 0.770 0.375 5.206 2.974 9 41 21 73 ---- ----
27.00 185.200 0.600 0.324 5.255 2.999 9 37 19 69 ---- ----
27.25 196.050 0.480 0.245 5.304 3.023 9 39 20 71 ---- ----
27.50 211.900 0.753 0.356 5.353 3.048 9 42 21 73 ---- ----
27.75 167.800 0.440 0.262 5.402 3.073 9 34 17 66 ---- ----
28.00 175.400 0.593 0.338 5.452 3.097 9 35 18 67 ---- ----
28.25 169.000 0.400 0.237 5.501 3.122 9 34 17 66 ---- ----
28.50 198.167 0.560 0.283 5.550 3.146 9 40 20 71 ---- ----
28.75 213.100 0.755 0.354 5.599 3.171 9 43 22 73 ---- ----
29.00 194.933 0.837 0.429 5.648 3.196 9 39 20 70 ---- ----
29.25 222.300 1.285 0.578 5.697 3.220 9 44 22 74 ---- ----
29.50 351.033 1.137 0.324 5.747 3.246 10 59 30 87 ---- ----
29.75 282.400 1.410 0.499 5.798 3.272 10 47 24 80 ---- ----
30.00 179.367 0.430 0.240 5.849 3.298 9 36 18 67 ---- ----

30.25 207.250 0.805 0.388 5.898 3.323 9 41 21 71 ---- ----

30.50 248.033 1.580 0.637 5.947 3.347 9 50 25 76 ---- ----
30.75 425.400 2.005 0.471 5.997 3.373 10 71 36 92 ---- ----
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InSituTect-, 
Engineer: OM HOLLOWAY 
Location: PEACH FREEWAY, CPT3 

.;, 
al 
Q) 
§. 16 
:I: 
I-a.. 
w 
0 

CPT Date: 8/22/89 
Cone Used: 186 

8 

16 

24 

UNIT FRICTION 
(bar) 

5 

32 .......................... 

Page No.: 1 / 1 

Job No.: 93/2/1001 

8 

16 

24 

FRICTION RATIO 
RI(%) 

32-----
Depth Increment: .1 m Max Depth: 19.9 m 
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Licensed to: lnSituTech Ltd. 
Address: 5 del Valle 
City: Orinda, CA 94563, U.S.A. 

Interpreter Name: Mike Holloway 

Date: 8/22/89 File Number: 203 
Operator: OM HOLLOWAY 
Cone Type: 186 

On Site Location: Peach Freeway CPT-3 
Comment: 93/2/1001 

SUMMARY SHEET 

'a' for calculating Qt: 
Value for Water Table (in m): 
Valid Zone Classification based on: 
Missing unit weight to start depth: 
Method for calculating su: 
Value of the constant Nk: 
Define Zone 6 for Sand Parameters? 
Sand Compressibility for calc Dr: 

0.800 
0.000 
Rf 
15.720 
Nk 
15.000 
Yes 
All sands 

Soil Behavior Type Zone Numbers for Rf Zone and Bq Zone Classification· 

Zone #I = Sensitive fine grained Zone #7 
Zone #2 = Organic material Zone #8 
Zone #3 = Clay Zone #9 
Zone #4 = Silty clay Zone #1 O 
Zone #5 = Clayey silt Zone #11 
Zone #6 = Silty sand Zone #12 

* Overconsolidated and/or cemented 

= Sand with some silt 
= Fine sand 
= Sand 
= Gravelly sand 
= Very stiff fine grained * 
= Sand to clayey sand * 

NOTE: For 8011 classification, Rf values > are assumed to be 8. 

NOTE: Since U2 (pore pressure) has not been defined, Qt cannot be calculated, 
therefore, the value of Qt has been made equal to Q0 • 

NOTE: ---- means out of range. 
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PEACH FREEWAY CPT-3 

Depth qc ts R, OS EOS R1 Zone SPT N SPT N1 D, Su sufEOS 
Average Average Average Averge 

(Meter) (bars) (bars) (%) (bars) (bars) (zone #) (blow/.3 rn) (blow/.3 m) (%) (bars) (ratio) 

0.25 12.400 0.110 0.887 0.051 0.027 6 5 8 60 ---- ----

0.50 11.867 0.117 0.983 0.098 0.049 6 5 8 50 ---- ----

0.75 13.900 0.155 1.115 0.145 0.072 6 6 9 49 ---- ----

1.00 12.633 0.157 1.240 0.193 0.094 6 5 8 42 ---- ----

1.25 13.650 0.150 1.099 0.240 0.117 6 5 8 41 ---- ----

1.50 13.600 0.137 1.005 0.287 0.140 6 5 8 39 ---- ----

1.75 12.450 0.145 1.165 0.334 0.162 6 5 8 34 ---- ----

2.00 121.367 0.490 0.404 0.382 0.186 9 24 36 97 ---- ----

2.25 339.750 1.265 0.372 0.432 0.211 10 57 86 125 ---- ----

2.50 384.400 1.287 0.335 0.483 0.238 10 64 96 127 ---- ----

2.75 427.650 2.150 0.503 0.534 0.265 10 71 107 128 ---- ----

3.00 236.633 2.180 0.921 0.585 0.290 9 47 71 110 ---- ----

3.25 34.200 2.245 6.564 0.634 0.315 3 34 51 ---- 2.238 7.108 

3.50 35.333 2.267 6.415 0.683 0.339 3 :35 53 ---- 2.311 6.805 

3.75 27.250 1.810 6.642 0.732 0.364 3 :27 41 ---- 1.768 4.856 

4.00 33.733 1.660 4.921 0.781 0.389 3 :34 51 ---- 2.198 5.653 

4.25 34.750 1.655 4,763 0.830 0.413 4 23 35 ---- 2.262 5.472 

4.50 41.733 2.363 5,663 0.879 0.438 3 42 63 ---- 2.725 6.221 

4.75 38,500 1.900 4.935 0.928 0.462 3 :39 59 ---- 2.506 5.416 

5.00 40.400 2.133 5.281 0.978 0.487 3 40 60 ---- 2.629 5.396 

5.25 40.200 2.200 5.473 1.027 0.512 3 40 60 ---- 2.613 5.104 

5.50 39,667 2.193 5.529 1.076 0.536 3 40 60 ---- 2.573 4.798 

5.75 41.350 2.365 5.719 1. 125 0.561 3 41 62 ---- 2.682 4.782 

6.00 42.400 2.317 5.464 1.174 0.585 3 42 61 ---- 2.748 4.695 

6.25 43.950 2.250 5.119 1.223 0.610 3 44 62 ---- 2.848 4.669 

6.50 44,600 2.283 5.120 1,272 0.635 3 45 62 ---- 2.889 4.551 

6.75 41.550 2.225 5.355 1.321 0.659 3 42 56 ---- 2.682 4.068 

7.00 32.767 2.170 6.623 1.371 0.684 3 :33 43 ---- 2.093 3.061 

7.25 29.100 2.150 7.388 1.420 0.708 3 :29 37 ---- 1.845 2.605 

7.50 26.567 2.123 7.992 1.469 0.733 3 :27 33 ---- 1.673 2.283 
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PEACH FREEWAY CPT-3 

Depth qc fs R, OS EOS R,Zone SPT N SPT N1 D, Su sJEOS 
Average Average Average Averge 

(Meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 rn) (blow/.3 m) (%) (bars) (ratio) 

15.50 195.967 1.477 0.754 3.041 1.520 9 39 27 81 ---- ----

15.75 180.900 1.155 0.638 3.090 1.545 9 36 25 78 ---- ----

16.00 170.967 1.153 0.675 3.139 1.569 9 34 23 76 ---- ----

16.25 181.450 1.240 0.683 3.188 1.594 9 36 24 78 ---- ----

16.50 203.867 1.610 0.790 3.237 1.619 9 41 27 81 ---- ----

16.75 194.800 1.605 0.824 3.286 1.643 9 39 26 80 ---- ----

17.00 205.700 1.877 0.912 3.336 1.668 9 41 27 81 ---- ----

17.25 220.650 1.840 0.834 3.385 1.692 9 44 28 83 ---- ----

17.50 219.233 2.083 0.950 3.434 1.717 9 44 28 82 ---- ----

17.75 212.400 2.275 1.071 3.483 1.742 9 42 27 81 ---- ----

18.00 208.333 2.527 1.213 3.532 1.766 9 42 26 80 ---- ----

18.25 197.400 1.555 0.788 3.581 1.791 9 39 24 79 ---- ----

18.50 194.833 1.790 0.919 3.630 1.815 9 39 24 78 ---- ----

18.75 209.850 1.705 0.812 3.679 1.840 9 42 25 80 ---- ----

19.00 194.733 1.310 0.673 3.729 1.865 9 39 23 78 ---- ----

19.25 204.100 1.125 0.551 3.778 1.889 9 41 24 79 ---- ----

19.50 217.450 1.390 0.639 3.827 1.914 9 43 25 81 ---- ----

19.75 273.100 1.450 0.531 3.877 1.939 10 46 27 87 ---- ----

20.00 505.050 1.545 0.306 3.928 1.966 10 84 48 ---- ---- ----
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InSituTech 
Engineer: DM HOLLOWAY 
Location: PEACH FREEWAY, CPT4 

'in 
Q) 
-a; 
.s 
::c 
I-a.. 
w 
Cl 

8 

16 

24 

UNIT TIP RESISTANCE 
Qc(bar) 

500 

32.._ _____ .._. __ _.. 

Depth Increment: .05 m 

CPT Date: 8/19/89 
Cone Used: 186 

UNIT FRICTION 
(bar) 

00 5 

6 

16 

24 

32.._ ______ ..... 

Max Depth: 30.7 m 
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24 

Page No.: 1 / 1 

Job No.: 93/2/1001 

FRICTION RATIO 
Rf(%) 

32 ___ ..._ ............ 



Licensed to: lnSituTech Ltd. 
Address: 5 del Valle 
City: Orinda, CA 94563, U.S.A. 

Interpreter Name: Mike Holloway 

File N'umber: 8 0 Date: 8/19/89 
Operator: OM HOLLOWAY 
Cone Type: 186 

On Site Location: Peach Freeway CPT-4 
Comment: 93/2/1001 

SUMMARY SHEET 

'a' for calculating Qt: 
Value for Water Table (in m): 
Valid Zone Classification based on: 
Missing unit weight to start depth: 
Method for calculating su: 
Value of the constant Nk: 
Define Zone 6 for Sand Parameters? 
Sand Compressibility for calc Dr: 

0.800 
1.000 
Rf 
15.720 
Nk 
15.000 
Yes 
All sands 

Soil Behavior Type Zone Numbers for Rf Zone and Bq Zone Classification 

Zone #I = Sensitive fine grained Zone #7 
Zone #2 = Organic material Zone #8 
Zone #3 = Clay Zone #9 
Zone #4 = Silty clay Zone #1 O 
Zone #5 = Clayey silt Zone #11 
Zone #6 = Silty sand Zone #12 

* Overconsolidated and/or cemented 

= Sand with some silt 
= Fine sand 
= Sand 
= Gravelly sand 
= Very stiff fine grained * 
= Sand to clayey sand * 

NOTE: For soil classification, Rf values > 8 are assumed to be 8. 

NOTE: Since U2 (pore pressure) has not been defined, Qt cannot be calculated, 
therefore, the value of Qt has been made equal to Qc. 

NOTE: ---- means out of range. 
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PEACH FREEWAY CPT-4 

Depth qc ts R, OS EOS R,Zone SPT N SPT N1 D, Su sJEOS 
Average Average Average Averge 

(Meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 m) (blow/.3 m) (%) (bars) (ratio) 

0.25 56.040 2.612 4.661 0.054 0.054 4 37 56 ---- 3.732 69.071 

0.50 29.040 0.964 3.320 0.103 0.103 5 15 23 ---- 1.929 18. 700 

0.75 12.560 0.417 3.320 0.151 0.151 4 8 12 ---- 0.827 5 468 

1.00 6.480 0.345 5.327 0.198 0.198 3 6 9 ---- 0.419 2.110 

1.25 8.820 0.463 5.252 0.246 0.221 3 9 14 ---- 0.572 2.586 

1.50 8.240 0.457 5.544 0.293 0.244 3 8 12 ---- 0.530 1.174 

1.75 6.900 0.325 4.713 0.340 0.266 3 7 11 ---- 0.437 1.642 

2.00 5.960 0.208 3.487 0.387 0.289 3 6 9 ---- 0.372 1.286 

2.25 5.160 0.189 3.663 0.434 0.312 3 5 8 ---- 0.315 1.011 

2 50 4.520 0.110 2.442 0.481 0.334 3 5 8 ---- 0.269 0.806 

2.75 5.560 0.085 1.536 0.527 0.355 1 3 5 ---- 0.336 0.946 

3.00 6.720 0.208 3.098 0.572 0.376 3 7 11 ---- 0.410 1.091 

3.25 6.780 0.258 3.808 0.619 0.398 3 7 11 ---- 0.411 1.032 

3.50 7.680 0.336 4.370 0.666 0.421 3 8 12 ---- 0.468 1.111 

3.75 7.900 0.329 4.162 0.713 0.443 3 8 12 ---- 0.479 1.080 

4.00 10.220 0.459 4.495 0.761 0.467 3 10 15 ---- 0.631 1.350 

4.25 12.000 0.648 5.397 0.810 0.492 3 12 18 ---- 0.746 1.517 

4.50 10.800 0.599 5.544 0.860 0.516 3 11 17 ---- 0.663 1.284 

4.75 10.040 0.577 5.745 0.909 0.541 3 10 15 ---- 0.609 1.126 

5.00 11.100 0.495 4.456 0.958 0.565 3 11 17 ---- 0.676 1.196 

5.25 10.840 0.421 3.880 1.007 0.590 3 11 16 ---- 0.656 1 .111 

5.50 9.040 0.268 2.962 1.055 0.614 4 6 8 ---- 0.532 0.867 

5.75 6.360 0.108 1.701 1.102 0.636 4 4 5 ---- 0.351 0.551 

6.00 9.740 0.469 4.811 1.149 0.659 3 10 13 ---- 0.573 0.869 

6.25 13.120 0.637 4.852 1.198 0.683 3 13 17 ---- 0.795 1.165 

6.50 13.420 0.448 3.337 1.246 0.706 4 9 11 ---- 0.812 1.149 

6.75 13.160 0.411 3.125 1.293 0.729 4 9 11 ---- 0.791 1.086 

7.00 16.120 0.537 3.330 1.340 0.751 4 11 13 ---- 0.985 1.311 

7.25 35.860 1.482 4.133 1.388 0.775 4 24 28 ---- 2.298 2.965 

7.50 34.820 1.692 4.859 1.437 0.800 3 35 40 ---- 2.226 2.783 
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PEACH FREEWAY CPT-4 

Depth qc fs R, OS EOS R1 Zone SPT N SPT N1 D, Su sufEOS 

Average Average Average Averge 
(Meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 m) (blow/.3 m) (%) (bars) (ratio) 

7.75 41.900 2.076 4.955 1.486 0.824 3 42 47 ---- 2.694 3.269 

8.00 44.460 2.370 5.331 1.535 0.849 3 44 48 ---- 2.862 3.371 

8.25 45,780 2.494 5.448 1.585 0.873 3 46 49 ---- 2.946 3.373 

8.50 42.960 2.622 6.103 1.634 0.898 3 43 45 ---- 2.755 3.068 

8.75 31.400 2.582 8.223 ---- ---- ---- ---- ---- ---- ---- ----

9.00 25.280 1.944 7,690 1.683 0.898 3 25 26 ---- 1.573 1.752 

9.25 24.700 1.738 7.036 1.732 0.923 3 25 26 ......... 1.531 1.660 

9.50 24.920 1.578 6.332 1.781 0.947 3 25 25 ---- 1.543 1.628 

9.75 25.980 1.758 6.767 1.830 0.972 3 26 26 ---- 1.610 1,657 

10.00 31.420 2.184 6.951 1.879 0.996 3 31 30 ---- 1.969 1,976 

10.25 28.120 1.938 6.892 1.928 0.021 3 28 27 ---- 1,746 1.710 

10.50 35,760 2.010 5.621 1.978 0.046 3 36 34 ---- 2.252 2,154 

10.75 28,640 1.676 5.852 2.027 0.070 3 29 27 ........ 1.774 1.658 

11,00 33,540 1.884 5.617 2.076 0.095 3 34 31 ---- 2.098 1,916 

11.25 22.160 1.320 5.957 2.125 0.119 3 22 20 ---- 1.336 1. 193 

11.50 19.440 1.182 6.080 2.174 0.144 3 19 17 ---- 1.151 1.006 

11.75 27.160 1.564 5.758 2.223 0.169 3 27 23 ---- 1.662 1.423 

12.00 27,240 1.530 5.617 2.272 0.193 3 27 23 ---- 1.665 1.395 

12.25 25.480 1.788 7.017 2.321 0.218 3 25 21 ---- 1.544 1.268 

12.50 21.400 1.464 6.841 2.371 0.242 3 21 17 ---- 1.269 1.021 

12.75 34.800 1.734 4.983 2.420 0.267 3 35 28 ---- 2.159 1.704 

13.00 19.540 1.338 6.847 2.469 0.292 3 20 16 ---- 1.138 0.881 

13.25 16.000 1.062 6.638 2.518 0.316 3 16 13 ---- 0.899 0.683 

13.50 16.300 1.030 6.319 2.567 1.341 3 16 12 ---- 0.916 0.683 

13.75 21.620 1.442 6.670 2.616 1.365 3 22 17 ---- 1.267 0.928 

14.00 31.480 2.244 7.128 2.665 1.390 3 31 23 ---- 1.921 1.382 

14.25 61.400 2.602 4.238 2.714 1.415 5 31 23 ---- 3.912 2.766 

14.50 45.740 2.640 5.772 2.764 1.439 3 46 34 ---- 2.865 1.991 

14.75 41.460 2.466 5.948 2.813 1.464 3 41 30 ---- 2.576 1.760 

15.00 45.200 2.240 4.956 2.862 1 .488 4 :30 21 ---- 2.823 1.896 

15.25 54.840 3.188 5.813 2.911 1.513 3 !55 39 ---- 3.462 2.288 
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PEACH FREEWAY CPT-4 

Depth qc Is R, OS EOS R1 Zone SPT N SPT N1 D, Su sjEOS 
Average Average Average Averge 

(Meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 m) (blow/.3 m) (%) (bars) (ratio) 

15.50 44.960 2.530 5.627 2.960 1.538 3 45 31 ---- 2.800 1.821 

15.75 43.120 2.408 5.584 3.009 1.562 3 43 30 ---- 2.674 1.712 

16.00 42.380 2.494 5.885 3.058 1.587 3 42 28 ---- 2.621 1.652 

16.25 33.980 1.820 5.356 3.107 1.611 3 34 23 ---- 2.058 1.277 

16.50 29.100 1.292 4.440 3.157 1.636 4 19 13 ---- 1.730 1.057 

16.75 34.500 1.968 5.704 3.206 1.661 3 35 23 ---- 2.086 1.256 

17.00 45.820 2.352 5.133 3.255 1.685 3 46 30 ---- 2.838 1.684 

17.25 55.860 3.070 5.496 3.304 1.710 3 56 36 ---- 3.504 2.049 

17.50 53.160 2.690 5.060 3.353 1.734 4 35 22 ---- 3.320 1.914 

17.75 62.300 2.602 4.177 3.402 1.759 5 31 19 ---- 3.927 2.232 

18.00 37.040 2.150 5.805 3.451 1.784 3 37 23 ---- 2.239 1.255 

18.25 46.560 2.264 4.863 3.500 1.808 4 31 19 ---- 2.871 1.588 

18.50 64.020 3.082 4.814 3.550 1.833 4 43 26 ---- 4.031 2.199 

18.75 32.000 1.844 5.763 3.599 1.857 3 32 19 ---- 1.893 1.019 

19.00 30.440 1.768 5.808 3.648 1.882 3 30 18 ---- 1.786 0.949 

19.25 28.940 1.534 5.301 3.697 1.907 3 29 17 ---- 1.683 0.883 

19.50 42.220 2.222 5.263 3.746 1.931 3 42 24 ---- 2.565 1.328 

19.75 30.340 1.482 4.885 3.795 f.956 3 30 17 ---- 1.770 0.905 

20.00 27.260 1.326 4.864 3.844 1.980 3 27 15 ---- 1.561 0.788 

20.25 36.500 1.944 5.326 3.893 2.005 3 37 21 ---- 2.174 1.084 

20.50 30.500 1.482 4.859 3.943 2.030 3 31 17 ---- 1.770 0.872 

20.75 33.600 1.936 5.762 3.992 2.054 3 34 19 ---- 1.974 0.961 

21.00 39.780 2.348 5.902 4.041 2.079 3 40 22 ---- 2.383 1.146 

21.25 27.360 1.592 5.819 4.090 2.103 3 27 15 ---- 1.551 0.738 

21.50 22.380 1.064 4.754 4.139 2.128 3 22 12 ---- 1.216 0.571 

21.75 18.540 0.782 4.218 4.188 2.153 3 19 10 ---- 0.957 0.444 

22.00 46.920 2.124 4.527 4.237 2.177 4 31 16 ---- 2.846 1.307 

22.25 116.780 5.476 4.689 4.288 2.204 11 117 62 ---- ---- ----

22.50 71.180 3.778 5.308 4.341 2.232 11 71 37 ---- ---- ----

22.75 61.100 2.856 4.674 4.393 2.259 4 41 21 ---- 3.780 1.674 

23.00 38.180 1.962 5.139 4.442 2.284 3 38 19 ---- 2.249 0.985 
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PEACH FREEWAY CPT-4 

Depth qc Is R, OS EOS R1 Zone SPT N SPT N1 D, Su sjEOS 

Average Average Average Averge 
(Meter) (bars) (bars) (%) (bars) (bars) (zone#) (blow/.3 m) (blow/.3 m) (%) (bars) (ratio) 

23.25 33.420 1.898 5.679 4.491 2.308 3 33 17 ---- 1.929 0.836 

23.50 46.080 2.788 6.050 4.540 2.333 3 46 23 ---- 2.769 1.187 

23.75 43.620 2.644 6.061 4.589 2.357 3 44 22 ---- 2.602 1.104 

24.00 46.060 1.416 4.711 4.638 2.382 3 30 15 ---- 1.695 0.712 

24.25 68.280 3.522 5.158 4.689 2.408 11 68 34 ---- ---- ----

24.50 51.380 3.012 5.862 4.740 2.435 3 51 26 ---- 3.109 1.277 

24.75 51.620 3.144 6.091 4.790 2.460 3 52 26 ---- 3.122 1.269 

25.00 39188 1.978 5.046 4.839 2.484 3 39 20 ---- 2.290 0.922 

25.25 36.660 1.674 4.566 4.888 2.509 4 24 12 ---- 2.118 0.844 

25.50 51.300 2.602 5.072 4.937 2.533 4 34 17 ---- 3.091 1 220 

25.75 54.840 3.222 5.875 4.986 2.558 3 55 28 ---- 3.324 1 299 

26.00 60.740 2.974 4.896 5.035 2.583 4 40 20 ---- 3.714 1.438 

26.25 54.660 2.224 4.069 5.084 2.607 5 27 14 ---- 3.305 1.268 

26.50 52.220 2.088 3.998 5.133 2.632 5 26 13 ---- 3.139 1.193 

26.75 50.380 3.148 6.249 5.183 2.656 3 50 25 ---- 3.013 1.134 

27.00 48.320 1.854 3.837 5.232 2.681 5 24 12 ---- 2.873 1.071 

27.25 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ----

27.50 61.950 3.197 5.161 5.283 2.683 11 62 31 ---- ---- ----

27.75 61.100 2.856 4.674 5.334 2.710 4 41 21 ---- 3.718 1.372 

28.00 0.180 1.962 5.139 5.383 2.734 3 38 19 ---- 2.186 0.800 

28.25 38.420 1.898 4.582 5.432 2.759 4 28 14 ---- 2.399 0.870 

28.50 41.080 2.788 5.799 5.481 2.783 3 48 24 ---- 2.840 1.020 

28.75 121.620 2.644 2.174 5.529 2.807 7 41 21 58 ---- ----

29.00 306.060 1.416 0.463 5.578 2.832 10 51 26 85 ---- ----

29.25 394.280 3.522 0.893 5.629 2.857 9 79 40 92 ----- ----

29.50 457.380 3.012 0.659 5.679 2.883 10 76 38 96 ---- ----

29.75 495.620 3.144 0.634 5.730 2.909 10 133 42 98 ---- ----

30.00 699.567 2.203 0.315 5.781 2.936 10 117 59 ---- ---- ----
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F.1 INTRODUCTION 

The various design methods presented in Chapter 9 of the manual will be illustrated by 
applying these methods to foundation design problems for the Peach Freeway Bridge over 
Dismal Creek. In many real design problems, additional analyses beyond those presented 
in these example problems would be used to complete the actual foundation design. For 
example, group lateral load capacity evaluations are not completed at each substructure 
location in these example problems. 

The Peach Freeway Bridge over Dismal Creek will be a three span structure supported at 
North and South Abutments and interior piers, Pier 2 and Pier 3. One soil boring and one 
cone penetration test were performed for each substructure location. The subsurface 
exploration results were included in Appendix E of this manual. The cone penetration test 
at Pier 2, CPT-2, encountered shallow refusal and therefore, a log of CPT-2 is not included 
in Appendix E. The subsurface profile developed from the subsurface exploration and 
laboratory testing program results is presented in Figure F.1. 

The "bridge division 11 has estimated that the maximum compression loads per substructure 
unit will be 12,600 kN. Each substructure location will be supported on a pile group having 
three rows of eight piles per row. For abutment pile groups, fewer piles are often required 
in the middle and rear rows as compared to the front row. The maximum design 
compression load on any pile will be 890 kN. Lateral loads will range 'from 600 kN at the 
interior piers to 900 kN at the abutments with a maximum lateral load per pile of 40 kN. The 
maximum uplift load on a pile group will be 1,800 kN with a maximum uplift load per pile 
of 100 kN. Maximum pile group settlements less than 25 mm are required under the 
compression loads and horizontal deflections of up to 1 O mm are permissible under lateral 
loading. The pile location plan for each substructure location is presented in Figure F.2. 

Initial design estimates and local availability of materials indicate square, precast, 
prestressed concrete piles will probably be the most cost effective foundation type. This 
pile type should work well at the abutments because they will develop significant load 
support through both shaft and toe resistance. However, at the interior piers, the driveability 
of these displacement piles through the extremely dense sand and gravel layer will need to 
be carefully evaluated. A low displacement pile may be necessary at the interior piers to 
meet pile penetration requirements. 
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□□□□□□□□ 
□□□□□□□□ 
□□□□□□□□ 

NORTH ABUTMENT 

12m 

□□□□□□□□ 
□□□□□□□□ 
□□□□□□□□ 

PIER 2 

1-- 7 spaces @ 1.5m --I 

□□□□□□□□ 
□□□□□□□□ 
□□□□□□□□ 

PIER3 

□□□□□□□□ 
□□□□□□□□ 
□□□□□□□□ 

SOUTH ABUTMENT 

I 
N 

4.5m 

J_ 

t1.5m 
1.5m 

NOTES: 

·t. All piles are 356mm x 
356mm prestressed 
concrete. 

2. Trial Pile Length: 
N. Abutment - 11.5 m 
Pier 2 - 10.0 m 
Pier 3 - 13.0 m 
S. Abutment - 17.5 m 

Figure F.2 Pile Foundation Plan 
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Section F.2 of this Appendix presents static capacity calculations using the applicable 

methods at each substructure location. Pile group settlement computations for each 

substructure location are provided in Section F.3. Section F.4 presents lateral pile capacity 

analyses performed for the North Abutment using both the Bram's Method and the 

COM624P program. Lateral capacity analysis for Pier 2, Pier 3 and the South Abutment 
using the COM624P program -are also presented. Group uplift computation at each 
substructure location following AASHTO code are presented in Section F.5. Last, special 

design considerations of negative shaft resistance and lateral squeeze are presented for the 

South Abutment in Sections F.6 and F.7, respectively. 

F-6 



F.2 STATIC AXIAL PILE CAPACllY CALCULATIONS 

The design load per pile group will be 12,600 kN. The lbridge office has determined that 

the maximum axial design load to be imposed on a single pile will be 890 kN. (At the 

abutments, the design load on piles in the front row will be 890 kN, whereas the middle and 
rear rows of piles will have smaller design loads). Construction control will be based on 

static load test results and a factor of safety of 2.0 will be used on the design load. 

Therefore, static capacity calculations will be used to evaluate the required pile lengths for 

a 1780 kN ultimate pile capacity at each substructure location. 

Several static axial capacity calculations and computer solutions will be used to determine 

the required pile length at each substructure unit (i.e., North Abutment, Pier 2, Pier 3, and 

South Abutment). At Pier 2 location, the effect of scour on the static axial capacity will also 

be calculated. At all substructure location, pile group capacity will be evaluated. At the 
South Abutment location, the ultimate pile group capacity against block failure will be 

calculated and compared with the ultimate pile group capacity from the sum of the ultimate 
capacities of the individual piles. 

The static capacity calculations for each substructure location are presented in the following 
sections. 
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F .2.1 North Abutment - Soil Boring S-1 (Cohesion less Soil) 

F.2. 1. 1 Static Axial Pile Capacity Calculations by Meyerhof SPT Method 

For the soil profile interpreted from Soil Boring S-1 shown in Figure F.3, perform a Meyerhof 
method pile capacity calculation for an embedded length of 11 .5 meters. The pile top is 
3 meters below the existing ground surface. The step-by-step method outlined in Section 
9. 7 .1 .1 a should be followed. 

Existing Ground Surface 

Elevation 
(m) 
96.0 

3m 

Depth 
(m) 

2.0 

S PT Corrected 
N N' 

Loose 
4 5 Silty Fine Sand 

93.0 

92.0 3.5 ·. 6 7 . 'Y =16.5kN/m
3 

.............................. ' ' ....................................................... ...!... .. .. 

4m 

89.0 ---

7m 

82.0 -----
81.5 _ ............ c:. ........... 0.5ml 

356mm x 356mm 
Prestressed 
Concrete Pile 

5.0 

6.5 

8.0 

9.5 

11.0 

12.5 

_14-0_ 

15.5 

17.0 

18.5 

76.0 - - - - - - - - - .1Q& .. 

~: .. ':, 

• .. ' .. ,. 
,, 

• • 
•. 
• ". 

6 7 'Y' = 6.7 kN/m
3 

8 9 -------------------
13 13 

15 15 Medium Dense 

Silty Fine Sand 
11 10 Y = 17.6 kN/m3 

15 14 y' = 7.8 kN/m3 

_ 18 __ _ 16 ____________ 

40 34 Dense Sand 
and Gravel 

39 32 
= 19.6 kN/m3 y 

41 33 y' = 9.8 kN/m3 

-~---~i ____________ 

Figure F.3 Interpreted Soil Profile from Soil Boring S-1 at the North Abutment 
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STEP 1 Correct SPT field N values for overburden pressure. 

Effective overburden pressures, p0 , are needed to correct SPT field N values. 
The method for calculating the effective overburden pressure is explained in 

Section 9.4. First, the soil profile should be delineated into layers based on soil 
type and density indicated by the corrected SPT N' value. However, since the 

corrected SPT N' value has yet to be calculated, the SPT field N' value should be 

used to estimate soil unit weights. Re-adjust the soil unit weight (if necessary) 

after the corrected SPT N' value has been obtained. The empirical correlation 

between soil unit weight and corrected SPT N' value is presented in Table 4-5. 
The effective overburden pressure diagram is presented below in Figure F.4. 

Pt (kPa) u (kPa) = Po (kPa) 

0 200 400 600 0 200 400 600 0 200 400 600 
0 

Loose 
2 

~ silty fine sand 3.5m---...- 57
·8 

4 L----66,0 
y = 16.5 kN/m3 5.5m 6 .8 

-------
8 

\115.5 
Medium dense 
silty fine sand 1 o •\177 .1 
y = 17.6 kN/m3 12 

--------e14 238.7 
- ~ ~,...__243.6 

Dense sand 

and gravel 

y = 19.6 kN/m3 

a 16 ~ ~248.5 
~ 18 .oom 

20 .25m 

22 

24 

26 

28 

30 

~==0.0 
14.7 
29.4 

63.7 

.,.,.-98.0 
100.5 
102.9 

• 264.6 

57.8 

1 66.0 
I 76.1 

'86.1 
• 113.4 

\ 140.7 
143.1 
145.6 

• 307.3 

Figure F.4 Effective Overburden Pressure Diagram - North Abutment 
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STEP 1 ( continued) 

Use correction factors from Figure 4.4 (Chapter 4) to obtain corrected SPT N' 

values. 

Depth Po Field Correction Corrected SPT N' 

SPT N value Factor (Field SPT N x 

(m) (kPa) Correction Factor) 

0.8 13.2 4 1.65 7 

2.0 33.0 4 1.35 5 

3.5 57.8 6 1.17 7 

5.0 72.7 6 1.12 7 

6.5 82.8 8 1.08 9 

8.0 93.9 13 1.02 13 

9.5 105.6 15 0.98 15 

11.0 117.3 11 0.95 10 

12.5 129.0 15 0.91 14 

14.0 140.7 18 0.87 16 

15.5 155.4 40 0.85 34 

17.0 170.1 39 0.82 32 

18.5 184.8 41 0.80 33 

20.0 199.5 43 0.78 34 

21.5 214.2 41 0.74 30 

23.0 228.9 44 0.72 32 

24.5 243.6 45 0.70 32 

26.0 258.3 48 0.68 33 

27.5 273.0 42 0.67 28 

29.0 287.7 44 0.64 28 

30.5 302.4 49 0.63 31 
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STEP 2 Compute the average corrected SPT N' value, N', for each soil layer. 

Along the pile embedded length, the soil profile is delineated into three layers. 

Layer 1 is loose silty fine sand that is 4 meters thick, layer 2 is medium dense 

silty fine sand that is 7 meters thick, and layer 3 is dense sand and gravel that 

is 0.5 meter thick. 

N' = 7 + 7 + 9 = 8 
1 3 

N' = 13 + 15 + 10 + 14 + 16 = 14 
2 5 

N' = 34 3 

(Layer 1 - depth 3 to 7 m; 

Loose silty fine sand) 

(Layer 2 - depth 7 to 14 m; 

Medium dense silty fine sand) 

(Layer 3 - depth 14 to 14.5 m; 

Dense sand and gravel) 

STEP 3 Compute the unit shaft resistance, f s (kPa), for each layer using the equation for 
driven displacement piles: 

fs = 2N' :s; 100 kPa 

Layer 1: fs_1 = 2 ( 8 ) = 16 kPa 

Layer 2: f s-2 = 2 ( 14 ) = 28 kPa 

Layer 3: f s-3 = 2 ( 34 ) = 68 kPa 



STEP 4 

STEP 5 

Compute the ultimate shaft resistance, Rs (kN). 

Rs = fs As 

Layer 1: Rs1 = 16 kPa ( 4 )( 0.356 m )( 4 m ) = 91 kN 

Layer 2: Rs2 = 28 kPa ( 4 )( 0.356 m )( 7 m ) = 279 kN 

Layer 3: Rs3 = 68 kPa ( 4 )( 0.356 m )( 0.5 m ) = 48 kN 

Total: Rs = Rs1 + Rs2 + Rs3 = 91 kN + 279 kN + 48 kN 

= 418 kN 

Compute the average corrected SPT N' values, N'0 and N'8 , near pile toe. 

The soil near the pile toe is a dense sand and gravel. Since the pile toe is 
situated near the interface of a weaker stratum overlying the bearing stratum, the 
average corrected SPT N' value for both the bearing stratum, N'8 , and the 
overlying stratum, N'0 , need to be calculated. 

Average corrected SPT N' value for the overlying stratum: 

N' 0 = 13 + 15 + 10 + 14 + 16 
5 

= 14 

Average corrected SPT N' value for the bearino stratum: 

N' = 34 B 

STEP 6 Compute the unit toe resistance, qt (kPa). 

Since a weaker stratum overlies the bearing stratum: 

_ ( 40N'8 - 40N'0 ) D8 -
qt = 400 N'0 + ------- ~ 400N'8 b 
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STEP 6 (continued) 

= 400 ( 14 ) + { 40 ( 34 ) - 40 ( 14 ) } ( 0 .5 ) :5 400 ( 34 ) 
0.356 

= 6,724 :5 13,600 - so qt = 6,724 kPa 

STEP 7 Compute the ultimate toe resistance, Rt (kN). 

Rt = qt At = 6,724 kPa ( 0.356 m )( 0.356 m ) 

= 854 kN 

STEP 8 Compute the ultimate pile capacity, Ou (kN). 

= 418 kN + 854 kN 

= 1,272 kN 

Note: The ultimate capacity according to the IMeyerhof method is less than the 
required 1780 kN ultimate capacity. The Meyerhof method would require 
a pile penetration depth of 13 meters for a 1,780 kN capacity. 

STEP 9 Compute allowable design load, Qa (kN). 

1,272 kN 
Factor of Safety Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 
method to be specified. Recommended factors of safety are described 
in Section 9.6. 
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F.2. 1.2 Static Axial Pile Capacity Calculations by Nordlund Method 

For the soil profile interpreted from Soil Boring S-1 as shown in Figure F.3. Perform a 
Nordlund method pile capacity calculation for an embedded length of 11.5 meters. Use the 
step-by-step method outlined in Section 9.7.1.1 b. 

STEP 1 Delineate the soil profile into layers and determine the¢ angle for each layer. 

a. Construct p0 diagram using procedure described in Section 9.4. This is 
completed in Figure F.4. 

b. Correct SPT field N values for overburden pressure using Figure 4.4 from 
Chapter 4 and obtain corrected SPT N' values. For Soil Boring S-1, this has 
been done in the previous example (see Section F.2.1.1, Step 1). 

c. Determine the¢ angle for each layer from laboratory tests or in-situ data. 

Since the ¢ angle is not provided by either laboratory or in-situ data, it should 
be determined using the average corrected SPT N' value, N', as calculated 
below. 

d. In the absence of laboratory or in-situ test data, determine the average 

@ll:!l!!!~1~f i1:rf:n~~~WPiffi~111hfiiii1111~l11rl~~nf:TiiM~:~!:(~~hlT::f~ir~n?~iITT:i~m~i\\\\\\\\\\\\':':\':':':':':':':':':': 

As the example in Section F.2.1.1, the soil 13r-ofile along the pile =eml3edded 
lengt'h is delineated into three layers of 4.0, 7.0, and 0.5 meters thick. The 
average corrected SPT N' value for each soil layer is as follow. 

Layer 1: 

Layer 2: 

Layer 3: 

N' = 8 1 

N' - 14 2 -

N' - 34 3 -

F-14 

(Layer 1 - depth 3 to 7 m; 
Loose silty fine sand) 

(Layer 2 - depth 7 to 14 m; 
Medium dense silty fine sand) 

(Layer 3 - depth 14 to 14.5 m; 
Dense sand and gravel) 



STEP 1 (continued) 

Use the average corrected SPT N' value for each soil layer to estimate ¢ 
angle from Table 4-5 in Chapter 4. 

Layer 1: ,+, - 29° '+'1 - for N' == 8 1 

Layer 2: ,+, - 31° '+'2 - for N' == 14 2 

Layer 3: ,+, - 36° '+'3 - for N' == 34 3 

STEP 2 Determine cS, the friction angle between pile and soil based on displaced soil 
volume, V, and the soil friction angle, ¢. 

a. Compute the volume of soil displaced per unit length of pile, V. 
Since this is a uniform cross section (w = 0°) pile, 

V = ( 0.356 m) ( 0.356 m) ( 1.0 m/rn) = 0.127 m3/m 

For a non-uniform pile cross section (w I 0°), the pile should be divided into 

sections and the volume for each section should be calculated. 

b. Enter Figure 9.10 with V and determine c5/¢ ratio for pile type. 

For a precast, prestressed concrete pile with V = 0.127 m3 /m, 

c5/¢ = 0.84 

c. Calculate c5 from c5/¢ ratio. 

Layer 1: 

Layer 2: 

Layer 3: 

c51 = 0.84 ( 29° ) = 24.4° 

c52 = 0.84 ( 31 ° ) = 26.0° 

c53 = 0.84 ( 36° ) = 30.2° 
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STEP 3 Determine the coefficient of lateral earth pressure, K6, for each ¢ angle. 

a. Determine K6 for¢ angle based on displaced volume, V, and pile taper angle, 

w, using either Figure 9.11, 9.12, 9.13, or 9.14 and the appropriate procedure 

described in Step 3b, 3c, 3d, or 3e. 

The pile taper angle, w, = 0°. 

For Layer 1: 

and V = 0.127 m3/m, therefore use Step 3e. 

First, use linear interpolation to determine K6 for the required ¢ angle of 

29° at the given displaced volume cuNes of 0.093 and 0.93 m3/m. 

For V = 0.093 m3/m: 

¢ = 25° 

¢ = 29° 

¢ = 30° 

K0 = 0.85 

K0 = 1.15 

(from Figure 9.11) 

(using linear interpolation) 

(from Figure 9.12) 

Using linear interpolation to determine K6 for ¢ = 29°: 

K0 = 0.85 + (
29 - 25) (1.15 - 0.85) 
(30 - 25) 

= 1.09 

For V = 0.93 m3/m: 

¢ = 25° 

¢ = 29° 

¢ = 30° 

K6 = 1.00 (from Figure 9.11) 

K6 = (using linear interpolation) 

K6 = 1.45 (from Figure 9.12) 
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STEP 3 ( continued) 

Using linear interpolation to determine K0 for ¢ = 29°: 

K
0 

= 1 .0 + (29 - 25) (1 .45 - 1 .0) 
(30 - 25) 

= 1.36 

Then use log linear interpolation to determine K0 for ¢ = 29° and V = 
0.127 m3/m. 

V = 0.093 m3 /m 

V = 0.127 m3/m 

V = 0.93 m3/m 

K0 = 1.09 

K6 = 1.36 

(using log linear interpolation) 

Log linear interpolation for V = 0.127 m3/m: 

= 1 _09 + log (0.127) - log (0.093) (1 _36 _ 1 _09) 
log (0.93) - log (0.093) 

= 1.13 

Table 9-2b can be Jsed"to check the above calculations. From Table 
9-2b, for ¢ = 29°: 

V = 0.093 m3/m 

V = 0.127 m3/m 

V = 0.186 m3/m 

K6 = 1.09 (from Table 9-2b) 

K6 = 1.13 (from log linear interpolation) 

K6 = 1.17 (from Table 9-2b) 
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STEP 3 (continued) 

For Layer 2: 

and V = 0.127 m3/m, therefore use Step 3e. 

First, use linear interpolation to determine K6 for the required ¢ angle of 
31 ° at the given displaced volume curves of 0.093 and 0.93 m3/m. 

For V = 0.093 m3/m: 

cp = 30° 

cp = 31° 

cp = 35° 

K6 = 1.15 

K6 =1.75 

(from Figure 9.12) 

(using linear interpolation) 

(from Figure 9.13) 

Using linear interpolation to determine K6 for ¢ = 31 °: 

K6 = 1.15 + (31 - 30) (1.75 - 1.15) 
(35 - 30) 

= 1.27 

For V = 0.93 m3 /m: 

cp = 30° 

cp = 31° 

cp = 35° 

K6 = 1 .45 (from Figure 9.12) 

K6 = (using linear interpolation) 

K6 = 2.35 (from Figure 9.13) 

Using linear interpolation to determine K6 for ¢ = 31 °: 

K
6 

= 1.45 + (31 - 30) (2.35 - 1 .45) 
(35 - 30) 

= 1.63 
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STEP 3 ( continued) 

Then use log linear interpolation to determine K6 for ¢ = 31 ° and V = 
0.127 m3/m. 

V = 0.093 m3/m 

V = 0.127 m3/m 

V = 0.93 m3/m 

K6 = 1.27 

K6 = 1.63 

(using log linear interpolation) 

Log linear interpolation for V = 0.127 m3/m: 

= 1 _27 + log (0.127) - log (0.093) (1 _63 _ 1 _27) 
log (0.93) - log (0.093) 

= 1.32 

Table 9-2b can be used to check the above calculations. From Table 
9-2b, for¢ = 31 °: 

V = 0.093 m3/m 

V = 0.127 m3/m 

V = 0.186 m3/m 

K6 = 1.27 (from Table 9-2b) 

K6 = 1.32 (from log linear interpolation) 

K6 = 1.38 (from Table 9-2b) 
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STEP 3 ( continued) 

For Layer 3: 

and V = 0.127 m3/m, therefore use Step 3e. 

First, use linear interpolation to determine K6 for the required ¢ angle of 
36° at the given displaced volume curves of 0.093 and 0.93 m3/m. 

For V = 0.093 m3/m: 

¢ = 35° 

¢ = 36° 

¢ = 40° 

K6 = 1.75 

K6 = 3.00 

(from Figure 9.13) 

(using linear interpolation) 

(from Figure 9.14) 

Using linear interpolation to determine K6 for¢ = 36°: 

K6 = 1.75 + (
35 - 35) (3.00 - 1.75) 
(40 - 35) 

= 2.00 

For V = 0.93 m3/m: 

¢ = 35° 

¢ = 36° 

¢ = 40° 

K6 = 2.35 (from Figure 9.13) 

K6 = (using linear interpolation) 

K6 = 4.30 (from Figure 9.14) 

Using linear interpolation to determine K6 for ¢ = 36°: 

K6 = 2.35 + (35 - 35) (4.30 - 2.35) 
(40 - 35) 

= 2.74 
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STEP 3 (continued) 

Then use log linear interpolation to determine K6 for ¢ = 36° and V = 
0.127 m3/m. 

V = 0.093 m3/m 

V = 0.127 m3/m 

V = 0.93 m3/m 

K6 = 2.00 

K6 = 2.74 

(using log linear interpolation) 

Log linear interpolation for V = 0.12.7 m3/m: 

= 2.00 + log (0.127) - log (0.093) (2.74 _ 2.00) 
log (0.93) - log (0.093) 

= 2.10 

Table 9-2b can be used to check the above calculations. From Table 
9-2b, for¢ = 36°: 

V = 0.093 m3/m 

V = 0.127 m3/m 

V = 0.186 m3/m 

K6 = 2.00 (from Table 9-2b) 

K6 = 2.1 0 (from log linear interpolation) 

K6 = 2.22 (from Table 9-2b) 
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STEP 4 Determine the correction factor, CF, to be applied to K0 if o-:;=¢. 

Use Figure 9.15 to determine the correction factor for each K0. Enter figure with 

¢ angle and o/¢=0.84 to determine CF. 

Layer 1: 

Layer 2: 

Layer 3: For ¢ 3 = 36° -

CF1 = 0 .. 96 

CF2 = 0.94 

CF3 = 0.93 

STEP 5 Compute the average effective overburden pressure at the midpoint of each soil 

layer, pd (kPa). (Note: a limiting value is not applied to pd). 

The effective overburden pressure at the midpoint of each soil layer is equal to 

the average effective overburden pressure of that layer. The effective.overburden 

pressure versus depth for the North Abutment has been computed and tabulated 

in the previous example (see Section F.2.1.1, Step 1). The effective overburden 

pressure diagram for the North Abutment is presented in Figure F.4. Since the 

effective overburden pressure is non linear in layer 1 , this layer should be split at 

the water table location into layer 1 a and layer 1 b. The effective overburden 

pressure is then calculated at the midpoint of each of these layers. 

Layer 1 a: Pd1a 

Layer 1 b: Pd1b 

Layer 2: Pd2 

Layer 3: pd3 

= 

= 

= 

= 

57.8 kPa 

76.1 kPa 

113.4 kPa 

143.1 kPa 
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(midpoint of layer 1 a - at depth of 3.5 m) 

(midpoint of layer 1 b - at depth of 5.5 m) 

(midpoint of layer 2 - at depth of 10.5 m) 

(midpoint of layer 3 - at depth of 14.25 m) 



STEP 6 Compute the shaft resistance in each soil layer. Sum the shaft resistance from 
each soil layer to obtain the ultimate shaft resistance, Rs (kN). 

(for uniform pile cross section) 

where : Cd = ( 4 ) ( 0.356 m ) = 1.424 m 

Layer 1 a: Rs1a = 1.13 ( 0.96 )( 57 .8 kPa )( sin 24.4° )( 1.424 m )( 1 m ) 

= 37 kN 

Layer 1 b: Rs1b = 1.13 ( 0.96 )( 76.1 kPa )( sin 24.4° )( 1.424 m )( 3 m ) 

= 146 kN 

Layer 2: R82 = 1.32 ( 0.94 )( 113.4 kPa )( sin 26.0° )( 1.424 m )( 7 m ) 

= 615 kN 

Layer 3: Rs3 = 2.10 ( 0.93 )( 143.2 kPa )( sin 30.2° )( 1.424 m )( 0.5 m ) 

= 100 kN 

Total: 

= 37 kN + 146 kN + 6H, kN + 100 kN 

= 898 kN 
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STEP 7 Determine the at coefficient and the bearing capacity factor, N'q, from the¢ angle 
near the pile toe. 

Since the ¢ angle is not provided by either laboratory tests or in-situ data, the ¢ 
angle can be estimated from Table 4-5 using the average corrected SPT N' value 
over the zone from the pile toe to 3 diameter below the pile toe (1.065 meters). 
The soil near the pile toe is a dense sand and gravel. 

N'toe = 34 -+ 

a. Enter Figure 9.16(a) with ¢ angle near pile toe to determine at coefficient 
based on pile length to diameter ratio. 

(D/b) = ( 11.5 m ) / ( 0.356 m ) = 32.3 

For ¢toe = 36° and (D/b) = 32.3 at = 0.68 

b. Enter Figure 9.16(b) with ¢ angle near pile toe to determine N'q· 

For ¢1oe = 350 _, N' = 75 q 

STEP,8 Compute the effective overburden pressure at the pile toe, Pt (kPa). 

The effective overburden pressure at the pile toe should be limited to a maximum 
of 150 kPa. 

The effective overburden pressure at the pile toe, Pti has been computed in the 
previous example (Section F.2.1.1, Step 1): 

p, = 145.6 kPa < 150 kPa -+ OK 

F-24 



STEP 9 Compute the ultimate toe resistance, Rt (kN). 

= 0.68 ( 75) ( 0.356 m )( 0.356 m ) ( 145.6 kPa) 

= 943 kN 

Using the estimated ¢ =36° and Figure 9.17, the limiting unit toe resistance 

is: 

qL = 7,400 kPa 

Therefore, 

Rt = 7,400 kPa ( 0.356 m )( 0.356 m) = 940 kN 

c. Use lesser of the two R1 values obtained in steps a and b which is: 

Rt = 940 kN 

STEP 10 Compute the ultimate pile capacity, Ou (kN). 

= 898 kN + 940 kN = 1,838 kN 

STEP 11 Compute the allowable design load, Qa (kN). 

Q = Qu 
a Factor of Safety 

1,838 kN 

Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 

method to be specified. Recommended factors of safety are described 

in Section 9.6. 
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F.2.1.3 Static Axial Pile Capacity Calculations by Effective Stress Method 

For the soil profile interpreted from Soil Boring S-1 as shown in Figure F.3. Perform an 

Effective Stress method pile capacity calculation for an embedded length of 11 .5 meters. 

Use the step-by-step method outlined in Section 9.7.1.3. 

STEP 1 Delineate the soil profile into layers and determine ¢' angle for each layer. 

a. Use the procedure described in Section 9.4 to construct a p0 diagram. 

For Soil Boring S-1 , the p0 diagram has been constructed in Section F .2 .1 .1 -

Step 1 and also presented in Figure F.4. 

b. Divide the soil profile throughout the pile penetration depth into layers and 

determine the effective overburden pressure, p0 , at the midpoint of each layer. 

As the example in Section F.2.1.1, the soil profile along the pile embedded 

length is delineated into three layers of 4.0, 7.0, and 0.5 meter thick. Since 

the effective overburden pressure is non linear in layer 1 , this layer should be 

split at the water table location into layer ·1 a and 1 b. The average effective 

overburden pressure of each layer is equal to the effective overburden 

pressure at the midpoint of that layer, as follows. 

Layer 1 a: p01 a = 57.8 kPa (midpoint of layer 1 a - at depth of 3.5 m) 

Layer 1 b: p01 b = 76.1 kPa (midpoint of layer 1 b - at depth of 5.5 m) 

Layer 2: p02 = 113.4 kPa (midpoint of layer 2 - at depth of 10.5 m) 

Layer 3: p03 = 143.1 kPa (midpoint of layer 3 - at depth of 14.25 m) 

c. Determine the¢' angle for each soil layer from laboratory or in-situ test data. 

Since the¢' angle is not provided by either laboratory or in-situ test data, the 

average corrected SPT N' value will be used to estimate the¢' angle. 
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STEP 1 (continued) 

d. In the absence of laboratory or in-situ test data for cohesionless soil layers, 

determine the average corrected SPT N' value for each soil layer and estimate 

the¢' angle from Table 4-5 in Chapter 4. 

As in the previous example (Section F .2.1 .1), the average corrected SPT N' 

value and the soil type for each soil layer is as follows. 

Layer 1: N' = 8 1 (Layer 1 - depth 3 to 7 m; 

Loose silty fine sand) 

Layer 2: N' = 14 2 (Layer 2 - depth 7 to 14 m; 

Medium dense silty fine sand) 

Layer 3: N' - 34 3 - (Layer 3 - depth 14 to 14.5 m; 
Dense sand and gravel) 

Use the average corrected SPT N' value for each soil layer to estimate ¢' 
angle from Table 4-5 in Chapter 4. 

Layer 1: ¢~ = 29° for N~ = 8 

Layer 2: ¢; = 31° for N; = 14 

Layer 3: ¢~ = 36° for N~ = 34 

STEP 2 Select the /3 coefficient for each soil layer. 

a. Use local experience to select /3 coefficient for each layer. 

Assume no local experience. 
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STEP 2 (continued) 

b. In the absence of local experience, use Table 9-4 or Figure 9.20 to estimate 
f3 coefficient from ¢' angle for each layer. 

Use the soil type, the estimated ¢' angle, and Table 9-4 or Figure 9-20 to 
estimate the f3 coefficient for each layer. 

Layer 1: 

Layer 2: 

Layer 3: 

/31 = 0.30 

/32 = 0.33 

(For loose silty fine sand with ¢~ = 29°) 

(For medium dense silty fine sand with 
¢~ = 31°) 

(For dense sand and gravel with ¢~ = 36°) 

STEP 3 For each soil layer compute the unit shaft resistance, f s (kPa). 

STEP 4 

fs = f3 Po 

Layer 1a: fs1a = 0.30 ( 57.8 kPa) -- 17.34 kPa 

Layer 1 b: fs1b = 0.30 ( 76.1 kPa) -- 22.83 kPa 

Layer 2: fs2 = 0.33 ( 113.4 kPa) -- 37.42 kPa 

Layer 3: fs3 = 0.40 ( 143.1 kPa) ·- 57.24 kPa 

Compute the shaft resistance in each soil layer and the ultimate shaft resistance, 
Rs (kN), from the sum of the shaft resistance from each soil layer. 

where As = Pile-soil surface area from pile perimeter and length 

Layer 1 a: 

Layer 1 b: 

Rs1a = 17.34 (4)(0.356m) (1m) = 25kN 

Rs1b = 22.83 ( 4 ) ( 0.356 m ) ( 3 m ) = 98 kN 
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STEP 4 ( continued) 

Layer 2: Rs2 = 37.42 ( 4 ) ( 0.356 m ) ( 7 m) = 373 kN 

Layer 3: Rs3 = 57.24 ( 4 ) ( 0.356 m ) ( 0.5 m ) = 41 kN 

Total: Rs = Rs1a + Rs1b + Rs2 + Rs3 

= 25 kN + 98 kN + 373 kN + 41 kN 

= 537 kN 

STEP 5 Compute the unit toe resistance, q1 (kPa). 

a. Use local experience to select N1 coefficient 

Assume no local experience. 

b. In the absence of local experience, estimate N1 coefficient from Table 9-4 or 
Figure 9.21 based on ¢' angle. 

Table 9-4 or Figure 9.21 are a function of soil type and the¢' angle. The soil 

type for each layer can be obtained from the soil boring. The ¢' angle for 
each layer can be obtained from laboratory tests or in-situ data. In the 

absence of either laboratory or in-situ test data, the ¢' angle should be 

estimated from Table 4-5 in Chapter 4 usin~~ the average corrected SPT N' 

value, N' , over the zone from the pile toe to 3 diameter below the pile toe 

(1.065 meters). The soil near the pile toe is a dense sand and gravel. 

¢'1oe = 350 

Use the soil type, the estimated ¢' angle, and Table 9-4 or Figure 9-21 to 

estimate the N1 coefficient. 

(For dense sand and gravel with ¢'100 = 36°) 
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c. Calculate the effective overburden pressure at the pile toe, Pt· 

The effective overburden pressure at the pile toe, Pt, has been computed in 

the previous example (Section F.2.1.1, Step 1): 

Pt = 145.6 kPa 

The unit toe resistance, qt is: 

= 70 ( 145.6 kPa) = 10,192 kPa 

STEP 6 Compute the ultimate toe resistance, Rt (kN). 

= 10,192 ( 0.356 m) ( 0.356 m) 

= 1,294 kN 

STEP 7 Compute the ultimate pile capacity, Qu (kN). 

= 537 kN + 1 ,294 kN 

= 1,831 kN 

STEP 8 Compute the allowable design load, Qa (kN). 

Q = Qu 

a Factor of Safety 
1,831 kN 

Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 

method to be specified. Recommended factors of safety are described 

in Section 9.6. 
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F.2.1.4 Static Axial Pile Capacity Calculations by SP/LE Computer Program 

~----- ULTIMATE STATIC PILE CAPACITY/Federal Highway Administration -------, 
Nordlund (1963, 1979) and Tomlinson (1979, 1980) methods 

Project Name 
File Name 
Date 

Depth of Top of Pile = 
Depth to Water Table = 

= 

BORING S-1 
S1 
6/14/95 

9.84 ft. 
13.10 ft. 
0.00 in. Width of pile 

Type of Pile = Precast Concrete Pile 

Client : FHWA Manual 
Project Manager 
Computed by : GT 

Pile length = 37.73 ft. 

SKIN FRICTION CONTRIBUTION 

Layer 

1 
2 
3 
4 

Layer 

1 
2 
3 
4 

Effective 
Stress at 
pile Tip 
(psf) 

Soil 
Type 

Cohesionless 
Cohesion less 
Cohesionless 
Cohesion less 

Soil 
Type 

Cohesion less 
Cohesionless 
Cohesionless 
Cohesion less 

Internal 
Friction 
Angle 

3106.39 36.94* 

Thickness 

{ft) 

3.28 
9.85 

22.96 
1.64 

Undrained Shear 
Strength 

(psf) 

Effective 
Stress 
(psf) 

1205.40 
1620.63 
2434.32 
3055.06 

Adhesion 

lnt1~rnal 
FriGtion 
Angle 

213.82* 
213.29* 
3'1.00* 
37.31 * 

PilEl 
Taper 

N-SPT 

6.90* 
7.36* 

13.33* 
34.36* 

Sliding 
Friction 
Angle 

24.26 
24.41 
26.09 
31.41 

Total Side Friction 

POINT RESISTANCE CONTRIBUTION 

SPT 
Value 

33.13 

In SI Units: 

Pile End Bearing 
Area Capacity 

Factor 
(ft*ft} Nq 

1.36 90.37 

Limiting End Bearing Resistance 

Ultimate Static Pile Capacity 
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Total Side Friction 
End Bearing Resistance 
Ultimate Static Pile Capacity 

Pile 
Perimeter 

(ft) 

4.67 
4.67 
4.67 
4.67 

Skin 
Resistance 

(Kips) 

8.07 
33.09 

143.46 
27.58 

212.20 

End Bearing 
Resistance 

(Kips) 

269.98 

275.63 

482.18 

944 
1,201 
2,145 

kN 
kN 
kN 



F.2.1.5 Static Axial Pile Capacity Calculations by LPG CPT Method - Computer Program 

L.P.C. CPT Method Page 1/2 
Peach Freeway CPT-1 at North Abutment -- 356 mm-square PCPS Concrete Pile 

Installation Method: 
Depth to Water Table: 

9 - Driven Prefabricated Piles (Concrete) 
4.0 meter 

Pile No. Toe Area Perimeter 

(m2) (m) 

1 0.127 1.424 

Depth to Bottom of Layer Soil Type 

(m) 

14.021 5 

30.785 7 

Depth Cone Tip Resistance 

(m) (kPa) 

0.0 3,926.~W 

5.0 3,926.20 

10.0 3,399.48 

11.5 3,591.00 

13.0 5,171.04 

14.0 5,075.28 

15.0 13,071.24 

16.0 15,369.48 

17.0 20,588.40 

18.0 23,078.16 

20.0 19,199.88 

23.0 17,188.92 

24.0 24,466.68 

27.0 18,050.80 
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L.P.C. CPT Method Page 2/2 
Peach Freeway CPT-1 at North Abutment -- 356 mm-square PCPS Concrete Pile 

Depth Unit Friction Toe Bearing Shaft Toe Ultimate 

Resistance Resistance Capacity 

(m) (kPa) (kPa) (kN) (kN) (kN) 

0.00 60.66 2,355.70 0.0 298.0 298.0 

5.00 36.96 1,474.70 347.4 186.4 533.8 

10.00 17.05 1,292.76 539.5 163.7 703.2 

11.50 35.96 1,484.28 596.0 187.7 783.7 

13.00 40.75 2,312.60 678.3 292.2 970.6 

14.00 40.46 3,413.84 735.7 431.5 1,167.2 

15.00 62.72 4,677.88 824.7 591.1 1,415.8 

16.00 63.58 6,171.73 914.5 780.6 1,695.1 

17.00 65.60 7,340.00 1,006.1 928.3 1,934.4 

18.00 66.55 7,986.38 1,099.1 1,010.1 2,109.2 

20.00 65.07 7,445.34 1,287.7 941.6 2,229.3 

23.00 64.30 7,411.82 1,563.5 936.7 2,500.2 

24.00 67.08 8,158.75 1,657.3 1,031.5 2,688.8 

27.00 64.64 6,846.84 1,938.0 866.0 2,804.0 

Note: Depth is referenced from the original ground surface. 
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F.2.1.6 S(atic Axial Pile Capacity Calculations by Schmertmann Method 

Location: Peach Freeway CPT-1 at North Abutment. 

Depth fs(avg) Unit Increment Shaft qc(avg) qc1(min) qC2 Toe Ultimate 

Friction Friction Resistance Resistance Capacity 

(m) (bars) (bars) (kN) (kN) (bars) (bars) (bars) (kN) (kN) 

12.00 1.21 1.03 35.86 286 51.33 

12.25 1.22 1.03 36.00 322 58.35 

12.50 1.14 0.97 33.78 356 56.70 

12.75 1.17 0.99 34.52 390 55.00 

13.00 1.16 0.99 34.46 425 50.20 47.37 23.63 430 855 

13.25 0.99 0.84 29.34 454 46.50 

13.50 0.84 0.72 24.98 479 47.27 

13.75 0.59 0.50 17.48 497 47.30 

14.00 0.97 0.83 28.83 526 62.47 

14.25 1.53 1.30 45.19 571 106.35 

14.50 1.11 0.94 32.89 604 127.73 

14.75 1.11 0.94 32.89 637 149.80 

15.00 2.05 1.74 60.66 697 162.90 173.94 68.33 1,467 2,164 

15.25 1.72 1.46 50.82 748 196.20 

15.50 1.48 1.26 43.77 792 203.30 

15.75 1.16 0.98 34.23 826 170.90 169.20 98.38 1,620 2,446 

16.00 1.15 0.98 34.17 860 168.63 

16.25 1.24 1.05 36.75 897 173.95 

16.50 1.61 1.37 47.71 945 208.87 216.83 129.36 2,096 3,041 

16.75 1.61 1.36 47.56 992 224.80 

17.00 1.88 1.60 55.62 1,048 252.37 

17.25 1.84 1.56 54.53 1,102 260.65 252.40 173.18 2,577 3,679 

17.50 2.08 1.77 61.73 1,164 249.23 

17.75 2.28 1.93 67.42 1,231 252.40 

18.00 2.86 2.43 84.75 1,316 305.00 

18.25 2.56 2.17 75.71 1,392 297.40 

18.50 2.12 1.80 62.91 1,455 254.83 

18.75 1.71 1.45 50.52 1,505 214.85 

19.00 1.31 1 .11 38.82 1,544 148.70 

Note: Depth is referenced from the original ground surface. 
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F.2. 1. 7 Summary of North Abutment Capacity Calculation Results 

Summary of Pile Capacity Estimates with an Embedded Pile Length of 11.5 meters 

Method Used for Estimation Calculated Calculated Calculated 

of Pile Capacity Pile Shaft Pile Toe Ultimate 

Resistance Resistance Pile Capacity 

(kN) (kN) (kN) 

Meyerhof Method - SPT Data 418 854 1,272 

Nordlund Method - SPT Data 898 940 1,838 

Effective Stress Method - SPT Data 537 1,294 1,831 

SPILE Program - SPT Data 944 1,201 2,145 

LPC CPT Program - CPT Data 780 511 1,291 

Schmertmann Method - CPT Data 604 1,111 1,715 

Summary of Pile Length Estimates for the 1,780 kN Ultimate Pile Capacity 

Method Used for Estimation Calculated Pile Length for the 1 , 780 kN 

of Pile Capacity Ultimate Pile Capacity 

Meyerhof Method - SPT Data 13.0 meters for 1,840 kN 

Nordlund Method - SPT Data 11 .5, meters for 1,838 kN 

Effective Stress Method 11.5 meters for 1,831 kN 

SPILE Program - SPT Data 11 .5 meters for 2, 145 kN 

LPC CPT Program - CPT Data 13.5 meters for 1,815 kN 

Schmertmann Method - CPT Data 11. 7 meters for 1 ,939 kN 

The ultimate pile group capacity at the North Abutment may be taken as the sum of the 
ultimate capacities of the individual piles in the group as discussed by the design 
recommendation for estimating group capacity in cohesionless soil presented in Section 
9.8.1.1. 
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F.2.2 Pier 2 - Soil Boring S-2 (Cohesionless Soil) 

F.2.2.1 Static Axial Pile Capacity Calculations by Meyerhof SPT Method (before scour) 

For the soil profile interpreted from Soil Boring S-2 as shown in Figure F.5. Perform a 

Meyerhof method pile capacity calculation for an embedded length of 10 meters. Assume 

that scour has not occurred. Use the step-by-step method outlined in Section 9.7.1.1a. 

Elevation 
(m) 

85.0 -----

Sm 

Existing Ground Surface 

Depth 
(m) 

SPT Corrected 
N N' 

7 

7 

12 

12 

Description 

Loose Silt 

'Y = 14.9 kN/m3 

'Y' = 5.1 kN/m3 

80.0 - - - ----.. 

2.0 

3.5 

--5.0 

6.5 

8.0 

_ --- 9 --- 13 ------------., 

4m 

76.0 ------1 
9.5 • 

6m 

70.0 - - - __ .........,._, 

11.0 

12.5 

14.0 

15.5 

17.0 

5.5m 1 
356mm x 356mm 18.5 

• ., .. 

Prestressed • 
Concrete Pile 20.0 

85 

96 

31 

35 

32 

33 

38 

34 

39 

41 

109 

111 

34 

36 

31 

31 

34 

30 

32 

33 

Extremely Dense 
Sand and Gravel 
'Y = 21.2 kN/m3 

'Y' = 11.4 kN/m3 

Dense Sand 

and Gravel 

'Y = 19.6 kN/m3 

'Y' = 9.8 kN/m3 

Figure F.5 Interpreted Soil Profile from Soil Boring S-2 at Pier 2 
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STEP 1 Correct SPT field N values for overburden preBsure. 

Effective overburden pressures, p0 , are needed to correct SPT field N values. 
The method for calculating the effective overburden pressure is explained in 
Section 9.4 and an example was presented earlier in Section F.2.1.1. The 
effective overburden pressure diagram and the soil layers are presented in Figure 
F.6 below. 

Pt (kPa) 

0 200 400 0 

u (kPa) 

200 400 0 
o ........ _........,_...,.......,.__, 

Loose silt 

y = 14.9 kN/m 3 

Extremely dense 
sand & gravel 
y = 21.2 kN/m3 -

1 
2 
3 
4 
5 
6 
7 
8 

--------E 9 

Dense sand 

and gravel 

y = 19.6 kN/m 3 

Limestone Bedrock 

-.c 10 
°g-11 
Cl 12 

13 
14 
15 
16 
17 
18 
19 
20 

• 74.5 49.0 

\116.9 ~ 68.6 

\ 159 3 t 88.2 \ . \ 
•\18.1 \17.6 

•;6.9 \47.0 
355.3 , 1186.2 
374.9• •196.0 

Po (kPa) 

200 400 

25.5 

\ e48.3 

\ \71.1 
yoo.s 
•129.9 

\ 
• 169.1 
\ e 178.9 

Figure F.6 Effective Overburden Pressure Diagram - Pier 2 
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STEP 1 (continued) 

Use correction factors from Figure 4.4 (Chapter 4) to obtain corrected SPT N' 
values. 

Depth Pa Field Correction Corrected SPT N' 

SPT N value Factor (Field SPT N x 

(m) (kPa) Correction Factor) 

2.0 10.2 7 1.75 12 

3.5 17.9 7 1.65 12 

5.0 25.5 9 1.43 13 

6.5 42.6 85 1.28 109 

8.0 59.7 96 1.16 111 

9.5 76.0 31 1.09 34 

11.0 90.7 35 1.04 36 

12.5 105.4 32 0.98 31 

14.0 120.1 33 0.95 31 

15.5 134.8 38 0.90 34 

17.0 149.5 34 0.87 30 

18.5 164.2 39 0.83 32 

20.0 178.9 41 0.81 33 
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STEP 2 Compute the average corrected SPT N' value, N', for each soil layer. 

Along the pile embedded length, the soil profile is delineated into two layers. 

Layer 1 is extremely dense sand and gravel that is 4 meters thick, and layer 2 is 

dense sand and gravel that is 6 meters thick. 

N'= 109+111 = 110 
1 2 

N , = 34 + 36 + 31 + 31 = 33 
2 4 

(Layer 1 - depth 5 to 9 m; 

Extremely dense sand and gravel) 

(Layer 2 - depth 9 to 15 m; 
Dense sand and gravel) 

STEP 3 Compute unit shaft resistance, f5 (kPa), using the equation for driven 

displacement piles: 

f5 = 2N' ~ 100 kPa 

Layer 1: f51 = 2 ( 110) = 220 kPa, so use f51 = 100 kPa 

Layer 2: f s2 = 2 ( 33 ) = 66 kPa 

STEP 4 Compute ultimate shaft resistance, Rs (kN). 

Layer 1: 

Layer 2: 

Total: 

R81 = 100 kPa ( 4 )( 0.356 rn )( 4 m) = 570 kN 

R82 = 66 kPa ( 4 )( 0.356 m )( 6 m) = 564 kN 

= Rs1 + Rs2 = 570 kN + 564 kN 

= 1,134 kN 
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STEP 5 Compute average corrected SPT N' value, N'0 and N'8 near pile toe. 

When the pile is embedded to more than 1 0 pile diameters into the bearing 
stratum, the effect of overlying stratum becomes irrelevant. The unit toe 
resistance is governed by the limiting unit toe resistance of the bearing stratum 
that is 400N'8 . 

The average corrected SPT N' value for the bearing stratum should be calculated 
from the average N' value within the zone extending 3 pile diameters below the 
pile toe or in this case 1.065 meter. The average corrected SPT N' value for the 
bearing stratum which consists of dense sand and gravel is: 

N' B 
= 34 + 36 + 31 + 31 + 34 = 33 

5 

STEP 6 Compute unit toe resistance, qt (kPa). 

40N'8 0 8 _ 
::; 400N'8 b 

40N'8 ( 6 m) 
= ----- = 674N' 8 , so use qt= 400N'8 0.356 m 

qt = 400 ( 33) = 13,200 kPa 

STEP 7 Compute ultimate toe resistance, Rt (kN). 

Rt = qt At = 13,200 kPa ( 0.356 m )( 0.356 m ) 

= 1,676 kN 
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STEP 8 Compute ultimate pile capacity, Ou (kN). 

= 1,134 kN + 1,676 kN 

= 2,810 kN 

STEP 9 Compute allowable design load, Qa (kN). 

2,810 kN 

Factor of Safety Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 
method to be specified. Recommended factors of safety are described 

in Section 9.6. 
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F.2.2.2 Static Axial Pile Capacity Calculations by Nordlund Method (before scour at 10 m) 

For the soil profile interpreted from Soil Boring S-2 as shown in Figure F.5. Perform a 

Nordlund method pile capacity calculation for an embedded length of 1 O meters. Assume 

that scour has not occurred. Use the step-by-step method outlined in Section 9.7.1.1b. 

STEP 1 Delineate the soil profile into layers and determine the ¢ angle for each layer. 

a. Construct p0 diagram using the procedure described in Section 9.4. This is 
completed in Figure F.6. 

b. Correct SPT field N values for overburden pressure using Figure 4.4 from 

Chapter 4 and obtain corrected SPT N' values. For Soil Boring S-2, this has 
been done in the previous example (see Section F.2.2.1, Step 1 ). 

c. Determine ¢ angle for each layer from laboratory tests or in-situ data. 

Since the ¢ angle is not provided by either laboratory or in-situ data, it should 

be determined using the average corrected SPT N' value, N', as calculated 
below. 

d. In the absence of laboratory or in-situ test data, determine the average 

corrected SPT N' value, N', for each soil layer and estimate ¢ angle from 
Table 4-5 in Chapter 4. 

As the example in Section F.2.2.1, the soil profile along the pile embedded 

length is delineated into two layers of 4, and 6 meters thick. The average 

corrected SPT N' value for each soil layer is as follows: 

Layer 1: 

Layer 2: 

N~ = 110 

N' = 33 2 

(Layer 1 - depth 5 to 9 m; 

Extremely dense sand and gravel) 

(Layer 2 - depth 9 to 15 m; 

Dense sand and gravel) 

Use the average corrected SPT N' value for each soil layer to estimate ¢ 
angle from Table 4-5 in Chapter 4. 
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STEP 1 (continued) 

Based on Table 4-5, the¢ angle is indicated to be as high as 43° when N' 

is greater than 50. However, as discussed in Section 9.5, in soil layers with 

greater than 50% gravel the ¢ angle for shaft resistance calculations should 
be limited to: 

36° for hard angular gravel, and 

32° for soft rounded gravel. 

A limiting friction angle should be used for layer 1. 

Layer 1: ,+, - 36° 'f'1 - limiting friction angle for hard angular gravel 

For layer 2, the friction angle is computed from Table 4-5: 

Layer 2: ,+, - 35° 'f'2 - for N~ = 33 

STEP 2 petermine c5, the friction angle between pile and soil based on displaced soil 

volume, V, and the soil friction angle,¢. 

a. Compute volume of soil displaced per unit length of pile, V. 

Since this is a uniform cross section ( w = 0°) pile, 

V = ( 0.356 m )( 0.356 m) ( 1.0 m/m) = 0.127 m3/m 

For a non-uniform pile cross section (w -/= 0°), the pile should be divided into 

sections and the volume for each section should be calculated. 

b. Enter Figure 9.1 0 with V and determine c5/¢ ratio for pile type. 

For a precast, prestressed concrete pile with V = 0.127 m3/m 

6/¢ = 0.84 
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STEP 2 (continued) 

c. Calculate <5 from <5/¢ ratio. 

Layer 1: 

Layer 2: 

01 = 0.84 ( 36° ) = 30.2° 

62 = 0.84 ( 35° ) = 29.4° 

STEP 3 Determine the coefficient of lateral earth pressure, K6, for each ¢ angle. 

a. Determine K6 for¢ angle based on displaced volume, V, and pile taper angle, 
OJ, using either Figure 9.11, 9.12, 9.13, or 9.14 and the appropriate procedure 
described in Step 3b, 3c, 3d, or 3e. 

The pile taper angle, OJ, = 0°. 

For Layer 1: 

and V = 0.127 m3/m, therefore use Step 3e. 

A step by step procedure for determining K6 using the linear interpolation 
and the log linear interpolation is presented in Section F.2.1.2 - Step 3. 

For ¢1 = 36°, OJ = 0°, and V = 0.127 m3/m: 

K61 = 2.10 

For Layer 2: 

and V = 0.127 m3/m, therefore use Step 3d. 

A step by step procedure for determining K6 using the log linear 
interpolation is presented in Section F.2.1.2 - Step 3. 

For ¢2 = 35°, OJ = 0°, and V = 0.127 m3/m: 

K62 = 1.83 
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STEP 4 Determine the correction factor, CF, to be applied to K6 if 6-::;t,¢. 

Use Figure 9.15 to determine the correction factor for each K6. Enter figure with 
¢ angle and 6/¢=0.84 to determine CF. 

Layer 1: CF1 = 0.92 

Layer 2: 

STEP 5 Compute the average effective overburden pressure at the midpoint of each soil 
layer, Pct (kPa). (Note: a limiting value is not applied to Pct). 

The effective overburden pressure at the midpoint of each soil layer is equal to 
the average effective overburden pressure of that layer. The effective overburden 
pressure versus depth for Pier 2 has been computed and tabulated in the 
previous example ( see Section F .2.2.1 - Step 1). The effective overburden 
pressure diagram for Pier 2 is presented in Figure F .6. 

Layer 1: 

Layer 2: 

Pct1 = 48.3 kPa 

Pct2 = 100.5 kPa 

(midpoint of layer 1 - at depth of 7.0 m) 

(midpoint of layer 2 - at depth of 12.0 m) 

STEP 6 Compute the shaft resistance in each soil layer. Sum the shaft resistance from 
each soil layer to obtain the ultimate shaft resistance, Rs (kN). 

(for uniform pile cross section) 

where : Cct = ( 4 ) ( 0.356 m ) = 1.424 m 

Layer 1 : R81 = 2.10 ( 0.92 ) ( 48.3 kPa ) ( sin 30.2° ) ( 1.424 m ) ( 4 m ) 

= 267 kN 

Layer 2: R82 = 1.83 ( 0.93) ( 100.5 kPa) ( sin 29.4°) ( 1.424 m) ( 6 m) 

= 717 kN 
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STEP 6 (continued) 

Total: 

= 267 kN + 717 kN = 984 kN 

STEP 7 Determine the at coefficient and the bearing capacity factor, N'q, from the¢ angle 
near the pile toe. 

Since the ¢ angle is not provided by either laboratory tests or in-situ data, the ¢ 
angle can be estimated from Table 4-5 using the average corrected SPT N' value 
over the zone from the pile toe to 3 diameter below the pile toe (1.065 meters). 
The soil near the pile toe is a dense sand and gravel. 

N'toe = 34 -+ 

a. Enter Figure 9.16(a) with ¢ angle near pile toe to determine at coefficient 
based on pile length to diameter ratio. 

(D/b) = ( 10.0 m) / ( 0.356 m) = 28.1 

For ¢toe = 36° and (D/b) = 28.1 at = 0.69 

b. Enter Figure 9.16(b) with¢ angle near pile toe to determine N'q· 

For ¢toe = 350 - N' = 75 q 

STEP 8 Compute the effective overburden pressure at the pile toe, p1 (kPa). 

The effective overburden pressure at the pile toe should be limited to a maximum 
of 150 kPa. 

The effective overburden pressure at the pile toe, Pt, has been computed in the 
previous example (Section F.2.2.1, Step 1): 

Pt = 129.9 kPa < 150 kPa -· OK 
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STEP 9 Compute ultimate toe resistance, Rt (kN). 

= 0.69 ( 75 ) ( 0.356 m )( 0.356 m ) ( 129.9 kPa ) 

= 854 kN 

Using the estimated ¢=36° and Figure 9.17, the limiting unit toe resistance 
is: 

qL = 7,400 kPa 

Therefore, 

Rt = 7,400 kPa ( 0.356 m )( 0.356 m ) = 940 kN 

c. Use lesser of the two Rt values obtained in steps a and b which is: 

Rt = 854 kN 

STEP 10 Compute the ultimate pile capacity, Qu (kN). 

= 984 kN + 854 kN = 1,838 kN 

STEP 11 Compute the allowable design load, Qa (kN). 

Q = Qu 
a Factor of Safety 

1,838 kN 
Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 
method to be specified. Recommended factors of safety are described 
in Section 9.6. 
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F.2.2.3 Static Axial Pile Capacity Calculations by Nordlund Method (after scour at 10 m) 

For the soil profile interpreted from Soil Boring S-2 after scour as shown in Figure F.7. 
Perform a Nordlund method pile capacity calculation for an embedded length of 1 O meters. 
Assume that channel degradation scour has removed the 5 meter thick loose silt layer. Use 
the step-by-step method outlined in Section 9. 7.1.1 b. 

evat1on El . l Existing Ground Surface 

(m) Depth SPT Corrected Description 

85.o .......................... -............... -....... J~.1 ................................ ~ .................... ~:.......................r ..................... . 

2.0 

3.5 

80.0 - - - ~- --- 5.0-

6.5 
4m 

8.0 

76.0 - - - ---t--1 t------
9.5 

11.0 

6m 
12.5 

14.0 

70.0 ----------+----' 
j I 

15.5 

17.0 
5.5 m 

18.5 

20.0 

356mm x 356mm 
Prestressed 

Concrete Pile 

.. 

• . ., 

• ... 

• 

... 

.. .. 

~ 

Loose Silt 
(Removed 
by Scour) 

------------------
Extremely Dense 

85 109 Sand and Gravel 
. y = 21.2 kN/m 

96 111 y ' = 11.4 kN/m 

------------------31 34 

35 36 

32 31 

33 31 Dense Sand 
and Gravel 

,38 34 y = 19.6 kN/m 
y' = 9.8 kN/m 

34 30 

39 32 

41 33 

Figure F.7 Interpreted Soil Profile at Pier 2 after Scour 
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STEP 1 Delineate the soil profile into layers and determine the¢ angle for each layer. 

a. Construct p0 diagram using procedure described in Section 9.4. This is 

completed in Figure F.6. 

b. Correct SPT field N values for overburden pressure using Figure 4.4 from 

Chapter 4 and obtain corrected SPT N' values. For Soil Boring S-2, this was 

done in the previous example (see Section F.2.2.1, Step 1). 

Note: Although scour has eroded the 5 meter thick loose silt layer, the 

original overburden pressure (with the loose silt layer still in place) 
should be used when correcting the SPT field N values. 

c. Determine ¢ angle for each layer from laboratory tests or in-situ data. 

Since the ¢ angle is not provided by either laboratory or in-situ data, it should 

be determined using the average corrected SPT N' value, N', as calculated 
below. 

d. In the absence of laboratory or in-situ test data, determine the average 

corrected SPT N' value, N', for each soil layer and estimate ¢ angle from 
Table 4-5 in Chapter 4. 

As the example in Section F.2.2.2, the soil profile along the pile embedded 

length is delineated into two layers of 4, and 6 meters thick. The average 

corrected SPT N' value for each soil layer is as follow. 

Layer 1 : N ~ = 11 O 

Layer 2: N' - 33 2 -

(Layer 1 - depth 5 to 9 m below existing ground 

surface; Extremely dense sand and gravel) 

(Layer 2 - depth 9 to 15 m below existing ground 

surface; Dense sand and gravel) 

Use the average corrected SPT N' value for each soil layer to estimate ¢ 

angle from Table 4-5 in Chapter 4. 
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STEP 1 (continued) 

As discussed in Section F.2.2.2 - Step 1, a limiting friction angle should be 
used for the hard angular gravel of layer 1 . 

Layer 1: from limiting friction angle 

For layer 2, the friction angle is computed from Table 4-5: 

Layer 2: ,+. - 35° 'f'2 - for N~ = 33 

STEP 2 Determine 6, the friction angle between pile and soil based on displaced soil 
volume, V, and the soil friction angle, ¢. 

a. Compute volume of soil displaced per unit length of pile, V. 
Since this is a uniform cross section (w = 0°) pile, 

V = ( 0.356 m )( 0.356 m) ( 1.0 m/m) = 0.127 m3/m 

For a non-uniform pile cross section (w f 0°), the pile should be divided into 
sections and the volume for each section should be calculated. 

b. Enter Figure 9.1 0 with V and determine 6/¢ ratio for pile type. 

For a precast, prestressed concrete pile with V = 0.127 m3/m 

6/¢ = 0.84 

c. Calculate 6 from 6/¢ ratio. 

Layer 1: 

Layer 2: 

61 = 0.84 ( 36°) = 30.2° 

62 = 0.84 ( 35° ) = 29.4° 
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STEP 3 Determine the coefficient of lateral earth pressure, K6, for each ¢ angle. 

a. Determine K0 for¢ angle based on displaced volume, V, and pile taper angle, 
w, using either Figure 9.11, 9.12, 9.13, or 9.14 and the appropriate procedure 
described in Step 3b, 3c, 3d, or 3e. 

The pile taper angle, w, = 0°. 

For Layer 1: 

and V = 0.127 m3/m, therefore use Step 3e. 

A step by step procedure for determinin~J K0 using the linear interpolation 
and the log linear interpolation is presented in Section F.2.1.2 - Step 3. 

For ¢ 1 = 36°, w = 0°, and V = 0.127 rn3/m: 

K01 = 2.10 

For Layer 2: 

and V = 0.127 m3/m, therefore use Step 3d. 

A step by step procedure for determining K0 using the log linear 
interpolation is presented in Section F.2.1.2 - Step 3. 

For ¢2 = 35°, w = 0°, and V = 0.127 m3/m: 

STEP 4 Determine the correction factor, CF, to be applied to K0 if 0=1:-¢. 

Use Figure 9.15 to determine the correction factor for each K0. Enter figure with 
¢ angle and o/¢ =0.84 to determine CF. 

Layer 1: CF1 = 0.92 

Layer 2: 
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STEP 5 Compute the average effective overburden pressure at the midpoint of each soil 
layer, pd (kPa). (Note: a limiting value is not applied to pd) 

The effective overburden pressure at the midpoint of each layer is equal to the 
average effective overburden pressure of that layer. The effective overburden 
pressure diagram for Pier 2 after scour is presented in Figure F.8. The purpose 
of this example is to illustrate how scour reduces the average effective 
overburden pressures, and hence the pile shaft and toe resistance. 

Layer 1: pd1 = 22.8 kPa (midpoint of layer 1 - at depth of 7.0 m 
below existing ground surface) 

Layer 2: pd2 = 75.0 kPa (midpoint of layer 2 - at depth of 12.0 m 
below existing ground surface) 

Pt (kPa) u (kPa) - Po (kPa) 

.. 0 200 400 0 200 4000 200 400 
---------------------- 0 

1 
2 
3 
4 
5 \49.0 \ 49.0 0.0 

Extremely dense 6 
sand & gravel 7 •\91.4 \ 68.6 \ 22.8 
y = 21.2 kN/m 3 8 -E 9 \33.8 • 88.2 • 45.6 - \ \ .c. 10 -5} 11 
Dense sand Cl 12 • 192.6 • 117.6 '75.0 
and gravel 13 \ \ 

14 • 231.8 • 137.2 • 94.6 
y = 19.6 kN/m3 \ I I 

15 • 251.4 r7.0 \04.4 16 \ 17 
18 
19 329.8' • 186.2 • 143.6 

I ~ 153.4 20 349.4 • • 196.0 
Limestone Bedrock 

Figure F.8 Effective Overburden Pressure Diagram - Pier 2 after Scour 
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STEP 6 Compute the shaft resistance in each soil layer. Sum the shaft resistance from 

each soil layer to obtain the ultimate shaft resistance, Rs (kN). 

Rs = K6 CF pd sinc5 Cd D (for uniform pile cross section) 

where: Cd = ( 4 ) ( 0.356 m ) = 11 .424 m 

Layer 1: Rs1 = 2.1 O ( 0.92 )( 22.8 kPa )( sin 30.2° )( 1 .424 m )( 4 m ) 

= 126 kN 

Layer 2: Rs2 = 1.83 ( 0.93 )( 75.0 kPa )( sin 29.4° )( 1.424 m )( 6 m ) 

= 535 kN 

Total: Rs = Rs1 + Rs2 = 126 kN + 535 kN 

= 661 kN = as compared to 984 kN before scour. 

STEP 7 Determine the a1 coefficient and the bearing capacity factor, N'q, from the¢ angle 

near the pile toe. 

As in Section F.2.2.2, 

N'toe = 34 

a. Enter Figure 9.16(a) with ¢ angle near pilE3 toe to determine a1 coefficient 

based on pile length to diameter ratio. 

(O/b) = ( 10.0 m) / ( 0.356 m) = 28.1 

For ¢ 100 = 36° and (D/b) = 28.1 

b. Enter Figure 9.16(b) with¢ angle near pile toe to determine N\. 

For ¢1oe = 350 -+ N' = 75 q 
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STEP 8 Compute the effective overburden pressure at the pile toe, p, (kPa). 

The effective overburden pressure at the pile toe should be limited to a maximum 

of 150 kPa. 

The effective overburden pressure at the pile toe, p,, after scour has been 

computed and shown in Figure F.8: 

p, = 104.4 kPa < 150 kPa -+ OK 

STEP 9 Compute the ultimate toe resistance, R, (kN). 

= 0.69 ( 75) ( 0.356 m )( 0.356 m ) ( 104.4 kPa) 

= 686 kN 

Using the estimated ¢=36° and Figure 9.17, the limiting unit toe resistance 
is: 

qL = 7,400 kPa 

Therefore, 

Rt = 7,400 kPa ( 0.356 m) ( 0.356 m) 

= 940 kN 

c. Use lesser of the two R, values obtained in steps a and b which is: 

Rt = 686 kN = as compared to 854 kN before scour. 
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STEP 10 Compute the ultimate pile capacity, Qu (kN). 

= 661 kN + 686 kN 

= 1,347 kN = as compared to 1,838 kN before scour. 

Note: After scour has occurred, the factor of safety is only: 

Factor of Safety = 
Design Load 
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F.2.2.4 Static Axial Pile Capacity Calculations by Nordlund Method (before scour at 14 m) 

For the soil profile interpreted from Soil Boring S-2 as shown in Figure F.5. Perform a 

Nordlund method pile capacity calculation for an embedded length of 14 meters. Assume 

that scour has not occurred. Use the step-by-step method outlined in Section 9.7.1.1b. 

STEP 1 Delineate the soil profile into layers and determine the ¢ angle for each layer. 

a. Construct p0 diagram using procedure described in Section 9.4. This is 

completed in Figure F.6. 

b. Correct SPT field N values for overburden pressure using Figure 4.4 from 

Chapter 4 and obtain corrected SPT N' values. For Soil Boring S-2, this has 
been done in a previous example (see Section F.2.2.1, Step 1). 

c. Determine ¢ angle for each layer from laboratory tests or in-situ data. 

Since the ¢ angle is not provided by either laboratory or in-situ data, it should 

be determined using the average corrected SPT N' value, N', as calculated 
below. 

d. In the absence of laboratory or in-situ test data, determine the average 

corrected SPT N' value, N', for each soil layer and estimate ¢ angle from 
Table 4-5 in Chapter 4. 

The soil profile along the pile embedded length is delineated into two layers 

of 4, and 10 meters thick. The average corrected SPT N' value for each soil 

layer is as follow. 

N~ = 110 (Layer 1 - depth 5 to 9 rn; 
Extremely dense sand and gravel) 

N , = 34 + 36 + 31 + 31 + 34 + 30 + 32 = 33 
2 7 
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STEP 1 (continued) 

Use the average corrected SPT N' value for each soil layer to estimate ¢ 

angle from Table 4-5 in Chapter 4. 

As discussed in Section F.2.2.2 - Step 1, a limiting friction angle should be 

used for the hard angular gravel of layer 1. 

Layer 1: ¢ - 36° 1 - from limiting friction angle 

For layer 2, the friction angle is computed from Table 4-5: 

Layer 2: ¢ - 35° 2 - for N~ = 33 

STEP 2 Determine 6, the friction angle between pile and soil based on displaced soil 
volume, V, and the soil friction angle,¢. 

a. Compute volume of soil displaced per unit length of pile, V. 
Since this is a uniform cross section (w = 0°) pile, 

V = ( 0.356 m )( 0.356 m) ( 1.0 m/m) = 0.127 m3/m 

b. Enter Figure 9.1 0 with V and determine 6/¢ ratio for pile type. 

For a precast, prestressed concrete pile with V = 0.127m3/m 

6/¢ = 0.84 

c. Calculate 6 from 6/¢ ratio. 

Layer l: 

Layer 2: 

01 = 0.84 ( 36° ) = 30.2° 

02 = 0.84 ( 35° ) = 29.4° 
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STEP 3 Determine the coefficient of lateral earth pressure, K6 , for each ¢ angle. 

a. Determine K6 for¢ angle based on displaced volume, V, and pile taper angle, 
w, using either Figure 9.11, 9.12, 9.13, or 9.14 and the appropriate procedure 
described in Step 3b, 3c, 3d, or 3e. 

The pile taper angle, w, = 0°. 

For Layer 1: 

and V = 0.127 m3/m, therefore use Step 3e. 

A step by step procedure for determining K6 using the linear interpolation 
and the log linear interpolation is presented in Section F.2.1.2 - Step 3. 

For ¢ 1 = 36°, w = 0°, and V = 0.127 m3/m: 

K61 = 2.10 

For Layer 2: 

and V = 0.127 m3/m, therefore use Step 3d. 

A step by step procedure for determining K6 using the log linear 
interpolation is presented in Section F.2.1.2 - Step 3. 

For ¢2 = 35°, w = 0°, and V = 0.127 m3/m: 

K62 = 1.83 

STEP 4 Determine the correction factor, CF, to be applied to K6 if f>-::;t=cp. 

Use Figure 9.15 to determine the correction factor for each K6. Enter figure with 

¢ angle and 6/¢=0.84 to determine CF. 

Layer 1: 

Layer 2: 
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STEP 5 Compute the average effective overburden pressure at the midpoint of each soil 
layer, pd (kPa). (Note: a limiting value is not applied to pd). 

The effective overburden pressure at the midpoint of each soil layer is equal to 

the average effective overburden pressure of that layer. The effective overburden 

pressure versus depth for the Pier 2 has been computed and tabulated in a 

previous example (see Section F.2.2.1 - Step 1). The effective overburden 

pressure diagram for Pier 2 is presented in Figure F.6. 

Layer 1: pd1 = 48.3 kPa (midpoint of layer 1 - at depth of 7.0 m) 

(midpoint of layer 2 - at depth of 14.0 m) Layer 2: pd2 = 120.1 kPa 

STEP 6 Compute the shaft resistance in each soil layer. Sum the shaft resistance from 

each soil layer to obtain the ultimate shaft resistance, Rs (kN). 

(for uniform pile cross section) 

where : Cd = ( 4 ) ( 0.355 m ) = 1.424 m 

Layer 1 : R51 = 2.10 ( 0.92 )( 48.3 kPa )( sin 30.2° )( 1.424 m )( 4 m ) 

= 267 kN 

Layer 2: R52 = 1.83 ( 0.93 )( 120.1 kPa )( !3in 29.4° )( 1.424 m )( 10 m) 

= 1,429 kN 

Total: = 267 kN + 1 ,429 kN 

= 1,696 kN 
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STEP 7 Determine the at coefficient and the bearing capacity factor, N'q, from the¢ angle 
near the pile toe. 

Since the ¢ angle is not provided by either laboratory tests or in-situ data, the ¢ 
angle can be estimated from Table 4-5 using the average corrected SPT N' value 
over the zone from the pile toe to 3 diameter below the pile toe (1.065 meters). 
The soil near the pile toe is a dense sand and gravel. 

N'toe = 33 -+ <!>toe = 350 

a. Enter Figure 9.16(a) with ¢ angle near pile toe to determine at coefficient 
based on pile length to diameter ratio. 

(D/b) = ( 14.0 m) I ( 0.356 m) = 39.3 

For <!>toe = 35° and (D/b) = 39.3 

b. Enter Figure 9.16(b) with¢ angle near pile toe to determine N'q· 

For <!>toe = 350 - N' = 65 q 

STEP 8 Compute the effective overburden pressure at the pile toe, Pt (kPa). 

The effective overburden pressure at the pile toe should be limited to a maximum 
of 150 kPa. 

The effective overburden pressure at the pile toe, Pt, has been computed in the 
previous example (Section F .2.2.1, Step 1): 

Pt = 169.1 kPa > 150 kPa -+ so use p1 = 150 kPa 
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STEP 9 Compute the ultimate toe resistance, Rt (kN). 

= 0.66 ( 65 ) ( 0.356 m )( 0.356 m ) ( 150.0 kPa ) 

= 817 kN 

Using the estimated ¢ =35° and Figure 9.17, the limiting unit toe resistance 
is: 

qL = 5,000 kPa 

Therefore, 

Rt = 5,000 kPa ( 0.356 m )( 0.356 m ) = 635 kN 

c. Use lesser of the two Rt values obtained in steps a and b which is: 

Rt = 635 kN 

STEP 10 Compute the ultimate pile capacity, Qu (kN). 

= 1,696 kN + 635 kN = 2,331 kN 

STEP 11 Compute allowable design load, Qa (kN). 

Q = Qu 
a Factor of Safety 

2,331 kN 
Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 

method to be specified. Recommended factors of safety are described 

in Section 9.6. 
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F.2.2.5 Static Axial Pile Capacity Calculations by Nordlund Method (after scour at 14 m) 

For the soil profile interpreted from Soil Boring S-2 after scour as shown in Figure F.7. 

Perform a Nordlund method pile capacity calculation for an embedded length of 14 meters. 

Assume that scour has removed the 5 meter thick loose silt layer. Use the step-by-step 

method outlined in Section 9.7.1.1 b. 

STEP 1 Delineate the soil profile into layers and determine the ¢ angle for each layer. 

a. Construct p0 diagram using procedure described in Section 9.4. This is 

completed in Figure F.6. 

b. Correct SPT field N values for overburden pressure using Figure 4.4 from 

Chapter 4 and obtain corrected SPT N' values. For Soil Boring S-2, this has 

been done in the previous example ( see Chapter F .2.2.1 - Step 1). 

Note: Although scour has eroded the 5 meter thick loose silt layer, the 

original overburden pressure (with the loose silt layer still in place) 

should be used when correcting the SPT field N values. 

c. Determine¢ angle for each layer from laboratory tests or in-situ data. 

Since the ¢ angle is not provided by either laboratory or in-situ data, it should 

be determined using the average corrected SPT N' value, N', as calculated 
below. 

d. In the absence of laboratory or in-situ test data, determine the average 

corrected SPT N' value, N', for each soil layer and estimate¢ angle from 
Table 4-5 in Chapter 4. 

The soil profile along the pile embedded length is delineated into two layers 

of 4, and 10 meters thick. The average corrected SPT N' value for each soil 

layer is as follow. 

N~ = 110 
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STEP 1 (continued) 

N , = 34 + 36 + 31 + 31 + 34 + 30 + :32 = 33 
2 7 

(Layer 2 - depth 9 to 19 m; 
Dense sand and gravel) 

Use the average corrected SPT N' value for each soil layer to estimate ¢ 
angle from Table 4-5 in Chapter 4. 

As discussed in Section F.2.2.2 - Step 1, a limiting friction angle should be 
used for the hard angular gravel of layer 1 . 

Layer 1: from limiting friction angle 

For layer 2, the friction angle is computed from Table 4-5: 

Layer 2: for N~ = 33 

STEP 2 Determine o, the friction angle between pile and soil based on displaced soil 
volume, V, and the soil friction angle,¢. 

a. Compute volume of soil displaced per unit length of pile, V. 
Since this is a uniform cross section (w = 0°) pile, 

V = ( 0.356 m )( 0.356 m) ( 1.0 m/m) = 0.127 m3/m 

b. Enter Figure 9.1 O with V and determine o/¢ ratio for pile type. 

For a precast, prestressed concrete pile witt1 V = 0.127 m3/m 

o/¢ = o.84 

c. Calculate o from o/¢ ratio. 

Layer 1: 

Layer 2: 

01 = 0.84 ( 36° ) = 30.2° 

02 = 0.84 ( 35° ) = 29.4° 
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STEP 3 Determine the coefficient of lateral earth pressure, K6, for each ¢ angle. 

a. Determine K6 for¢ angle based on displaced volume, V, and pile taper angle, 
w, using either Figure 9.11, 9.12, 9.13, or 9 .. 14 and the appropriate procedure 
described in Step 3b, 3c, 3d, or 3e. 

The pile taper angle, w, = 0°. 

For Layer 1: 

and V = 0.127 m3/m, therefore use Step 3e. 

A step by step procedure for determining K6 using the linear interpolation 
and the log linear interpolation is presented in Section F .2.1 .2 - Step 3. 

For ¢ 1 = 36°, w = 0°, and V = 0.127 m3/m: 

K61 = 2.10 

For Layer 2: 

and V = 0.127 m3/m, therefore use Step 3d. 

A step by step procedure for determining K6 using the log linear 
interpolation is presented in Section F.2.1.2 - Step 3. 

For ¢ 2 = 35°, w = 0°, and V = 0.127 m3/m: 

K02 = 1.83 

STEP 4 Determine the correction factor, CF, to be applied to K6 if 6=t=¢. 

Use Figure 9.15 to determine the correction factor for each K6. Enter figure with 
¢ angle and 6/¢=0.84 to determine CF. 

Layer 1: 

Layer 2: 

F-64 

CF1 = 0.92 

CF2 = 0.93 



STEP 5 Compute the average effective overburden pressure at the midpoint of each soil 

layer, pd (kPa). (Note: a limiting value is not applied to pd). 

The effective overburden pressure at the midpoint of each soil layer is equal to 

the average effective overburden pressure of that layer. The effective overburden 

pressure diagram for Pier 2 after scour is presented in Figure F.8. 

Layer 1: 

Layer 2: 

pd1 = 22.8 kPa 

pd2 = 94.6 kPa 

(midpoint of layer 1 - at depth of 7.0 m) 

(midpoint of layer 2 - at depth of 14.0 m) 

STEP 6 Compute the shaft resistance in each soil layer. Sum the shaft resistance from 

each soil layer to obtain the ultimate shaft resistance, Rs (kN). 

(for uniform pile cross section) 

where : Cd = ( 4 ) ( 0.356 rn ) = 1 .424 m 

Layer 1: R51 = 2.10 ( 0.92 )( 22.8 kPa )( sin 30.2° )( 1.424 m )( 4 m ) 

= 126 kN 

Layer 2: R52 = 1.83 ( 0.93 )( 94.6 kPa )( sin 29.4° )( 1.424 m )( 10 m ) 

= 1,126 kN 

Total: 

= 126 kN + 1 , 126 kN 

= 1,252 kN 
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STEP 7 Determine the at coefficient and the bearing capacity factor, N'q, from the¢ angle 

near the pile toe. 

Since the ¢ angle is not provided by either laboratory tests or in-situ data, the ¢ 

angle can be estimated from Table 4-5 using the average corrected SPT N' value 

over the zone from the pile toe to 3 diameter below the pile toe (1.065 meters). 

The soil near the pile toe is a dense sand and gravel. 

N\00 = 33 --t 

a. Enter Figure 9.16(a) with ¢ angle near pile toe to determine at coefficient 

based on pile length to diameter ratio. 

(D/b) = ( 14.0 m) / ( 0.356 m) 

= 39.3 

For ¢toe = 35° and (D/b) = 39.3 

b. Enter Figure 9.16(b) with¢ angle near pile toe to determine N'q· 

For ¢toe = 35° - N' = 65 q 

STEP 8 Compute the effective overburden pressure at the pile toe, Pt (kPa). 

The effective overburden pressure at the pile toe should be limited to a maximum 

of 150 kPa. 

The effective overburden pressure at the pile toe, Pt, after scour has been 
computed and shown in Figure F.8: 

p1 = 143.6 kPa < 150 kPa - OK 
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STEP 9 Compute the ultimate toe resistance, R, (kN). 

= 0.66 ( 65 ) ( 0.356 m )( 0.356 m ) ( 143.6 kPa ) 

= 782 kN 

Use the estimated ¢=35° and Figure 9.17, the limiting unit toe resistance is: 

qL = 5,000 kPa 

R, = 5,000 kPa ( 0.356 m )( 0.356 m ) 

= 635 kN 

c. Use lesser of the two R, values obtained in steps a and b which is: 

R, = 635 kN 

STEP 1 O Compute the ultimate pile capacity, Qu (kN). 

= 1,252 kN + 635 kN = 1,887 kN 

STEP 11 Compute allowable design load, Qa. 

Q = Qu 
a Factor of Safety 

1,887 kN 

Factor of Safety 

• Note: Factor of Safety should be selected based on the construction control 

method to be specified. Recommended factors of safety are described 

in Section 9.6. 
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F.2.2.6 Static Axial Pile Capacity Calculations by Effective Stress Method (before scour) 

For the soil profile interpreted from Soil Boring S-2 as shown in Figure F.5. Perform an 
Effective Stress method pile capacity calculation for an embedded length of 1 0 meters. 
Assuming that scour has not occurred. Use the step-by-step method outlined in Section 
9.7.1.3. 

STEP 1 Delineate the soil profile into layers and determine¢' angle for each layer. 

a. Use the procedure described in Section 9.4 to construct a p
0 

diagram. 

For Soil Boring S-2, the p0 diagram has been constructed in Section F.2.2.1 -
Step 1 and also presented in Figure F.6. 

b. Divide the soil profile throughout the pile penetration depth into layers and 
determine the effective overburden pressure, p0 , at the midpoint of each layer. 

As for the example in Section F.2.2.1, the soil profile along the pile embedded 
length is delineated into two layers of 4 and 6 meters thick. The average 
effective overburden pressure of each layer is equal to the effective 
overburden pressure at the midpoint of that layer as follows. 

Layer 1: p01 = 48.3 kPa (midpoint of layer 1 - at depth of 7.0 m) 

Layer 2: p02 = 100.5 kPa (midpoint of layer 2 - at depth of 12.0 m) 

c. Determine the¢' angle for each soil layer from laboratory or in-situ test data. 

Since the¢' angle is not provided by either laboratory or in-situ test data, the 
average corrected SPT N' value will be used to estimate the¢' angle. 

d. In the absence of laboratory or in-situ test data for cohesionless soil layers, 
determine the average corrected SPT N' value for each soil layer and estimate 
the¢' angle from Table 4-5 in Chapter 4. 
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STEP 1 (continued) 

As in the previous example (Section F.2.2.1), the average corrected SPT N' 

value and the soil type for each soil layer are as follows. 

Layer 1: N~ == 110 

Layer 2: N' - 33 2 -

(Layer 1 - depth 5 to 9 m; 

Extremely dense sand and gravel) 

(Layer 2 - depth 9 to 15 m; 

Dense sand and gravel) 

Use the average corrected SPT N' value for each soil layer to estimate ¢' 

angle from Table 4-5 in Chapter 4. 

Layer 1: 

Layer 2: 

tf.' - 36° 'f'1 - (From limiting friction angle; see discussion in 

Section F.2.2.2 - Step 1) 

for N~ == 33 

STEP 2 Select the {3 coefficient for each soil layer. 

a. Use local experience to select {3 coefficient for each layer. 

Assume no local experience. 

b. In the absence of local experience, use Table 9-4 or Figure 9.20 to estimate 

/3 coefficient from ¢' angle for each layer. 

Use the soil type, the estimated ¢' angle, and Table 9-4 or Figure 9-20 to 

estimate the {3 coefficient for each layer. 

Layer 1: 

Layer 2: 
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STEP 3 For each soil layer compute the unit shaft resistance, f s (kPa). 

Layer 1: 

Layer 2: 

f 51 = 0.42 ( 48.3 kPa ) = 20.29 kPa 

f 52 = 0.39 ( 100.5 kPa ) = 39.20 kPa 

STEP 4 Compute the shaft resistance in each soil layer and the ultimate shaft resistance, 
R

5 
(kN) from the sum of the shaft resistance from each soil layer. 

Layer 1: 

Layer 2: 

Total: 

where As = Pile-soil surface area from pile perimeter and length 

= 20.29 ( 4 ) ( 0.356 m ) ( 4 m ) 

= 116 kN 

Rs2 = 39.20 ( 4 ) ( 0.356 m ) ( 6 m ) 

= 335 kN 

= 116 kN + 335 kN 

= 451 kN 

STEP 5 Compute the unit toe resistance, q1 (kPa). 

a. Use local experience to select N1 coefficient. 

Assume no local experience. 
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STEP 5 ( continued) 

b. In the absence of local experience, estimate Nt coefficient from Table 9-4 or 

Figure 9.21 based on ¢' angle. 

Table 9-4 or Figure 9.21 are a function of soil type and the ¢' angle. The soil 

type for each layer can be obtained from the soil boring. The ¢' angle for 

each layer can be obtained from laboratory tests or in-situ data. In the 
absence of either laboratory or in-situ test data, the ¢' angle should be 

estimated from Table 4-5 in Chapter 4 using the average corrected SPT N' 

value, N', over the zone from the pile toe to 3 diameter below the pile toe 

(1.065 meters). The soil near the pile toe is a dense sand and gravel. 

N'toe = 34 --+ 

Use the soil type, the estimated ¢' angle, and Table 9-4 or Figure 9-21 to 

estimate the Nt coefficient. 

N = 70 t (For dense sand and gravel with ¢'toe = 36°) 

c. Calculate the effective overburden pressure at the pile toe, Pt· 

The effective overburden pressure at the pile toe, Pt, has been computed in 

the previous example (Section F.2.2.1, Step 1): 

p1 = 129.9 kPa 

The unit toe resistance, qt is: 

= 70 ( 129.9 kPa) 

= 9,093 kPa 
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STEP 6 Compute the ultimate toe resistance, R1 (kN). 

= 9,093 ( 0.356 m ) ( 0.356 m ) 

= 1,155 kN 

STEP 7 Compute the ultimate pile capacity, Qu (kN). 

= 451 kN + 1 , 155 kN 

= 1,606 kN 

Note: The ultimate capacity according to the Effective Stress method is less than 

the required 1780 kN ultimate capacity. The Effective Stress method 

would require a pile penetration depth of 12.5 meters for a 1780 kN 

capacity. 

STEP 8 Compute the allowable design load, Qa (kN). 

1,606 kN 
Factor of Safety Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 

method to be specified. Recommended factors of safety are described 

in Section 9.6. 
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F.2.2. 7 Static Axial Pile Capacity Calculations by SP/LE Computer Program (before scour) 

...-------- ULTIMATE STATIC PILE CAPACITY/Federal Highway Administration -------, 
Nordlund (1963, 1979) and Tomlinson (1979, 1980) methods 

Project Name 
File Name 
Date 

BORING S-2 Client FHWA Manual 
S2 Project Manager 
6/14/95 Computed by GT 

Depth of Top of Pile = 16.39 ft. Pile length 
Depth to Water Table = 0.00 ft. 
Width of pile = 0.00 in. 
Type of Pile = Precast Concrete Pile 

SKIN FRICTION CONTRIBUTION 

Layer 

1 
2 
3 

Layer 

Soil 
Type 

Cohesionless 
Cohesionless 
Cohesion less 

Soil 
Type 

1 Cohesionless 
2 Cohesionless 
3 Cohesionless 

Thickness 

(ft) 

0.01 
13.13 
19.67 

Undrained Shear 
Strength 

(psf) 

Effective 
Stress 
(psf) 

534.48 
1011.26 
2103.55 

Adhesion 

Internal 
Friction 
Angle 

30.92* 
36.00 
35.00 

Pile 
Taper 

= 32.81 ft. 

N-SPT 

13.06* 

Sliding 
Friction 
Angle 

26.03 
30.30 
29.46 

Pile 
Perimeter 

(ft) 

4.67 
4.67 
4.67 

Skin 
Resistance 

(Kips) 

0.01 
60.96 

162.14 

Total Side Friction 223.11 

Effective 
Stress at 
pile Tip 

(psf) 

2719.22 

Internal 
Friction 
Angle 
(ft*ft) 

37.24* 

POINT RESISTANCE CONTRIBUTION 

SPT 
Value 

34.13 

In SI Units: 

Pile End 
Area 

1.36 

Bearing 
Capacity 
Factor 

Nq 

94.44 

Limiting End Bearing Resistance 

Ultimate Static Pile Capacity 

F-73 

Total Side Friction 
End Bearing Resistance 
Ultimate Static Pile Capacity 

End Bearing 
Resistance 

(Kips) 

248.54 

299.21 

471.65 

992 
1,106 
2,098 

kN 
kN 
kN 



F.2.2.8 Summary of Pier 2 Capacity Calculation Results 

Summary of Pile Capacity Estimates with an Embedded Pile Length of 10.0 meters 

Method Used for Estimation Calculated Calculated Calculated 

of Pile Capacity Pile Shaft Pile Toe Ultimate 

Resistance Resistance Pile Capacity 

(kN) (kN) (kN) 

Meyerhof Method - SPT Data 1,134 1,676 2,810 

Nordlund Method - SPT Data 984 854 1,838 

Effective Stress Method 451 1,155 1,606 

SPILE Program - SPT Data 992 1,106 2,098 

Summary of Pile Length Estimates for the 1,780 kN Ultimate Pile Capacity 

Method Used for Estimation Calculated Pile Length for the 1 , 780 kN 

of Pile Capacity Ultimate Pile Capacity 

Meyerhof Method - SPT Data 1.0 meters for 2,136 kN 

Nordlund Method - SPT Data 10.0 meters for 1,838 kN 

Effective Stress Method 12.5 meters for 1,847 kN 

SPILE Program - SPT Data 10.0 meters for 2,098 kN 

Note: All analyses do not consider scour effects on ultimate capacity. 
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Summary of Pile Capacity Estimates Before and After Channel Degradation Scour 
Based on Nordlund Method 

PIie Embedment Ultimate Pile Capacity 

Before Scour After Scour 

10 meters 1,838 kN 1,347 kN 

14 meters 2,331 kN 1,887 kN 

Similar to the North Abutment, the ultimate pile group capacity at Pier 2, may also be 
taken as the sum of the ultimate capacities of the individual piles in the group. The 
design recommendation for estimating group capacity in cohesionless soil, presented in 
Section 9.8.1.1, should be referred to for detail considerations. 
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F.2.3 Pier 3 - Soil Boring S-3 (Cohesive and Cohesionless Soil) 

F.2.3.1 Static Axial Pile Capacity Calculations by Nordlund and a-Method 

For the soil profile interpreted from Soil Boring S-3 as shown in Figure F.9. Perform a static 
pile capacity calculation using the Nordlund and a methods for an embedded length of 13 
meters. Use the Nordlund method for the cohesionless soil layer and a-Method for the 
cohesive soil layer. Use the appropriate portions of the step-by-step methods outlined in 
Section 9.7.1.1 b and 9.7.1.2a. 

Elevation 
(m) 

85.o---

2m 

83.0 ---t 1 m 
82.0 - - - -

I 
3m 

I 
79.0 - - -

9m 

70.0 - - -

5m 

Existing Ground Surface 

Depth 
(m) 

0.5 

3.5 

5.0 

6.5 

8.0 

9.5 

11.0 

12.5 

14.0 

17.0 

18.5 

cu SPT Corrected Description 
(kPa) N N' 

4 8 ! . "I =14.9kN/m3 
Loose Silt y, = 5_ 1 kN/m3 

7 13 
· 83 135 Extremely Dense Sand 

- - - - - - - - ....._ and Gravel 
3 

91 Stiff Silty Clay ' "I = 20.4 kN/m 
N 3 ' , "I ' = 10.6 kN/m3 

120 
"I, =19.6k /~ , ______ _ 

"I = 9.8 kN/m 

154 

158 

156 

158 

163 

38 

46 

41 

33 

38 

33 

Very Stiff Silty Clay 

"I = 20.2 kN/m3 

"I' = 10.4 kN/m3 

Dense Sand 
and Gravel 

"I = 20.1 kN/m3 

"f' = 10.3 kN/m 3 

50 39 20.0 • ' 65.0 __ __.__ __ t-___ __._ ____ ...___-'---»».~----

356mm x 356mm 
Pre stressed 

Concrete Pile 

Limestone Bedrock 

Figure F.9 Interpreted Soil Profile from Soil Boring S-3 at Pier 3 
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STEP 1 Delineate the soil profile into layers. Determine the ¢ angle for the cohesionless 
layer, and the undrained shear strength, cu, for the cohesive layer. 

a. Construct p0 diagram using procedure described in Section 9.4. 

Effective overburden pressures, p0 , are needed to correct SPT field N values. 
The method for calculating the effective overburden pressure is explained in 
Section 9.4. A working example is presented in Section F.2.1.1. The effective 
overburden pressure diagram and soil layers are presented in Figure F.10. 

Loose silt 
y = 14.9 kN/m3 

Extremely dense 
sand & gravel 
y = 20.4 kN/m3 

Stiff silty clay 
y= 19.6 kN/m3

/ 

Very stiff silty clay 

y = 20.2 kN/m3 

Dense sand 
and gravel 

y = 20.1 kN/m3 

Pt (kPa) u (kPa) + 

0 200 400 0 200 400 0 

-E -

0 -------......---

4 

6 

8 

..c: 10 c.. 
Cl) 

C 12 

14 

16 

18 

20 

19.6 
• 24.5 
\ 29.4 
• 44.1 
\ \8.8 

\02.9 

• 147.0 

e 196.0 

Figure F.10 Effective Overburden Pressure Diagram - Pier 3 

F-77 

Po (kPa) 

200 400 

e195.3 



STEP 1 (continued) 

b. Correct SPT field N values for overburden pressure using Figure 4.4 from 
Chapter 4 and obtain corrected SPT N' values. 

Depth Pa Field Correction Corrected SPT N' 

SPT N value Factor (Field SPT N x 

(m) (kPa) Correction Factor) 

2.0 10.2 7 1.80 13 

2.5 15.5 83 1.63 135 

15.5 149.0 38 0.87 33 

17.0 164.6 46 0.83 38 

18.5 180.2 41 0.80 33 

20.0 195.3 50 0.77 39 

Along the pile embedded length, the soil profile is delineated into three layers. 
Layer 1 is extremely dense sand and gravel that is 1.0 meter thick 
(cohesionless), layer 2 is stiff silty clay that is 3.0 meters thick (cohesive), and 
layer 3 is very stiff silty clay that is 9.0 meters thick (cohesive). 

For the cohesionless soil layer, determine the average corrected SPT N' value, 
N', for the layer and estimate the¢ angle from Table 4-5 in Chapter 4. 

Layer 1: N~ = 135 (Layer 1 - depth 2 to 3 m; 
Extremely dense sand and Gravel) 

For N' > 50, the ¢ angle computed by Table 4-5 can be as high as 43°. 
However, a limiting friction angle (as discussed in Section F.2.2.2 - Step 1) 
will govern for soil layer 1 since this layer contains hard angular gravel. 

Layer 1: from limiting friction angle 
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STEP 1 ( continued) 

For the cohesive soil layer, determine the average undrained shear strength, cu 
for each soil layer. 

Layer 2: 

Layer 3: 

Cu2 = 91 + 120 = 106 kPa 
2 

(Layer 2 - depth 3 to 6 m; 
Stiff silty clay) 

139 + 154 + 158 + 156 + 158 + 163 = 155 kPa 
6 

(Layer 3 - depth 6 to 15 m; 
Very stiff silty clay) 

STEP 2 Compute the shaft resistance at soil layer 1 (cohesionless) using Nordlund 
method. 

a. (Nordlund - Step 2): Determine cS, the friction angle between pile and soil 
based on displaced soil volume, V, and the soil friction angle, ¢. 

(i) Compute volume of soil displaced per unit length of pile, V. 

Since this is a uniform cross section (w = 0°) pile, 

V = ( 0.356 m )( 0.356 m) ( 1.0 m/m) = 0.127 m3/m 

(ii) Enter Figure 9.1 0 with V and determine 8/¢ ratio for pile type. 

For a precast, prestressed concrete pile with V = 0.127 m3/m, 

6/¢ = 0.84 

(iii) Calculate cS from 6/¢ ratio. 

Layer 1: 01 = 0.84 ( 36° ) = 30.2° 

F-79 



STEP 2 (continued) 

b. (Nordlund - Step 3): Determine the coefficient of lateral earth pressure, K6 , for 
each ¢ angle. 

(i) Determine K6 for¢ angle based on displaced volume, V, and pile taper 
angle, w, using either Figure 9.11, 9.12, 9.13, or 9.14 and the q.ppropriate 
procedure described in Step 3b, 3c, 3d, or 3e. 

For ¢1 = 36° and V = 0.127 m3/m, therefore use Step 3e. 

A step by step procedure for determining K6 using the linear interpolation 
and the log linear interpolation is presented in Section F.2.1.2 - Step 3. 

For ¢1 = 36°, w = 0°, and V = 0.127 m3/m: 

K01 = 2.10 

c. (Nordlund - Step 4): Determine the correction factor, CF, to be applied to K6 

if 0#¢. 

Use Figure 9.15 to determine the correction factor for each K6. Enter figure 
with¢ angle and 6/¢=0.84 to determine CF. 

Layer 1: -+ CF1 == 0.92 

d. (Nordlund - Step 5): Compute the average effective overburden pressure at 
the midpoint of each soil layer, pd (kPa). (Note: a limiting value is not applied 
tO pd). 

The effective overburden pressure at the midpoint of the soil layer is equal to 
the average effective overburden pressure of that layer. The effective 
overburden pressure diagram for Pier 3 is presented in Figure F.10. 

Layer 1: pd1 = 15.5 kPa (midpoint of layer 1 - at depth of 2.5 m) 
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STEP 2 (continued) 

e. (Nordlund - Step 6): Compute the shaft resistance in soil layer 1 .. 

(for uniform pile cross section) 

where : Cd = ( 4 ) ( 0.356 m ) = 1.424 m 

Layer 1 : R51 = 2.10 ( 0.92 ) ( 15.5 kPa ) ( sin 30.2° ) ( 1 .424 m ) ( 1 m ) 

= 22 kN 

STEP 3 Compute the shaft resistance at soil layers 2 and 3 (cohesive) using a-method. 

a. (a-Method - Steps 1 and 2): Determine the adhesion, ca, from Figure 9.18 or 
adhesion factor, a, from Figure 9.19 for the cohesive soil layer. 

An extremely dense sand and gravel overlying stiff silty clay of soil layer 2 
agrees with the soil stratigraphy shown in Figure 9.19a. The depth to pile 
diameter ratio is: 

(D/b) = ( 3.0 m ) / ( 0.356 m ) = 8.43 

For cu2 = 106 kPa and (D/b) = 8.43, the adhesion factor interpolated from 
Figure 9.19a is: 

a = 1.0 

The adhesion is: 

= 1 .0 ( 106 kPa ) = 106 kPa 

Therefore, the unit shaft resistance of soil layer 2 is : 

Layer 2: f s2 = Ca2 = 1 06 kPa 
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STEP 3 (continued) 

For soil layer 3, Figure 9.19 and 9.18 should be used to compute the 

adhesion of the very stiff silty clay. Depending on the thickness of the 

extremely dense sand and gravel of soil layer 1 and the thickness of the stiff 
silty clay of soil layer 2, the soil stratigraphy for soil layer 3 may also agree 

with that of Figure 9.19a. However, it is reasonable to assume here that the 

pile would not be able to drag the sand and gravel far enough from soil layer 

1 through the stiff silty clay of soil layer 2 to reach soil layer 3. Therefore, soil 
layer 3 should not be affected by the sand and gravel from soil layer 1 and 

hence, the adhesion should be determined from Figure 9.19c or 9.18. The 

depth, D, to pile diameter, b, ratio is: 

(D/b) = ( 9.0 m ) I ( 0.356 m ) = 25.28 

Interpolating the adhesion factor from Figure 9.19c, for cu3 = 155 kPa and 

(O/b) = 25.28: 

a = 0.35 

The adhesion is therefore: 

= 0.35 ( 155 kPa) 

= 54.3 kPa 

For comparison, using Figure 9.18 for concrete pile with (O/b) = 25.35 and 

cu3 = 155 kPa, the adhesion obtained from the interpolation between cuNes 

is: 

ca3 = 54.7 kPa - similar to Figure 9.19c. 

Therefore, 

Layer 3: fs3 = Ca3 = 54.3 kPa 
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STEP 3 ( continued) 

b. (a-Method - Step 3): Compute the ultimate shaft resistance in soil layer 2 and 

soil layer 3. 

= 106.0 kPa ( 4 )( 0.356 m ) ( 3 m) = 453 kN 

= 54.3 kPa ( 4 )( 0.356 rn ) ( 9 m) = 696 kN 

STEP 4 Sum the shaft resistance from each soil layer to obtain the ultimate shaft 

resistance, Rs (kN). 

Total: 

= 22 kN + 453 kN + 696 kN = 1,171 kN 

STEP 5 Compute the ultimate toe resistance using Nordlund method. 

Use Nordlund method, since the soil at pile toe is dense sand and gravel 

( cohesion less). 

(i) . (Nordlund - Step 7): Determine the a1 coefficient and the bearing capacity 

factor, N'q• from the cf> angle near the pile toe. 

Since the cf> angle is not provided by either laboratory tests or in-situ data, it 

can be estimated from Table 4-5 using the average corrected SPT N' value 

over the zone from the pile toe to 3 diameter below the pile toe (1.065 

meters). 

N'toe = 33 -+ 
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STEP 5 (continued) 

a. Enter Figure 9.16(a) with ¢ angle near pile toe to determine a1 coefficient 

based on pile length to diameter ratio. 

{D/b) = ( 13.0 m) / ( 0.356 m) = 36.52 

For ¢toe = 35° and (O/b) = 36.52 ·- at = 0.67 

b. Enter Figure 9.16(b) with¢ angle near pile toe to determine N'q· 

For ¢ice = 35° ---;. N' = 65 q 

(ii) (Nordlund - Step 8): Compute the effective overburden pressure at the pile 

toe, Pt (kPa). 

The effective overburden pressure at the pile toe should be limited to a 
maximum of 150 kPa. 

The effective overburden pressure at the pile toe, p1, has been computed in 

Figure F.10: 

p1 = 143.8 kPa < 150 kPa _,. OK 

(iii) (Nordlund - Step 9): Compute the ultimate toe resistance, Rt (kN). 

= 0.67 ( 65 ) ( 0.356 m )( 0.356 m ) ( 143.8 kPa ) = 795 kN 

b. limiting Rt = qL A 

Using the estimated ¢=35° and Fiqure 9.17, the limiting unit toe 

resistance is: 

qL = 5,000 kPa 
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STEP 5 ( continued) 

Therefore, 

Rt -- 5,000 kPa ( 0.356 m )( 0.356 m ) 

-- 635 kN 

c. Use lesser of the two Rt values obtained in steps a and b which is: 

Rt == 635 kN 

STEP 6 Compute the ultimate pile capacity, Qu (kN). 

= 1,171 kN + 635 kN 

= 1,806 kN 

Note: In reality, the pile toe will not stop at the top of the bearing stratum. The 

pile toe will be driven further into the dense sand and gravel bearing 

stratum and therefore the ultimate toe resistance of the pile is expected 
to be higher than 635 kN. 

STEP 7 Compute the allowable design load, Qa (kN). 

1,806 kN 

Factor of Safety Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 

method to be specified. Recommended factors of safety are described 

in Section 9.6. 
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F.2.3.2 Static Axial Pile Capacity Calculations by Effective Stress Method 

For the soil profile interpreted from Soil Boring S-3 as shown in Figure F.9. Perform an 
Effective Stress method pile capacity calculation for an embedded length of 13 meters. Use 
the step-by-step method outlined in Section 9. 7 .1 .3. 

STEP 1 Delineate the soil profile into layers and determine ¢' angle for each layer. 

a. Use the procedure described in Section 9.4 to construct a p
0 

diagram. 

For Soil Boring S-3, the p0 diagram has been constructed in Section F.2.3.1 -
Step 1 and also presented in Figure F .10. 

b. Divide the soil profile throughout the pile penetration depth into layers and 
determine the effective overburden pressure, p0 , at the midpoint of each layer. 

As the example in Section F.2.3.1, the soill profile along the pile embedded 
length is delineated into three layers of 1, 3, and 9 meters thick. The average 
effective overburden pressure of each layer is equal to the effective 
overburden pressure at the midpoint of that layer as follows. 

Layer 1 : p01 = 15.5 kPa 

Layer 2: p02 = 35.5 kPa 

Layer 3: p03 = 97.0 kPa 

(midpoint of layer 1 - at depth of 2.5 m) 

(midpoint of layer 2 - at depth of 4.5 m) 

(midpoint of layer 3 - at depth of 10.5 m) 

c. Determine the¢' angle for each soil layer from laboratory or in-situ test data. 

Since the¢' angle is not provided by either laboratory or in-situ test data, the 
average corrected SPT N' value will be used to estimate the¢' angle. 

d. In the absence of laboratory or in-situ test data for cohesionless soil layers, 
determine the average corrected SPT N' value for each soil layer and estimate 
the ¢' angle from Table 4-5 in Chapter 4. 
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STEP 1 (continued) 

For cohesionless soil layer 1, the average corrected SPT N' value and the soil 
type for each soil layer is as follows. 

Layer 1: N~ = 135 (Layer 1 - depth 2 to 3 m; 
Extremely dense sand and gravel) 

Use the average corrected SPT N' value for soil layer 1 to estimate the¢' angle 
from Table 4-5 in Chapter 4. 

L.ayer 1: (Limiting friction aniJle is used; See discussion in 
Section F.2.2.2 - Step 1) 

For the cohesive soil layers 2 and 3, the effective friction angle is obtained from 
from the laboratory triaxial test. 

Layer 2: 

Layer 3: 

,+., - 27° 'f'2 -

STEP 2 Select the {3 coefficient for each soil layer. 

a. Use local experience to select {3 coefficient for each layer. 

Assume no local experience. 

b. In the absence of local experience, use Table 9-4 or Figure 9.20 to estimate 
{3 coefficient from ¢' angle for each layer. 

Use the soil type, the estimated ¢' angle, and Table 9-4 or Figure 9-20 to 
estimate the {3 coefficient for each soil layer. 

Layer 1: 

Layer 2: 
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STEP 2 (continued) 

Layer 3: /33 = 0.38 (For stiff silty clay with ¢~ = 29°) 

STEP 3 For each soil layer compute the unit shaft re8istance, fs (kPa). 

fs = /3 Pa 

Layer 1: f s1 = 0.40 ( 15.5 kPa) = 16.20 kPa 

Layer 2: f s2 = 0.29 ( 35.5 kPa) = 10.30 kPa 

Layer 3: fs3 = 0.38 ( 97.0 kPa) = 36.86 kPa 

STEP 4 Compute the shaft resistance in each soil layer and the ultimate shaft resistance, 
Rs (kN), from the sum of the shaft resistance from each soil layer. 

where As = Pile-soil surface area from pile perimeter and length 

Layer 1: Rs1 = 6.20 ( 4 ) ( 0.356 m ) ( 1 m) 

= 9 kN 

Layer 2: Rs2 = 10.30 ( 4 ) ( 0.356 m ) ( 3 m) 

= 44 kN 

Layer 3: Rs3 = 36.86 ( 4 ) ( 0.356 m ) ( 9 m) 

= 472 kN 

Total: Rs = Rs1 + Rs2 + Rs3 

= 9 kN + 44 kN + 472 kN 

= 525 kN 
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STEP 5 Compute the unit toe resistance, qt (kPa). 

a. Use local experience to select Nt coefficient. 

Assume no local experience. 

b. In the absence of local experience, estimate Nt coefficient from Table 9-4 or 

Figure 9.21 based on ¢' angle. 

Table 9-4 or Figure 9.21 are a function of soil type and the¢' angle. The soil 

type for each layer can be obtained from the soil boring. The ¢' angle for 

each layer can be obtained from laboratory tests or in-situ data. In the 

absence of either laboratory or in-situ test data, the ¢' angle should be 

estimated from Table 4-5 in Chapter 4 usin~J the average corrected SPT N' 

value, N', over the zone from the pile toe to 3 diameter below the pile toe 

(1.065 meters). The soil near the pile toe is a dense sand and gravel. 

N'toe = 33 

Use the soil type, the estimated ¢' angle, and Table 9-4 or Figure 9-21 to 

estimate the Nt coefficient. 

N == 58 t (For dense sandl and gravel with ¢'toe = 35°) 

c. Calculate the effective overburden pressure at the pile toe, Pt· 

The effective overburden pressure at the pile toe, Pt, has been computed in 

a previous example (Section F .2.3.1, Step 1): 

p1 == 143.8 kPa 
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STEP 5 (continued) 

The unit toe resistance, q, is: 

= 58 ( 143.8 kPa ) = 8,340 kPa 

STEP 6 Compute the ultimate toe resistance, Rt (kN). 

= 8,340 ( 0.356 m ) ( 0.356 m ) = 1,059 kN 

STEP 7 Compute the ultimate pile capacity, Ou (kN). 

= 525 kN + 1,059 kN == 1,584 kN 

Note: The ultimate capacity according to the Effective Stress method is less than 
the required 1780 kN ultimate capacity. As discussed in the Nordlund 
method, in reality the pile toe will not bei stopped at the top of the bearing 
stratum. The pile toe will be driven further into the dense sand and gravel 
bearing stratum, and therefore, the ultiimate toe resistance of the pile is 
expected to be hig~1er than 1,059 kN. The Effective Stress method would 
require a pile penetration depth of 14.0 meters for a 1780 kN capacity. 

STEP 8 Compute the allowable design load, Qa (kN). 

1,584 kl'J 
Factor of Safety Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 
method to be specified. Recommended factors of safety are described 
in Section 9.6. 
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F.2.3.3 Static Axial Pile Capacity Calculations by SP/LE Computer Program 

ULTIMATE STATIC PILE CAPACITY/Federal Highway Administration -------, 
Nordlund (1963, 1979) and Tomlinson (1979, 1980) methods 

Project Name 
File Name 
Date 

: Boring S-3 
: S3 

Client : FHWA Manual 
Project Manager 

: 6/22/95 Computed by : GT 

Depth of Top of Pile = 6.55 ft. Pile length = 42.66 ft. 
Depth to Water Table = 0.00 ft. 
Width of pile = 0.00 in. 
Type of Pile = Precast Concrete Pile 

SKIN FRICTION CONTRIBUTION 

Layer Soil 
Type 

1 Cohesionless 
2 Cohesionless 
3 Cohesive 
4 Cohesive 

Layer Soil 

1 
2 
3 
4 

Type 

Cohesion less 
Cohesion less 
Cohesive 
Cohesive 

Thickness Effective 
Stress 

(ft) (psf) 

0.02 212.54 
3.27 323.39 
9.85 742.23 

29.52 2033.55 

Undrained Shear Adhesion 
Strength 

(psf) 

2214.00 
3237.00 

2214.00 
1151.02 

Internal N-SPT 
Friction 
Angle 

30.73* 12.42* 
36 . .00 

Pilo Sliding 
Taper Friction 

Angle 

25.87 
30.30 

Pile 
Perimeter 

(ft) 

4.67 
4.67 
4.67 
4.67 

Skin 
Resistance 

(Kips) 

0.01 
4.85 

101.77 
158.56 

Total Side Friction 265.20 

Effective Internal 
Stress at Friction 
pile Tip Angle 

(psf) 

3016.56 36.76* 

POINT RESISTANCE CONTRIBUTION 

SPT 
Value 

32.53 

In SI Units: 

Pile End Bearing 
Area Capacity 

Factor 
(ft*ft) Nq 

1.36 87.93 

limiting End Bearing Resistance 

Ultimate Static Pile Capacity 
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Total Side Friction 
End Bearing Resistance 
Ultimate Static Pile Capacity 

End Bearing 
Resistance 

(Kips) 

254.14 

261.52 

519.34 

1,180 kN 
1,130 kN 
2,310 kN 



F.2.3.4 Static Axial Pile Capacity Calculations by LPG CPT Method - Computer Program 

L.P.C. CPT Method 
Peach Freeway CPT-3 at Pier 3 -- 356 mm-square PCPS Concrete Pile 

Installation Method: 
Depth to Water Table: 

9 - Driven Prefabricated Piles (Concrete) 

0.0 meter 

Pile No. Toe Area Perimeter 

(m2) (m) 

1 0.127 1.424 

Depth to Bottom of Layer Soil Type 

(m) 

1.9 4 

3.0 7 

15.0 2 

20.0 7 

Depth Cone Tip Resistance 

(m) (kPa) 

0.0 1,244.9 

2.0 1,244.9 

3.0 33,228.7 

7.0 3,715.5 

11.0 2,848.9 

12.0 4,117..7 

13.0 4,237.4 

14.0 4,472 .. 0 

15.0 4,256 .. 5 

16.0 17,715i.6 

17.0 18,816.8 

18.0 20,588.4 

19.0 19,056'.2 

19.5 19,678.7 

20.0 23,940.0 
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L.P.C. CPT Method Page 2/2 
Peach Freeway CPT-3 at Pier 3 -- 356 mm-square PCPS Concrete Pile 

Depth Unit Friction Toe Bearing Shaft Toe Ultimate 
Resistance Resistance Capacity 

(m) (kPa) (kPa) (kN) (kN) (kN) 

0.00 38.21 746.93 0.0 94.3 94.3 

2.00 11.54 2508.91 105.4 317.1 422.6 

3.00 70.38 2796.19 163.7 353.6 517.3 

7.00 60.14 2231.21 505.7 282.0 787.7 

11.00 58.03 1972.66 842.0 249.5 1091.5 

12.00 61.14 2236.00 926.5 282.9 1209.4 

13.00 61.43 2537.64 1013.7 320.7 1334.4 

14.00 62.00 4108.10 1101.3 519.5 1621.3 

15.00 61.48 6655.32 1189.4 841.1 2030.5 

16.00 64.49 5860.51 1281.0 740.6 2021.6 

17.00 64.93 7124.54 1373.1 900.7 2273.8 

18.00 65.60 7306.49 1465.6 923.8 2389.5 

19.00 65.02 7847.53 1558.6 991.9 2549.6 

19.50 65.26 8062.99 1604.8 1019.5 2624.3 

20.00 66.84 8259.30 1652.0 1044.4 2696.4 

Note: Depth is referenced from the original ground surface. 
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F. 2. 3. 5 Static Axial Pile Capacity Calculations by Schmertmann Method 

Location: Peach Freeway CPT-3 at Pier 3. 

Depth fs(avg) Unit Increment Shaft qctavg) q:1(min) qc2 Toe Ultimate 

Friction Friction Resistance Resistance Capacity 

(m) (bars) (bars) (kN) (kN) (bars) (bars) (bars) (kN) (kN) 

10.00 1.99 0.80 27.77 1,050 32.87 

10.25 1.93 0.77 26.93 1,077 29.15 

10.50 2.13 0.85 29.76 1,107 31.50 

10.75 2.36 0.94 32.86 1,140 33.35 

11.00 2.24 0.90 31.29 1,171 35.10 38.88 29.68 416 1,587 

11.25 2.20 0.88 30.63 1,202· 42.65 

11.50 2.29 0.92 31.95 1,234 44.30 42.19 21.49 386 1,620 

11.75 2.45 0.98 34.12 1,268 43.50 

12.00 2.54 1.02 35.44 1,303 41.33 42.34 33.71 461 1,764 

12.25 2.22 0.89 30.91 1,334 43.35 43.86 34.25 474 1,808 

12.50 2.21 0.88 30.79 1,365 45.03 44.03 35.44 482 1,847 

12.75 2.17 0.87 30.20 1,395 45.00 

13.00 2.26 0.91 31.58 1,427 43.53 43.32 37.30 489 1,916 

13.25 2.74 1.10 38.23 1,465 46.50 

13.50 2.84 1.14 39.67 1,504 47.27 43.39 39.34 502 2,006 

13.75 2.59 1.04 36.14 1,541 47.30 

14.00 2.47 0.99 34.51 1,575 45.80 42.46 40.82 505 2,080 

14.25 2.13 0.85 29.66 1,605 41.35 

14.50 2.21 0.88 30.84 1,636 43.07 44.93 41.35 523 2,159 

14.75 2.21 0.88 30.84 1,666 46.80 

15.00 2.05 1.74 60.69 1,727 130.90 161.05 41.95 1231 2,958 

15.25 1.62 1.37 47.88 1,775 191.20 

15.50 1.48 1.26 43.79 1,819 195.97 

15.75 1.16 0.98 34.25 1,853 180.90 

16.00 1.15 0.98 34.19 1,887 170.97 

Note: Depth is referenced from the original ground surface. 

F-94 



F.2.3.6 Summary of Pier 3 Capacity Calculation Results 

Summary of Pile Capacity Estimates with an Embedded Pile Length of 13.0 meters 

Method Used for Estimation Calculated Calculated Calculated 

of Pile Capacity Pile Shaft Pile Toe Ultimate 

Resistance F~esistance Pile Capacity 

(kN) (kN) (kN) 

Norlund and a Method - SPT Data 1,171 635 1,806 

Effective Stress Method 525 1,059 1,584 

SPILE Program - SPT Data 1,180 1,130 2,310 

LPC CPT Program - CPT Data 1,189 841 2030 

Schmertmann Method •· CPT Data 1,727 1,231 2,958 

Summary of Pile Length Estimates for the 1,780 kl\J Ultimate Pile Capacity 

Method Used for Estimation Calculated F'ile Length for the 1 , 780 kN 

of Pile Capacity Ultimate Pile Capacity 

Norlund and a Method - SPT Data 13.0 meters for 1,806 kN 

Effective Stress Method 14.0 meters for 1,980 kN 

SPI LE Program - SPT Data 13.0 meters for 2,31 0 kN 

LPC CPT Program - CPT Data 12.5 meters for 1 ,826 kN 

Schmertmann Method - CPT Data 10.2 meters for 1 ,808 kN 
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The ultimate pile group capacity at Pier 3 should be calculated based on Steps 1 to 3 of 
the design recommendations presented in Section 9.8. ·1 .2, since most of the soil along the 
pile embedded length is cohesive type. One of the design recommendations for estimating 

the ultimate pile group capacity in cohesive soil is to calculate the ultimate pile group 
capacity against block failure using the procedure described in Section 9.8.1.3. The 
ultimate pile group capacity should be governed by the lesser of the ultimate pile group 
capacity calculated from steps 1 to 3 of the design recommendations presented in Section 
9.8.1.3. An example calculations of the ultimate pile group capacity against block failure 
for the South Abutment is presented in Section F.2.4.1 - Step 8. 
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F.2.4 South Abutment - Soil Boring S-4 (Cohesive Soil) 

F.2.4.1 Static Axial Pile Capacity Calculations by a-Methoct 

For the soil profile interpreted from Soil Boring S-4 as shown in Figure F.11. Perform the 
a-method pile capacity calculation for an embedded length of 17 .5 meters. Use the step
by-step method outlined in Section 9.7.1.2a. 

Elevation 
{m) 

Existing Ground Surface 

Depth 
{m) 

Cu 

{kPa) 

91.0--......-
1.5 m 

89.5 ---+-

0.5 

2.0 

3.5 

5.0 

6.5 

8.0 

9.5 

.................................. 31 .......... 0::-

5.5 m 

84.0 - - - - - -

9.5 m 

74.5 --------

2.5 m 

72.0 ................................................. .. 

356mm x 356mm 
Prestressed 

Concrete Pile 

11.0 

12.5 

14.0 

15.5 

17.0 

18.5 

20.0 

21.5 

23.0 

30 

33 

34 

35 

86 

91 

96 

94 

96 

95 

158 

155 

163 

168 

170 

Medium Silty Clay 

y = 19.0 kN/m3 

y' =9.2 kN/m3 

Stiff Silty Clay 

y = 19.5 kN/m3 

y' = 9.7 kN/m3 

Very Stiff Silty Clay 

y = 20.3 kN/m3 

y' = 10.5 kN/m3 

Figure F.11 Interpreted Soil Profile from Soil Boring 8-4 at the South Abutment 

F-97 



STEP 1 Delineate the soil profile into layers and determine the adhesion, ca from Figure 
9.18 or adhesion factor, a from Figure 9.191ror each layer. 

Enter appropriate figure (based on soil stratigraphy) with the undrained shear 
strength of the soil, cu, and determine adhesion or adhesion factor based on the 
ratio of embedded pile length in clay, D, and pile diameter, b. 

Along the pile embedded length, the soil profile is delineated into three layers. 
Layer 1 is medium silty clay that is 5.5 meters thick, layer 2 is stiff silty clay that 
is 9.5 meters thick, and layer 3 is very stiff silty clay that is 2.5 meters thick. 

Determine the average undrained shear strength, cu for each soil layer. 

Layer 1 : Cu1 = 31 + 30 + 33 + 34 + 35 = 33 kPa 
5 

(Layer 1 - depth 1 .5 to 7 m; 
Medium silty clay) 

Layer 2: c = 86 + 91 + 96 + 94 + 96 + 95 = 93 kPa 
u2 

6 

158 + 155 Layer 3: Cu3 = ---- = 157 kPa 
2 

(Layer 2 - depth 7 to 16.5 m; 
Stiff silty clay) 

(Layer 3 - depth 16.5 to 19.0 m; 
Very stiff silty clay) 

The soil stratigraphy of layers 1, 2, and 3 matches that of Figures 9.19c or 9.18. 
In fact, for concrete piles, the adhesion obtained from Figure 9.18 should be the 
same as the adhesion factor from Figure 9.19c times the undrained shear 
strength. Figure 9.18 and the depth to pile diameter ratio, D/b, will be used here 
to determine the adhesion for soil layers 1, 2, and 3. 
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STEP 1 (continued) 

For soil layer 1 : 

(D/b) = ( 5.5 m) / ( 0.356 m) = 15.45 

Interpolating from Figure 9.18 for cu1 = 33 kPa and (D/b) = 15.45: 

Ca1 = 33 kPa 

For soil layer 2: 

(D/b) = ( 15 m ) / ( 0.356 m ) = 42.13 

Interpolating from Figure 9.18, for cu2 = 93 kPa and (D/b) = 42.13: 

Ca2 = 85 kPa 

For soil layer 3: 

(D/b) = ( 17.5 m) / ( 0.355 m) = 49.16 

Interpolating from Figure 9.18, for cu3 = 157 kPa and (D/b) = 49.16: 

Ca3 = 67 kPa 

STEP 2 For each soil layer, compute the unit shaft resistance, f5 (kPa). 

fs = ca 

Layer 1: fs1 = Ca1 = 33 kPa 

Layer 2: fs2 = C -a2 - 85 kPa 

Layer 3: fs3 = ca3 = 67 kPa 
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STEP 3 Compute the shaft resistance in each soil layer and the ultimate shaft resistance, 
Rs (kN) from the sum of the shaft resistance from each layer. 

where As = PilE~-soil surface area from perimeter and length 

Layer 1 : Rs1 = 33 kPa ( 4 )( 0.356 m )( 5.5 m ) 

= 259 kN 

Layer 2: Rs2 = 85 kPa ( 4 )( 0.356 m )( 9.5 m ) 

= 1,150 kN 

Layer 3: Rs3 = 67 kF'a ( 4 )( 0.356 m )( 2.5 m ) 

= 239 kN 

Total: 

= 259 kN + 1,150 kN + 2:39 kN = 1,648 kN 

STEP 4 Compute the unit toe resistance, q, (kPa). 

Where: cu = undrained shear strength of soil at the pile toe. 

At the pile toe cu = 155 
+ 

163 
= 159 kPa 

~~ 
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STEP 4 (continued) 

Therefore, the unit toe resistance is: 

qt = 9 ( 159 kPa ) 

= 1,431 kPa 

STEP 5 Compute the ultimate toe resistance, Rt (kN). 

= 1,431 kPa ( 0.356 m ) ( 0.356 m ) 

= 182 kN 

STEP 6 Compute the ultimate pile capacity, Qu (kN). 

= ·1 ,648 kN + 182 kN 

= 1,830 kN 

STEP 7 Compute the allowable design load, Qa (kN). 

Q = Qu 
a Factor of Safety 

1,830 kN 

Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 

method to be specified. Recommended factors of safety are described 
in Section 9.6. 

The group capacity in a cohesive soil should be checked for block failure. 
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STEP 8 Investigate the possibility of a block failure of pile groups as discussed in Section 
9.8.1.3. 

Block failure of pile groups should be considered in the design of pile groups in 
soft cohesive soils or in cohesionless soils underlain by a weak cohesive layer. 
For a pile group in cohesive soil, the ultimate capacity of the pile group against 
block failure can be expressed as: 

Where: 

D = embedded lengths of piles = 17.5 m. 

B = width of pile group = 3.36 m. 

Z = length of pile group = 10.86 m 

cu1 = the weighted average of the undrained shear strength over the depth 
of pile embedment for the cohesive soils along the pile group 
perimeter 

Layer 1: Cu1_1 = 33 kPa 

Layer 2: Cu1_2 = 93 kPa 

Layer 3: Cu1-3 = 157 kPa 

cu2 = average undrained shear strength of the cohesive soils at the base of 
the pile group to a depth of 2B below pile toe level 

= 155 + 162 + 1 68 = 162 kPa 
3 

Ne = bearing capacity factor = 9 
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STEP 8 (continued) 

The group shaft resistance against block failure is 20 (B+Z) cu1: 

Layer 1 : 2 ( 5.5 m ) ( 3.36 m + 10.86 m ) I[ 33 kPa ) 

Layer 2: 2 ( 9.5 m ) ( 3.36 m + 10.86 m ) I[ 93 kPa ) 

Layer 3: 2 ( 2.5 m) (3.36 m + 10.86 m) ( 157 kPa) 

The group toe resistance against block failure is: 

B Z cu2 Ne = 3.36 m ( 10.86 m ) ( 162 kPa ) ( 9 ) 

= 53,202 kf·~ 

Therefore, 

= 5,162 kN 

= 25,127 kN 

= 11,163 kN 

Qu9 = 5,162 kN + 25,127 kN + 11,163 kN + 53,202 kN 

= 94,654 kN 

The ultimate pile group capacity in cohesive soil should be taken as the lesser 

of the ultimate pile group capacity calculated from Steps 1 to 4 as described in 

Section 9.8.1.2. Steps 1 and 2 take into account the pile center to center 

spacing and the undrained shear strength of the cohesive soil. For the South 

Abutment soil strength and pile spacing, this results in a group efficiency of 1.0. 

Therefore, the ultimate pile group capacity is the calculated ultimate pile capacity 

of 1,830 kN time the 24 piles in the group or 43,920 kN. The ultimate pile group 

capacity against block failure, Qu
9

, calculated above is equal to 94,654 kN. 

Therefore, block failure is not a problem. The ultimate pile group capacity of 

43,920 kN is in excess of the required ultimate pile group capacity of 42,720 kN. 
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F.2.4.2 Static Axial Pile Capacity Calculations by Effective Stress Method 

For the soil profile interpreted from Soil Boring S-4 as shown in Figure F.11. Perform an 

Effective Stress method pile capacity calculation for an embedded length of 17.5 meters. 

Use the step-by-step method outlined in Section 9.7.1..3. 

STEP 1 Delineate the soil profile into layers and determine¢' angle for each layer. 

a. Use the procedure described in Section 9.4 to construct a p0 diagram. 

For Soil Boring S-4, the p0 diagram is pnssented below in Figure F.12. 

b. Divide the soil profile throughout the pile penetration depth into layers and 

determine the effective overburden pressure, p
0

, at the midpoint of each layer. 

As the example in Section F.2.4.1, the soil profile along the pile embedded 
length is delineated into three layers of :5.5, 9.5, and 2.5 meter thick. The 
average effective overburden pressure of each layer is equal to the effective 

overburden pressure at the midpoint of tllat layer as follows. 

Layer 1: 

Layer 2: 

Layer 3: 

P = 44.0 kPa o1 

Po2 = 115.4 kPa 

Po3 = 174.6 kPa 

(at depth of 4.25 meters) 

(at depth of 11. 75 meters) 

(at depth of 17.75 meters) 

c. Determine the¢' angle for each soil layer from laboratory or in-situ test data. 

The effective frictional angle for each layer was obtained from the laboratory 

triaxial test. 

Layer 1: 

Layer 2: 

Layer 3: ,+.' - 30° 'f'3 -
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Pt (kPa) - u (kPa) Po (kPa) 

0 125 250 375 500 0 125 250 375 500 
_y __ 

Medium 
0 

silty clay 
'Y • 19.0 kN/m3 

5 •\80.8 

• 63.7 • 69.3 

Stiff silty clay 10 

\~-0 \ \ 
'Y = 19.5 kN/m3 

:[ e225.6 • 110.3 • 115.4 
.i:::. 

\ \ \ a 
Cl) 

C 15 

318.3' • 156.8 • 161.5 
343.6' ~ 1691.1 ~ 174.6 

I ~ 187.7 Very stiff 369.0 • \81.3 silty clay 
20 

\ \ 'Y = 20.3 kN/m3 

25 490.8 • • 240.1 • 250.7 

Figure F .12 Effective Overburden Pressure Diagram - South Abutment 

STEP 2 Select the /3 coefficient for each soil layer. 

a. Use local experience to select /3 coefficient 'for each layer. 

Assume no local experience. 

b. In the absence of local experience, use Table 9-4 or Figure 9.20 to estimate 
/3 coefficient from ¢' angle for each layer. 

Use the soil type, the estimated ¢' angle, and Table 9-4 or Figure 9-20 to 
estimate the f3 coefficient for each soil layer. 

Layer 1: 

Layer 2: 

Layer 3: 

/31 = 0.30 

/32 = 0.35 
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STEP 3 For each soil layer, compute the unit shaft resistance, f5 (kPa). 

Layer 1: 

Layer 2: 

Layer 3: 

f51 = 0.30 ( 44.0 kPa ) = 13.20 kPa 

f 52 = 0.35 ( 115.4 kPa ) = 40.39 kPa 

f53 = 0.40 ( 174.6 kPa) = 69.84 kPa 

STEP 4 Compute the shaft resistance in each soil layHr and the ultimate shaft resistance, 
Rs (kN) from the sum of the shaft resistance from each soil layer. 

Layer 1: Rs1 

Layer 2: Rs2 

Layer 3: Rsa 

Total: 

= 13.20 ( 4 ) ( 0.356 m ) ( 5.5 m) 

= 103 kN 

= 40.39 ( 4 ) ( 0.356 rn ) ( 9.5 m) 

= 546 kN 

= 69.84 ( 4 ) ( 0.356 rn ) ( 2.5 m) 

= 249 kN 

= 103 kN + 546 kN + 249 kN 

= 898 kN 
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STEP 5 Compute the unit toe resistance, q1 (kPa). 

a. Use local experience to select N1 coefficient. 

Assume no local experience. 

b. In the absence of local experience, estimate N1 coefficient from Table 9-4 or 
Figure 9.21 based on ¢' angle. 

Based on the laboratory triaxial test, the undrained frictional angle is: 

¢'toe= 300 

Use the soil type, the estimated ¢' angle, and Table 9-4 or Figure 9-21 to 
estimate the N1 coefficient. 

c. Calculate the effective overburden pressure at the pile toe, p1. 

The effective overburden pressure at the pile toe, p1, has been computed in 
Figure F.12: 

p1 = 187.7 kPa 

The unit toe resistace, q1 is: 

= 30 ( 187.7 kPa) 

= 5,631 kPa 
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STEP 6 Compute the ultimate toe resistance, R1 (kN). 

= 5,631 kPa ( 0.356 m ) ( 0.356 m ) 

= 715 kN 

STEP 7 Compute the ultimate pile capacity, Qu (kN). 

= 898 kN + 715 kN 

= 1,613 kN 

STEP 8 Compute the allowable design load, Qa (kN). 

1,613 kN 
Factor of Safety Factor of Safety 

Note: Factor of Safety should be selected based on the construction control 

method to be specified. RecommendEid factors of safety are described 

in Section 9.6. 
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F.2. 1.4 Static Axial Pile Capacity Calculations by SP/LE Computer Program 

.-------- ULTIMATE STATIC PILE CAPACllY/Federal Highway Administration -------. 
Nordlund (1963, 1979) and Tomlinson (1979, 1980) methods 

Project Name 
File Name 
Date 

: Boring S-4 
: S4 

Client : FHWA Manual 
Project Manager : 

: 1/11/96 Computed by : GT 

Depth of Top of Pile = 4.92 ft. Pile length = 
Depth to Water Table = 1.60 ft. 
Width of pile = 0.00 in. 
Type of Pile = Precast Concrete Pile 

SKIN FRICTION CONTRIBUTION 

Layer Soil Thickness Effective Internal N-SPT 
Type Stress Friction 

(ft) (psf) Angle 

1 Cohesive 18.04 925.09 
2 Cohesive 31.17 2431.58 
3 Cohesive 8.20 3680.83 

Layer Soil Undrained Shear Adhesion Pile Sliding 
Type Strength Taper Friction 

(psf) Angle 

1 Cohesive 693.00 679.86 
2 Cohesive 1953.00 1780.32 
3 Cohesive 3297.00 1401.21 

57.41 ft. 

Pile 
Perimeter 

(ft) 

4.67 
4.67 
4.67 

Skin 
Resistance 

(Kips) 

57.24 
258.97 

53.62 

Total Side Friction 369.82 

Effective Undrained 
Stress at Shear 
pile Tip Strength 

(psf) (psf) 

3957.58 3339.00 

POINT RESISTANCE CONTRIBUTION 

SPT Pile End Bearing 
Value Area Capacity 

Factor 
(ft*ft) Nq 

1.36 

End Bearing 
Resistance 

(Kips) 

40.90 

Ultimate Static Pile Capacity 410.72 

In SI Units: 
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F.2.4.3 Static Axial Pile Capacity Calculations by LPC CPT Method - Computer Program 

L.P.C. CPT Method Page 1/2 
Peach Freeway CPT-4 at South Abutment -- 356 mm-square PCPS Concrete Pile 

Installation Method: 
Depth to Water Table: 

9 - Driven Prefabricated Piles (Concrete) 
1.00 meter 

Pile No. Toe Area Perimeter 

(m2) (m) 

1 0.127 1.424 

Depth to Bottom of Layer Soil Type 

(m) 

7.0 1 

29.0 2 

30.0 8 

Depth Cone Tip Resistance 

(m) (kPa) 

0.0 1,149.1 

3.5 1,149.1 

7.0 1,053.4 

10.0 3,255.B 

15.0 2,872.B 

16.0 4,438.5 

17.0 3,433.0 

18.0 4,989."I 

19.0 4,141.€> 

20.0 4,021.B 

21.0 3,361 .~! 

22.0 3,064.~I 

23.0 6,875.6 

24.0 5,266.8 

26.0 4,979.51 

28.0 5,027.4 

28.5 4,309.2 

29.0 20,492.6 

30.0 48,9812 
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L.P.C. CPT Method Page 2/2 
Peach Freeway CPT-4 at South Abutment -- 356 mm-square PCPS Concrete Pile 

Depth Unit Friction Toe Bearing Shaft Toe Ultimate 
Resistance Resistance Capacity 

(m) (kPa) (kPa) (kN) (kN) (kN) 

0.00 35.81 689.47 0.0 87.2 87.2 

3.50 35.81 689.47 178.4 87.2 265.6 

7.00 31.22 1292.76 345.2 163.2 508.4 

10.00 59.04 1953.50 596.9 246.9 843.8 

15.00 58.08 2025.32 1013.3 256.2 1269.5 

16.00 61.91 2164.18 1098.7 273.6 1372.2 

17.00 59.47 2542.43 1185.0 321.2 1506.1 

18.00 63.25 2513.70 1272.1 318.0 1590.2 

19.00 61.19 2590.31 1360.6 327.8 1688.5 

20.00 60.90 2312.60 1447.4 292.2 1739.6 

21.00 59.28 2168.96 1532.8 274.4 1807.2 

22.00 58.56 2666.92 1616.4 337.6 1954.0 

23.00 67.85 3011.65 1706.3 380.8 2087.0 

24.00 63.92 3385.12 1800.1 427.9 2228.0 

26.00 63.20 3026.02 1981.1 382.5 2363.7 

28.00 63.35 8637.55 2160.8 1092.4 3253.3 

28.50 61.57 9576.00 2205.3 1210.8 3416.1 

29.00 101.07 9576.00 2263.1 1210.8 3473.9 

30.00 76.37 9576.00 2371.7 1210.8 3582.4 

Note: Depth is referenced from the original ground surface. 
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F.2.4.4 Static Axial Pile Capacity Calculations by Schmertmann Method 

L ocat1on: P h F eac reeway - a OU umen. CPT 4 t S th Ab t 
Depth fs(avg) Unit Increment Shaft qc(avg) qc1{min) qc2 Toe Ultimate 

Friction Friction Resistance Resistance Capacity 

(m) (bars) (bars) (kN) (kN) (bars) (bars) (bars) (kN) (kN) 

15.00 2.24 0.90 31.22 1,191 45.20 

15.25 3.19 1.28 44.44 1,235 54.84 

15.50 2.53 1.01 35.27 1,271 44.96 33:.90 20.38 329 1,599 

15.75 2.41 0.96 33.57 1,304 43.12 

16.00 2.49 1.00 34.76 1,339 42.38 32.13 25.23 347 1,686 

16.25 1.82 0.73 25.37 1,364 33.98 

16.50 1.29 0.58 20.26 1,385 29.10 31.80 27.41 358 1,743 

16.75 1.97 0.79 27.43 1,412 34.50 40.16 28.48 416 1,828 

17.00 2.35 0.94 32.78 1,445 45.82 43.94 29.55 445 1,890 

17.25 3.07 1.23 42.80 1,488 55.86 

17.50 2.69 1.08 37.49 1,525 53.16 40.59 29.83 426 1,951 

17.75 2.60 1.04 36.27 1,561 62.30 

18.00 2.15 0.86 29.97 1,591 37.04 34 .. 39 28.94 383 1,975 

18.25 2.26 0.91 31.56 1,623 46.56 

18.50 3.08 1.23 42.96 1,666 64.02 33.90 28.94 380 2,046 

18.75 1.84 0.74 25.71 1,692 32.00 

19.00 1.77 0.72 25.26 1,717 30.44 29.32 28.94 353 2,070 

19.25 1.53 0.66 22.99 1,740 28.94 

19.50 2.22 0.89 30.98 1,771 42.22 30.27 28.94 358 2,129 

19.75 1.48 0.62 21.69 1,793 30.34 

20.00 1.33 0.60 20.80 1,813 27.26 29.'92 27.26 346 2,160 

20.25 1.94 0.78 27.10 1,841 36.50 

20.50 1.48 0.62 21.69 1,862 30.50 23.152 18.54 255 2,117 

20.75 1.94 0.77 26.99 1,889 33.60 

21.00 2.35 0.94 32.73 1,922 39.78 22.78 18.54 250 2,172 

21.25 1.59 0.67 23.30 1,945 27.36 

21.50 1.06 0.52 18.17 1,963 22.38 19.60 18.54 230 2,194 

21.75 0.78 0.45 15.53 1,979 18.54 

Note: Depth is referenced from the original ground surface. 

F-112 



Location: Peach Freeway CPT-4 at South Abutment (continued). 

Depth fs(avg) Unit Increment Shaft qc(avg) qc1(min) qc2 Toe Ultimate 

Friction Friction Resistance Resistance Capacity 

(m) (bars) (bars) (kN) (kN) (bars) (bars) (bars) (kN) (kN) 

22.00 2.12 0.85 29.61 2,090 46.92 47.34 18.54 399 2,407 

22.25 5.48 4.65 162.21 2,171 116.78 

22.50 3.78 3.21 111.91 2,283 71.18 42.20 22.26 390 2,673 

22.75 2.86 1.14 39.81 2,323 61.10 

23.00 1.96 0.78 27.35 2,350 38.18 34.17 22.38 342 2,692 

23.25 1.90 0.76 26.46 2,376 33.42 

23.50 2.79 1.12 38.87 2,415 46.08 34.99 24.30 359 2,774 

Note: Depth is referenced from the original ground surface. 
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F.2.4.5 Summary of South Abutment Capacity Calculation Results 

Summary of Pile Capacity Estimates with an Embedded Pile Length of 17.5 meters 

Method Used for Estimation Calculated Calculated Calculated 

of Pile Capacity Pile Shaft Pile Toe Ultimate 

Resistance Resistance Pile Capacity 

(kN) (kN) (kN) 

a Method 1,648 182 1,830 

Effective Stress Method 898 715 1,613 

SPILE Program - SPT Data 1,645 182 1,827 

LPC CPT Program - CPT Data 1,361 328 1,689 

Schmertmann Method - CPT Data 1,717 353 2,070 

Summary of Pile Length Estimates for the 1,780 kN Ultimate Pile Capacity 

Method Used for Estimation Calculated Pile Length for the 1 , 780 kN 

of Pile Capacity Ultimate Pile Capacity 

a Method 17.fi meters for 1,830 kN 

Effective Stress Method 18.7 meters for 1,800 kN 

SPILE Program - SPT Data 17 .ei meters for 1 ,827 kN 

LPC CPT Program - CPT Data 19.5 meters for 1,807 kN 

Schmertmann Method - CPT Data 15.~~ meters for 1,828 kN 

The ultimate pile group capacity at the South Abutment should be calculated based on 
the lesser of the ultimate pile group capacity calculated from Steps 1 to 4 of the design 
recommendations presented in Section 9.8.1.2. The ultimate pile group capacity based 
on the design recommendations is equal to 43,920 kN which is in excess of the required 
ultimate pile group capacity of 42,720 kN. 
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F.3 GROUP SETTLEMENT CALCULATIONS 

The substructure of the bridge is designed to be supported on a pile group having three 

rows of piles with 8 piles in each row. The piles are arranged at 1.5 m center to center 

spacing with a total pile group area of 3.36 m by 10.86 m. Piles in a group are combined 

with a pile cap having a dimension of 4.5 m by 12 m. 

The bridge division has estimated that the maximum compression loads per substructure 

unit are 12,600 kN. The maximum pile group settlement should be less than 25 mm under 

the compression loads. 

Calculations of pile group settlement will be demonstrated for pile groups embedded in both 

cohesionless, cohesive, and combined layers of cohesionless and cohesive soils. The pile 
groups at the North Abutment and Pier 2 has a cohesionless soil profile. The pile groups 

at Pier 3 has a combined layers of cohesionless and cohesive soils, and the pile groups at 

the South Abutment has a cohesive soil profile. 

F.3.1 North Abutment - Meyerhof Method Based on SPT Test Data 

The soil profile interpreted from Soil Boring S-1 for the pile group at the North Abutment was 

shown in Figure F.3. Calculate the immediate settlement of pile group using the Meyerhof 

method based on SPT test data for an embedded pile length of 11 .5 meters. Use the 

method outlined in Section 9.8.2.2a. 

STEP 1 Calculate total pile group settlement due to soil compression. 

Meyerhof recommended that the settlement of a pile group in a homogeneous 

sand deposit not underlain by a more compressible soil at a greater depth may 

be conservatively estimated by the following expression: 

0.96 Pt/§ It 
s = -----

N' 
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STEP 1 (continued) 

Where: 

p1 = foundation pressure (kPa). Group load divided by group area. 
Notes: settlement should be calculated for the design load to be 
imposed on the pile group, and not the ultimate or allowable pile 
group capacitieis. 

= __ 1_2_,6_00_. _k:N __ = 345 kPa. 
( 3.36 m) (10.86 m) 

B = the width of pilEl group = 3.36 m 

N' = average corrected SPT N' value within a depth B below pile toe level. 

= 34 + 32 + 33 = 33 
3 

D = pile embedment depth = 11 .5 m 

11 = influence factor for group embedmE3nt. 

= 1 - [ D / 8B] ;:: 0.5 

= 1 - [ ( 11.5 m ) / 8 ( 3.36 m ) ] -- 0.572 

Therefore, 

s = estimated total pile group settlement due to soil compression. 

= 0.96 ( 345 kPa ) ~ ( 0.572 ) = 
33 

10.52 mm 

Note: For silty sand, a different equation should be used as indicated in Section 
9.8.2.2a. 
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STEP 2 Calculate the elastic compression of pile material under design load on each pile 
as described in Section 9.8.2.1 . 

The design load on each pile = 890 kN. The elastic compression of each pile 
can be calculated with the following expression: 

Where: 

L = Length of pile (mm) = 11,500 mm 

A = Pile cross sectional area (m2
) = 0.127 rn2 

E = Modulus of elasticity of pile material (kPa) = 27.8 x 106 kPa 

Qa = Design axial load in pile (kN), as discussed below. 

Because of the shaft resistance, the axial load transferred to the pile varies along 
the pile length. For this reason, the average axial load in each pile segment 
should be calculated. The pile is divided into four segments according to the 
number of soil layers used in shaft resistance computations presented in Section 
F.2.1.2 (Nordlund Method). The first segment is 1 meter length, the second is 
3 meters, the third is 7 meters, and the fourth is 0.5 meters. The shaft resistance 
as calculated using the Nordlund method for thi3 first, second, third, and fourth 
segment is 37 kN, 146 kN, 615 kN, and 100 kN, respectively. The average axial 
load transferred to each pile segment is equal to the axial load transferred to the 
mid length of each pile segment as shown in Figure F.13. The average axial load 
transferred is used to calculate the elastic compression of the pile segment. The 
total elastic compression of the pile is equal to the sum of elastic compression 
from each pile segment. 

Pile segment 1 a: f:j_
1
a = ( 872 kN ) ( 1000 mm ) = 0_247 mm 

( 0.127 m2
) ( 27,800,000 kPa) 
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890 kN 

3m 

Load Transferred 
to Soil- 37 kN 

Load Transferred 
to Soil .. 146 kN 

Load Transferred 
7 m to Soil = 615 kN 

051 ___ ---L.._ Load Transferred 

to Soil = 92 kN 

Pile Axial Load Average Axial Load for 
1 m Length = 872 kN 

::::::::::~:~ ,.9_o_k_N _____ __.I 
890 • 37 = 853 kN 

Average Axial Load for 
3 m Length .. 780 kN 

853 • 146 = 707 kN 

Average Axial Load for 
7 m Length .. 400 kN 

707 · 615 .. 92 kN 

92 · 92 = 0 kN -----~1 
Average Axial Load for 
0.46 m Length = 46 kN 

Note: Soil resistances were calculated using Nordlund Method 

Figure F.13 Calculation of Axial Load Transfer to the Pile at the North Abutment 

STEP 2 (continued) 

Pile segment 1 b: ti1b = 
( 780 kN ) ( :3000 mm ) 

= 0.663 mm 
( 0.127 m 2

) ( 27,800,000 kPa) 

Pile segment 2: ti = 
( 400 kN ) ( 7000 mm ) 

= 0.793 mm 2 
( 0.127 m 2

) (27,800,000 kPa) 

Pile segment 3: ti = 
( 46 kN ) ( 4fi0 mm ) 

= 0.006 mm 3 
( 0.127 m 2

) ( 27,B00,000 kPa) 

= 0.247 mm + 0.663 mm + 0.793 mm +0.006 mm = 1.709 mm 
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STEP 3 Compute total pile group settlement. 

l:::,.( total ) = l:::,.( soil compression ) + l:::,.( elastic pile compression ) 

= 10.52 mm + 1.709 mm 

= 12.23 mm or 0.012 m 

Note: Total pile group settlement is less than the maximum allowable settlement 

of 25 mm. 
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F.3.2 Pier 2 - Meyerhof Method Based on SPT Test Data 

The soil profile interpreted from Soil Boring S-2 for the pile group at Pier 2 was shown in 

Figure F.5. Calculate the immediate settlement of pile 9roup using the Meyerhof method 

based on SPT test data for an embedded pile length of 10 meters. Use the method 
outlined in Section 9.8.2.2a. 

STEP 1 Calculate total pile group settlement due to soil compression. 

Meyerhof recommended that the settlement of a pile group in a homogeneous 

sand deposit not underlain by a more compressible soil at a greater depth may 
be conseNatively estimated by the following expression: 

0.96 p1 ./B 11 S:=----
N' 

Where: 

p1 = foundation pressure (kPa). Group load divided by group area. 

= 

Notes: settlement should be calculated for the design load to be 
imposed on the pile group, and not the ultimate or allowable pile 

group capacities. 

__ 1_2_,6_00_kN __ = 345 kPa 
( 3.36 m ) (10.86 m ) 

B = the width of pile group = 3.36 m 

N' = average corrected SPT N' value within a depth B below pile toe level 

= 34 + 30 + 32 = 32 
3 

D = pile embedment depth = 1 0 m 
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STEP 1 ( continued) 

11 = influence factor for group embedment 

= 1 - [ D / 8B] ~ 0.5 

= 1 - [ ( 10 m ) / 8 ( 3.36 m ) ] = 0.628 

Therefore, 

s = estimated total pile group settlement due to soil compression 

= 0.96 ( 345 kPa ) m6 ( 0.628 ) = 11 _91 mm 
32 

Note: For silty sand, a different equation should be used as indicated in Section 
9.8.2.2a. 

STEP 2 Calculate the elastic compression of pile material under design load on each pile. 

The design load on each pile = 890 kN. The elastic compression of each pile 
can be calculated with the following expression: 

Where: 

Qa L 
11 = -

A E 

L = Length of pile (mm) = 10,000 mm 

A = Pile cross sectional area (m2
) = 0.127 m2 

E = Modulus of elasticity of pile material (kPa) = 27.8 x 106 kPa 

Qa = Design axial load in pile (kN), as discussed below. 

Because of the shaft resistance, the axial load transferred to the pile varies along 
the pile length. For this reason, the average axial load in each pile segment 
should be calculated. The pile is divided into two segments according to the 
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STEP 2 (continued) 

number of soil layers presented in Figure F.5. The first segment is 4 meters 

length and the second is 6 meters. The shafit resistance as calculated using the 

Nordlund method (as presented in Section F.2.2.2) for the first and second 

segment is 267 kN and 717 kN, respectively. The average axial load transferred 

to each pile segment is equal to the axial load transferred to the mid length of 

each pile segment as described earlier in Section F.3.1 and shown in Figure F.14. 

The average axial load transferred is used to calculate the elastic compression 

of the pile segment. The total elastic compression of the pile is equal to the sum 

of elastic compression from each pile segment. 

Pile segment 1 : fj.
1 

= ( 757 kN ) ( 4ooo mm ) = 0.858 mm 
( 0.127 m 2 

) ( 27,800,000 kPa ) 

Pile segment 2: /j.
2 

= ( 312 kN ) ( 5213 mm ) = 0.461 mm 
( 0.127 m 2

) ( 27,800,000 kPa) 

Total: 

= 0.858 mm + 0.461 mm = 1.319 mm 

STEP 3 Compute total pile group settlement. 

/j_( total ) = /j_( soil compression ) + /j_( elastic pile compression ) 

= 11.91 mm+ 1.319 mm 

= 13.23 mm or 0.013 m 

Note: Total pile group settlement is less than tlhe maximum allowable settlement 

of 25 mm. 
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890 kN Pile Axial Load 

T 
4m Load Transferred 

to Soil .. 267 kN 

----- 890kN 

Average Axial Load for 
4 m Length .. 757 kN 

T 
------------ 890 • 267 .. 623 kN 

Average Axial Load for 
Load Transferred 6 

Im to Soil • 623 kN 
5.213 m 5.213 m Length .. 312 kN 

1 623 · 623 • 0 kN _L_----L-

Note: Soil resistances were calculated using Nordlund Method 

Figure F.14 Calculation of Axial Load Transfer to the Pile at Pier 2 

F.3.3 Pier 3 - Equivalent Footing Method for Layered Soils 

For the pile group at Pier 3 and the soil profile interpreted from Soil Boring S-3 as shown 

in Figure F.9. Calculate the immediate settlements of pile groups using the equivalent 

footing method for layered soils for an embedded pile length of 13 meters. Use the step

by-step method outlined in Section 9.8.2.4. 

STEP 1 Determine the new load imposed on soil by the pile group. 

a. Determine the location of the equivalent footing. 

The location of the equivalent footing is based on the shaft and toe resistance 

condition and the soil profile. Figure 9.44 should be used to determine the 

location of the equivalent footing and the pressure distribution. The soil 

profile for Soil Boring S-3, and the shaft . and toe resistance combination 

match that in Figure 9.44(d), and therefore the equivalent footing is placed at 

depth of % D from the bottom of the pile cap as shown in the figure. 
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STEP 1 (continued) 

Depth of Equivalent Footing: 

below the pile cap = % ( 13.0 m ) = 8.67 m 

or below the existing ground = 8.67 m + 2.0 m = 10.67 m 

b. Determine the dimensions of the equivalent footing. 

All the piles in the pile group are vertical, and the pile group has a dimension 

of 3.36 meters by 10.86 meters. To account for load transfer, the equivalent 

footing has a modified dimension that spreads as a pyramid with a side slope 

of 1 H:4V, as shown in Figure 9.44(d). Since the equivalent footing is 8.67 
meters below the pile cap, the equivalent footing dimensions are: 

The width of the equivalent footing, B1 = 3.36 m + 2 ( 
8

·
6
: m) 

= 7.70 m 

The length of the equivalent footing, Z1 = 10.86 m + 2 ( 
8

·
6
: m) 

= 15.20 m 

c. Determine the pressure distribution to soil layers below the equivalent footing 

up to the depth at which the pressure increase from the equivalent footing is 

less than 10% of existing effective overburden pressure at that depth. 

The pressure distribution diagram below the equivalent footing is presented 

in Figure F.15. Note, the pressure distribution area increases with depth 
below the equivalent footing which results in a pressure reduction with depth 
below the equivalent footing. The dimension of the pressure distribution 

surface also spreads as a pyr9mid with depth but with a side slope of 1 H:2V. 

For example, at depth of 0.67 meter below the equivalent footing (or 11.34 

meters below the existing ground surface), the pressure distribution surface 

has the following dimensions: 
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STEP 1 ( continued) 

Width of pressure distribution surface, B2 = 7. 70 m + 2( 
0

·
6
; m) = 8.37 m 

Length of pressure distribution surface, Z2 = 15.20 m + 2( 
0

·
6
; m) = 15.87 m 

Area of pressure distribution surface, A2 = (B2) (Z2) = (8.37 m) (15.87 m) 

= 132.8 m2 

Therefore, at depth of 0.67 meter below the equivalent footing the pressure 

increase due to the imposed design load is: 

Llp = ( 12,600 kN l = 94.88 kPa 
132.8 m 2 

The pressure increase at other locations below the equivalent footing is 

summarized in Table F-1. The limestone bedrock was reached before the 
imposed pressure increase becomes less than 10% of existing effective 

overburden pressure. Therefore for settlement calculation, the total soil 

thickness up to the bedrock will be used. 

d. Divide the cohesive soil layers in the affected pressure increase zone into 

several thinner layers of 1.5 to 3 meter thickrn3ss. The thickness of each layer 

is the thickness H for the settlement computation for that layer. 

For this example, the soil is divided into 1.5 meter thick layers as presented 

in column 3 of Table F-2. The soil layer boundaries are presented in column 

2 of Table F-2. 

e. Determine the existing effective overburden pressure, p0 , at the midpoint of 

each layer. 

The midpoint location of each soil layer below the existing ground is 

presented in column 4 of Table F-2. The effective overburden pressure, p0 , 

at the midpoint of each layer is presented in column 5 of Table F-2. 
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P = Total Design Loa.don Pile Group 
= 12,600 kN 

Footing Size is 4.5m x 12m 

= 
2.0 m Loose Silt 

---------------------------------~--....---------- ------- -------1 ;..O_ T __ .!=!!!~'!!~IX p_e!l!~ ~!~~ !'!~ ~La_Y~L 

3
_
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m Stiff Silty Clay 

I 
I 
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I 
I ----- ---------------------;--

Very Stiff 

Silty Clay 

9.0 m I 
I 

Equivalent / 
Footing / 

I 
I 
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\----------- --------- -------
\ 1 H 

~4V 
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---,------------------ -------

\ 
\ 
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\ 13.0 m 
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I 
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1. .., 
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Figure F.15 Pressure Distribution Below Equivalent Footing for Pile Group at Pier 3 
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Table F-1 Summary of Pressure Distribution Below Equivalent Footing 

Depth Depth Load Distribution Surface Imposed Effective ( ~: l 100% Below Below Width Length Area Pressure Overburden 

Existing Equivalent B2 Z2 (B2)(Z2) Increase Pressure 

Ground Footing Llp Po 

(m) (m) (m) (m) (m2) (kPa) (kPa) (%) 

10.67 0.00 7.70 15.20 117.0 107.66 98.77 109.0 

11.34 0.67 8.37 15.87 132.8 94.88 105.74 89.7 

12.75 2.08 9.78 17.28 169.0 74.5E> 120.40 61.9 

14.25 3.58 11.28 18.78 211.8 59.48 136.00 43.7 

15.75 5.08 12.78 20.28 259.2 48.62 151.53 32.1 

17.25 6.58 14.28 21.78 311.0 40.51 166.98 24.3 

18.75 8.08 15.78 23.28 367.4 34.30 182.43 18.8 

19.75 9.08 16.78 24.28 407.4 30.9~1 192.73 16.1 

Note: Equivalent Footing is at 10.67 meters below existin~i ground. 

STEP 1 ( continued) 

f. Determine the imposed pressure increase, Llp, at the midpoint of each 

affected soil layer based on the appropriate pressure distribution surface. 

The imposed pressure increase, 6p, at the midpoint of each affected soil 

layer is presented in column 6 of Table F-2. Calculations of the imposed 

pressure increase based on the pressure distribution area were presented 

earlier in Step 1 c. 

STEP 2 Determine consolidation test parameters for the cohesive soil layer. 

The laboratory consolidation test results on the undisturbed samples of stiff silty 

clay from layer 2 and very stiff silty clay from layer 3 were plotted on the "log 

pressure, p versus void ratio, e" (similar to Figure 9.43). 
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"Tl 
I _,_ 

I\) 
(X) 

1 

Soil 

Type 

Layer 3 

Pc=297 kPa; e0=0.54 

Cc=0.20; Ccr=0.020 

Layer 4 

N' =33; C'=146 

N' =38; C'=173 

N' =33; C'=146 

N' =39; C'=180 

2 

Soil 

Layer 

Below 

Existing 

Ground 

(m) 

10.67 - 12.00 

12.00 - 13.50 

13.50 - 15.00 

15.00 - 16.50 

16.50 - 18.00 

18.00 - 19.50 

19.50 - 20.00 

Table F-2 Settlement Calculations 

3 4 5 

Soil Depth of Effective 

Layer Midpoint Overburden 

Thickness Below Pressure 

Existing at Midpoint 

Ground Po 

(m) (m) (kPa) 

1.33 11.34 105.74 

1.50 12.75 120.40 

1.50 14.25 136.00 

1.50 15.75 151.53 

1.50 17.25 166.98 

1.50 18.75 182.43 

0.50 19.75 192.73 

6 7 8 

Imposed (Po+L1p) Layer 

Pressure Settlement 

Increase 

at Midpoint 

11p 

(kPa) (kPa) (m) 

94.88 200.62 0.0048 

74.56 194.96 0.0041 

59.48 195.48 0.0031 

48.62 200.15 0.0012 

40.51 207.49 0.0008 

34.30 216.73 0.0008 

30.93 223.66 0.0002 

Total Settlement - 0.0150 



STEP 2 ( continued) 

The following consolidation test parameters were obtained from the plot. 

Soil Layer 3 (very stiff silty clay): 
Preconsolidation pressure, Pc = 297 kPa 
Initial void ratio, e0 = 0 .. 54 
Compression index, Cc = 0.20 
Recompression index, Ccr = 0.020 

STEP 3 Determine bearing capacity index for each cohesionless layer. 

Determine the average corrected SPT N' value, fJ•, for each cohesionless layer. 
Use N' for the appropriate SPT hammer type in Figure 9.45 to obtain the bearing 
capacity index for each layer .. 

Soil Layer 4: 
Layer 15.0 - 16.5: 
Layer 16.5 - 18.0: 
Layer 18.0 - 19.5: 
Layer 19.5 - 20.0: 

N' =33 from Safety Hammer; C'=146 from Figure 9.45 
N' =38 from Safety Hammer; C' = 173 from Figure 9.45 
N' =33 from Safety Hammer; C' = 146 from Figure 9.45 
N' =39 from Safety Hammer; C'=180 from Figure 9.45 

STEP 4 Compute settlement due to soil compression. 

Compute settlement of each cohesive soil layer using the following equations: 

[ 
Ccr P0 +Lip] s = H -log--

1 +eo Po 
when p0 +Lip ::; Pc 

when p0 +Lip > Pc 

For example, the soil layer increment 10.67 m. to 12.00 m corresponds to: 

= 200.62 kPa < Pc = 297 kPa 
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STEP 4 (continued) 

Therefore, layer settlement as shown in column 8 of settlement calculations table: 

[ 
Ccr P0+Lipl s = H -log--
1 +eo Po 

= ·1 .33[ 0.020 log( 200.62 )] = 0.0048 m 
(1+0.54) 105.74 

Compute settlement of each cohesion less soil layer using the following equations: 

s = H [-1 log _Po_+Li_pl 
C' Po 

For the soil layer increment 15.0 m to 16.5 rn corresponds to soil layer 3: 

Therefore, the settlement for the soil layer increment as shown in column 8 of 

Table F-2 is: 

s = 1.5o[-
1
- log(

200
·
15

)] = 0.0012 m 
146 151.53 

Following similiar procedures, the total estimated pile group settlement due to soil 

compression is equal to the sum of settlements of all layers, or the sum of 

column 8 of Table F-2 and is equal to 0.0150 meter or 15.0 mm. 

STEP 5 Calculate the elastic compression of pile matE3rial under design load on each pile. 

(See Section 9 .8 .2 .1) 

Note, for elastic compression calculations, it is assumed that all piles in the 

group are loaded with the 890 kN design load. This assumption is conservative 

because piles in the middle and rear rows have smaller loads. The elastic 

compression of each pile can be calculated with the following expression: 

Qa L 
Li= -

A E 
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STEP 5 (continued) 

Where: 

L = Length of pile (mm) = 13,000 mm 

A = Pile cross sectional area (m2
) = 0.127 m2 

E = Modulus of elasticity of pile material (kPa) = 27.8 x 106 kPa 

Oa = Design axial load in pile (kN), as discussed below. 

Because of shaft resistances, the axial load transferred to the pile varies along 
the length of the pile. Therefore, for elastic compression calculations the pile 

should be divided into segments with the average axial load in each segment 
calculated. For this example, the pile is divided into three segments based on 

the soil layers presented in Figure F.9. The first segment is 1.0 meter length, the 

second is 3.0 meters, and the third is 9.0 meters. The shaft resistance as 

calculated using the Nordlund method for the cohesionless soil layer and the a

method for the cohesive soil layer ( as presented in Section F .2.3.1) for the first, 

second, and third segment is 22 kN, 453 kN, and 696 kN, respectively. 

The average axial load transferred to each pile segment is equal to the axial load 

transferred to the mid-length of the segment, as shown in Figure F .16. The 

average axial load is used to calculate the elastic compression of each pile 

segment. Figure F.16 also shows that there is 868 kN to be transferred to soil 

layer 2, and 415 kN to be transferred to soil layer 3 which is capable of 

supporting up to 696 kN over the 9.0 meter layer thickness. Therefore, the 415 

kN load will be fully transferred to the soil at depth of ( 415 kN / 696 kN) times 
( 9.0 meters),, or 5.366 meters below the top of layer 3, or the 890 kN total load 

will be fully transferred to the soil at depth of 9.366 meters below the pile cap. 

In other words, the lower 3.634 meters of the pile will not be subjected to any 

load or elastic: compression. 

Pile segment 1: ti = ( 879 kN ) ( 1,ooo mm ) = 0.249 mm 
1 

( 0.127 m 2
) ( 27,800,000 kPa) 
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890 kN 

,.-----.-Load Transferred 
1 mf to Soil = 22 kN 

Load Transferred 
3 m to Soil = 453 kN 

9 m Load Transferred I toSoll-415kN 

_L_----'-

Pile Axial Load Average Axial Load for 
1 m Length = 879 kN 

T 
5.366 m 

1 

890 kN ---- .. 
890 · 22 = 868 kN 

Average Axial Load for 
3 m Length = 642 kN 

868 - 453 = 415 kN 

Average Axial Load for 
5.366 m Length = 208 kN 

415 - 415 = 0 kN 

I 

Note: Soil resistances were calculated using Nordlund and a Methods 

Figure F.16 Calculation of Axial Load Transfer to the Pile at Pier 3 

STEP 5 ( continued) 

Pile segment 2: l:i
2 

= ( 642 kN ) ( 3,000 mm ) = 0.546 mm 
( 0.127 m 2

) ( 27,800,000 kPa) 

Pile segment 3: l:i
3 

= ( 208 kN ) ( 5•366 mm ) = 0.316 mm 
( 0.127 m 2 ) ( 27,800,000 kPa) 

Total: 

= 0.249 mm + 0.546 mm + 0.316 = 1.111 mm 

Note: The elastic pile compression is small relative to the soil compression (15.0 

mm), and therefore it is usually ignored. 
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STEP 6 Compute total pile group settlement. 

1:1( total ) = {:j_( soil compression ) + {:j,( elastic pile compression ) 

= 15.0 mm + 1.111 mm = 16.111 mm or 0.016 m 

The total pile ~Jroup settlement is smaller than thE~ maximum allowable pile group 
settlement of :25 mm. 

The Meyerhof method for settlement calculations based on SPT test data (Section 9.8.2.2a) 
will be performed on thB following to compare with settlement calculated above. 

STEP 1 Calculate total pile group settlement due to soil compression. 

Meyerhof recommended that the settlement of a pile group in a homogeneous 
sand deposit not underlain by a more compressible soil at greater depth may be 
conservatively estimated by the following expression: 

0.96 p1 /§ 11 s = -----
N' 

Where: 

p1 = foundation pressure (kPa). Group load divided by group area. Notes: 

= 

settlement should be calculated for the design load to be imposed on 
the pile group, and not the ultimate or allowable pile group capacities. 

__ 1_2_,6_00_kN __ = 3~kPa 
( 3.36 m ) (10.86 m ) 

B = the width of pile group = 3.36 m 

N' = average corrected SPT N' value within a depth B below pile toe level 

= 33 + 38 + 33 = 35 
3 
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STEP 1 (continued) 

D = pile embedment depth = 13 m 

11 = influence factor for group embedment 

= 1 - [ D / 8B] ~ 0.5 

= 1 - [ ( 13 m ) / 8 ( 3.36 m ) ] = 0.516 

Therefore, 

s = estimated total pile group settlement due to soil compression 

= 0.96 ( 345 kPa) rn6 ( 0.516 ) = 

35 
8.95 mm 

The settlement estimated using the Meyerhof method (8.95 mm) is less than the settlement 

calculated based on the equivalent method (15.2 mm). In this soil profile, the equivalent 

footing method calculates most of the foundation settlement (12 mm) to occur in the clay 

layer with minimal settlement of the underlying sand layer in which the piles are founded. 

It is unlikely that the magnitude of settlement calculated in the clay layer would occur due 

to the lack of strain compatibility between the layers. Therefore, the Meyerhof method is a 

better estimate of group settlement in this profile. 
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F .3.4 South Abutment - Equivalent Footing Method 

For the pile group at the South Abutment and the soil profile interpreted from Soil Boring 
S-4 as shown in Figure F.11. Calculate the immediate settlements of pile groups using the 
equivalent footing method for an embedded pile length of 17.5 meters. Use the step-by
step method outlined in Section 9.8.2.3. 

STEP 1 Determine th19 new load imposed on soil by the pile group. 

a. Determine~ the location of the equivalent footing. 

The location of the equivalent footing is based on the shaft and toe resistance 
condition and the soil profile. Figure 9.44 should be used to determine the 
location of the equivalent footing and the pressure distribution. The soil 
profile for Soil Boring S-4 matches Figure 9.44(b), and therefore the equivalent 
footing is placed at depth of % D from the bottom of the pile cap as shown 
in the figure. 

Depth of Equivalent Footing: 

below the pile cap = % ( 17.5 m ) = 11.67 m 

or below the existing ground = 11 .67 m + 1.50 m = 13.17 m 

b. Determine the dimensions of the equivalent footing. 

All the piles in the pile group are vertical, and the pile group has a dimension 
of 3.36 meters by 10.86 meters. To account for load transfer, the equivalent 
footing has a modified dimension that spreads as a pyramid with a side slope 
of 1 H:4V, as shown in Figure 9.44(b). Since the equivalent footing is 11.67 
meters below the pile cap, the equivalent footing dimensions are: 

The width of the equivalent footing, B1 = 3.36 m + 2 ( 
11 

·~ m) 

= 9.20 m 
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STEP 1 ( continued) 

The length of the equivalent footing, Z1 = 10.86 m + 2 ( 
11 

·
6
: m) 

= 16.70 m 

c. Determine the pressure distribution to soil layers below the equivalent footing 
up to the depth at which the pressure increase from the equivalent footing is 
less than 10% of existing effective overburden pressure at that depth. 

The pressure distribution diagram below the equivalent footing is presented 
in Figure F .17. Note, the pressure distribution area increases with depth 
below the equivalent footing which results in a pressure reduction with depth 
below the equivalent footing. The dimension of the pressure distributio.n 
surface also spreads as a pyramid with depth but with a side slope of 1 H :2V. 

For example, at depth of 0.17 meter below the equivalent footing (or 13.34 
meters below the existing ground surface), the pressure distribution surface 
has the following dimensions: 

Width of pressure distribution surface, B2 = 9.20 m + 2 ( 0 · 1; m) = 9.37 m 

Length of pressure distribution surface, Z2 = 16. 70 m + 2( 0· 1; m) = 16.87 m 

Area of pressure distribution surface, A2 = (B2) (Z2) = (9.37 m) (16.87 m) 

= 158.1 m2 

Therefore, at depth of 0.17 meter below the equivalent footing the pressure 
increase due to the imposed design load is: 

Llp = (12,600 kNl = 79.71 kPa 
158.1 m 2 
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l 
7m Medium 

Silty Clay 

1.5m 

P = Total Design Load on Pile Group 
= 12,600 kN 

I 
I 
I 
I 
I 
I 

Footing Size is 4.5m x 12m 

"" T 0.5m 

\ 

14V 
---- --------------------1--- ---'"---__ ll-§J_ ~----- -------

Stiff Clay 

9.5 m 

/ 
I 
I 
I 
I 

' \ 
\ 
\ 17.5 m 
\ 

I Equivalent 1 \ 1 H 

Footing / ___ , ______ 'J 2_v ___________ _ 

·----,-~~~;-;,,~,;--/---------- ---- ·--- ·-\ 
Silty Clay / .............................. \.................... 10.33 m 

/ I• •I \ 

8.5 m / Pile Group Area is \ 

1 3.36m x 10.86m \ 
I \ 

I \ 
I \ 

Figure F.17 Pressure Distribution Below Equivalent Footing for Pile Group at the South 
Abutment 
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STEP 1 (continued) 

The pressure increase at other locations below the equivalent footing is 

summarized in Table F-3. The imposed pressure increase becomes less than 

10% of existing effective overburden pressure at depth of 11 .58 meters below 
the equivalent footing or 24.75 meters below the existing ground. 

d. Divide the cohesive soil layers in the affected pressure increase zone into 

several thinner layers of 1.5 to 3 meter thickness. The thickness of each layer 

is the thickness H for the settlement computation for that layer. 

For this example, the soil is divided into 1.5 meter thick layers as presented 
in column 3 of Table F-4. The soil layer boundaries are presented in column 

2 of Table F-4. 

e. Determine the existing effective overburden pressure, p0 , at the midpoint of 
each layer. 

The midpoint location of each soil layer below the existing ground is 
presented in column 4 of Table F-4. The effective overburden pressure, p

0
, 

at the midpoint of each layer is presented in column 5 of Table F-4. 

f. Determine the imposed pressure increase, Llp, at the midpoint of each 

affected soil layer based on the appropriate pressure distribution surface. 

The imposed pressure increase, llp, at the midpoint of each affected soil 
layer is presented in column 6 of Table F-4. Calculations of the imposed 

pressum increase based on the pressure distribution area were presented 
earlier in Step 1 c. 
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Table F-3 Summary of Pressure Distribution Below Equivalent Footing 

Depth Depth l_oad Distribution Surface Imposed Effective 
(!:) 100% Below Below Width Length Area Pressure Overburden 

Existing Equivalent B2 Z2 (B2)(Z2) Increase Pressure 

Ground Footing Lip Po 

(m) (m) (m) (m) (m2) (kPa) (kPa) (%) 

13.17 0.00 9.20 16.70 153.5 82.08 129.15 63.6 

13.34 0.17 9.37 16.87 158.1 79.7'1 130.80 60.9 

14.25 1.08 10.28 17.78 182.8 68.94 139.63 49.4 

15.75 2.58 11.78 19.28 227.1 55.48 154.18 36.0 

17.25 4.08 13.28 20.78 276.0 45.66 169.33 27.0 

18.75 5.58 14.78 22.28 329.3 38.26 185.08 20.7 

20.25 7.08 16.28 23.78 387.1 32.55 200.83 16.2 

21.75 8.58 17.78 25.28 449.5 28.03 216.58 12.9 

23.25 10.08 19.28 26.78 516.3 24.40 232.33 10.5 

24.75 11.58 20.78 28.28 587.7 21.44 248.08 8.6 

Note: Equivalent Footing is at 13.17 meters below existing ground. 

STEP 2 Determine consolidation test parameters. 

The laboratory consolidation test results on the undisturbed samples of stiff silty 
clay from layer 2 and very stiff silty clay from layer 3 were plotted on the 11log 
pressure, p versus void ratio, e11 (similar to Figure 9.43). The following 
consolidation test parameters were obtained from the plot. 

Soil Layer 2: 
Preconsolidation pressure, Pc = 200 kPa 
Initial void ratio, e0 = 0.80 
Compression index, Cc = 0.30 
Recompression index, Ccr = 0.030 
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"'Tl 
I ..... 

.j:::,. 
0 

1 

Soil 

Type 

Layer 2 

Pc=200 kPa; e0=0.80 

Cc=0.30; Ccr=0.030 

Layer 3 

Pc=297 kPa 

e0=0.54 

Cc=0.20 

ccr=0.020 

2 

Soil 

Layer 

Below 

Existing 

Ground 

(m) 

13.17 - 13.50 

13.50 - 15.00 

15.00 - 16.50 

16.50 - 18.00 

18.00 - 19.50 

19.50 - 21.00 

21.00 - 22.50 

22.50 - 24.00 

24.00 - 25.50 

Table F-4 Settlement Calculations 

3 4 5 

Soil Depth of Effective 

Layer Midpoint Overburden 

Thickness Below Pressure 

Existing at Midpoint 

Ground Po 

(m) (m) (kPa) 

0.33 13.34 130.80 

1.50 14.25 139.63 

1.50 15.75 154.18 

1.50 17.25 169.33 

1.50 18.75 185.08 

1.50 20.25 200.83 

1.50 21.75 216.58 

1.50 23.25 232.33 

1.50 24.75 248.08 

6 7 8 

Imposed (Po+~p) Layer 

Pressure Settlement 

Increase 

at Midpoint 

~p 

(kPa) (kPa) (m) 

79.71 210.51 0.0022 

68.94 208.57 0.0085 

55.48 209.66 0.0079 

45.66 214.99 0.0020 

38.26 223.34 0.0016 

32.55 233.38 0.0013 

28.03 244.61 0.0010 

24.40 256.73 0.0008 

21.44 269.52 0.0007 

Total Settlement = 0.0260 



STEP 2 (continued) 

Soil Layer 3: 

Preconsolidation pressure, Pc = 297 kPa 

Initial void ratio, e0 = 0.54 

Compression index, Cc = 0.20 

Recompression index, Ccr = 0.020 

STEP 3 Compute settlement due to soil compression. 

Compute settlement of each soil layer using the following equations: 

ccr Po+~pl s = H --log--
1+eo Po 

when p0 +~p ~ Pc 

when Po+~p > Pc 

For example, the soil layer increment 13.17 m to 13.50 m corresponds to: 

= 210.51 kPa > Pc = 200 kPa 

Therefore, layer settlement as shown in column 8 of settlement calculations table: 

s = H . ccr log Pel + H [~ log Po+~pl 
1 +eo po 1 +eo pc 

= 0.33[ 0.030 log( 200 )] + 0.33[ 0.30 log(210.51 )] = 0.0022 m 
(1 +0.80) 130.80 (1 +0.80) 200 

For the soil layer increment 16.50 m to 18.00 m corresponds to soil layer 3: 

= 214.99 kPa < Pc = 297 kPa 
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STEP 3 (continued) 

Therefore, the settlement for the soil layer increment as shown in column 8 of 

Table F-4 is: 

s = H _c_r log --
[ 

C P0+Llpl 
1 +e0 Po 

= 1.5[ 0.020 log( 214.99 )] = 0.0020 m 
(1 +0.54) 169.33 

Following similiar procedures, the total estimated pile group settlement due to soil 

compression is equal to the sum of settlements of all layers, or the sum of 

column 8 of Table F-4 and is equal to 0.0260 meter or 26.0 mm. 

STEP 4 Calculate the elastic compression of pile material under design load on each pile 

as described in Section 9.8.2.1 a. 

Note, for elastic compression calculations, it is assumed that all piles in the 

group are loaded with the 890 kN design load. This assumption is conservative 

because piles in the middle and rear rows have smaller loads. The elastic 
compression of each pile can be calculated with the following expression: 

Where: 

L = Length of pile (mm) = 17,500 mm 

A = Pile cross sectional area (m2
) = 0.127 m2 

E = Modulus of elasticity of pile material (kPa) = 27.8 x 106 kPa 

Qa = Design axial load in pile (kN), as discussed below. 
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STEP 4 ( continued) 

Because of shaft resistances, the axial load transferred to the pile varies along 

the length of the pile. Therefore, for elastic compression calculations the pile 

should be divided into segments with the average axial load in each segment 
calculated. For this example, the pile is divided into three segments based on 

the soil layers presented in Figure F.11. The first segment is 5.5 meters length, 

the second is 9.5 meters, and the third is 2.5 meters. The shaft resistance as 

calculated using the a-method (as presented in Section F.2.4.1) for the first, 

second, and third segment is 259 kN, 1,150 kN, and 239 kN, respectively. 

The average axial load transferred to each pile segment is equal to the axial load 
transferred to the mid-length of the segment, as shown in Figure F.18. The 
average axial load is used to calculate the elastic compression of each pile 

segment. Figure F.18 also shows that there is 631 kN to be transferred to soil 

layer 2 which is capable of supporting up to 1,150 kN over the 9.5 meter layer 

thickness. Therefore, the 631 kN load will be fully transferred to the soil at depth 

of ( 631 kN / 1,150 kN) times ( 9.5 meters ) , or 5.213 meters below the top of 

layer 2, or the 890 kN total load will be fully transferred to the soil at depth of 

10.713 meters below the pile cap. In other words, the lower 6.787 meters of the 
pile will not be subjected to any load or elastic compression. 

Pile segment ·1 : 6
1 

= ( 761 kN ) ( 5,5oo rnm ) = 1 .186 mm 
( 0.127 m 2 

) ( 27,800,000 kPa ) 

Pile segment :2: 6
2 

= ( 
316 kN ) ( 5·213 rnm ) = 0.467 mm 

( 0.127 m 2
) ( 27,800,000 kPa) 

Total: 

= 1.186 mm + 0.467 mm == 1.653 mm 

Note: The elastic pile compression is small relative to the soil compression (26.0 

mm), and therefore it is usually ignored. 
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t 
5.5 m 

9.5 m 

2.5 m 

890 kN 

Load Transferred 
to Soil = 259 kN 

Load Transferred 
to Soil= 631 kN 

Pile Axial Load 

890 kN 

Average Axial Load for 
5.5 m Length= 761 kN 

I 
890-259=631kN 

5.213 m ...-~.,, Average Axial Load for 
5.213 m Length= 316 kN 

631 - 631 = 0 kN 

Note: Soil resistances were calculated using <X method 

Figure F.18 Calculation of Axial Load Transfer to the Pile at South Abutment 

STEP 5 Compute total pile group settlement. 

/J.( total ) = /J.( soil compression ) + /J.( elastic pile compression ) 

= 26.0 mm + 1.653 mm 

= 27.653 mm or 0.028 m 

The total pile group settlement is larger than the maximum allowable pile group settlement 

of 25 mm. The total settlement will even be larger after the placement of the approach 

embankment fill materials behind the abutment wall, as discussed in Section F.6. Therefore, 

preloading of the South Abutment should be performed prior to pile installation. The 

interaction of the approach embankment fill with the South Abutment foundation is 

discussed in greater detail in Section F.6. 
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F.4 LATERAL PILE CAPACllY ANALYSIS 

The bridge division estimated that the group lateral loads range from 600 kN at the interior 

pile groups to 900 kN at the abutment pile groups. The maximum lateral load per pile is 

limited to 40 kN. A horizontal deflection of up to 1 0 mm is permissible under lateral loading. 

F .4.1 Broms' Method - North Abutment 

Perform a lateral pile capacity analysis for a pile at the North Abutment using Soil Boring 

S-1 as shown in Figure F.3. Perform the analysis based on an embedded pile length of 

11.5 meters. Use the step by step procedure for the Broms' method outlined in Section 

9.7.3.2. 

STEP 1 Determine the general soil type within the critical depth below ground surface 
(about 4 or 5 pile diameters). 

For pile diameter of 0.356 meter, the critical depth below the ground surface is 

about 1 .42 to 1. 78 meters. Based on the soil conditions for the North Abutment 

shown in Figure F.3, the general soil type within the critical depth below the 
ground surface is a loose silty fine sand cohesionless soil. 

STEP 2 Determine the coefficient of horizontal subgrade reaction, Kh, within the critical 

depth based on cohesive or cohesionless soils. 

For cohesionless soils, choose the Kh from Table 9-11 based on soil density and 

ground water table. For a loose silty fine sand, Kh is either 1,086 or 1,900 kN/m3 

depending on whether the ground water table is below or above the critical 

depth, respectively. When the ground water table is within the critical depth 

region, a linear interpolation between these two values should be used to 

calculate Kh. 

Assuming the critical depth is at 1 .60 meters depth below the bottom of the 

excavation. Based on Figure F.3, the ground water table is at 1.0 meter below 

the bottom of the excavation. Therefore, using a linear interpolation, the 

coefficient of horizontal subgrade reaction, Kh, is: 
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STEP 2 (continued) 

Kh = 1 ,086 + 
1 .OO { 1 ,900 - 1 ,086 ) = 1 ,595 kN/m 3 

1.60 

STEP 3 Adjust Kh for loading and soil conditions. 

STEP 4 

Assuming that a cyclic loading exists at the site. For cyclic loading in loose 
cohesionless soils: 

= ¼ (1,595) = 399 kN/m3 

Determine pile parameters. 

a. Modulus of elasticity, E = 27,800 MPa 

b. Moment of inertia, I = 1.32 X 10-3 m4 

C. Section modulus, S = 7.46 X 10-3 m3 

d. Ultimate compressive strength, f' 0 = 34.5 MPa 

e. Embedded pile length, D = 11.5 m 

f. Pile widt~l, b = 0.356 m 

g. Eccentricity of applied load, e
0 = 0 for fixed-headed pile 

h. Dimensionless shape factor, C5 , applied only to steel piles. 

i. Resisting moment of pile, MY 
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S for concrete piles 

= 34.5 MPa ( 7.46 X 10-3 m3 
) 

= 257.4 kN-m 



STEP 5 Determine TJ for cohesionless soils. 

5 
399 kN/m 3 

( 27 .8x1 O 6 kN/m 2 
) ( 1 .32x1 O -3 m 4 

) 

= 0.405 m·1 

STEP 6 Determine the dimensionless length factor for cohesionless soil. 

ryD = 0.405 m·1 
( 11.5 m ) = 4.66 

STEP 7 Determine if pile is long or short according to the cohesionless soil criteria. 

Since '7D = 4.66 is greater than 4.0, the pile is long. 

STEP 8 Determine other soil parameters. 

a. Rankine passive pressure coefficient for cohesionless soil, KP, is: 

KP = tan2 
( 45 + ¢/2) 

where¢ is the average soil friction angle along the embedded pile length. 

As shown in Figure F.3, the soil profile along the embedded pile length is 

divided into three layers. As discussed in Section F.2.1.2, the soil friction 

angle,¢, from each layer is calculated using the corrected SPT N' value and 
Table 4-5. 

Layer 1 (4 m depth): 

Layer 2 (7 m depth): 

Layer 3 (0 .. 5 m depth): 

N' - 8 1 -

N' - 14 2 -

N' = 34 3 

-t 

-t 

-t 

,.,.. - 29° ~1 -

,.,.. - 31° ~2 -

The average ¢ angle is calculated from the weighted ¢ angle based on the 

thickness of each layer. 
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STEP 8 (continued) 

The average ¢ angle is: 

(/J = 29° ( 4 m ) + 31 ° ( 7 m ) + 36° ( 0.5 m ) = 30_5o 

11.5 m 

Therefore, the Rankine passive pressure coefficient, KP, is: 

KP = tan2 
( 45 + ¢/2) 

= tan2 (45 + 30.5/2) = 3.06 

b. Average effective soil unit weight over embedded length of pile, y (kN/m3
). 

The avE~rage effective soil unit weight, y, will also be calculated from the 
weighted y of each layer based on the thickness of each layer. 

y -- 16.5 kN/m 3 (1 m) + 6.7 kN/m 3 (3m) + 7.8 kN/m 3 (7m) + 9.8 kN/m 3 (0.5m) 

11.Sm 

== 8.36 kN/m3 

STEP 9 Determine the ultimate (failure) lateral load, Qu, for a single pile. 

The pile will be used in a group under a pile cap, therefore it is considered a 

fixed headed pile. For a long fixed headed pile in a cohesionless soil, Figure 

9.30 should be used to calculate the ultimate load. First Myl(b 4yKP) must be 

calculated. 

257.4 kN-m 
= = 626 

(0.356 m)4 (8.36 kN/m 3) (3.06) 

Enter Figure 9.30 with this value to the fixed head curve to obtain QjKPb3y = 190. 
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STEP 9 (continued) 

So, 

= 190 ( 3.06 ) ( 0.356 m )3 
( 8.36 kN/m3 

) 

= 219 kN 

STEP 1 0 Calculate the maximum allowable working load for a single pile, Qm, from the 

ultimate load, Qu, determined in Step 9, as shown in Figure 9.31. 

219 kN 

2.5 
= 88 kN 

STEP 11 Calculate the deflection, y, corresponding to the desired design load, Qa of 40 

kN. 

For fixed headed pile in cohesionless soil, enter Figure 9.33 with '70 = 4.66 to 

obtain y(El) 315 Kh215 /QaD. This results in 

The calculated deflection y is: 

= 0.2·1 (40 kN) (11.5 m)/(27.8x106 kN/m2
)

315 (1.32x10·3 m4
)

315 (399 kN/m3
)

215 

= 0.0·15 m or 16 mm 

Therefore, the desired design load of 40 kN will cause the pile head to deflect 16 

mm at the ~Jround surface which exceeds the bridge division's allowable 

deflection of 1 0 mm. Therefore, the maximum design load that will not exceed 

the 10 mm deflection should be determined. 
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STEP 11 (continued) 

.01 = 0.21 (Qa) (11.5 m) / (21x106 kN/m2
)

315 (1.32x10·3 m4
)

315 (399 kN/m3
)

215 

Qa = 0.01 (27.8x106 kN/m2
)

315 (1.32x10-3 m4
)

315 (399 kN/m3
)

215 
/ (0.21)(11.5 m) 

= 24.9 kN 

STEP 12 Compare the design load Qa, and design deflection, y, with the maximum 

allowable working load, Qm, and deflection, Ym· 

The maximum design load of 24.9 kN determined from the design deflection is 

less than the maximum allowable working load of 87 kN. 

STEP 13 Reduce the maximum allowable load to account for group effects and method 

of installation. 

a. Group effects. 

The center to center pile spacing, z, is designed to be 1.5 meters. 

(z/b) = ( 1.5 m ) / ( 0.356 m ) = 4.21 

Using the reduction factor table and linear interpolation: 

reduction factor = 0.532 

So, Qm = 0.532 Qm = 0.532 ( 88 kN) = 47 kN 

b. Method of installation. 

No reduction is required for driven piles. So, Qm = 47 kN. 
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STEP 14 Compute the total lateral load capacity of the pile group. 

The total lateral load capacity of the pile group is equal to the adjusted allowable 

load per pile from Step 13b times the number o'f piles. 

Total Pile Group Lateral Load Capacity = 24 ( 47 kN ) = 1,128 kN 

However, this group lateral load cannot be acheived at the deflection limit 

required by the bridge division and therefore a lower group load must be used. 

To meet the 1 0 mm deflection requirements, a design lateral load of 25 kN per pile must 

be used. This lateral load is less than desired. Therefore, the group capacity of 600 kN (24 

piles at 25 kN/pile) is insufficient, and more piles would be! required. 
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F.4.2 COM624P Analysis - North Abutment 

A COM624P analysis was performed to evaluate the lateral load capacity of the 356 mm 
square prestressed concrete pile at the North Abutment. The concrete pile was driven 11 .5 
m into the dense sand and gravel stratum as depicted in Figure F.3. 

The North Abutment concrete pile was analyzed considering full fixity at the base of the pile 
cap. The geometric and elastic properties of the pile were input along with the relevant soil 
properties and stratigraphic information. Soil input parameters were obtained from Table 
9-12. Moment-dependent flexural rigidity (concrete cracking effects) are included explicitly 
in the analyses. In order to rigorously evaluate the moment-stiffness relationship 
(implementing calculations via the PMEIX subroutine), the longitudinal reinforcement (4 No. 
8 bars) was also characterized with respect to cross-section geometry and steel properties. 
The p-y curves were generated by the program assuming cyclic loading conditions were 
applied. The program calculated internally the flexural rigidity along the pile as a function 
of bending moment and axial force (assumed full 890 kN compression load) for each 
Q.pplied lateral load level. Ten equal 20 kN increments of load were applied to a maximum 
of 200 kN. For 40, 80, 120, 160, and 200 kN steps, the full sets of computed values were 
saved for presentation, while at the intermediate steps only the summary information was 
retained. 

An echo print of the input file is presented on the following page. This is followed by the 
input and output summary of the PMEIX subroutine results for calculation of the ultimate 
bending resistance and flexural rigidity of the pile. Last, COM624P generated summaries 
of the problem input and output are provided. For selected lateral loads, Figures F.19 to 
F.22 provide graphical presentations of deflection, movement, shear, and soil reaction 
versus depth. 

The COM624P solutions for the North abutment indicate the pile deflection under the 40 kN 
design load will be 3.B mm. The corresponding maximum moment and shear stress are 
-55.6 m-kN and 14,700 kN/m2

, respectively. The deflection, moment and shear stress under 
the design load are acceptable. Hence, the more rigorous COM624P analysis indicates a 
40 kN design lateral load could be used whereas the Broms' method indicated only a 24.9 
kN design load. Additional COM624P analyses should be performed to evaluate group 
response using the p-multiplier approach described in Section 9.8.4. 
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FHWA North Abut. · 355 mm-sq PSC 
2 3 1 

Fixed-Head/Cyclic/Crack Modeled 

100 4 1 0 
8 6 0 
11.500 27800000 
1 2 
2 1 0 

100 0.00000100 
0.0000 0.3550 

0.000 

20 
1.00000000 

0.000 

0.0013 0.1260 
1 4 0.0000 1.0000 6790.0000 

4.0000 5430.0000 
11.0000 16300.0000 
11 .5000 33900.0000 

2 4 1 .0000 
3 4 4.0000 
4 4 11.0000 
0.0000 16.50000 
1.0000 16.50000 
1.0000 6.70000 
4.0000 6.70000 
4.0000 7.80000 

11.0000 7.8000b 
11.0000 9.80000 
11.5000 9.80000 
0.0000 0.0000 
4.0000 0.0000 
4.0000 0.0000 

11.0000 0.0000 
11.0000 0.0000 
11.5000 0.0000 

5 
1 .0000 
2.0000 
3.0000 
4.0000 
5.0000 

10 
0 20.0000 
1 40.0000 
0 60.0000 
1 80.0000 
0 100.0000 
1 120.0000 
0 140.0000 
1 160.0000 
0 180.0000 
1 200.0000 
1 10 
890.00 
890.00 
890.00 
890.00 
890.00 
890.00 
890.00 
890.00 
890.00 

29.0000 
29.0000 
30.0000 
30.0000 
36.0000 
36.0000 

0.00000 
0.00000 
0.00000 
0.00000 
0.00000 
0.00000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 

890.00 
41370.00 

0.36 
8 4 
0 .1020 

-0 .1020 

248220.00 0.00 206850000.00 
0.36 0.00 0.00 

2 0.0762 
0.0006 
0.0006 

0.00 

North Abutment - Echo of Input File 
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FHWA North Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

***********•I************************************************* 
ULTIMATE BENDING RESISTANCE AND FLEXURIAL RIGIDITY 
************************************************************* 

WIDTH= .36 M DEPTH= .36 M 
CONCRETE COMPRESSIVE STRENGTH= 41370.00 KN/ M**2 
REBAR YIELD STRENGTH= 248220.00 KN/ M**2 
MODULUS OF ELASTICITY OF STEEL= 206850000.00 KN/ M**2 
NUMBER OF REINFORCING BARS= 4 
NUMBER OF ROWS OF REINFORCING BARS= 2 
COVER THICKNESS= .076 M 
SQUASH LOAD CAPACITY= 4812.99 KN 

ROW 
NUMBER 

1 
2 

AREA OF 
REINFORCEMENT 

M**2 

.000600 

.000600 

DISTANCE TO 
CENTROIDAL AXIS 

M 

.1020 
- .1020 

OUTPUT RESULTS FOR AN AXIAL LOAD= 890.00 KN 
***************************************************** 

MOMENT 
M- KN 

EI 
KN- M**2 

PHI 
1/ M 

MAX STR N AXIS 
M/ M M 

.000 .00000 .000001 .00022 224.368 

.ooo .00000 .000051 .00023 4.579 
38.908 37020. .001051 .00042 .398 
74.839 36489. .002051 .00058 .284 
91.417 29963. .003051 .00072 .237 

1 03 . 156 25464 . . 004051 . 00085 . 209 
112. 645 22302. . 005051 . 00097 . 191 
121.010 19998. .006051 .00108 .178 
128.596 18238. .007051 .00119 .168 
135.593 16842. .008051 .00129 .160 
142.083 15698. .009051 .00140 .154 
145.181 14444. .010051 .00149 .148 
147.090 13310. .011051 .00157 .142 
148.618 12332. .012051 .00165 .137 
149.678 11469. .013051 .00173 .133 
150.685 10724. .014051 .00181 .129 
151.842 10088. .015051 .00189 .126 
152.586 9506.3 .016051 .00197 .123 
153.714 9015.0 .017051 .00205 .120 
154.229 8544.1 .018051 .00212 .118 
154.441 8106.7 .019051 .00219 .115 
155. 064 7733. 5 . 020051 . 00227 . 113 
155.653 7394.1 .021051 .00235 .112 
155 . 797 7065 . 3 . 022051 . 00242 . 110 
156.165 6774.8 .023051 .00250 .108 
156. 452 6505. 0 . 024051 . 00258 . 107 
156.452 6245.4 .025051 .00266 .106 
156.591 6010.9 .026051 .00273 .105 
156.601 5789.1 .027051 .00281 .104 
156.970 5595.9 .028051 .00289 .103 
156.970 5403.2 .029051 .00297 .102 
156. 970 5223. 4 . 030051 . 00306 .102 
156.970 5055.2 .031051 .00314 .101 
156.970 4897.5 .032051 .00322 .100 
156.970 4749.3 .033051 .00329 .100 
156.970 4609.8 .034051 .00338 .099 
156.970 4478.3 .035051 .00346 .099 
156. 970 4354. 1 . 036051 . 00354 . 098 
156.970 4236.6 .037051 .00363 .098 
156.970 4125.2 .038051 .00371 .098 
156.970 4019.6 .039051 .00380 .097 
156.970 3919.2 .040051 .00388 .097 

THE ULTIMATE BENDING MOMENT AT A CONCRETE STRAIN OF 0.003 
rs : .157E+03 M- KN 

Input and Output Summary from PMEIX Subroutine 
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FHWA North Abut. · 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 
UNITS- -METR 

************************************************************* 
~!~~.~~~~~~r!g~ •. ~~~~!~~.~g~~~r •. ~~~~~.t •• ~g!~.~~~!~r~~~~ .••• 

I N P U T I N F O R M A T I O N 
********************************* 

THE LOADING IS CYCLIC 
NO. OF CYCLES= .20E+02 
PILE GEOMETRY AND PROPERTIES 

PILE LENGTH 
MODULUS OF ELASTICITY OF PILE 

1 SECTION ( S) 

= 
= 

11.50 M 
.278E+08 KN/ M**2 

X 

M 
• ()0 

DIAMETER 

M 

.355 

MOMENT OF 
INERTIA 

M**4 

.130E-02 

AREA 

M**2 

.126E+OO 
11 . EiO 

SOILS INFORMATION 
X-COORDINATE AT THE GROUND SURFACE 
SLOPE ANGLE AT THE GROUND SURFACE 
4 LAYER(S) OF SOIL 
LAYER 1 
THE LAYER IS A SAND 
X AT THE TOP OF THE LAYER 
X AT THE BOTTOM OF THE LAYER 
VARIATION OF SOIL MODULUS, k 
LAYER 2 
THE LAYER IS A SAND 
X AT THE TOP OF THE LAYER 
X AT THE BOTTOM OF THE LAYER 
VARIATION OF SOIL MODULUS, k 
LAYER 3 
THE LAYER IS A SAND 
X AT THE TOP OF THE LAYER 
X AT THE BOTTOM OF THE LAYER 
VARIATION OF SOIL MODULUS, k 
LAYER 4 
THE LAYER IS A SAND 

= 
= 
= 

= 
= 
= 

= 
= 
= 

= 
= 

.00 M 

.00 DEG. 

.00 M 
1.00 M 

.679E+04 KN/ M**3 

1.00 M 
4.00 M 

.543E+04 KN/ M**3 

4.00 M 
11.00 M 

.163E+05 KN/ M**3 

X AT THE TOP OF THE LAYER = 11.00 M 
X AT THE BOTTOM OF THE LAYER = 11.50 M 
VARIATION OF SOIL MODULUS, k = .339E+05 KN/ 

DISTRIBUTION OF EFFECTIVE UNIT WEIGHT WITH DEPTH 
8 POINTS 

X, M WEIGHT~ KN/ M**3 .oo .17~+02 
1.00 .17E+02 
1.00 .67E+01 
4.00 .67E+01 
4.00 .78E+01 

11.00 .78E+01 
11.00 .98E+01 
11.50 .98E+01 

DISTRIBUTION OF STRENGTH PARAMETERS WITH DEPTH 

X, M .oo 
4.00 
4.00 

11.00 
11. 00 
11. 50 

6 POINTS 
~6o~~!or·2 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

PHI,DEGREES 
29.000 
29.000 
30.000 
30.000 
36.000 
36.000 

M**3 

E50 

North Abu1ment - COM624P Problem Input Summary 
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FHWA North Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -META 

FINITE DIFFERENCE PARAMETERS 
NUMBER OF PILE INCREMENTS = 
TOLERANCE ON DETERMINATION OF DEFLECTIONS = 
MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR PILE ANALYSIS= 
MAXIMUM ALLOWABLE DEFLECTION = 

INPUT CODES 
OUTPT = 1 
KCYCL = 0 
KBC = 2 
KPYOP = 1 
INC = 2 

North Abutment - COM624P Problem Input Summary 
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FHWA North Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -METR 

0 U T P U T I N F O R M A T I O N 
*********************************** 

GENERATED P-Y CURVES 
THE NUMBER OF CURVE IS 
THE NUMBER OF POINTS ON EACH CURVE 

= 5 
= 17 

DEPTH BELOW GS 
M 

1.00 

DIAM 
M 

.36 

PHI GAMMA 
KN/ M**3 

29.0 .2E+02 
y 

M 
.000 
.000 
.001 
.001 
.002 
.002 
.003 
.003 
.004 
.004 
.005 
.005 
.006 
.013 
.368 
.723 

1 .078 

p 
KN/ M 

.000 
2.361 
4.721 
7.082 
9.442 

11.803 
14 .164 
16.524 
18.885 
21 .246 
23.606 
25.221 
25.781 
33.918 
33.918 
33.918 
33.918 

A 

.95 

COMPUTED LATERAL FORCE AT PILE HEAD = . 19994E+02 KN 

****WARNING**** 
THE COMPUTED HORIZONTAL FORCE AT THE PILE HEAD EXCEEDS 
TOLERANCE. THE ERROR IS .285E-03 

COMPUTED SLOPE AT PILE HEAD 

THE OVERALL MOMENT IMBALANCE 
THE OVERALL LATERAL FORCE IMBALANCE 

****WARNING**** 

= 

= 
= 

.OOOOOE+OO M/ M 

.668E-02 M- KN 
- . 728E -11 KN 

THE OVERALL MOMENT IMBALANCE EXCEEDS TOLERANCE 

PILE HEAD DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.234E-02 M 
-.234E+02 M- KN 

.103E+05 KN/ M**2 

NO. OF ITERATIONS = 
MAXIMUM DEFLECTION ERROR = 

8 
.997E-06 M 

*** 

North Abutment - COM624P Problem Output 
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FHWA North Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -METR 

PILE LOADING CONDITION 

LATERAL LOAD AT PILE HEAD 
SLOPE AT PILE HEAD 
AXIAL LOAD AT PILE HEAD 

X DEFLECTION MOMENT 

M M M- KN 
***** ********** ********** 

= 
= 
= 

TOTAL 
STRESS 

KN/ M**2 
********** 

.00 .382E-02 -.556E+02 .147E+05 

.23 .378E-02 -.464E+02 .134E+05 

.46 .367E-02 -.373E+02 .122E+05 

.69 .351E-02 -.287E+02 .110E+05 

.92 .330E-02 -.209E+02 .991E+04 
1 . 15 . 304E -02 - . 140E+02 . 898E+04 
1.38 .272E-02 -.803E+01 .816E+04 
1. 61 . 287E-02 - . 299E+01 . 747E+04 
1 . 84 . 200E -02 . 105E+01 . 721 E+04 
2.07 .163E-02 .410E+01 .762E+04 
2.30 .129E-02 .622E+01 .791E+04 
2. 53 . 982E-03 . 750E+01 . 809E+04 
2.76 .715E-03 .806E+01 .816E+04 
2.99 .492E-03 .804E+01 .816E+04 
3.22 .314E-03 . 758E+01 .810E+04 
3.45 .178E·-03 .679E+01 .799E+04 
3.68 .797E-04 .580E+01 .786E+04 
3.91 .136E·-04 .470E+01 . 771E+04 
4.14 -.265E-04 .357E+01 .755E+04 
4.37 -.467E·-04 .250E+01 .740E+04 
4.60 -.529E·-04 .159E+01 .728E+04 
4.83 -.503E-04 .864E+OO .718E+04 
5.06 -.427E-04 .337E+OO .711E+04 
5.29 -.333E-04 -.121E-01 .707E+04 
5.52 -.239E-04 -.215E+OO .709E+04 
5.75 -.156E-04 -.308E+OO .711E+04 
5.98 -.898E-05 -.323E+OO .711E+04 
6.21 -.417E··05 ··.292E+OO .710E+04 
6.44 -.971E-06 -.237E+OO .710E+04 
6.67 .909E-06 -.176E+OO .709E+04 
6.90 .181E-·05 -.118E+OO .708E+04 
7.13 .205E-·05 -.704E-01 .707E+04 
7.36 .189E-05 -.343E-01 .707E+04 
7.59 .154E-05 -.962E-02 .706E+04 
7.82 .113E-05 .530E-02 .706E+04 
8.05 . 753E-06 .127E-01 . 707E+04 
8.28 .441E-06 .150E-01 . 707E+04 
8.51 .211E-06 .140E-01 .707E+04 
8.74 .583E-07 .115E-01 .707E+04 
8.97 -.304E-07 .844E-02 .706E+04 
9.20 -.722E-07 .554E-02 .706E+04 
9.43 -.830E-07 .317E-02 .706E+04 
9.66 -.758E-07 .144E-02 .706E+04 
9.89 -.605E-07 .311E-03 .706E+04 

10.12 -.433E-07 -.313E-03 .706E+04 
10.35 -.277E-07 -.564E-03 .706E+04 
10.58 -.151E-07 -.569E-03 .706E+04 
10.81 - .564E-08 - .434E-03 . 706E+04 
11.04 .142E-08 -.244E-03 .706E+04 
11.27 . 712E-08 - . 733E-04 . 706E+04 
11 . 50 . 124E-07 . OOOE+OO . 706E+04 

COMPUTED LATERAL FORCE AT PILE HEAD 
COMPUTED SLOPE AT PILE HEAD 

THE OVERALL MOMENT IMBALANCE 
THE OVERALL LATERAL FORCE IMBALANCE 

.400E+02 KN 

.OOOE+OO M/ M 

.OOOE+OO KN 

SHEAR SOIL 
RESIST 

KN KN/ M 
********** ********** 

.400E+02 

.397E+02 

.382E+02 

.351E+02 

.308E+02 

.268E+02 

.227E+02 

.183E+02 

.140E+02 

.982E+01 

.606E+01 

.282E+01 

.158E+OO 
- . 190E+01 
-.339E+01 
-.436E+01 
-.491E+01 
-.511E+01 
-.496E+01 
- . 438E+01 
-.357E+01 
-.269E+01 
- . 186E+01 
-.115E+01 
-.588E+OO 
-.188E+OO 

.701E-01 

.213E+OO 

.270E+OO 

.268E+OO 

.233E+OO 

. 183E+OO 

.131E+OO 

.834E-01 

.457E-01 

.185E-01 

.819E-03 
- . 902E-02 
-.131E-01 
- .134E-01 
-.117E-01 
-.894E-02 
-.613E-02 
- . 367E-02 
- . 177E-02 
- .437E-03 

.377E-03 

.777E-03 

.850E-03 

.594E-03 

.OOOE+OO 

.OOOE+OO 

.335E+01 

.982E+01 

.165E+02 

.206E+02 

.170E+02 

.187E+02 

.192E+02 

.187E+02 

.173E+02 

.153E+02 

.129E+02 

.103E+02 

.768E+01 

.529E+01 

.322E+01 

. 154E+01 

.279E+OO 
-.171E+01 
- .318E+01 
-.381E+01 
-.380E+01 
- . 340E+01 
- . 277E+01 
-.207E+01 
-.141E+01 
-.848E+OO 
-.409E+OO 
-.989E-01 

.961E-01 

.198E+OO 

.232E+OO 

.221E+OO 

.186E+OO 

.141E+OO 

.965E-01 

.581E-01 

.286E-01 

.812E-02 
- .436E-02 
- .106E-01 
-.125E-01 
-.117E-01 
-.957E-02 
-.701E-02 
- . 458E-02 
- . 256E-02 
-.976E-03 

.360E-03 

.185E-02 

.332E-02 

FLEXURAL 
RIGIDITY 

KN- M**2 
********** 

.368E+05 

.369E+05 

.355E+05 

.273E+05 

.198E+05 

.133E+05 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.951E+04 

.40000E+02 KN 
-.18856E-17 M/ M 

= 
= 

.313E-04 M- KN 

.255E-10 KN 

North Abutment - COM624P Problem Output 
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FHWA North Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -METR 

OUTPUT SUMMARY 

PILE HEAD DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.382E-02 M 
-.556E+02 M- KN 

.147E+05 KN/ M**2 

NO. OF ITERATIONS = 7 
MAXIMUM DEFLECTION ERROR = .386E-06 M 

= .60004E+02 KN COMPUTED LATERAL FORCE AT PILE HEAD 
COMPUTED SLOPE AT PILE HEAD = .OOOOOE+OO M/ M 

THE OVERALL MOMENT IMBALANCE 
THE OVERALL LATERAL FORCE IMBALANCE 

= -.623E-02 M- KN 
= · , 367E -1 0 KN 

PILE HEAD DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

NO. OF ITERATIONS 
MAXIMUM DEFLECTION ERROR 

-----------

.590E-02 M 
-.890E+02 M- KN 

.192E+05 KN/ M**2 

= 6 
= .690E-06 M 

*** ----------

S U M M A R Y T A B L E 
************************* 

LATERAL BOUNDARY AXIAL 
LOAD CONDITION LOAD YT ST 

( KN) BC2 ( KN) ( M) M/ M) 

.200E+02 .OOOE+OO .890E+03 .234E-02 .OOOE+OO 

.400E+02 .OOOE+OO .890E+03 .382E-02 - . 189E-17 

.600E+02 .OOOE+OO .890E+03 .590E-02 .OOOE+OO 

.800E+02 .OOOE+OO .890E+03 .881E-02 - . 754E-17 

.100E+03 .OOOE+OO .890E+03 .121E-01 .OOOE+OO 

.120E+03 .OOOE+OO .890E+03 .153E-01 .OOOE+OO 

.140E+03 .OOOE+OO .890E+03 .212E-01 .OOOE+OO 

.160E+03 .OOOE+OO .890E+03 .615E-01 .302E-16 

.180E+03 .OOOE+OO .890E+03 .867E-01 - .603E-16 

.200E+03 .OOOE+OO .890E+03 .149E+OO .OOOE+OO 

MAX. 
MOMENT 

( M- KN) 

·. 234E+02 
-.556E+02 
-.890E+02 
-.117E+03 
- .139E+03 
· .168E+03 
-.218E+03 
-.300E+03 
-.362E+03 
-.430E+03 

North Abutment - COM624P Problem Output 
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MAX. 
STRESS 

KN/ M**2) 

, 103E+05 
.147E+05 
.192E+05 
.230E+05 
.260E+05 
.300E+05 
.368E+05 
.481E+05 
.565E+05 
.658E+05 
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Figure F.19: North Abutment - Plot of Deflection versus Depth as a Function of Lateral 
Load 
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Figure F.20: North Abutment - Plot of Moment versus Depth as a Function of Lateral 
Load 
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Figure F.21: North Abutment - Plot of Shear versus Depth as a Function of Lateral Load 

F-162 



-!/) ... 
G.> 
Q) 
E -.t::. 
0.. 
G.> 
C 

Soil Reaction (kN/meter} 
-100 0 100 200 300 400 

0 .--.--.-....--.--.--l'""'"T"-.-........... --.-.........,l"'""'"T'"""T"""T""""'l'--r--r--11"'""'"T'"~ ......... 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

X 80.00 kN 

D 120.00 kN 

0160.00 kN 

t> 200.00 kN 

Figure F.22: North Abutment - Plot of Soil Reaction versus Depth as a Function of 
Lateral Load 
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F.4.3 COM624P - Pier 2 H-pile, X-X Axis and Y-Y Axis 

As discussed in Chapter 13, wave equation driveability analyses at the internal piers 

indicated a potential driveability problem for 356 mm concrete piles. Therefore, low 

displacement HP 360x152 H-piles were chosen for the pile foundations at the interior 
piers. 

For the selected H-pile section at Pier 2, COM624P solutions for lateral loading in the 
major (X-X) and minor (Y-Y) axis directions were obtained. These analyses again 
assumed full fixity at the base of the pier. At Pier 2, it was assumed that near-surface 

scour protection prevented removal of materials below the pier base in this case. In the 
full design process a number of other variables such as partial rotational constraint or 
extreme scour depth could be evaluated. The presence of the extremely dense sand 
and gravel stratum in the upper 4 m of the soil profile introduced a considerably stiffer 
soil response in comparison with that modeled at the North Abutment. Table 9-13 only 
has dense sand, therefore the slope of soil modulus for this extremely dense sand and 
gravel was assumed to be 50,000 kN/m3

• As in the previous example, the detailed 
results were saved only for every other lateral load increment up to the maximum lateral 
load evaluated of 220 kN. 

COM624P analysis of lateral loading in the X-X and Y-Y axis are presented on the 
following pages. The analysis output includes an echo print of the input file followed by 
the COM624P generated summaries of the problem input and output. The output 
includes a summary table of deflection, moment, shear, and soil reaction versus lateral 
load. For selected lateral loads in the X-X axis, Figures F.23 to F.26 provide graphical 
presentations of deflection, moment, shear, and soil reaction versus depth. These 
graphical presentations for loads in the Y-Y axis are presented in Figure F.27 to F.30. 

The COM624P analyses indicate the performance of the H-pile is acceptable when 
laterally loaded in either axis. The maximum deflection under the 40 kN design load is 
less than 2 mm. 

Additional COM624P analyses should be performed to evaluate group response using 
the p-multiplier approach described in Section 9.8.4. 
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FHWA PIER2, HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 
2 1 0 

100 2 1 0 
4 4 0 
14.000 210000000 0.000 0.000 
1 2 
2 1 0 

100 0.00001000 
20 

2.00000000 
0.0000 0.3564 
1 4 0.0000 

0.0004 0.0194 

2 4 4.0000 
0.0000 11.40000 
4.0000 11.40000 

4.0000 50000.0000 
14.0000 33900.0000 

4.0000 9.80000 
14.0000 9.80000 
0.0000 0.0000 36.0000 

36.0000 
35.0000 
35.0000 

0.00000 
0.00000 
0.00000 
0.00000 

4.0000 0.0000 
4.0000 0.0000 

14.0000 0.0000 
5 
1.0000 
2.0000 
3.0000 
4.0000 
5.0000 

10 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 

40.0000 
60.0000 
80.0000 

100.0000 
120.0000 
140.0000 
160.0000 
180.0000 
200.0000 
220.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 

Pier 2 X-X Axis - Echo of Input File 
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FHWA PIER2, HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 

UN ITS - -METR 

************************************************************* 
~!~~.~~~~~~T!~~l.~~~~!~~.~~~~~1i.~~~~~.~ .• ~~~~.~~~~~~1~~~**** 

I N P U T I N F O R M A T I O N 
********************************* 

THE LOADING IS CYCLIC 
NO. OF CYCLES= .20E+02 
PILE GEOMETRY AND PROPERTIES 

PILE LENGTH 
MODULUS OF ELASTICITY OF PILE 

1 SECTION ( S) 

= 
= 

14.00 M 
.210E+09 KN/ M**2 

X 

M 
.oo 

14.00 

SOILS INFORMATION 

DIAMETER 

M 

.356 

X-COORDINATE AT THE GROUND SURFACE 
SLOPE ANGLE AT THE GROUND SURFACE 
2 LAYER(S) OF SOIL 
LAYER i 
THE LAYER IS A SAND 
X AT THE TOP OF THE LAYER 
X AT THE BOTTOM OF THE LAYER 
VARIATION OF SOIL MODULUS, k 
LAYER 2 
THE LAYER IS A SAND 

= 
= 
= 

MOMENT OF 
INERTIA 

M**4 

.400E-03 

= 
= 

.00 
4.00 

.500E+05 

AREA 

M**2 

.194E-01 

.00 M 

.00 DEG. 

M 
M 
KN/ M**3 

X AT THE TOP OF THE LAYER = 4.00 M 
X AT THE BOTTOM OF THE LAYER = 14.00 M 
VARIATION OF SOIL MODULUS, k = .339E+05 KN/ M**3 

DISTRIBUTION OF EFFECTIVE UNIT WEIGHT WITH DEPTH 
4 POINTS 

X, M WEIGHT~ KN/ M**3 
.oo .11~+02 

4.00 .11E+02 
4.00 .98E+01 

14.00 .98E+01 

DISTRIBUTION OF STRENGTH PARAMETERS WITH DEPTH 

X, M 
.oo 

4.00 
4.00 

14.00 

4 POINTS 
C KN/ M**2 
.6ooE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 

FINITE DIFFERENCE PARAMETERS 

PHI,DEGREES 
36.000 
36.000 
35.000 
35.000 

E50 

NUMBER OF PILE INCREMENTS = 100 
TOLERANCE ON DETERMINATION OF DEFLECTIONS = 
MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR PILE ANALYSIS= 
MAXIMUM ALLOWABLE DEFLECTION = 

.1 OOE-04 M 
100 

.20E+01 M 

INPUT CODES 
OUTPT = 1 
KCYCL = 0 
KBC = 2 
KPYOP = 1 
INC = 2 

Pier 2 X-X Axis - COM624P Problem Input Summary 
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FHWA PIER2, HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

0 U T P U T I N F O R M A T I O N 
*********************************** 

GENERATED P-Y CURVES 
THE NUMBER OF CURVE IS 
THE NUMBER OF POINTS ON EACH CURVE 

= 5 
= 17 

DEPTH BELOW GS 
M 

1.00 

DIAM 
M 

.36 
y 

M 
.000 
.000 
.001 
.001 
.002 
.002 
.003 
.003 
.004 
.004 
.005 
.005 
.006 
.013 
.370 
.726 

1. 083 

*** 

PHI GAMMA 
KN/ M**3 

36.0 .1E+02 
p 

KN/ M 
.000 

20.089 
23.911 
26.474 
28.459 
30.099 
31.510 
32.754 
33.872 
34.889 
35.825 
36.693 
37.504 
49.281 
49.281 
49.281 
49.281 

A 

.96 

Pier 2 X-X Axis - COM624P Problem Output 
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FHWA PIER2, HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

PILE LOADING CONDITION 

LATERAL LOAD AT PILE HEAD = .400E+02 KN 
SLOPE AT PILE HEAD = .OOOE+OO M/ M 
AXIAL LOAD AT PILE HEAD = .OOOE+OO KN 
X DEFLECTION MOMENT TOTAL SHEAR SOIL FLEiURAL STRESS RESIST RIGI ITV M M M- KN KN/ M**2 KN KN/ M KN- M**2 ***** *******,fr** ********** ********** ********** ********** ********** .oo . 819E-·03 -.472E+02 .669E+05 .400E+02 .OOOE+OO .840E+05 .28 .798E .. Q3 -.360E+02 .619E+05 .396E+02 .344E+01 .840E+05 .56 .744E-03 -.251E+02 .571E+05 .377E+02 .105E+02 .840E+05 .84 .666E-·03 -.150E+02 .525E+05 .336E+02 .188E+02 .840E+05 1 . 12 .574E-03 -.627E+01 .487E+05 .278E+02 .211E+02 .840E+05 1. 40 .476E-03 .835E+OO .462E+05 .227E+02 .152E+02 .840E+05 1. 68 .379E-03 .666E+01 .488E+05 .181E+02 .185E+02 .840E+05 1.96 .288E-03 .110E+02 .508E+05 .124E+02 .220E+02 .840E+05 2.24 .207E-03 .137E+02 .520E+05 .601E+01 .233E+02 .840E+05 2.52 .139E-03 .146E+02 .524E+05 .300E+OO .176E+02 .840E+05 2.80 .844E-04 .141E+02 .522E+05 -.380E+01 .119E+02 .840E+05 3.08 .429E-04 .127E+02 .515E+05 -.637E+01 .666E+01 .840E+05 3.36 .132E-04 .107E+02 .506E+05 -.759E+01 .224E+01 .840E+05 3.64 -.659E-05 .853E+01 .497E+05 - . 771 E+01 - .119E+01 .840E+05 3.92 - .184E-04 .645E+01 .487E+05 -.702E+01 -.361E+01 .840E+05 4.20 -.242E-04 .462E+01 .479E+05 -.611E+01 -.344E+01 .840E+05 4.48 -.256E-04 .305E+01 .472E+05 -.508E+01 -.389E+01 .840E+05 4.76 -.242E-04 . 178E+01 .467E+05 -.399E+01 - .390E+01 .840E+05 5.04 -.211E-04 .808E+OO .462E+05 - . 294E+01 -.360E+01 .840E+05 5.32 - .172E-04 .118E+OO .459E+05 -.200E+01 -.311E+01 .840E+05 5.60 -.132E-04 -.330E+OO .460E+05 - . 122E+01 - .251E+01 .840E+05 5.88 -.951E-05 -.582E+OO .461E+05 -.604E+OO - . 190E+01 .840E+05 6 .16 -.635E-05 -.686E+OO .462E+05 -.155E+OO - . 133E+01 .840E+05 6.44 -.382E-05 -.685E+OO .462E+05 .144E+OO -.836E+OO .840E+05 6.72 - .192E-05 -.618E+OO .462E+05 .320E+OO -.440E+OO .840E+05 7.00 -.601E-06 -.515E+OO .461E+05 .399E+OO - .144E+OO .840E+05 7.28 .239E-06 -.401E+OO .461E+05 .409E+OO .585E-01 .840E+05 7.56 .705E-06 -.290E+OO .460E+05 .375E+OO .181E+OO .840E+05 7.84 .899E-06 - . 193E+OO .460E+05 .315E+OO .239E+OO .840E+05 8 .12 .912E-06 -.115E+OO .459E+05 .246E+OO .251E+OO .840E+05 8.40 .816E-06 -.553E-01 .459E+05 . 178E+OO . 233E+OO . .840E+05 8.68 .668E-06 -.141E-01 .459E+05 .118E+OO .197E+OO .840E+05 8.96 .506E-06 .119E-01 .459E+05 .691E-01 .154E+OO .840E+05 9.24 .354E-06 .258E-01 .459E+05 .322E-01 .111E+OO .840E+05 9.52 .225E-06 .310E-01 .459E+05 .670E-02 .730E-01 .840E+05 9.80 .126E-06 .304E-01 .459E+05 -.916E-02 .419E-01 .840E+05 10.08 .541E-07 .265E-01 .459E+05 -.174E-01 .186E-01 .840E+05 10.36 .716E-08 .211E-01 .459E+05 -.203E-01 .256E-02 .840E+05 10.64 -.201E-07 .155E-01 .459E+05 -.195E-01 -.724E-02 .840E+05 10.92 -.328E-07 .104E-01 .459E+05 -.167E-01 -.122E-01 .840E+05 11. 20 -.359E-07 .619E-02 .459E+05 -.131E-01 -.136E-01 .840E+05 11 .48 -.330E-07 .306E-02 .459E+05 -.934E-02 -.129E-01 .840E+05 11.76 -.273E-07 .925E-03 .459E+05 -.601E-02 - .109E-01 .840E+05 12.04 -.206E-07 -.362E-03 .459E+05 -.331E-02 -.846E-02 .840E+05 12.32 - .143E-07 -.988E-03 .459E+05 -.130E-02 -.600E-02 .840E+05 12.60 -.885E-08 -.115E-02 .459E+05 .584E-04 -.380E-02 .840E+05 12.88 -.444E-08 -.100E-02 .459E+05 .851E-03 - . 195E- 02 .840E+05 13 .16 -.971E-09 -.708E-03 .459E+05 .118E-02 -.437E-03 .840E+05 13.44 .184E-08 - .377E-03 .459E+05 .112E-02 .841E-03 .840E+05 13.72 .430E-08 -.110E-03 .459E+05 .720E-03 .201E-02 .840E+05 14.00 .665E-08 .OOOE+OO .459E+05 .OOOE+OO .317E-02 .840E+05 
COMPUTED LATERAL FORCE AT PILE HEAD = .40000E+02 KN COMPUTED SLOPE AT PILE HEAD = .38722E-18 M/ M 
THE OVERALL MOMENT IMBALANCE = .360E-11 M- KN THE OVERALL LATERAL FORCE IMBALANCE = -.996E-11 KN 

Pier 2 X-X Axis - COM624P Problem Output 
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FHWA PIER2, HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

OUTPUT SUMMARY 

LATERAL 
LOAD 

PILE HEAD ,DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.819E-03 M 
-.472E+02 M- KN 
.669E+05 KN/ M**2 

NO. OF ITERATIONS = 5 
MAXIMUM DEFLECTION ERROR = .372E-05 M 

COMPUTED LATERAL FORCE AT PILE HEAD 
COMPUTED SLOPE AT PILE HEAD 

= .60000E+02 KN 
= .15489E-17 M/ M 

THE OVERALL MOMENT IMBALANCE 
THE OVERALL LATERAL FORCE IMBALANCE 

= .102E-10 M- KN 
= - .183E-10 KN 

PILE HEAD :DEFLECTION = .151E-02 
MAXIMUM BENDING MOMENT= -.772E+02 
MAXIMUM TOTAL STRESS = .803E+05 

M 
M- KN 
KN/ M**2 

NO. OF ITERATIONS = 
MAXIMUM DEFLECTION ERROR = 

6 
.434E-05 M 

*** 

S U M M A R Y T A B L E 
************************* 

AXIAL 
LOAD YT ST 

MAX. 
MOMENT 

MAX. 
STRESS 

BOUNDASY 
CONDIT! .N 

( KN) BC2 ( KN) ( M) M/ M) ( M- KN) KN/ M**2) 

.400E+02 .OOOE+OO .890E+03 .819E-03 .387E-18 -.472E+02 .669E+05 

.600E+02 .oooroo .890E+03 .151E-02 . 155E-17 - . 772E+02 .803E+05 

.800E+02 .000 +00 .890E+03 .231E-02 - .155E-17 -.109E+03 .944E+05 

.100E+03 .000 +00 .890E+03 .322E-02 - .310E-17 - .142E+03 · .109E+06 

.120E+03 .000 +00 .890E+03 .419E-02 .OOOE+OO -.176E+03 .124E+06 

.140E+03 .OOOE+OO .890E+03 .524E-02 - .310E-17 -.211E+03 .140E+06 

.160E+03 .oooroo .890E+03 .636E-02 .OOOE+OO -.247E+03 .156E+06 

.180E+03 .ooo +00 .890E+03 .753E-02 -.310E-17 -.283E+03 .172E+06 

.200E+03 .000 +00 .890E+03 .874E-02 .OOOE+OO -.320E+03 .188E+06 

.220E+03 .000 +00 .890E+03 .100E-01 .OOOE+OO -.357E+03 .205E+06 

Pier 2 X-X Axis - COM624P Problem Output 
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-VJ .... 
2 
Q) 

E -.c 
Q. 
Q) 

0 

Deflection (meters) 
-0.00200 0 0.00200 0.00400 0.00600 0.00800 

0 .--,.....,.....-,--,........... ......... .,.......,---r-.....,......,.......... __ ,.......,........,.......,........,,.........,... ......... ..,........,___,........, 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

X 80.00 kN 

D 120.00 kN 

0160.00 kN 

C> 200.00 kN 

Figure F.23: Pier 2 - Plot of Deflection versus Depth as a Function on Lateral Load on 
X-X Axis 
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-V) ... 
Q) 

Q) 
E -..c 
0.. 
Q) 

Cl 

Moment (kN-meters) 
-200 -100 0 100 200 300 

0 ........... --.-....--............ .....--.....,_,---,--.--..........,. __ ,........_.........,,........,.......--..,........,---,---, 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

X 80.00 kN 

D 120.00 kN 

0160.00 kN 

I> 200.00 kN 

Figure F.24: Pier 2 - Plot of Moment versus Depth as a Function of Lateral Load on X-X 
Axis 
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Shear (kN) 
-100 0 100 

0 
200 300 400 

Lateral Load 

+ 40.00 kN 
2.00 

X 80.00 kN 

D 120.00 kN 
4.00 

0160.00 kN 

t> 200.00 kN 
6.00 

-(I) .... 
.2? 
Q) 

E 8.00 -.c 
Q. 
Q) 

0 

10.00 

12.00 

14.00 

16.00 

Figure F.25: Pier 2 - Plot of Shear versus Depth as a Function of Lateral Load on X-X 
Axis 
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-(I) 
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2 
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E -.c a. 
Q) 

0 

-50 
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2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Soil Reaction (kN/meter) 
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+ 40.00 kN 
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C> 200.00 kN 

Figure F.26: Pier 2 - Plot of Soil Reaction versus Depth as a Function of Lateral Load on 
X-X Axis 
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FHWA PIER2, 
2 1 

HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 
0 

100 2 
4 4 
14.000 
1 2 

1 0 
0 

210000000 

2 1 0 
100 0.00001000 

0.0000 0.3760 

0.000 

20 
2.00000000 

0.000 

0.0002 0.0194 
1 4 0.0000 4.0000 50000.0000 

14.0000 33900.0000 2 4 4.0000 
0.0000 11.40000 
4.0000 11.40000 
4.0000 9.80000 

14.0000 9.80000 
0.0000 0.0000 
4.0000 0.0000 
4.0000 0.0000 

14.0000 0.0000 

36.0000 
36.0000 
35.0000 
35.0000 

0.00000 
0.00000 
0.00000 
0.00000 

5 
1.0000 
2.0000 
3.0000 
4.0000 
5.0000 

10 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 

40.0000 
60.0000 
80.0000 

100.0000 
120.0000 
140.0000 
160.0000 
180.0000 
200.0000 
220.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 

Pier 2 Y-Y Axis - Echo of Input File 
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FHWA PIER2, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 

UNITS- -META 
*************;r*********************************************** 
PILE DEFLECTION BENDING MOMENT, SHEAR & SOIL RESISTANCE 
************************************************************* 

I N P U T I N F O R M A T I O N 
********************************* 

THE LOADING IS CYCLIC 
NO. OF CYCLES= .20E+02 
PILE GEOMETRY AND PROPERTIES 

PILE LENGTH 
MODULUS OF ELASTICITY OF PILE 

1 SECTION ( S) 

X 

M 
.00 

= 
= 

14.00 M 
.210E+09 KN/ M**2 

MOMENT OF 
INERTIA 

M**4 

AREA 

M**2 

DIAMETER 

M 

.376 .200E-03 .194E-01 
14.00 

SOILS INFORMATlON 
X-COORDINATE AT THE GROUND SURFACE 
SLOPE ANGLE AT THE GROUND SURFACE 
2 LAYER(S) OF SOIL 

= 
.00 M 
.00 DEG. 

LAYER i 
THE LAYER IS A SAND 
X AT THE TOP OF THE LAYER 
X AT THE BOTTOM OF THE LAYER 
VARIATION OF SOIL MODULUS, k 
LAYER 2 
THE LAYER IS A SAND 

= 
= 
= 

.00 
4.00 

.500E+05 

M 
M 
KN/ 

X AT THE TOP OF THE LAYER = 4.00 M 
X AT THE BOTTOM OF THE LAYER = 14.00 M 
VARIATION OF SOIL MODULUS, k = .339E+05 KN/ 

DISTRIBUTION OF EFFECTIVE UNIT WEIGHT WITH DEPTH 
4 POINTS 

X, M WEIGHT~ KN/ M**3 
.00 .11c+02 

4.00 .11E+02 
4. 00 . 98E+01 

14.00 .98E+01 

DISTRIBUTION OF STRENGTH PARAMETERS WITH DEPTH 
4 POINTS 

X M C KN/ M**2 
'.oo .600E+OO 

4.00 .OOOE+OO 
4.00 .OOOE+OO 

14.00 .OOOE+OO 

FINITE DIFFERENCE PARAMETERS 

PHI,DEGREES 
36.000 
36.000 
35.000 
35.000 

M**3 

M**3 

E50 

NUMBER OF PILE INCREMENTS = 
TOLERANCE ON DETERMINATION OF DEFLECTIONS = 
MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR PILE ANALYSIS= 
MAXIMUM ALLOWABLE DEFLECTION 

INPUT CODES 
OUTPT = 1 
KCYCL = 0 
KBC = 2 
KPYOP = 1 
INC = 2 

Pier 2 Y-Y Axis - COM624P Problem Input Summary 
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FHWA PIER2, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 

UN ITS - -METR 

0 U T P U T I N F O R M A T I O N 
*********************************** 

GENERATED P-Y CURVES 
THE NUMBER OF CURVE IS 
THE NUMBER OF POINTS ON EACH CURVE 

DEPTH BELOW GS DIAM PHI 
M M 

1 , 00 . 38 36. 0 
y 

M 
.000 
.001 
.001 
.002 
.002 
.003 
.003 
.004 
.004 
.005 
.005 
.006 
.006 
.014 
.390 
.766 

1.142 

*** 

= 5 
= 17 

GAMMA A 
KN/ M**3 

.1E+02 .97 
p 

KN/ M 
.000 

21.842 
25.705 
28.274 
30.251 
31 .880 
33.275 
34.502 
35.602 
36.601 
37.518 
38.367 
39.160 
50.660 
50.660 
50.660 
50.660 

Pier 2 Y-Y Axis - COM624P Problem Output 
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FHWA PIER2, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

PILE LOADING CONDITION 

LATERAL LOAD AT PILE HEAD = .400E+02 KN 
SLOPE AT PILE HEAD = .OOOE+OO M/ M 
AXIAL LOAD AT PILE HEAD = .OOOE+OO KN 
X DEFLECTION MOMENT TOTAL SHEAR SOIL FLEXURAL 

STRESS RESIST RIGIDITY 
M M M- KN KN/ M**2 KN KN/ M KN- M**2 ***** ********** ********** ********** ********** ********** ********** .oo .122E-02 -.432E+02 .865E+05 .400E+02 .OOOE+OO .420E+05 

.28 .118E-02 -.320E+02 .760E+05 .396E+02 .378E+01 .420E+05 

.56 .108E-02 -.211E+02 .657E+05 .375E+02 .115E+02 .420E+05 

.84 .946E-03 -.110E+02 .562E+05 .329E+02 .209E+02 .420E+05 
1 . 12 .789E-03 -.255E+01 .483E+05 .262E+02 .254E+02 .420E+05 
1.40 .626E-03 .397E+01 .496E+05 .196E+02 .205E+02 .420E+05 
1.68 .470E-03 .885E+01 .542E+05 .143E+02 .198E+02 .420E+05 
1. 96 .331E-03 .122E+02 .573E+05 .823E+01 .230E+02 .420E+05 
2.24 .215E-03 .137E+02 .587E+05 . 159E+01 .239E+02 .420E+05 2.52 .123E-03 .133E+02 .584E+05 - .395E+01 .154E+02 .420E+05 2.80 . 567E-04 .117E+02 .569E+05 -.721E+01 .782E+01 .420E+05 3.08 .119E-04 .951E+01 .548E+05 -.855E+01 .175E+01 .420E+05 3.36 -.152E-04 .712E+01 .526E+05 -.842E+01 -.260E+01 .420E+05 3.64 -.289E-04 .490E+01 .505E+05 -.730E+01 -.528E+01 .420E+05 3.92 -.335E-04 .308E+01 .488E+05 -.563E+01 - . 656E+01 .420E+05 4.20 -.322E-04 .172E+01 .475E+05 -.421E+01 - . 455E+01 .420E+05 
4.48 -.277E-04 .718E+OO .466E+05 -.298E+01 - .417E+01 .420E+05 4.76 -.218E-04 .382E-01 .459E+05 - . 189E+01 -.349E+01 .420E+05 5.04 -.159E-04 -.368E+OO .462E+05 - . 103E+01 -.268E+01 .420E+05 5.32 - .105E-04 -.562E+OO .464E+05 -.384E+OO - . 187E+01 .420E+05 5.60 -.623E-05 -.607E+OO .464E+05 .427E-01 -.117E+01 .420E+05 5.88 -.305E-05 -.557E+OO .464E+05 .290E+OO -.598E+OO .420E+05 6 .16 -.913E-06 -.459E+OO .463E+05 .398E+OO -.185E+OO .420E+05 6.44 .371E-06 -.344E+OO .462E+05 .411E+OO .834E-01 .420E+05 6.72 .101E-05 -.234E+OO .461E+05 .366E+OO .231E+OO .420E+05 7.00 .122E-05 -.142E+OO .460E+05 .292E+OO .287E+OO .420E+05 7.28 .115E-05 -.712E-01 .459E+05 .212E+OO .282E+OO .420E+05 7.56 .949E-06 -.226E-01 .459E+05 .138E+OO .242E+OO .420E+05 7.84 .704E-06 .719E-02 .459E+05 .774E-01 .186E+OO .420E+05 8 .12 .471E-06 .223E-01 .459E+05 .332E-01 .128E+OO .420E+05 8.40 .278E-06 .272E-01 .459E+05 .422E-02 .784E-01 .420E+05 8.68 .136E-06 .259E-01 .459E+05 -.122E-01 .393E-01 .420E+05 8.96 .410E-07 .213E-01 .459E+05 - . 193E- 01 .121E-01 .420E+05 9.24 - .142E-07 .156E-01 .459E+05 -.203E-01 -.458E-02 .420E+05 9.52 -.402E-07 .102E-01 .459E+05 -.177E-01 -.130E-01 .420E+05 9.80 -.471E-07 .581E-02 .459E+05 -.136E-01 -.156E-01 .420E+05 10.08 -.429E-07 .259E-02 .459E+05 -.937E-02 - .146E-01 .420E+05 10.36 -.338E-07 .511E-03 .459E+05 -.564E-02 -.118E-01 .420E+05 10.64 -.236E-07 -.647E-03 .459E+05 -.279E-02 -.844E-02 .420E+05 10.92 - . 146E-07 -.114E-02 .459E+05 -.860E-03 -.533E-02 .420E+05 11. 20 -.757E-08 - .120E-02 .459E+05 .281E-03 -.284E-02 .420E+05 11 . 48 -.280E-08 - .103E-02 .459E+05 .823E-03 - .107E-02 .420E+05 11.76 .572E-10 -.773E-03 .459E+05 .961E-03 .323E-04 .420E+05 12.04 .147E-08 -.513E-03 .459E+05 .866E-03 .603E-03 .420E+05 12.32 .193E-08 -.297E-03 .459E+05 .664E-03 .802E-03 .420E+05 12.60 . 182E-08 -.142E-03 .459E+05 .441E-03 .773E-03 .420E+05 12.88 .144E-08 -.475E-04 .459E+05 .243E-03 .624E-03 .420E+05 13. 16 .963E-09 -.171E-05 .459E+05 .949E-04 .426E-03 .420E+05 13.44 .481E-09 .105E-04 .459E+05 .413E-05 .217E-03 .420E+05 13.72 .175E-10 .558E-05 .459E+05 - .277E-04 .678E-05 .420E+05 14.00 -.436E-09 .OOOE+OO .459E+05 .OOOE+OO -.207E-03 .420E+05 

COMPUTED LATERAL FORCE AT PILE HEAD = ,40000E+02 KN COMPUTED SLOPE AT PILE HEAD = - . 77443E-18 M/ M 
THE OVERALL MOMENT IMBALANCE = .340E-11 M- KN THE OVERALL LATERAL FORCE IMBALANCE = -.582E-11 KN 

Pier 2 Y-Y Axis - COM624P Problem Output 
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FHWA PIER2, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 

UNITS· -METR 

OUTPUT SUMMARY 

LATERAL 

PILE HEAD DEFLECTION = 
MAXIMUM 8ENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.122E-02 M 
-.432E+02 M- KN 
.865E+05 KN/ M**2 

NO. OF ITERATIONS = 5 
MAXIMUM DEFLECTION ERROR = .338E-05 M 

COMPUTED LATERAL FORCE AT PILE HEAD 
COMPUTED SLOPE AT PILE HEAD 

= .60000E+02 KN 
= .OOOOOE+OO M/ M 

THE OVERALL MOMENT IMBALANCE 
THE OVERALL LATERAL FORCE IMBALANCE 

= -.219E-11 M- KN 
= -.107E-10 KN 

PILE HEAD DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.232E-02 M 
-.713E+02 M· KN 
.113E+06 KN/ M**2 

NO. OF ITERATIONS = 7 
MAXIMUM DEFLECTION ERROR = .465E-05 M 

*** 

S U M M A R Y T A B L E 
************************* 

BOUNDARY AXIAL MAX. MAX. 
LOAD CONDITION LOAD YT ST MOMENT STRESS 

( KN) BC2 ( KN) ( M) M/ M) ( M- KN) KN/ M**2) 

.400E+02 .OOOE+OO .890E+03 .122E-02 -.774E-18 -.432E+02 .865E+05 

.600E+02 .OOOE+OO .890E+03 .232E-02 .OOOE+OO -.713E+02 .113E+06 

.800E+02 .OOOE+OO .890E+03 .362E-02 .OOOE+OO -.101E+03 . 141 E+06 

.100E+03 .OOOE+OO .890E+03 .509E-02 .310E-17 -.132E+03 .170E+06 

.120E+03 .OOOE+OO .890E+03 .668E-02 .310E-17 - .164E+03 .200E+06 

.140E+03 .OOOE+OO .890E+03 .839E-02 .OOOE+OO - .197E+03 .231E+06 

.160E+03 .OOOE+OO .890E+03 .102E-01 .OOOE+OO -.231E+03 .263E+06 

.180E+03 .OOOE+OO .890E+03 .121E-01 . 620E-17 -.264E+03 .294E+06 

.200E+03 .OOOE+OO .890E+03 .140E-01 . 620E-17 -.298E+03 .326E+06 

.220E+03 .OOOE+OO .890E+03 .160E-01 .OOOE+OO -.333E+03 .359E+06 

Pier 2 Y-Y Axis - COM624P Problem Output 
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X 80.00 kN 
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t> 200.00 kN 

Figure F.27: Pier 2 - Plot of Deflection versus Depth as a Function of Lateral Load on Y
Y Axis 
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+ 40.00 kN 
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◊ 160.00 kN 

C> 200.00 kN 

Figure F.28: Pier 2 - Plot of Moment versus Depth as a Function of Lateral Load on Y-Y 
Axis 
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Shear (kN) 
-100 0 100 200 300 400 

0 

Lateral Load 

+ 40.00 kN 
2.00 

x 80.00 kN 

D 120.00 kN 
4.00 

0160.00 kN 
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Figure F.29: Pier 2 - Plot of Shear versus Depth as a Function of Lateral Load on Y-Y 
Axis 
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Figure F.30: Pier 2 - Plot of Soil Reaction versus Depth as a Function of Lateral Load on 
Y-Y Axis 
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F .4.4 COM624P - Pier 3 H-pile, X-X Axis and Y-Y Axis 

As discussed in Chapter 13, wave equation driveability analyses at the internal piers 
indicated a potential driveability problem for 356 mm concrete piles. Therefore, low 
displacement HP 36ox·I52 H-piles were chosen for the pile foundations at the interior 

piers. 

COM624P solutions for lateral loading of the selected H-pile section at Pier 3 in both the 
major (X-X) and minor (Y-Y) axes directions were also obtained. The same assumptions 
used for Pier 2 also apply to Pier 3. The four meter extremely dense sand and gravel 
layer at Pier 2 decreases to one meter at Pier 3 location. The same assumed slope soil 
modulus (50,000 kN/m") was used for the extremely dense sand and gravel layer. Soil 
parameters for the cohesive soil layers were obtained from Tables 9-12 and 9-13. 

COM624P analysis of lateral loading in the X-X and Y-Y axes are presented on the 

following pages. The analysis output includes an echo print of the input file followed by 
the COM624P generated summaries of the problem input and output. The output 
includes a summary table of deflection, moment, shear, and soil reaction versus lateral 
load. For selected lateral loads in the X-X axis, Figures F.31 to F.34 provide graphical 
presentations of deflection, moment, shear, and soil reaction versus depth. These 
graphical presentations for loads in the Y-Y axis are presented in Figure F.35 to F.38. 
Note, the maximum lateral load analyzed was only 170 kN because a sudden failure 
occurred at 180 kN. 

The COM624P analyses indicate the performance of the H-pile subjected to lateral 
loading is acceptable in either axis. The maximum deflection under the 40 kN design 
load is less than 1 mm. 

Additional COM624P analyses should be performed to evaluate group response using 
the p-multiplier approach described in Section 9.8.4. 
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FHWA PIER3, 
2 1 

HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 
0 

100 3 
6 6 
13.000 
1 2 

1 0 
0 

210000000 

2 1 Q 
100 0.00001000 

0.0000 0.3564 
1 4 0.0000 
2 2 1.0000 
3 2 4.0000 
0.0000 10.60000 
1.0000 10.60000 
1 .0000 9.!0000 
4.0000 9. 0000 
4.0000 10. 0000 

13.0000 10.40000 
0. 0000 0 .,0000 
1.0000 0.0000 
1.0000 106;0000 
4.oooo 105;0000 
4.0000 155.0000 

13.0000 155.0000 
5 
1.0000 
2.0000 
3.0000 
4.0000 
5.0000 

0.000 0.000 

20 
2.00000000 

0.0004 0.0194 
1.0000 50000.0000 
4.0000 54300.0000 

13.0000 108500.0000 

36.0000 
36.0000 

0.0000 
0.0000 
0.0000 
0.0000 

0.00000 
0.00000 
0.00500 
0.00500 
0.00500 
0.00500 

10 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 

40.0000 
60.0000 
80.0000 

100.0000 
120.0000 
130.0000 
140.0000 
150.0000 
160.0000 
170.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 

Pier 3 X-X Axis - Echo of Input File 
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FHWA PIER3, HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 
************************************************************* 
PILE DEFLECTION BENDING MOMENT, SHEAR & SOIL RESISTANCE 
***************'********************************************* 

I N P U T I N F O R M A T I O N 
********************************* 

THE LOADING IS CYCLIC 
NO. OF CYCLES= .20E+02 
PILE GEOMETRY AND PROPERTIES 

PILE LENGTH 
MODULUS OF ELASTICITY OF PILE 

1 SECTION(S) 

= 
= 

13.00 M 
.210E+09 KN/ M**2 

X 

M 
.00 

13.00 

SOILS INFORMATION 

DIAMETER 

M 

.356 

X-COORDINATE AT THE GROUND SURFACE 
SLOPE ANGLE AT THE GROUND SURFACE 
3 LAYER(S) OF SOIL 
LAYER 1 
THE LAYER IS A SAND 

MOMENT OF 
INERTIA 

M**4 

.400E-03 

= 
= 

AREA 

M**2 

.194E-01 

.00 M 

.00 DEG. 

X AT THE TOP OF THE LAYER = .00 M 
X AT THE BOTTOM OF THE LAYER = 1.00 M 
VARIATION OF SOIL MODULUS, k = .500E+05 KN/ M**3 
LAYER 2 
THE LAYER IS A STIFF CLAY BELOW THE WATER TABLE 
X AT THE TOP OF THE LAYER = 1.00 M 
X AT THE BOTTOM OF THE LAYER = 4.00 M 
VARIATION OF SOIL MODULUS, k = .543E+05 KN/ M**3 
LAYER 3 
THE LAYER lS A STIFF CLAY BELOW THE WATER TABLE 
X AT THE TOP OF THE LAYER = 4.00 M 
X AT THE BgTTOM OF THE LAYER = 13.00 M 
i1~f~Ii8~IO~ ~~I~F1~8¥~~~·u~IT WEIGHT

0

W~~i+iiPT~N/ M**
3 

6 POINTS 
X, M WEIGHT~ KN/ M**3 

.00 .11~+02 
1.00 .11E+02 
1.00 .98E+01 
4.00 .98E+01 
4.00 .10E+02 

13.00 .10E+02 

DISTRIBUTION OF STRENGTH PARAMETERS WITH DEPTH 
6 POINTS 

x'.o~ ~60~~{0~•• 2 E50 
1.00 .OOOE+OO 
1.00 .106E+03 
4.00 .106E+03 
4.00 .155E+03 

13.00 .155E+03 

PHI,DEGREES 
36.000 
36.000 

.000 

.000 

.000 

.ooo 

.500E-02 

.500E-02 

.500E-02 

.500E-02 
FINITE DIFFERENCE PARAMETERS 

NUMBER OF PILE INCREMENTS = 
TOLERANCE ON DETERMINATION OF DEFLECTIONS = 
MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR PILE ANALYSIS= 
MAXIMUM ALLOWABLE DEFLECTION = 

INPUT CODES 
OUTPT = 1 
KCYCL = 0 
KBC = 2 
KPYOP = 1 
INC = 2 

Pier 3 X-X Axis - COM624P Problem Input Summary 
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FHWA PIER3 1 HP3150X152 X-X AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

0 U T P U T I N F O R M A T I O N 
*********************************** 

GENERATED P•Y CURVES 
THE NUMBER OF CURVE IS 
THE NUMBER OF POINTS ON EACH CURVE 

DEPTH BELOW GS DIAM C 
M M KN/ M**2 

1.00 .356 .1E+03 

AS =.58 AC =.30 

*** 

Y1 M 
.000 
.000 
.000 
.001 
.001 
.001 
.001 
.001 
.002 
.002 
.002 
.002 
.003 
.004 
.006 
.008 
.085 

CAVG 
KN/ M**2 

. 1 E+03 

= 5 
= 17 

GAMMA 
KN/ M**3 

. 1 E+02 

P1 KN/ M 
.000 

12.473 
24.946 
37.420 
49.893 
62.366 
74.839 
87.312 
99.785 

112.259 
120.585 
118.265 
113.316 
80.576 
47. 817 
15.059 
15.059 

Pier 3 X-X Axis - COM624P Problem Output 
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FHWA PIER3, HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

PILE LOADING CONDITION 

LATERAL LOAD AT PILE HEAD = .400E+02 KN 
SLOPE AT PILE HEAD = .OOOE+OO M/ M 
AXIAL LOAD AT PILE HEAD = .OOOE+OO KN 
X DEFLECTION MOMENT TOTAL SHEAR SOIL FLEXURAL 

STRESS RESIST RIGIDITY 
M M M- KN KN/ M**2 KN KN/ M KN- M**2 

***** ********** ********** ********** ********** ********** ********** .oo .646E-03 - .440E+02 .655E+05 .400E+02 .OOOE+OO .840E+05 
.26 .629E-03 -.336E+02 .608E+05 .397E+02 .268E+01 .840E+05 
.52 .586E,-03 -.234E+02 .563E+05 .383E+02 .820E+01 .840E+05 
.78 .523E-03 -.137E+02 .520E+05 .353E+02 .152E+02 .840E+05 

1.04 .450E-03 -.497E+01 .481E+05 .303E+02 .275E+02 .840E+05 
1.30 .372E-03 .203E+01 .468E+05 .230E+02 .280E+02 .840E+05 
1. 56 .296E-03 .716E+01 .491E+05 .160E+02 .265E+02 .840E+05 
1.82 .225E-03 . 105E+02 .506E+05 .949E+01 .234E+02 .840E+05 
2.08 .163E-03 .123E+02 .513E+05 .397E+01 .193E+02 .840E+05 
2.34 . 111 E -03 .127E+02 .516E+05 -.423E+OO .147E+02 .840E+05 
2.60 .690E-04 .122E+02 .513E+05 -.362E+01 .101E+02 .840E+05 
2.86 .368E-04 .110E+02 .508E+05 -.567E+01 .577E+01 .840E+05 
3 .12 .133E-04 .938E+01 .501E+05 - . 667E+01 .212E+01 .840E+05 3.38 -.253E-05 .761E+01 .493E+05 -.688E+01 -.395E+OO .840E+05 
3.64 -.123E-04 .586E+01 .485E+05 -.656E+01 - . 194E+01 .840E+05 
3.90 -.173E-04 .424E+01 .478E+05 -.594E+01 -.273E+01 .840E+05 
4 .16 - .189E•04 .281E+01 .471E+05 - . 493E+01 -.436E+01 .840E+05 4.42 - .182E•04 . 167E+01 .466E+05 -.382E+01 -.421E+01 .840E+05 
4.68 -.162E;04 .815E+OO .462E+05 -.279E+01 -.375E+01 .840E+05 4.94 -.135E~04 .209E+OO .460E+05 - . 190E+01 -.313E+01 .840E+05 5.20 -.106E-04 -.188E+OO .460E+05 -.118E+01 -.247E+01 .840E+05 5.46 -.791Er-05 -.418E+OO .461E+05 -.621E+OO - .184E+01 .840E+05 5.72 -.551E-05 -.525E+OO .461E+05 -.220E+OO -.128E+01 .840E+05 5.98 -.353E-05 -.545E+OO .461E+05 .490E-01 -.820E+OO .840E+05 6.24 - . 198E; 05 -.510E+OO .461E+05 .213E+OO -.461E+OO .840E+05 6.50 -.840E;06 - . 442E+OO .461E+05 .296E+OO - . 196E+OO .840E+05 6.76 -.554E-07 -.361E+OO .460E+05 .321E+OO -.135E-01 .840E+05 7.02 .438E•06 -.279E+OO .460E+05 .309E+OO .101E+OO .840E+05 7.28 .707Ei06 -.203E+OO .460E+05 .274E+OO .164E+OO .840E+05 7.54 .811E•06 - . 138E+OO .459E+05 .228E+OO .188E+OO .840E+05 7.80 .805E•06 -.847E-01 .459E+05 .179E+OO .187E+OO .840E+05 8.06 .730E-06 -.443E-01 .459E+05 .133E+OO .170E+OO .840E+05 8.32 .618E-06 -.152E-01 .459E+05 .921E-01 . 144E+OO .840E+05 8.58 .494E•06 .428E-02 .459E+05 .586E-01 .115E+OO .840E+05 8.84 .373E·06 .160E-01 .459E+05 .326E-01 .868E-01 .840E+05 9 .10 .264E-06 .219E-01 .459E+05 .136E-01 .615E-01 .840E+05 9.36 .173E-06 .236E-01 .459E+05 .476E-03 .404E-01 .840E+05 9.62 .101E-06 .226E-01 .459E+05 - . 770E-02 .236E-01 .840E+05 9.88 .472E•07 .200E-01 .459E+05 -.121E-01 .110E-01 .840E+05 10 .14 .917E•08 .166E-01 .459E+05 -.137E-01 .216E-02 .840E+05 10.40 -.155E-07 .130E-01 .459E+05 - .135E-01 -.358E-02 .840E+05 10.66 -.296E-07 .969E-02 .459E+05 -.121E-01 -.688E-02 .840E+05 10.92 -.360E•07 .679E-02 .459E+05 -.101E-01 -.836E-02 .840E+05 11.18 -.368E-07 .445E-02 .459E+05 -.791E-02 -.856E-02 .840E+05 11 . 44 -.341E-07 .267E-02 .459E+05 - .577E-02 -.792E-02 .840E+05 11. 70 -.291E-07 .143E-02 .459E+05 -.386E-02 - .677E-02 .840E+05 11. 96 -.230E-07 .633E-03 .459E+05 -.229E-02 -.535E-02 .840E+05 12.22 - .164E•07 . 198E-03 .459E+05 - . 111 E -02 -.381E-02 .840E+05 12.48 -.957E•08 .178E-04 .459E+05 -.329E-03 -.223E-02 .840E+05 12.74 -.274E·08 -.125E-04 .459E+05 .404E-04 -.642E-03 .840E+05 13.00 .408E•08 .OOOE+OO .459E+05 .OOOE+OO .944E-03 .840E+05 

COMPUTED LATERAL FORCE AT PILE HEAD = .40000E+02 KN COMPUTED StOPE AT PILE HEAD = - . 41700E - 18 M/ M 
THE OVERALL MOMENT IMBALANCE = - . 494E - 11 M- KN 
THE OVERALL LATERAL FORCE IMBALANCE = .669E-11 KN 

Pier 3 X-X Axis - COM624P Problem Output 
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FHWA PIER3, HP360X152 X-X AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 
OUTPUT SUMMARY 

LATERAL 
LOAD 

PILE HE~D DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.646E-03 M 
-.440E+02 M- KN 
.655E+05 KN/ M**2 

NO. OF ITERATIONS = 5 
MAXIMUM DEFLECTION ERROR = .367E-05 M 

COMPUTEO LATERAL FORCE AT PILE HEAD 
COMPUTED SLOPE AT PILE HEAD 

= .60000E+02 KN 
= .83400E-18 M/ M 

THE OVERALL MOMENT IMBALANCE 
THE OVEIIIALL LATERAL FORCE IMBALANCE 

= .104E-10 M- KN 
= -.145E-10 KN 

PILE HE~D DEFLECTION = 
MAXIMUM~BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

NO. OF lTERATIONS 

.102E-02 M 
-.679E+02 M- KN 
.761E+05 KN/ M**2 

= 
MAXIMUM DEFLECTION ERROR = 

3 
.482E-05 M 

*** 

S U M M A R Y T A B L E 
************************* 

BOUNOARY AXIAL 
CONDITION LOAD YT ST 

MAX. 
MOMENT 

MAX. 
STRESS 

( KN) BC2 ( KN) ( M) M/ M) ( M- KN) KN/ M**2) 

.400E+02 .OOOE+OO .890E+03 .646E-03 - .417E-18 -.440E+02 .655E+05 

.600E+02 .OOOE+OO .890E+03 .102E-02 .834E-18 -.679E+02 .761E+05 

.800E+02 "TE+OO .890E+03 .140E-02 .OOOE+OO -.921E+02 .869E+05 

.100E+03 .0 OE+OO .890E+03 .178E-02 .OOOE+OO -.116E+03 .977E+05 

.120E+03 .O OE+OO .890E+03 .216E-02 .OOOE+OO - . 141 E+03 . 108E+06 

.130E+03 .O OE+OO .890E+03 .235E-02 .OOOE+OO -.153E+03 .114E+06 

.140E+03 .0 OE+OO .890E+03 .254E-02 .167E-17 - . 165E+03 .119E+06 

.150E+03 .O OE+OO .890E+03 .273E-02 .OOOE+OO - .177E+03 .125E+06 

.160E+03 .O OE+OO .890E+03 .298E-02 .OOOE+OO - .190E+03 .131E+06 

.170E+03 .OOOE+OO .890E+03 .334E-02 .167E-17 -.206E+03 .138E+06 

Pier 3 X-X Axis - COM624P Problem Output 
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-(I) ,._ 
2 
Q) 

E -.c 
a 
Q) 

C 

Deflection (meters) 
-0.00100 0 0.00100 0.00200 0.00300 0.00400 

0 .--,---.-'T""""l~--r-r--n---r-'T""""l~--r-~-r--T""""T~'"T"""'l~-Y,-T"'""'1 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

x 80.00 kN 

D 120.00 kN 

◊140.00 kN 

C> 160.00 kN 

Figure F.31: Pier 3 - Plot of Deflection versus Depth as a Function on Lateral Load on 
X-X Axis 
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-V, ... 
2 
Q) 

E -..c a. 
Q) 

Cl 

Moment (kN-meters) 
-100 -50 0 50 100 150 

0 - .......... --.--.----............ -...---.-............ -...--.--.--.-.......... ..,......, ............ """T'""" ............ ~ 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

X 80.00 kN 

D 120.00 kN 

◊ 140.00 kN 

C> 160.00 kN 

Figure F.32: Pier 3 - Plot of Moment versus Depth as a Function of Lateral Load on X-X 
Axis 
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Shear (kN) 
-50 0 50 100 150 200 

0 

Lateral Load 

+ 40.00 kN 
2.00 

X 80.00 kN 

o 120.00 kN 
4.00 

◊ 140.00 kN 

t> 160.00 kN 
6.00 

-1/) .... 
~ 
(I) 

E 8.00 -..c 
Q. 
(I) 

Cl 

10.00 

12.00 

14.00 

16.00 

Figure F.33: Pier 3 - Plot of Shear versus Depth as a Function of Lateral Load on X-X 
Axis 
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-fl) .... 
2 
Q) 

E -.c 
0.. 
Q) 

0 

Soil Reaction (kN/meter) 
-50 0 50 100 150 200 

0 .......,..-,-...,......,---.--.--l"'"""T'"-.-.,.........--,--r--,,...........-r-"f'"""'T---.-"'T""""l--r--r-,--, 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

X 80.00 kN 

D 120.00 kN 

0140.00 kN 

C> 160.00 kN 

Figure F.34: Pier :3 - Plot of Soil Reaction versus Depth as a Function of Lateral Load on 
X-X Axis 
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FHWA PIER3, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 
2 1 0 

100 3 1 
6 6 0 
13.000 210000000 
1 2 
2 1 0 . 

100 0.00001000 
0.0000 0.3755 
1 4 0.0000 
2 2 1.0QOO 
3 2 4.0000 
0.0000 10.60000 
1.0000 10.60000 
1.0000 9.0oogo 
4.0000 9.800 0 
4.oooo 10.400bo 

13.0000 10.40000 
0.0000 0.0080 
1 .0000 0.00 0 
1.0000 106.00 0 
4.oooo 106.oogo 
4.0000 155.00 0 

14.0000 155.0000 
5 
1. 0000 
2.0000 
3.0000 
4.0000 
5.0000 

10 

() 

0.000 0.000 

20 
2.00000000 

0.0002 0.0194 
1.0000 55000.0000 
4.0000 54300.0000 

13.0000 108500.0000 

36.0000 
36.0000 

0.0000 
0.0000 
0.0000 
0.0000 

0.00000 
0.00000 
0.00500 
0.00500 
0.00500 
0.00500 

1 40.0000 
0 60.0000 
1 80.0000 
0 100.0000 
1 120.0000 
0 130.0000 
1 140. 0000 
0 150.0000 
1 160. 0000 
0 170.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 

Pier 3 Y-Y Axis - Echo of Input File 
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FHWA PIER3, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

************************************************************* 
PILE DEFLECTION BENDING MOMENT, SHEAR & SOIL RESISTANCE 
***************'********************************************* 

I N P U T I N F O R M A T I O N 
********************************* 

THE LOADING IS CYCLIC 
NO. OF CYCLES= .20E+02 
PILE GEOMETRY AND PROPERTIES 

PILE LENGTH 
MODULUS OF ELASTICITY OF PILE 

1 SECTION ( S) 
= 
= 

13.00 M 
.210E+09 KN/ M**2 

X 

M 
.00 

13.00 

SOILS INFORMATION 

DIAMETER 

M 

.376 

X-COORD[NATE AT THE GROUND SURFACE 
SLOPE ANGLE AT THE GROUND SURFACE 
3 LAYER(S) OF SOIL 
LAYER 1 
THE LAYER IS A SAND 

MOMENT OF 
INERTIA 

M**4 

.200E-03 

= 
= 

AREA 

M**2 

.194E-01 

.00 M 

.00 DEG. 

X AT THE TOP OF THE LAYER = .00 M 
X AT THE BOTTOM OF THE LAYER = 1.00 M ~~ii~:~,0: ~: :

0
~~1:;D~~~~·B:LOW T:E w~~~~E:::LEKN/ M**

3 

X AT TH TOP OF THE LAYER = 1.00 M 
X AT TH BOTTOM OF THE LAYER = 4.00 M 
VARIATI N OF SOIL MODULUS, k = .543E+05 KN/ M**3 
LAYER 
THE LAY RISA STIFF CLAY BELOW THE WATER TABLE 
X AT THE TOP OF THE LAYER = 4.00 M 
X AT THE BOTTOM OF THE LAYER = 13.00 M 
~~~f~Ii8~18~ ~~ 1 ~F~~8¥~~~•u~IT WEIGHT·k~~~+i%PT~N/ M**

3 

X, M 
.00 

1.00 
1.00 
4.00 
4.00 

13.00 

6 POINTS 
WEIGHT,1 KN/ M**3 

.111:+02 

.11 E+02 

.98E+01 

.98E+01 

.10E+02 

.10E+02 

DISTRIBUTION OF STRENGTH PARAMETERS WITH DEPTH 
6 POINTS 

X M C KN/ M**2 '.oo .6ooE+oo 
1.00 .OOOE+OO 
1.00 .106E+03 
4.00 .106E+03 
4.00 .155E+03 

14.00 .155E+03 

FINITE DIFFERENCE PARAMETERS 

PHI,DEGREES 
36.000 
36.000 

.000 

.000 

.000 

.000 

E50 

.500E-02 

.500E-02 

.500E-02 

.500E-02 

100 NUMBER QF PILE INCREMENTS = 
TOLERANCE ON DETERMINATION OF DEFLECTIONS = 
MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR PILE ANALYSIS= 
MAXIMUM ALLOWABLE DEFLECTION = 

.1 OOE-04 M 
100 

.20E+01 M 
INPUT CODES 

OUTPT = 1 
KCYCL = 0 
KBC = 2: 
KPYOP = 1 
INC = 2: 

Pier 3 Y-Y Axis - COM624P Problem Input Summary 
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FHWA PIER3, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

0 U T P U T I N F O R M A T I O N 
*********************************** 

GENERATED P-Y CURVES 
THE NUMBER OF CURVE IS 
THE NUMBER OF POINTS ON EACH CURVE 

DEPTH BELOW GS 
M 

1.00 
AS =.$8 

DIAM 
M 

.376 

AC =.30 

*** 

C 
KN/ M**2 

. 1 E+03 

.VCJooM 

.000 

.000 

.001 

.001 

.001 

.001 

.002 

.002 

.002 

.002 

.002 

.003 

.004 

.006 

.008 

.089 

CAVG 
KN/ M**2 

.1 E+03 

= 5 
= 17 

GAMMA 
KN/ M**3 

.1 E+02 

P, KN/ M 
.000 

12.697 
25.394 
38.092 
50.789 
63.486 
76.183 
88.881 

101 .578 
114. 275 
119.482 
117 .183 
112. 279 
80 .157 
48.016 
15.876 
15.876 

Pier 3 Y-Y Axis - COM624P Problem Output 
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FHWA PIER3, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 

UNITS- -META 

PILE LOADING CONDITION 

LATERAL LOAD AT PILE HEAD = .400E+02 KN SLOPE AT PILE HEAD = .OOOE+OO Ml M 
AXIAL LOAD AT PILE HEAD = .OOOE+OO KN 
X DEFLECTION MOMENT TOTAL SHEAR SOIL FLEXURAL 

STRESS RESIST RIGIDITY M M M- KN KN/ M**2 KN KN/ M KN- M**2 ***** *****1***** ********** ********** ********** ********** ********** .00 ,93;2E-03 -.401E+02 .835E+05 .400E+02 .OOOE+OO .420E+05 .26 .902E-03 -.297E+02 .738E+05 .397E+02 .294E+01 .420E+05 .52 .824E-03 - . 195E+02 .641E+05 .382E+02 .893E+01 .420E+05 .78 .714E-03 -.980E+01 .551E+05 .349E+02 .167E+02 .420E+05 1.04 . 58;9E-o3 - . 123E+01 .470E+05 .290E+02 .352E+02 .420E+05 1 .30 .462E-03 .524E+01 .508E+05 .200E+02 .342E+02 .420E+05 1. 56 .342E-03 .942E+01 .547E+05 .116E+02 .302E+02 .420E+05 1.82 .238E-03 .116E+02 .567E+05 .455E+01 .244E+02 .420E+05 2.08 .152E-03 .121E+02 .572E+05 -.889E+OO .178E+02 .420E+05 2.34 .85$E-04 .114E+02 .565E+05 - . 462E+01 .112E+02 .420E+05 2.60 .372E-04 .987E+01 .551E+05 -.674E+01 .541E+01 .420E+05 2.86 .467E-05 .801E+01 .534E+05 -.752E+01 .757E+OO .420E+05 3 .12 -.150E-04 .608E+01 .516E+05 -.728E+01 -.236E+01 .420E+05 3.38 - . 24i8E-04 .429E+01 .499E+05 -.645E+01 -.390E+01 .420E+05 3.64 - . 277E-04 .275E+01 .485E+05 -.536E+01 - .436E+01 .420E+05 3.90 -.261E-04 .150E+01 .473E+05 - . 426E+01 -.412E+01 .420E+05 4 .16 -.221E-04 .553E+OO .464E+05 -.294E+01 -.511E+01 .420E+05 4.42 -.172E-04 -.545E-01 .459E+05 - . 177E+01 -.398E+01 .420E+05 4.68 - .123E-04 -.394E+OO .462E+05 -.886E+OO - . 286E+01 .420E+05 4.94 -.81bE-05 -.541E+OO .464E+05 - . 277E+OO - . 188E+01 .420E+05 5.20 -.471E-05 -.560E+OO .464E+05 .103E+OO -.110E+01 .420E+05 5.46 - . 22,2E-05 -.504E+OO .463E+05 .308E+OO -.517E+OO .420E+05 5.72 -.533E-06 -.412E+OO .463E+05 .388E+OO - . 125E+OO .420E+05 5.98 . 49'1 E-06 -.310E+OO .462E+05 .387E+OO .113E+OO .420E+05 6.24 .10~E-05 -.215E+OO .461E+05 .340E+OO .236E+OO .420E+05 6.50 .119E-05 - . 135E+OO .460E+05 .273E+OO .277E+OO .420E+05 6.76 .115E-05 -.733E-01 .459E+05 .202E+OO .268E+OO .420E+05 7.02 .990E-06 -.294E-01 .459E+05 .137E+OO .230E+OO .420E+05 7.28 .780E-06 -.910E-03 .459E+05 .840E-01 .181E+OO .420E+05 7.54 .566E-06 .154E-01 .459E+05 .436E-01 .132E+OO .420E+05 7.80 .377E-06 .229E-01 .459E+05 .154E-01 .878E-01 .420E+05 8.06 .224E-06 .244E-01 .459E+05 -.251E-02 .522E-01 .420E+05 8.32 .110E-06 .224E-01 .459E+05 -.124E-01 .257E-01 .420E+05 8.58 .322E-07 .185E-01 .459E+05 -.166E-01 .755E-02 .420E+05 8.84 -.161E-07 .141E-01 .459E+05 - .170E-01 -.371E-02 .420E+05 9.10 -.417E-07 .991E-02 .459E+05 -.151E-01 -.969E-02 .420E+05 9.36 -.514E-07 .633E-02 .459E+05 -.123E-01 -.119E-01 .420E+05 9.62 -.507E-07 .353E-02 .459E+05 -.921E-02 -.118E-01 .420E+05 9.88 -.44~E-07 .152E-02 .459E+05 -.634E-02 -.103E-01 .420E+05 10 .14 -.353E-07 .189E-03 .459E+05 -.395E-02 -.822E-02 .420E+05 10.40 -.260E-07 -.588E-03 .459E+05 -.211E-02 -.606E-02 .420E+05 10.66 - .176E-07 -.957E-03 .459E+05 -.800E-03 - . 411 E - 02 .420E+05 10.92 -.108E-07 -.105E-02 .459E+05 .465E-04 -.251E-02 .420E+05 11.18 -.555E-08 - . 967E-03 .459E+05 .530E-03 -.129E-02 .420E+05 11 .44 - .189E-08 -.797E-03 .459E+05 .748E-03 -.443E-03 .420E+05 11. 70 .489E-09 -.595E-03 .459E+05 .786E-03 .112E-03 .420E+05 11. 96 .191 E-08 -.399E-03 .459E+05 .711E-03 .443E-03 .420E+05 12.22 .269E-08 -.231E-03 .459E+05 .571E-03 .625E-03 .420E+05 12.48 .309E-08 - .105E-03 .459E+05 .397E-03 .718E-03 .420E+05 12.74 .331E-08 -.268E-04 .459E+05 .204E-03 . 771 E-03 .420E+05 13.00 .349E-08 .OOOE+OO .459E+05 .OOOE+OO .813E-03 .420E+05 
COMPUTED LATERAL FORCE AT PILE HEAD = .40000E+02 KN COMPUTED SLOPE AT PILE HEAD = .OOOOOE+OO M/ M 
THE OVERALL MOMENT IMBALANCE = .332E-11 M- KN THE OVERALL LATERAL FORCE IMBALANCE = .155E-11 KN 

Pier 3 Y-Y Axis - COM624P Problem Output 
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FHWA PIER3, HP360X152 Y-Y AXIS/FIXED-HEAD CYCLIC 

UNITS- -METR 

OUTPUT SUMMARY 

LATERAL 
LOAD 

PILE HEAD DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.932E-03 M 
-.401E+02 M- KN 
.835E+05 KN/ M**2 

NO. OF IT£RATIONS = 5 
MAXIMUM DEFLECTION ERROR = .573E-05 M 

COMPUTED LATERAL FORCE AT PILE HEAD 
COMPUTED SLOPE AT PILE HEAD 

= .60000E+02 KN 
= .83400E-18 M/ M 

THE OVERALL MOMENT IMBALANCE 
THE OVERALL LATERAL FORCE IMBALANCE 

= -.948E-11 M- KN 
= . 160E · 1 0 KN 

PILE HEAD DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOfAL STRESS = 

NO. OF ITERATIONS 

.147E-02 M 
-.620E+02 M- KN 
.104E+06 KN/ M**2 

= 
MAXIMUM DEfLECTION ERROR = 

3 
.783E-05 M 

*** 

S U M M A R Y T A B L E 
************************* 

BOUNDARY AXIAL 
CONDITION LOAD YT ST 

MAX. 
MOMENT 

MAX. 
STRESS 

( KN) BC2 ( KN) ( M) M/ M) ( M- KN) KN/ M**2) 

.400E+02 .OOOE+OO .890E+03 .932E-03 .OOOE+OO -.401E+02 .835E+05 

.600E+02 .OOOE+OO .890E+03 .147E-02 .834E-18 -.620E+02 .104E+06 

.800E+02 .OOOE+OO .890E+03 .202E-02 - . 167E-17 -.840E+02 .125E+06 

.100E+03 .OOOE+OO .890E+03 .258E-02 - .167E-17 -.106E+03 .146E+06 

.120E+03 .OOOE+OO .890E+03 .313E-02 .OOOE+OO -.128E+03 .166E+06 

.130E+03 .oooE:+oo .890E+03 .343E-02 .OOOE+OO -.140E+03 .177E+06 

.140E+03 .OOOE+OO .890E+03 .382E-02 .OOOE+OO -.153E+03 .189E+06 

.150E+03 .OOOE+OO .890E+03 .436E-02 .OOOE+OO - .'167E+03 .203E+06 

.160E+03 .OOOE+OO .890E+03 .514E-02 .334E-17 - . 185E+03 .219E+06 

.170E+03 .OOOE+OO .890E+03 .638E-02 -.334E-17 -.207E+03 .240E+06 

Pier 3 Y-Y Axis - COM624P Problem Output 
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-1/) ... 
Q) 

G) 
E -..c 
a. 
Q) 

0 

Deflection (meters) 
-0.00100 0 0.00100 0.00200 0.00300 0.00400 

0 ,.......,.. ......... ..,........ .......... -.-.,......,,_,....,..................,.--,-..,................,.__,...............,........,..-.-.......-,.......,....... 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

X 80.00 kN 

D 120.00 kN 

0140.00 kN 

I> 160.00 kN 

Figure F.35: Pier 3 - Plot of Deflection versus Depth as a Function of Lateral Load on Y
Y Axis 
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-(I) ,_ 
.2? 
Q) 

E -.c 
Q. 
Q) 

0 

Moment (kN-meters) 
-100 -50 0 50 100 150 

0 ~--.-"T-"0--.--w-.....-r--.--.........,.--,--r-.....-r-.--"T"""T--,--r-,.....-r--r-T"""'I 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

X 80.00 kN 

D 120.00 kN 

0140.00 kN 

I> 160.00 kN 

Figure F.36: Pier 3 - Plot of Moment versus Depth as a Function of Lateral Load on Y-Y 
Axis 
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Shear (kN) 
-50 0 50 100 150 200 

0 

Lateral Load 

+ 40.00 kN 
2.00 

X 80.00 kN 

D 120.00 kN 
4.00 

◊140.00 kN 

t> 160.00 kN 
6.00 

-II) ... 
2 
Q) 

E - 8.00 
.£: 
Q. 
Q) 

C 

10.00 

12.00 

14.00 

16.00 

Figure F.37: Pier 3 - Plot of Shear versus Depth as a Function of Lateral Load on Y-Y 
~is · 
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-fl) ... 
G> 
G) 
E -.c 
a 
G> 
C 

Soil Reaction (kN/meter) 
-50 0 50 100 150 200 

0 ,......,.--,--'T""""',--r"....-T"""T"--.--.......... --.--r-.--.---,--T""'T--.--r-ir--r-"""T"'""~ 

2.00 

4.00 

6.00 

8.00 

10.00 

12.00 

14.00 

16.00 

Lateral Load 

+ 40.00 kN 

X 80.00 kN 

D 120.00 kN 

◊140.00 kN 

I> 160.00 kN 

Figure F.38: Pier 3 - Plot of Soil Reaction versus Depth as a Function of Lateral Load on 
Y-Y Axis 
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F.4.5 COM624P Analysis - South Abutment 

A COM624P analysis was performed to evaluate the performance of the 356 mm square 

prestressed concrete pile under lateral load at the South abutment. Unlike the North 
Abutment, the soil at the South abutment consists of only cohesive type. Again, soil 
parameters were obtained from Tables 9-12 and 9-13. 

The same assumptions and analysis options as the North abutment were used. Ten 
lateral loads were analyzed, as follows: 20, 40, 60, 80, 90, 100, 110, 120, 130, and 140 
kN. However, for presentation only the 40, 80, 100, 120, and 140 kN were retained. 
Note, a sudden failure occurred when the lateral load exceed 140 kN. 

An echo print of the input file is presented on the following page. This is followed by the 
input and output summary of the PMEIX subroutine results for calculation of the ultimate 
bending resistance and flexural rigidity of the pile. Last, COM624P generated 
summaries of the problem input and output are provided. For selected lateral loads, 
Figures F.39 to F.42 provide graphical presentations of deflection, movement, shear, and 
soil reaction versus depth. 

The COM624P solutions for the South abutment indicate the pile deflection under the 40 
kN design load will be 2.5 mm. The corresponding maximum moment and shear stress 
are -46.1 m-kN and 13,400 kN/m2

, respectively. The deflection, moment and shear 
stress under the design load are acceptable. 

Additional COM624P analyses should be performed to evaluate group response using 
the p-multiplier approach described in Section 9.8.4. 
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FHWA South Abut. - 355 mm-sq PSC 
2 3 1 

Fixed-Head/Cyclic/Crack Modeled 

100 3 1 0 
6 6 0 
21.000 27800000 
1 2 
2 1 0 

100 0.00000100 
0.0000 0.3550 

0.000 

20 
1.00000000 

0.000 

1 1 0.0000 
0.0013 0.1260 

5.5000 27150.0000 
15.0000 54300.0000 
21 .0000 108500.0000 

2 2 5.5000 
3 2 15. 0000 

g:g888 §:~8888 
5.5000 9.70000 

15.0000 9.70000 
15.0000 10.50000 
21.0000 10.50000 

0.0000 33.0000 
5.5000 33.0000 
5.5000 93.0000 

15.0000 93.0000 
15.0000 161.0000 
21.0000 161.0000 

5 
1 .0000 
2.0000 
3.0000 
4.0000 
5.0000 

10 
0 20.0000 
1 40.0000 
0 60.0000 
1 80.0000 
0 90.0000 
1 100.0000 
0 110.0000 
1 120.0000 
0 130.0000 
1 140.0000 
1 10 
890.00 
890.00 
890.00 
890.00 
890.00 
890.00 
890.00 
890.00 
890.00 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.01000 
0.01000 
0.00700 
0.00700 
0.00500 
0.00500 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 
890.0000 

890.00 
41370.00 

0.36 
248220.00 0.00 206850000.00 

8 4 
0.1020 

-0 .1020 

0.36 0.00 0.00 
2 0.0762 

0.0006 
0.0006 

0.00 

South Abutment - Echo of Input File 
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FHWA South Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -METR 

************************************************************* 
ULTIMATE•BENDING RESISTANCE AND FLEXURIAL RIGIDITY 
************************************************************* 
WIDTH= .36 M DEPTH= .36 M 
CONCRETE~COMPRESSIVE STRENGTH= 41370.00 KN/ 
REBAR YI LD STRENGTH= 248220.00 KN/ M**2 
MODULUS F ELASTICITY OF STEEL= 206850000.00 
NUMBER O REINFORCING BARS= 4 
NUMBER oe ROWS OF REINFORCING BARS= 2 
COVER TH~CKNESS = .076 M 
SQUASH LOAD CAPACITY= 4812.99 KN 

ROW 
NUMBER 

1 
2 

AREA OF 
REINFORCEMENT 

M**2 

.000600 

.000600 

DISTANCE TO 
CENTROIDAL AXIS 

M 

.1020 
- .1020 

M**2 

KN/ M**2 

OUTPUT RESULTS FOR AN AXIAL LOAD= 890.00 KN 
***************************************************** 

MOMENT 
M- KN 

EI 
KN- M**2 

PHI 
1/ M 

MAX STR N AXIS 
M/ M M 

.000 .00000 .000001 .00022 224.368 

.000 .00000 .000051 .00023 4.579 
38. 908 37020. . 001051 . 00042 . 398 
74.839 36489. .002051 .00058 .284 
91.417 29963. .003051 .00072 .237 

103 . 156 25464 . . 004051 . 00085 . 209 
112. 645 22302. . 005051 . 00097 .191 
121.010 19998. .006051 .00108 .178 
128.596 18238. .007051 .00119 .168 
135.593 16842. .008051 .00129 .160 
142. 08a 15698. . 009051 . 00140 .154 
145.181 14444. .010051 .00149 .148 
147.09b 13310. .011051 .00157 .142 
148.61! 12332. .012051 .00165 .137 
149.67 11469. .013051 .00173 .133 
150.68 10724. .014051 .00181 .129 
151.842 10088. .015051 .00189 .126 
152.586 9506.3 .016051 .00197 .123 
153.714 9015.0 .017051 .00205 .120 
154.229 8544.1 .018051 .00212 .118 
154.44, 8106.7 .019051 .00219 .115 
155.064 7733.5 .020051 .00227 .113 
155.653 7394.1 .021051 .00235 .112 
155.797 7065.3 .022051 .00242 .110 
156.161 6774.8 .023051 .00250 .108 
156.45 6505.0 .024051 .00258 .107 
156.45 6245.4 .025051 .00266 .106 
156.591 6010.9 .026051 .00273 .105 
156.601 5789.1 .027051 .00281 .104 
156.97Q 5595.9 .028051 .00289 .103 
156.970 5403.2 .029051 .00297 .102 
156.970 5223.4 .030051 .00306 .102 
156.971 5055.2 .031051 .00314 .101 
156.97 4897.5 .032051 .00322 .100 
156.97 4749.3 .033051 .00329 .100 
156.97' 4609.8 .034051 .00338 .099 
156.970 4478.3 .035051 .00346 .099 
156. 970 4354. 1 . 036051 . 00354 . 098 
156.978 4236.6 .037051 .00363 .098 
156.97 4125.2 .038051 .00371 .098 
156.970 4019.6 .039051 .00380 .097 
156.970 3919.2 .040051 .00388 .097 

THE ULTIMATE BENDING MOMENT AT A CONCRETE STRAIN OF 0.003 
IS : .157E+03 M- KN 

Input and Output Summary from PMEIX Subroutine 
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FHWA South Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -METR 
************************************************************* 
PILE DEFLECTION BENDING MOMENT SHEAR & SOIL RESISTANCE 
************************************************************* 

I N P U T I N F O R M A T I O N 
********************************* 

THE LOADING IS CYCLIC 
NO. OF CYCLES= .20E+02 
PILE GEOMETRY AND PROPERTIES 

PILE LENGTH 
MODULUS OF ELASTICITY OF PILE 

1 SECTION(S) 

= 
= 

21.00 M 
.278E+08 KN/ M**2 

X 

M 
.00 

21 .. 00 

SOILS INFORMATION 

DIAMETER 

M 

.355 

X-COORDINATE AT THE GROUND SURFACE 
SLOPE ANGLE AT THE GROUND SURFACE 
3 LAYER(S) OF SOIL 
LAYER 1 
THE LAYER IS A SOFT CLAY 

MOMENT OF 
INERTIA 

M**4 · 

.130E-02 

= 
= 

AREA 

M**2 

.126E+OO 

.00 M 

.00 DEG. 

X AT THE TOP OF THE LAYER = .00 M 
X AT THE BOTTOM OF THE LAYER = 5.50 M 
VARIATION OF SOIL MODULUS, k = .272E+05 KN/ M**3 
LAYER 2 
THE LAYER IS A STIFF CLAY BELOW THE WATER TABLE 
X AT THE TOP OF THE LAYER = 5,50 M 
X AT THE BOTTOM OF THE LAYER = 15.00 M 
VARIATION OF SOIL MODULUS, k = .543E+05 KN/ M**3 
LAYER 3 
THE LAYER IS A STIFF CLAY BELOW THE WATER TABLE 
X AT THE TOP OF THE LAYER = 15.00 M 
X AT THE BOTTOM OF THE LAYER = 21.00 M 
~1~f~Ii8~18~ ~~1~F~g8¥~~~,u~IT WEIGHT·*~fR+g~PT~N/ M**

3 
6 POINTS 

X1 M WEIGHT& KN/ M**3 .oo .92~+01 
5.50 .92E+01 
5, 50 . 97E+01 

15.00 .97E+01 
15.00 .11E+02 
21.00 .11E+02 

DISTRIBUTION OF STRENGTH PARAMETERS WITH DEPTH 
6 POINTS 

x:o~ ~33~~!or·2 

5.50 .330E+02 
5.50 .930E+02 

15.00 .930E+02 
15.00 .161E+03 
21.00 .161E+03 

FINITE DIFFERENCE PARAMETERS 
NUMBER OF PILE INCREMENTS 

PHI,DEGREES 
.000 
.000 
.ooo 
.000 
.000 
.000 

TOLERANCE ON DETERMINATION OF DEFLECTIONS 

E50 
.100E-01 
.100E-01 
.700E-02 
.700E-02 
.500E•02 
.500E-02 

= 
= 

MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR PILE ANALYSIS= 

100 
.100E-05 M 

100 
.10E+01 M MAXIMUM ALLOWABLE DEFLECTION 

INPUT CODES 
OUTPT = 1 
KCYCL = 0 
KBC = 2 
KPYOP = 1 
INC = 2 

= 

South Abutment - COM624P Problem Input Summary 
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FHWA South Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -META 
0 U T P U T I N F O R M A T I O N 
*********************************** 

GENERATED P-Y CURVES 
THE NUMBER OF CURVE IS 
THE NUMBER OF POINTS ON EACH CURVE 

DEPTH BELOW GS DIAM C 
M M KN/ M**2 

1.00 .355 .3E+02 
y M 
.600 
.000 
.002 
.004 
.007 
.009 
.011 
.013 
.016 
.018 
.020 
.022 
.024 
.027 
.071 
.133 
.178 

COMPUTED LATERAL FORCE AT PILE HEAD 
****WARNING**** 

= 5 
= 17 

GAMMA E50 
KN/ M**3 

.9E+01 .100E-01 

P, KN/ M 
.000 

5.491 
17.296 
21.791 
24.945 
27.456 
29.576 
31.429 
33.086 
34.592 
35.977 
37.263 
38.466 
39.598 
27.695 
11.118 
11.118 

= .19997E+02 KN 

THE COMPUTED HORIZONTAL FORCE AT THE PILE HEAD EXCEEDS 
TOLERANCE. THE ERROR IS .154E-03 

COMPUTED SLOPE AT PILE HEAD 

THE OVERALL MOMENT IMBALANCE 
THE OVERALL LATERAL FORCE IMBALANCE 

****WARNING**** 

= 

= 
= 

-.10326E-17 M/ M 

.243E-02 M- KN 
-.271E-12 KN 

THE OVERALL MOMENT IMBALANCE EXCEEDS TOLERANCE 

PILE HEAD DEFLECTION = 
MAXIMUM BENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.101 E-02 M 
-.158E+02 M- KN 
.923E+04 KN/ M**2 

NO. OF ITERATIONS = 13 
MAXIMUM DEFLECTION ERROR = .688E-06 M 

*** 

South Abutment - COM624P Problem Output 
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FHWA South Abut. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -METR 

PILE LOADING CONDITION 

LATERAL LOAD AT PILE HEAD = .400E+02 KN 
SLOPE AT P~LE HEAD = .OOOE+OO M/ M 
AXIAL LOAD AT PILE HEAD = .OOOE+OO KN 

X DEFLECTION MOMENT TOTAL SHEAR SOIL FLEXURAL 
STRESS RESIST RIGIDITY 

M M M- KN KN/ M**2 KN KN/ M KN- M**2 ***** ********** ********** ********** ********** ********** ********** 
.00 .254E~02 -.461E+02 .134E+05 .400E+02 .116E+02 .369E+05 
.42 .244E~02 -.303E+02 .112E+05 .346E+02 .141E+02 .288E+05 
.84 .217E-02 -.168E+02 .935E+04 .282E+02 .162E+02 .160E+05 

1.26 .174E-02 -.600E+01 .788E+04 .211E+02 .174E+02 .951E+04 
1.68 .121E-02 . 180E+01 .731E+04 .137E+02 .176E+02 .951E+04 
2.10 .712E-03 .647E+01 .795E+04 .654E+01 .165E+02 .951E+04 
2.52 .332E-03 .814E+01 .818E+04 .443E-01 .142E+02 .951E+04 
2.94 .995E-04 .719E+01 .804E+04 -.518E+01 .104E+02 .951E+04 
3.36 -.200E-05 .430E+01 .765E+04 - . 760E+01 -.318E+01 .951E+04 
3.78 -.233E-04 .155E+01 .728E+04 -.511E+01 -.728E+01 .951E+04 
4.20 - .143E-04 .267E-01 .707E+04 -.224E+01 - .618E+01 .951E+04 
4.62 -.359E-05 -.424E+OO .712E+04 -.100E+OO -.389E+01 .951E+04 
5.04 .747E-07 - .186E+OO .709E+04 .733E+OO .111E+01 .951E+04 5.46 .848E-07 .884E-02 .706E+04 .147E+OO .973E+OO .951E+04 
5.88 -.436E-07 .528E-02 .706E+04 -.833E-02 -.809E-02 .951E+04 
6.30 -.733E-07 .229E-02 .706E+04 -.573E-02 -.101E-01 .951E+04 
6.72 -.590E-07 .496E-03 .706E+04 -.292E-02 -.740E-02 .951E+04 7 .14 -.344E-07 -.289E-03 .706E+04 -.973E-03 -.400E-02 .951E+04 
7.56 - .144E-07 - .463E-03 .706E+04 .216E-04 - .149E-02 .951E+04 7.98 -.272E-08 -.368E-03 .706E+04 .357E-03 -.132E-03 .951E+04 
8.40 .222E-08 -.212E-03 .706E+04 .353E-03 .382E-03 .951E+04 
8.82 .318E-08 -.879E-04 .706E+04 .234E-03 .431E-03 .951E+04 
9.24 .245E-08 - .156E-04 .706E+04 . 115E- 03 .304E-03 .951E+04 9.66 .138E-08 .145E-04 .706E+04 .353E-04 .159E-03 .951E+04 

10.08 .549E-09 .201E-04 .706E+04 -.387E-05 .557E-04 .951E+04 10.50 .799E-10 .153E-04 .706E+04 - . 161 E-04 .150E-05 .951E+04 
10.92 - .109E-09 .851E-05 .706E+04 -.149E-04 -.177E-04 .951E+04 11. 34 -.137E-09 .334E-05 .706E+04 -.953E-05 - .184E-04 .951E+04 11.76 - . 101 E-09 .443E-06 .706E+04 -.449E-05 -.125E-04 .951E+04 12 .18 -.550E-10 -.703E-06 .706E+04 -.125E-05 - .627E-05 .951E+04 12.60 -.207E-10 -.863E-06 .706E+04 .280E-06 -.204E-05 .951E+04 13.02 - .197E-11 -.630E-06 .706E+04 .714E-06 .975E-07 .951E+04 13.44 .513E-11 -.340E-06 .706E+04 .626E-06 .801E-06 .951E+04 13.86 .585E-11 - .126E-06 .706E+04 .387E-06 .774E-06 .951E+04 
14.28 .410E-11 -.103E-07 .706E+04 .177E-06 .503E-06 .951E+04 14.70 .208E-11 .347E-07 .706E+04 .496E-07 .237E-06 .951E+04 15 .12 .656E-12 .422E-07 .706E+04 - .149E-07 .160E-06 .951E+04 15.54 -.151E-13 .271E-07 .706E+04 - .430E-07 -.220E-07 .951E+04 15.96 -.183E-12 .109E-07 .706E+04 -.308E-07 -.594E-07 .951E+04 16.38 -.141E-12 .167E-08 .706E+04 - .139E-07 - .414E-07 .951E+04 16.80 -.603E-13 -.171E-08 .706E+04 -.386E-08 -.167E-07 .951E+04 17.22 - . 878E-14 -.243E-08 .706E+04 .181 E-08 - . 267E-07 .951E+04 17.64 .289E-14 -.625E-09 .706E+04 .327E-08 .104E-07 .951E+04 18.06 .124E-14 .642E-10 .706E+04 .512E-09 .419E-08 .951E+04 18.48 .226E-16 .606E-10 .706E+04 - .152E-09 .142E-10 .951E+04 18.90 -.887E-16 .679E-11 .706E+04 - . 687E-10 -.321E-09 .951E+04 19.32 - .184E-16 -.327E-11 .706E+04 -.157E-11 - . 624E-10 .951E+04 19.74 .312E-17 - . 112E -11 .706E+04 .486E-11 .126E-10 .951E+04 20 .16 .192E-17 .354E-13 .706E+04 . 1 OOE-11 .704E-11 .951E+04 20.58 . 115E-18 .764E-13 .706E+04 - . 205E-12 .330E-12 .951E+04 21.00 - . 351 E -18 .OOOE+OO .706E+04 .OOOE+OO - . 132E-11 .951E+04 

COMPUTED LATERAL FORCE AT PILE HEAD = .40000E+02 KN COMPUTED SLOPE AT PILE HEAD = .OOOOOE+OO M/ M 
THE OVERALL MOMENT IMBALANCE = .619E-04 M- KN 
THE OVERALL LATERAL FORCE IMBALANCE = -.366E-11 KN 

South Abutment - COM624P Problem Output 
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FHWA South Ab~t. - 355 mm-sq PSC Fixed-Head/Cyclic/Crack Modeled 

UNITS- -METR 

OUTPUT SUMMARY 

PILE HEAG DEFLECTION = .254E-02 M 
MAXIMUM 8ENDING MOMENT= -.461E+02 M- KN 
MAXIMUM TOTAL STRESS = .134E+05 KN/ M**2 

NO. OF ITERATIONS = 14 
MAXIMUM DEFLECTION ERROR = .679E-06 M 

= .59997E+02 KN COMPUTED LATERAL FORCE AT PILE HEAD 
COMPUTED SLOPE AT PILE HEAD = .OOOOOE+OO M/ M 

THE OVERALL MOMENT IMBALANCE 
THE OVERALL LATERAL FORCE IMBALANCE 

= .380E-02 M- KN 
= . 222E -11 KN 

PILE HEAD DEFLECTION = 
MAXIMUM aENDING MOMENT= 
MAXIMUM TOTAL STRESS = 

.490E-02 M 
-.809E+02 M- KN 

.181E+05 KN/ M**2 

NO. OF ITERATIONS = 14 
MAXIMUM DEFLECTION ERROR = .652E-06 M 

*** 

S U M M A R Y T A B L E 
************************* 

LATERAL BOUNDARY AXIAL 
LOAD CONDITION LOAD YT ST 

( KN) BC2 ( KN) ( M) ( M/ M) 

.200E+02 .OOOE+OO .890E+03 .101E-02 - . 103E-17 

.400E+02 .OOOE+OO .890E+03 .254E-02 .OOOE+OO 

.600E+02 .oooroo .890E+03 .490E-02 .OOOE+OO 

.800E+02 .000 +00 .890E+03 .847E-02 .413E-17 

.900E+02 .000 +00 .890E+03 .105E-01 .413E-17 

.100E+03 .000(+00 .890E+03 .131E-01 - .413E-17 

.110E+03 .ooo +00 .890E+03 .157E-01 .OOOE+OO 

.120E+03 .OOOE+OO .890E+03 .177E-01 .OOOE+OO 

.130E+03 .ooo~+oo .890E+03 .216E-01 .826E-17 

.140E+03 .000 +00 .890E+03 .262E-01 .826E-17 

MAX. 
MOMENT 

( M- KN) 

-.158E+02 
-.461E+02 
-.809E+02 
-.111E+03 
- .122E+03 
- .135E+03 
- .149E+03 
- .168E+03 
-.187E+03 
-.215E+03 

South Abutment - COM624P Problem Output 
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MAX. 
STRESS 

KN/ M**2) 

.923E+04 

.134E+05 

.181 E+05 

.222E+05 

.238E+05 

.255E+05 

.274E+05 

.301E+05 

.326E+05 

.364E+05 
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Figure F.39: South Abutment - Plot of Deflection versus Depth as a Function of Lateral 
Load 
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Figure F.40: South 1Abutment - Plot of Moment versus Depth as a Function of Lateral 
Load 
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Figure F .41 : South Abutment - Plot of Shear versus Depth as a Function of Lateral Load 
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Figure F.42: South Abutment - Plot of Soil Reaction versus Depth as a Function of 
Lateral Load 
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F.5 GROUP UPLIFT LOAD CALCULATIONS 

The maximum uplift loadl on a pile group is estimated to be 1,800 kN with a maximum uplift 
load per pile of 100 kN. · 

F.5.1 North Abutment -AASHTO Code (1994) 

For the pile group at the North Abutment and the soil profile interpreted from Soil Boring S-1 
as shown in Figure F.3. Perform an uplift capacity calculations based on the AASHTO Code 
for service load design. Use the method outlined in Section 9.8.3.1. 

According to AASHTO specifications (1994), the uplift capacity of a pile group should be 
limited to the lesser value determined from any of the following. 

1. The design uplift capacity of a single pile times the number of piles in a pile group. The 
design uplift capacity of a single pile is specified as 1/a the ultimate shaft resistance 

calculated in a static analysis method or ½ the failure load determined from an uplift 
load test. 

The ultimate shaft resistance for a single pile as calculated ftom a static analysis 
using the Nordlund method is 898 kN. The design uplift capacity is: 

= 1/a (ultimate shaft resistance) 

= 1/3 ( 898 kN) 

= 299 kN 

The design group uplift capacity based on criterion 1 is: 

= (uplift capacity of a single pile) (number of piles in a group) 

= 299 kN (~~4) 

= 7,176 kN 
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North Abutment - AASHTO Code (1994) (continued) 

2. Two-thirds (%) of the effective weight of the pile group and the soil contained within a 

block defined by the perimeter of the pile group and the embedded length of the piles. 

Bouyant unit weight of concrete = 24 kN/m3 
- 9.8 kN/m3 = 14.2 kN/m3 

Effective weight of pile group (24 piles): 

= 24 (0.356 m) (0.356 m) (11.5 m) (24 kN/m3 
- 9.8 kN/m3

) 

= 497 kN 

Effective weight of soil: 

= (Layer 1 +Layer 2+Layer 3) (Gross Area of Pile Group - Pile Area) 

= [ 16.5 kN/m3 (1.0 m) + 6.7 kN/m3 (3.0 m) + 7.8 kN/m3 (7.0 m) + 

9.8 kN/m3 (0.5 m) ] { (3.36 m) (10.86 m) - 24 (0.356 m) (0.356 m) } 

= [16.5 kN/m2 +20.1 kN/m2 +54.6 kN/m2 +4.9 kN/m2]{36.49 m2 -3.04 m2
} 

= [ 96.1 kN/m2 
] { 33.45 m2 

} = 3,215 kN 

The effective weight of the pile group and the soil contained within a block defined 

by the perimeter of the pile group and the embedded length of the pile is equal to 

497 kN plus 3.~~15 kN, or 3,712 kN. 

The design group uplift capacity based on criterion 2 is: 

= 2/a ( 3,712 kN ) 

= 2,475 kN 
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North Abutment - AASHTO Code (1994) (continued) 

3. One-half (½} the effective weight of the pile group and the soil contained within a block 
defined by the perimeter of the pile group and the embedded pile length plus ½ the 
total soil shear resistance on the peripheral surface of the pile group. 

The effective weight of the pile group and the soil contained within a block defined 
by the perimeter of the pile group, as calculated in criteria 2 above, is equal to 3,712 
kN. 

The total soil shear resistance on the peripheral surface of the pile group is 
calculated from the following equation. 

Unit shear resistance of cohesionless soil = pd tan ¢ 

Where: 

pd is the effective overburden stress at depth d, and 

¢ is the friction angle of the soil. 

Note: pd tan¢ is used for a soil-to-soil failure. 

As calculated in Section F.2.1.2: 

Layer 1a: Pd1a = 57.8 kPa (midpoint of layer 1 a - 1 m thick) 

¢1a = 29° 

Layer 1 b: Pd1b = 76.1 kPa (midpoint of layer 1 b - 3 m thick) 

¢1b = 29° 

Layer 2: Pd2 = 113.4 kPa (midpoint of layer 2 - 7 m thick) 

¢2 = 31° 
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North Abutment - AASHTO Code (1994) (continued) 

Layer 3: Pda = 143.1 kPa (midpoint of layer 3 - 0.5 m thick): 

¢a = 36° 

Thus, 

Layer 1a: Rs1a = 57.8 kPa (tan 29°) (3.36 m + 10.86 m) (1 m) (2) 

= 911 kN 

Layer 1 ID: Rs1a = 76.1 kPa (tan 29°) (3.36 m + 10.86 m) (3 m) (2) 

= 3,599 kN 

Layer 2: Rs2 = 113.4 kPa (tan 31°) (3.36 m + 10.86 m) (7 m) (2) 

= 13,565 kN 

Layer 3: Rsa = 143.1 kPa (tan 36°) (3.36 m + 10.86 m) (0.5 m) (2) 

= 1,478 kN 

Total soil shear resistance = Rs1a + Rs1b + Rs2 + Rs3 

= 911 kN + 3,599 kN + 13,565 kN + 1,478 kN 

= 19,553 kN 

The design group uplift capacity based on criterion 3 is: 

= ½ ( 3,712 kN) + ½ ( 19,553 kN) 

= 1,856 kN + 9,777 kN = 11,633 kN 

According to AASHTO specifications (1994), the uplift capacity of this pile group is limited 
to 2,475 kN. This is greater than the maximum uplift load in the pile group of 1,800 kN. 
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F.5.2 Pier 2 - AASHTO Code (1994) 

For the pile group at Pier 2 and the soil profile interpreted from Soil Boring S-2 as shown 
in Figure F.5. Perform an uplift capacity calculations based on the AASHTO Code for 
service load design. Use the method outlined in Section 9.8.3.1. 

According to AASHTO specifications (1994), the uplift capacity of a pile group should be 
limited to the lesser value determined from any of the following. 

1. The design uplift capacity of a single pile times the number of piles in a pile group. The 
design uplift capacity of a single pile is specified as % the ultimate shaft resistance 
calculated in a static analysis method or ½ the failure load determined from an uplift 
load test. 

The ultimate shaft resistance for a single pile as calculated from a static analysis 
using the Nordlund method is 984 kN. The design uplift capacity is: 

= 1/3 (ultimate shaft resistance) 

= 1/3 (984kN) 

= 328 kN 

The design group uplift capacity based on criterion 1 is: 

= (uplift capacity of a single pile) (number of piles in a group) 

= 328 kN (24) 

= 7,872 kN 
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Pier 2 - AASHTO Code (1994) (continued) 

2. Two-thirds {%) • of the effective weight of the pile group and the soil contained within a 
block defined by the perimeter of the pile group and the embedded length of the piles. 

Effective weight of pile group (24 piles): 

= · 24 (0.356 m) (0.356 m) (10.0 m) (24 kN/m3 
- 9.8 kN/m3

) 

= 432 kN 

Effective weight of soil: 

= (Layer 1 + Layer 2) (Gross Area of Pile Group - Pile Area) 

= [ 11 .4 kN/m3 (4.0 m) + 9.8 kN/m3 (6.0 m) ] 

{ (3.36 rn) (10.86 m) - 24 (0.356 m) (0.356 m) } 

= [45.6 kN/m2 + 58.8 kN/m2]{36.49 m2 -3.04 m2
} 

= [ 104.4 kN/m2 
] { 33.45 m2 

} 

= 3,492 kN 

The effective weight of the pile group and the soil contained within a block defined 
by the perimeter of the pile group and the embedded length of the pile is equal to 
432 kN plus 3,492 kN, or 3,924 kN. 

The design group uplift capacity based on criterion 2 is: 

= % ( 3,924 kN ) 

= 2,616 kN 
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Pier 2 - AASHTO Code (1994) (continued) 

3. One-half (½) the effective weight of the pile group and the soil contained within a block 

defined by the perimeter of the pile group and the embedded pile length plus ½ the 

total soil shear resistance on the peripheral surface of the pile group. 

The effective wei~Jht of the pile group and the soil contained within a block defined 

by the perimeter of the pile group, as calculated in criteria 2 above, is equal to 3,924 

kN. 

The total soil shear resistance on the peripheral surface of the pile group is 

calculated from the following equation. 

Unit shear resistance of cohesionless soil = pd tan ¢ 

Where: 

pd is the effective overburden stress at depth d, and 

¢ is the friction angle of the soil. 

Note: pd tan¢ is used for a soil-to-soil failure. 

As calculated in Section F.2.2.2: 

Layer 1: = 48.3 kPa (midpoint of layer 1 - 4 m thick) 

Layer 2: pd2 = 100.5 kPa (midpoint of layer 2 - 6 m thick) 
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Pier 2 - AASHTO Code (1994) (continued) 

Thus, 

Layer t: 

Layer 2: 

Rs1 = 48.3 kPa (tan 36°) (3.36 m + 10.86 m) (4 m) (2) 

= 3,992 kN 

R82 = 100.5 kPa (tan 35°) (3.36 m + 10.86 m) (6 m) (2) 

= 12,008 kN 

Total soil shear resistance = R81 + Rs2 

= 3,992 kN + 12,008 kN 

= 16,000 kN 

The design group uplift capacity based on criterion 3 is: 

= ½ ( 3,924 kN ) + ½ ( 16,000 kN ) 

= 9,962 kN 

According to AASHTO specifications (1994), the uplift capacity of this pile group is limited 
to 2,616 kN. This. is greater than the maximum uplift load in the pile group of 1,800 kN. 
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F.5.3 Pier 3 -AASHTO Code (1994) 

For the pile group at Pier 3 and the soil profile interpreted from Soil Boring S-3 as shown 

in Figure F.9. Perform an uplift capacity calculations based on the AASHTO Code for 

service load design. Use the method outlined in Section 9.8.3.1. 

According to AASHTO specifications (1994), the uplift capacity of a pile group should be 

limited to the lesser value determined from any of the following. 

1. The design uplift capacity of a single pile times the number of piles in a pile group. The 

design uplift capacity of a single pile is specified as % the ultimate shaft resistance 

calculated in a static: analysis method or ½ the failure load determined from an uplift 

load test. 

The ultimate sha1t resistance for a single pile as calculated from a static analysis 

using the Nordlund method and a-Method is 1,171 kN. The design uplift capacity 
is: 

= % (ultimate shaft resistance) 

= % ( 1 , 171 kN ) 

= 390 kN 

The design group uplift capacity based on criterion 1 is: 

= (uplift capacity of a single pile) (number of piles in a group) 

= 390 kN (24) 

= 9,360 kN 
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Pier 3 - AASHTO Code (1994) (continued) 

2. Two-thirds (%) of the effective weight of the pile group and the soil contained within a 
block defined by the perimeter of the pile group and the embedded length of the piles. 

Effective weight of pile group (24 piles): 

= 24 (0.356 m) (0.356 m) (13.0 m) (24 kN/m3 
- 9.8 kN/m3

) 

= 562' kN 

Effective weigl1t of soil: 

= (Layer 1 +Layer 2+Layer 3) (Gross Area of Pile Group - Pile Area) 

= [ 10.6 kN/m3 (1.0 m) + 9.8 kN/m3 (3.0 m) + 10.4 kN/m3 (9.0 m) ] 

{ (3.36 m) (10.86 m) - 24 (0.356 m) (0.356 m) } 

= [10.6 kN/m2 + 29.4 kN/m2 + 93.6 kN/m2]{36.49 m2 -3.04 m2
} 

= [ 133.6 kN/m2 
] { 33.45 m2 

} 

= 4,469 kN 

The effective weight of the pile group and the soil contained within a block defined 
by the perimeter of the pile group and the embedded length of the pile is equal to 
562 kN plus 4,469 kN, or 5,031 kN. 

The design group uplift capacity based on criterion 2 is: 

= % ( 5,0~31 kN ) 

= 3,354 kN 
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Pier 3 - AASHTO Code (1994) (continued) 

3 One-half (½) the effective weight of the pile group and the soil contained within a block 

defined by the perimeter of the pile group and the embedded pile length plus ½ the 
total soil shear resistance on the peripheral surface of the pile group. 

The effective weifJht of the pile group and the soil contained within a block defined 
by the perimeter of the pile group, as calculated in criteria 2 above, is equal to 5,031 
kN. 

The total soil shear resistance on the peripheral surface of the pile group is 
calculated from the following equation. 

Unit shear resistance of cohesionless soil = pd tan ¢ 

Unit shear resistance of cohesive soil = cu 

Where: 

pd is the effective overburden stress at depth d, 

¢ is the friction angle of the soil, and 

cu is the average undrained shear strength of the soil. 

Note: pd tan¢ is used for a soil-to-soil failure. 

As calculated in Section F.2.3.1: 

Layer 1: Pd1 = 15.5 kPa (midpoint of layer 1 - 1 m thick) 

¢1 = 36° 

Layer 2: Cu2 = 106 kPa (layer 2 ,.. 3 m thick) 

Layer 3: Cu3 = 155 kPa (layer 3 - 9 m thick) 
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Pier 3 - AASHTO Code (1994) (continued) 

Thus, 

Layer 1: 

Layer 2: 

Layer 3: 

R61 = 15.5 kPa (tan 36°) (3.36 m + 10.86 m) (1 m) (2) 

= 320 kN 

R82 = 106 kPa (3.36 m) (10.86 m) (3 m) (2) 

= 9,044 kN 

R63 = 155 kPa (3.36 m) (10.86 m) (9 m) (2) 

= 39,674 kN 

Total soil shear resistance = Rs1 + Rs2 + R83 

= 320 kN + 9,044 kN + 39,674 kN 

= 49,038 kN 

The design group uplift capacity based on criterion 3 is: 

= ½ ( 5,0~31 kN ) + ½ ( 49,038 kN ) 

= 27,035 kN 

According to AASHTO specifications (1994), the uplift capacity of this pile group is limited 
to 3,354 kN. This is greater than the maximum uplift load in the pile group of 1,800 kN. 
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F.5.4 South Abutment - AASHTO Code (1994) 

For the pile group at the South Abutment and the soil profile interpreted from Soil Boring 

S-4 as shown in Figu~e F.11. Perform an uplift capacity calculations based on the AASHTO 

Code for service load dBsign. Use the method outlined in Section 9.8.3.1. 

According to AASHTO specifications (1994), the uplift capacity of a pile group should be 

limited to the lesser value determined from any of the following. 

1. The design uplift capacity of a single pile times the number of piles in a pile group. The 

design uplift capacity of a single pile is specified as % the ultimate shaft resistance 

calculated in a static analysis method or ½ the failure load determined from an uplift 

load test. 

The ultimate shaft resistance for a single pile as calculated from a static analysis 
using the a-Method is 1,648 kN. The design uplift capacity is: 

= % (ultimate shaft resistance) 

= % ( 1 , 648 kN ) 

= 549 kN 

The design group uplift capacity based on criterion 1 is: 

= (uplift capacity of a single pile) (number of piles in a group) 

= 549 kN (24) 

= 13,176 kN 
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South Abutment - AASHTO Code (1994) (continued) 

2. Two-thirds (%) of the effective weight of the pile group and the soil contained within a 
block defined by the perimeter of the pile group and the embedded length of the piles. 

Effective weight of pile group (24 piles): 

= 24 (0.356 m) (0.356 m) (17.5 m) (24 kN/m3 
- 9.8 kN/m3

) 

= 756 kN 

Effective weight of soil: 

= (Layer 1 +Layer 2+Layer 3) (Gross Area of Pile Group - Pile Area) 

= [ 9.2 kN/m3 (5.5 m) + 9. 7 kN/m3 (9.5 m) + 10.5 kN/m3 (2.5 m) ] 

{ (3.36 m) (10.86 m) - 24 (0.356 m) (0.356 m) } 

= [50.6 kN/m2 + 92.2 kN/m2 + 26.3 kN/m2]{36.49 m2 -3.04 m2
} 

= [ 169.1 kN/m2
] { 33.45 m2

} 

= 5,656 kN 

The effective weight of the pile group and the soil contained within a block defined 
by the perimeter of the pile group and the embedded length of the pile is equal to 
756 kN plus 5,656 kN, or 6,412 kN. 

The design group uplift capacity based on criterion 2 is: 

= % ( 6,412 kN ) 

= 4,275 kN 
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South Abutment - MSHTO Code (1994) (continued) 

3. One-half (½) the effective weight of the pile group and the soil contained within a block 
defined by the perimeter of the pile group and the embedded pile length plus ½ the 
total soil shear resistance on the peripheral surface of the pile group. 

The effective weight of the pile group and the soil contained within a block defined 
by the perimeter of the pile group, as calculated in criteria 2 above, is equal to 6,412 
kN. 

The total soil shear resistance on the peripheral surface of the pile group is 
calculated from the following equation. 

Unit shear resistance of cohesive soil = cu 

Where: cu is the average undrained shear strength of the soil. 

As calculated in Section F.2.4.1: 

Layer 1: 

Layer 2: 

Layer 3: 

Thus, 

Layer 1: 

Layer 2: 

Cu1 = 33 kPa 

Cu2 = 93 kPa 

Cu3 = 157 kPa 

(layer 1 - 5.5 m thick) 

(layer 2 - 9.5 m thick) 

(layer 3 - 2.5 m thick) 

Rs1 = 33 kPa (3.36 m + 10.86 m) (5.5 m) (2) 

= 5,162 kN 

Rs2 = 93 kPa (3.36 m + 10.86 m) (9.5 m) (2) 

= 25,127 kN 
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South Abutment - AASHTO Code (1994) (continued) 

Layer 3: R53 = 157 kPa (3.36 m + 10.86 m) (2.5 m) (2) 

= 11,163 kN 

Total soil shear resistance = R51 + Rs2 + R53 

= 5, 162 kN + 25, 127 kN + 11 , 163 kN 

= 41,452 kN 

The design I group uplift capacity based on criterion 3 is: 

= ½ ( 6,412 kN ) + ½ ( 41 ,452 kN ) 

= 23,932 kN 

According to AASHTO specifications (1994), the uplift capacity of this pile group is limited 
to 4,275 kN. This is greater than the maximum uplift load in the pile group of 1,800 kN. 
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F.6 NEGATIVE SHAFT RESISTANCE CALCULATIONS 

F.6.1 South Abutment - a-Method 

Piles at the South Abutment will be subjected to negative shaft resistance due to soil 
settlement following the placement of 1 O m of approach embankment material behind the 
abutment after pile installation. This settlement needs to be estimated prior to determining 
the location of the negative and positive shaft resistances along the pile. The a-method is 
used to estimate both the positive and negative shaft resistance components. The step-by
step procedure for the analysis of downdrag loading is outlined in Section 9.9.1.1 a. The soil 
profile for the South Abutment interpreted from Soil Boring S-4 is presented in Figure F .11 . 

STEP 1 Establish the simplified soil profile and soil properties for computing settlement. 

Schematic of the South Abutment showing the approach embankment backfill 
material and the soil profile is presented in Figure F.43. 

STEP 2 Determine the overburden pressure increase, ~p. due to the approach 
embankment fill placed behind the abutment. 

The overburden pressure increase, ~p. is calculated using the pressure 
coefficient,~. determined from the pressure distribution chart presented in Figure 
F.44. The pressure distribution chart calculates the pressure coefficient, ~. at 
various depths below the bottom of the fill (xbt), and also at various distances 
from the centerline of the fill. The depth below the bottom of the fill is given as 
a multiple of "bi", where bf is the distance from the centerline of the fill to the 
midpoint of the fill slope, as shown in Figure F.44. Given: 

The top width of the fill = 12 m 

Side slope of the fill = 2H:1V 

The height of the fill, hf = 10 m 

(12m) (10m) Thus, bf = -2 + -
2

- 2 = 16 m 
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Figure F .43 Schematic of South Abutment Showing the Backfill Material and Soil Profile 
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STEP 2 ( continued) 

For settlement calculations, the overburden pressure increase, Lip, at various 
depths beneath the centerline of the fill needs to be calculated. The overburden 
pressure increase is equal to the pressure coefficient, K1, multiplied by the unit 
weight bf the fill, y1, and the height of the fill, h1. The unit weight of the fill, y1, is 
20 kN/m3

• The height of the fill, h1, is 1 o meters. Table F-5 shows the 
overburtJen pressure increase, Lip, at various depths beneath the bottom of the 
fill. The. effective overburden pressure diagram in Figure F .45 shows the effective 
overburden pressure, p0 , before the backfill is placed, and the effective pressure, 
p0 + Lip, after the backfill placement. 

For example at depth 3.2 meters below existing ground, the overburden pressure 
increase, Lip, is equal to: 

Lip == 0.5 ( 20 kN/m3
) ( 10 m) = 100 kPa 

Table F-5 Overburden Pressure Increase Computations - South Abutment 

Depth Below Existing Ground Pressure Coefficient Lip=K1 Yt h1 

(m) Ki (kPa) 

Existing Ground Surface = O 0.50 100.0 

0.2b1 = 3,.2 rn 0.50 100.0 

0.4b1 = 6.4 rn 0.50 100.0 

0.6b1 = 9'.6 rn 0.50 100.0 

0.8b1 = 1t8 m 0.40 80.0 

1.0b1 = 16.0 m 0.40 80.0 

1.2b1 = 1~.2 m 0.35 70.0 

1 .6b1 = 2q.6 m 0.30 60.0 
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Figure F.45 Effective Overburden Diagram - Original and Original+lncrease 

STEP 3 Perform settlement computations for the soil layers along the embedded pile 
length. 

a. Determine consolidation test parameters for each soil layer from laboratory 
consolidation test results. 

The laboratory consolidation test results on the undisturbed samples were 
plotted on the "log pressure, p versus void ratio, e11 (similar to Figure 9.43). 
The following consolidation test parameters were obtained from the plot. 

Soil Layer 1: 

Soil Layer 2: 

Preconsolidation pressure, Pc = 67 kPa 
Initial void ratio, ea = 0.94 
Compression index, Cc = 0.34 
Recompression index, Ccr = 0.030 

Preconsolidation pressure, Pc = 200 kPa 
Initial void ratio, ea = 0.80 
Compression index, Cc = 0.30 
Recompression index, Ccr = 0.030 
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STEP 3 (continued) 

Soil Layer 3: Preconsolidation pressure, Pc = 297 kPa 

Initial void ratio, e0 = 0.54 

Compression index, Cc = 0.20 

Recompression index, Ccr = 0.020 

b. Compute settlement of each soil layer using the appropriate settlement 

equation provided in Section 9.8.2.3 for cohesive layers or Section 9.8.2.4 for 

cohesionless layers. 

The following equations apply to cohesive layers (see Section 9.8.2.3): 

= H [-c_cr log &] + H [-c_c log _Po_+fi_pl 
1+eo Po 1+eo Pc 

when p0 +tip > Pc 

The settlement of each layer is summarized in the settlement computations 

in Table F-6. An example of settlement calculation has been presented earlier 

in Section F .3. 

b. Compute the total settlement over the embedded pile length which is equal 

to the sum of the settlement from each soil layer. 

Based on the settlement calculation table, the calculated settlement is 0.499 
meters. Because the total long term settlement of the clay is very high (0.499 

m), it is assumed that preloading of soil will be performed by placing 

additional temporary surcharge for the necessary time period prior to pile 

installation. It is also assumed that 90% consolidation of clay will be achieved 

prior to pile installation. Therefore, after installation, the piles will only be 

subjected to the 10% consolidation settlement left as shown in column 9 of 

the settlement calculation table, or a total settlement of 0.0499 meter or 49.9 

mm. 
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I 

I\) 
u) 
CJl 

1 

Soil 

Type 

Layer 1 

Pc=67kPa; e0=0.94 

Cc=0.34; Ccr=0.030 

Layer 2 

Pc=200kPa; e0=0.80 

Cc=0.30; Ccr=0.030 

Layer 3 

Pc=297kPa; e0=0.54 

Cc=0.20; Ccr=0.020 

2 

Soil 

Layer 

Below 

Existing 

Ground 

(m) 

0.0 - 3.0 

3.0 - 7.0 

7.0 - 10.5 

10.5 - 13.5 

13.5 - 16.5 

16.5 - 19.5 

19.5 - 22.5 

22.5 - 25.5 

Table F-6 Settlement Calculations Table - South Abutment 

3 4 5 6 7 8 

Soil Depth of Effective Imposed (Po +b.p) Layer 

Layer Midpoint Overburden Pressure Settle-

Thick- Below Pressure Increase ment 

ness Existing at Midpoint at Midpoint 

Ground Po b.p 

(m) (m) (kPa) (kPa) (kPa) (m) 

3.0 1.50 18.7 100.0 118.7 0.156 

4.0 5.00 50.9 100.0 150.9 0.255 

3.5 7.75 76.6 100.0 176.6 0.021 

3.0 12.00 117.8 85.0 202.8 0.015 

3.0 15.00 146.9 80.0 226.9 0.034 

3.0 18.00 177.2 73.8 251.0 0.006 

3.0 21.00 208.7 67.2 275.9 0.005 

3.0 24.00 240.2 62.5 302.7 0.007 

Total Settlement = 0.499 

9 10 11 

10% Depth Relative 

of Betow Soil 

Layer Existing Movement 

Settle- Ground due to 10% 

ment Settlement 

(m) (m) (m) 

0.0 0.0499 

0.0156 3.0 0.0343 

0.0255 7.0 0.0088 

0.0021 10.5 0.0067 

0.0015 13.5 0.0052 

0.0034 16.5 0.0018 

0.0006 19.5 0.0012 

0.0005 22.5 0.0007 

0.0007 25.5 0.0000 
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STEP 4 Determine the pile length that will experience negative shaft resistance. 

Negative shaft resistance occurs due to the settlement between soil and pile. 
The amount of settlement between soil and pile necessary to mobilize the 
negative shaft resistance is about 1 0 mm. Therefore, negative shaft resistance 
will occur on the pile shaft in each soil layer or portion of a soil layer with a 
settlement greater than 10 mm. 

Column 11 of Table F-6 presents the settlement between soil and pile due to the 
10% consolidation settlement at various locations along the pile embedded 
length. The existing ground surface will experience a total consolidation 
settlement of 0.0499 meter. At a depth of 3 meters below the existing ground 
surface, a lesser total settlement will occur which is equal to the total settlement 
at the existing ground surface minus the consolidation settlement of the top 3 
meter soil layer, or 0.0343 meter, as shown in column 11 of the table. 

The table also shows that the settlement between soil and pile due the 10% 
consolidation settlement at 7 meters depth below existing ground is already less 
than 1 0 mm which is the minimum required to mobilized the negative shaft 
resistance. The 7 meter depth also happens to be the end of soil layer 1 . 
Therefore, tt1e pile segment above the 7 meter depth will be subjected to the 
negative shaft resistances (downdrag) from soil layer 1 while the pile segment 
below the 7 meter depth will provide the positive shaft resistances (or capacity) 
to sustain loads from the structure and the negative shaft resistances (downdrag). 

STEP 5 Determine magnitude of negative shaft resistance, Q5-. 

The method used to calculate the ultimate negative shaft resistance over the pile 
length determined in Step 4 should be the same method used to calculate the 
ultimate positive shaft resistance, except that it will act in the opposite direction. 

As calculated in Step 4 above, the negative shaft resistance will be caused by 
soil layer 1 which is a medium silty clay. The pile length in soil layer 1 is 5.5 
meters. The ultimate positive shaft resistance in soil layer 1 has been calculated 
with the a-method in Section F.2.4.1 and is equal to: 

Rs:1 = 259 kN 
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STEP 5 ( continued) 

Therefore, the ultimate negative shaft resistance is equal to: 

a·· = 259 kN s 

STEP 6 Calculate the ultimate pile capacity provided by the positive shaft resistance and 

the toe resistance, a;. 

Positive shaft and toe resistances will develop below the depth where the relative 
pile-soil movements are less than 1 O mm. The positive soil resistances can be 
calculated on the pile length remaining below the negative shaft resistance depth 
from Step 4 using an appropriate static analysis method for the soil type. 

The ultimate pile capacity will be provided by the shaft resistance from soil layers 
2 and 3, and the toe resistance, as calculated in Section F.2.4.1. The shaft 
resistance provided by each of soil layer and the ultimate positive shaft resistance 
is as follows: 

Layer 2: Rs~ = 1,150 kN 

Layer 3: Rs; = 239 kN 

Total: R+ = Rs~ + Rs; s 

= 1 , 150 kN + 239 kN 

= 1,389 kN 

Also as calculated in Section F.2.4.1, the ultimate toe resistance is equal to: 

R1 = 182 kN 
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STEP 6 (continued) 

Hence, the ultimate pile capacity is equal to: 

-- 1,389 kN + 182 kN = 1,571 kN 

STEP 7 Calculate the net ultimate pile capacity, QuNET, available to resist imposed loads. 

-- 1,571 kN - 259 kN = 1,312 kN 

The net ultimate pile capacity is smaller than the required ultimate pile capacity 

of 1780 kN. Therefore, alternatives to obtain higher pile capacities must be 
considered. 

STEP 8 Consider alternatives to obtain higher net ultimate pile capacity. 

Alternatives are described in Section 9.9.1.2 and include use of preloading or 

wick drains to reduce settlements prior to pile installation, use of lightweight fills 

to reduce settlements that cause downdrag loads, use of friction reducers to 
reduce downdrag loads, use of higher allowable material stress, and isolation of 
pile from consolidating soil. 

Three alternatives will be further investigated on the following. 

Alternate 1 : Use bitumen coating on piles to reduce negative shaft resistance. 

According to Goudreault and Fellenius (1994), the maximum pile adhesion, 

ca, used in the static pile capacity calculation should be limited to 10 kPa 

when the pile is coated with bitumen. 

F-238 



STEP 8 (continued) 

According to the a-method presented in Section F .2.4.1, the pile adhesion 
from soil layer 1, ca1, is equal to 33 kPa. If the 5.5 m pile length in layer 1 is 
coated with bitumen, the pile adhesion will become 10 kPa, and therefore the 
positive or negative shaft resistance is equal to: 

Rs~ = Os- = 10 kPa ( 4 ) ( 0.356 m) ( 5.5 m ) 

= 78 kN 

The net ultimate pile capacity available to resist imposed loads is equal to: 

Q NET = Q+ Q-
u u - s 

= 1,571 kN - 78 kN = 1,493 kN 

This is still less than the required ultimate bearing capacity (1780 kN). 

Notes: 1. Bitumen coating should be applied only to the top 5.5 m of the 
pile. 

2. Batter piles should be avoided if possible. 

· Alternate 2: Use longer piles driven to a stiffer or denser noncompressible layer. 

Try an extra pile embedded length of 3.5 meters or a total pile embedded 
length of 21.0 meters. This extra pile embedded length will increase the 
shaft resistance from soil layer 3 and the toe resistance. 

The average undrained shear strength of soil layer 3 is equal to: 

(0/b) 

158 + 155 + 163 + 168 = 161 kPa 
4 

= ( 20.5 m ) / ( 0.356 m ) = 57.58 
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STEP 8 (continued) 

Using Figure 9.18 and for cu3 = 161 kPa and (D/b) = 57.58, the pile adhesion 
is: 

Ca3 == 66 kPa and therefore f53 = 66 kPa 

Hence, 

R83 = 66 kPa ( 4 ) ( 0.356 m ) ( 6.0 m ) 

= 564 kN 

The ultimate positive shaft resistance: 

= 1 , 150 kN + 564 kN 

= 1,714 kN 

The average undrained shear strength of soil at the pile toe is equal 170 kPa. 
The unit toe resistance, qt, is: 

-· 9 ( 170 kPa ) = 1 ,530 kPa 

The ultimate toe resistance, Rt, is equal to: 

Rt = 1,530 kPa ( 0.356 m )( 0.356 m ) 

= 194 kN 
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STEP 8 (continued) 

The ultimate pile capacity is equal to: 

= 1,714 kN + 194 kN 

= 1,908 kN 

The net ultimate pile capacity available to resist imposed loads, with an 
increased pile length to 20.5 meters and a bitumen coating on the top 5.5 
meter of the pile: 

= 1,908 kN - 78 kN 

-- 1,830 kN 

This alternate provides the required ultimate capacity, but a cost analysis of 
alternatives 1 and 2 and a combination of both alternatives should be 
performed before making the selection. 

Alternate 3: A stub abutment instead of a full height abutment may be a better 
choice for the south abutment. The stub abutment could be supported on a 

spread footing with specified embankment material and density control in the 

foundation area. A stub abutment with pile foundation is another alternative 

available for consideration. 

This design problem illustrates the difficulties encountered in designing pile 

foundations in clay where substantial settlements occur and large downdrag 
loads are encountered by piles. 
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F.7 LATERAL SQUEEZE CALCULATIONS 

F. 7.1 South Abutment - Investigation of Lateral Squeeze 

Use the guidelines presented in Section 9.9.3 of Chapter 9. 

STEP 1 Determine if abutment tilting can occur. 

The backfill material properties: 

Yt = 20 kN/m3
• 

ht = 1 0 meters. 

Any tilting which may occur will take place on the top soil layer which is the 
medium silty clay. The average undrained shear strength, Cu, of the medium silty 
clay layer is 33 kPa. 

Abutment tilting will occur if the following condition govern: 

20 kN/m3 
( 10 m ) > 3 ( 33 kPa ) 

200 kPa > 99 kPa 

Hence, abutment tilting can occur. 
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STEP 2 Determine the magnitude of horizontal movement. 

Two cases will be investigated on the following. 

Case 1 : If piles are placed before any soil compression occurs. 

The computations performed previously for negative shaft resistance indicated 
the vertical fill settlement is equal to 0.495 meter. 

Estimated horizontal movement = 0.25 ( 0.495 m ) = 0.124 m 

This horizontal movement is not tolerable as it is greater than the 1 0 mm 
allowable by the bridge division. 

Case 2: If piles are driven after 90% of vertical settlement has occurred. 

Estimated vertical fill settlement after 90% settlement has occurred is 0.0495 
meter. 

Estimated horizontal movement = 0.25 ( 0.0495 m ) = 0.0124 m 

This movement is also larger than the 1 0 mm allowed by the bridge division. 
Because the estimated movement is close, provisions can be made in the 
bridge shoe and expansion joint design so this movement is tolerable. 
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STUDENT EXERCISE #1 - CONSTRUCT A p0 DIAGRAM 

For the soil profile given below, construct the total and effective overburden pressure 

diagrams. The water table is 5 meters below the ground surface. The unit weight of 

water is 9.80 kN/m3
• Construction of a p0 diagram is described in Section 9.4 of Chapter 

9. 

Depth (m) 

0----------------------
Loose Silt 

5 y_ 
y = 15.0 kN/m3 

10 ----------------------

15 Medium Dense Sand y = 17.5 kN/m3 

20 ----------------------

25 
Very Stiff Clay y = 20.0 kN/m3 

30 

35 -.,.,.,.,--------------------
Bedrock 
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STUDENT EXERCISE #1 - SOLUTION FOR A p0 DIAGRAM 

Depth Layer Unit Weight Overburden Total Unit Pore Water Total Pore Effective 
Thickness of Layer Pressure Overburden Weight Pressure Water Overburden 

Soil from Layer Pressure at of Water from Layer Pressure at Pressure 
Depth Depth 

t y t(y) p1=r t(y) Yw t{yw) u=r t(yw) Po=Pi-U 
(m) (m) (kN/m3

) (kPa) (kPa) (kN/m3
) (kPa) (kPa) (kPa) 

0 0 15.0 0 0 -- 0 0 0 

5 5 15.0 75 75 -- 0 0 75 

10 5 15.0 75 150 9.8 49 49 101 

20 10 17.5 175 325 9.8 98 147 178 

35 15 20.0 300 625 9.8 147 294 331 

Overburden Pressure (kPa) 
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STUDENT EXERCISE #2 - NORDLUND CAPACITY CALCULATION 

Use the Nordlund method and the step by step procedures described in Section 
9. 7.1.1 b to calculate the ultimate capacity and the allowable design load for a 305 mm 
square prestressed concrete pile driven into the soil profile described below. A trial pile 
length of 15 meters below the bottom of the pile cap 1 meter below grade should be 
used. Begin the calculation with Step 2 of the step by step procedure since the data 
required from Step 1 has been provided in the problem. The overburden pressure 
diagram for this problem is included on the next page. 

Depth (m) 

0 

5 

10 

15 

20 

Layer1 
Loose to Medium Dense 

Fine to Medium Sand 

Layer 2 Medium Dense to Dense 

Fine to Coarse Sand 

N' = 30 

~ = 35° 

y = 18.8 kN/m3 

N' = 10 
'= 30° 
'Y = 17.0 kN/m3 

25 ----------------~----------------------------· 
End of Boring 
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STUDENT EXERCISE #2 - SOLUTION FOR NORDLUND CAPACITY CALCULATION 

STEP 1 The p0 diagram, soil layer determination, and the soil friction angle,¢, for each 

soil layer were presented in the problem introduction. 

STEP 2 Determine 6. 

a. Compute volume of soil displaced per unit length of pile, V. 

V == (0.305 m) (0.305 m) (1.0 m/m) = 0.093 m3/m 

b. Determine 6/¢ from Figure 9.1 o. 

V == 0.093 m
3
/m - 6/¢ = 0.75 or 6 = 0.75¢ 

c. Calculate 6 for each soil layer based on 6 = 0.75¢. 

Layer 1 : 61 = 0. 75 (30°) = 22.50 

Layer 2: 62 = 0. 75 (35°) = 26.25 

STEP 3 Determine K6 for each soil layer based on displaced volume, V, and pile taper 
angle, w. 

Layer 1: For¢ = 30°, V = 0.093 m3/m and w = 0° 

From Figure 9.12: K6 = 1.15 

Layer 2: For¢ = 35°, V = 0.093 m3/m and m = 0° 

From Figure 9.13: K6 = 1. 75 
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STEP 4 Determine correction factor, CF, to be applied to K6 when 6¢</J (Figure 9.15.) 

Layer 1: ¢ = 30° and 6/¢ = 0. 75 - CF = 0.90 

Layer 2: ¢ = 35° and 6/¢ = 0. 75 - CF = 0.85 

STEP 5 Compute effective overburden pressure at midpoint of each soil layer, Pd· 

From p0 diagram, pd for layer 1 is 51 kPa, and 

pd for layer 2 is 134.5 kPa. 

STEP 6 Compute the shaft resistance for each soil layer. 

Rs = K6 CF pd sin 6 Cd D 

Cd = pile perimeter = 1.22 m2/m 

D = embedded length in layer 

Layer 1: Rs1 = 1.15 (0.90) (51 kPa) (sin 22.5°) (1.22 m2/m) (4 m) 

= 99 kN 

Layer ~~: Rs2 = 1. 75 (0.85) (134.5 kPa) (sin 26.25°) (1.22 m2/m) (11 m) 

= 1188 kN 

Compute the ultimate shaft resistance, Rs 

Rs = Rs1 + Rs2 = 99 kN + 1188 kN = 1287 kN 
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STEP 7 Determine at coefficient and bearing capacity factor N'q from ¢ angle of 35° 

at pile toe and Figures 9.16(a) and 9.16(b). 

From Figure 9.16(a) 

From Figure 9.16(b) - N' = 65 q 

STEP 8 Compute effective overburden pressure at pile toe. 

From effective overburden pressure diagram, Pt at 16 meters is 184 kPa. 
Therefore, limiting overburden pressure at pile toe of 150 kPa applies. 

STEP 9 Compute the ultimate toe resistance, Rt· 

= (0.67) (65) (0.09 m2
) (150 kPa) = 588 kN 

from Figure 9.17, qL =5000 kPa for ¢=35°. 

= (5000 kPa) (0.09 m2
) = 450 kN 

c. Use lesser value of Rt from Step 9a and 9b. Therefore, Rt = 450 kN. 

STEP 1 O Compute the ultimate pile capacity, Ou· 

Qu = Rs + Rt = 1287 kN + 450 kN = 1737 kN 

STEP 11 Compute the allowable design load, Oa. 

The allowable design load is QJFactor of Safety based on construction control 
method as described in Section 9.6. Therefore, the allowable design load 
would range from 496 to 868 kN depending upon construction control method 
specified. 
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STUDENT EXERCISE #3 - a-METHOD PILE CAPACITY CALCULATION 

Use the a-Method and step by step procedure described in Section 9. 7.1.2a to calculate 
the ultimate pile capacity and the allowable design load for a 356 mm square, 
prestressed concrete pile driven into the soil profile described below. The trial pile 
length for the calculation is 17 meters. The prestressed concrete pile has a pile-soil 

surface area of 1.42 m2/m and a pile toe area of 0.127 m2
. Based on the soil profile, 

Figure 9.18 or 9.19(c) should be used to calculate pile capacity. Note: the soil strengths 

provided are unconfined compression test results (cu = qj2). 

Depth (m) 
0 __,,............ ______________________ _ 

1 - • Layer 1 : Stiff Clay 

5 qu = 110 kPa 

10 Layer 2: Stiff Clay 

qu = 260 kPa 

15 
17m-

20 

25 ---------------------------------------------
End of Boring 

G-11 



STUDENT EXERCISE #3 - SOLUTION FOR a-METHOD CAPACITY CALCULATION 

STEP 1 Delineate the soil profile and determine the pile adhesion from Figure 9.18 or 

the adhesion factor from Figure 9.19(c). 

The soil profile was delineated in the problem statement. The bottom of Layer 
1 is at 9 meters. Therefore calculations for Layer 1 should be based on an 
embedded pile length to diameter ratio, D/b, of (9 m) / (.356 m) or 25. The 
bottom of Layer 2 is at 17 meters. Calculations for Layer 2 should then be 
based on an embedded pile length to diameter ratio, 0/b, of (17 m) / (.356 m) 
or 48. 

Using Figure 9.18, the pile adhesion for each layer is as follows; 

Layer ·1: qu = 11 O kPa so cu = 55 kPa. For a D/b of 25, a pile adhesion 
of 55 kPa is obtained by interpolating between the two curves for 
a concrete pile. 

Layer ~~: qu = 260 kPa so Cu = 130 kPa. For a D/b of 48, the D > 40b 
curve for a concrete pile should be used. This results in a pile 
adhesion of 80 kPa. 

Using Figure 9.19(c), the adhesion factor, a, for each layer is as follows; 

Layer 1: qu = 110 kPa so cu = 55 kPa. For a 0/b of 25, a pile adhesion 
factor of 0.95 is obtained by interpolating between the D = 1 Ob 
and D > 40b curves. 

Layer 2.: qu = 260 kPa so cu = 130 kPa. For a 0/b of 48, the D > 40b 
curve should be used and an adhesion factor of 0.60 is 
obtained. 

STEP 2 Compute the unit shaft resistance, fs for each soil layer. 

Using Figure 9.18, the unit shaft resistance equals the pile adhesion and is 
therefore 5.5 kPa for Layer 1 and 80 kPa for Layer 2. 
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Using Figure 9.19(c), the unit shaft resistance equals the adhesion factor 
times the uncjrained shear strength or f s = a (cu). For Layer 1, a (cu) is 0.95 

(55 kPa) which results in a unit shaft resistance of 52 kPa. For Layer 2, a (cu) 

is 0.60 (130 kPa) results in a unit shaft resistance of 78 kPa. 

STEP 3 Compute the shaft resistance per layer and the ultimate shaft resistance. 

The embedded pile length is 9 meters in Layer 1 and 8 meters in Layer 2. The 
pile-soil surface area was defined as 1.42 m2/m in the problem statement. 

Using Figure 9.18, the shaft resistance for each layer is as follows; 

Layer 1: The unit shaft resistance, f s1 , is 55 kPa. The pile-soil surface 

area, As is 1.42 m2/m and the length of pile in Layer 1, 0 1 is 9 
meters. Therefore, the shaft resistance in this layer can be 
calculated from: 

= (55 kPa) (1 .42 m2/m) (9 m ) = 703 kN 

Layer 2: The unit shaft resistance, f s2 , is 80 kPa. The pile-soil surface 
area, As is 1.42 m2/m and the length of pile in Layer 2, 0 2 is 8 
meters. Therefore, the shaft resistance in this layer can be 
calculated from: 

= (80 kPa)(1.42 m2/m)(8 m ) = 909 kN 

The ultimate shaft resistance, Rs, is the sum of the shaft resistance from 
each individual layer. 

= 703 + 909 = 1612 kN 
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Using Figure 9.19(c), the shaft resistance for each layer is as follows; 

Layer 1: The unit shaft resistance, f s1, is 52 kPa. The pile-soil surface 
area, As is 1.42 m2/m and the length of pile in Layer 1, 0 1 is 9 
meters. Therefore, the shaft resistance in this layer can be 
calculated from: 

= (52 kPa)(1.42 m2/m}(9 m ) = 665 kN 

Layer 2: The unit shaft resistance, f s2, is 78 kPa. The pile-soil surface 
area, As is 1.42 m2/m and the length of pile in Layer 2, 0 2 is 8 
meters. Therefore, the shaft resistance in this layer can be 
calculated from: 

= (78 kPa)(1.42 m2/m}(8 m) = 886 kN 

The ultimate shaft resistance, Rs, is the sum of the shaft resistance from each 
individual layer. 

= 665 + 886 = 1551 kN 

STEP 4 Compute the unit toe resistance, q1• 

The unit toe resistance is calculated from q1 = 9 cu. Since the undrained 
shear strength at the pile toe is 130 kPa, the unit pile toe resistance is 9 (130 
kPa) or 1170 kPa. 
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STEP 5 Compute the ultimate toe resistance, R1• 

The ultimate toe resistance is calculated from: 

= (1170 kPa)(0.127 m2
) = 149 kN 

STEP 6 Compute the ultimate pile capacity, Qu. 

Using Figure 9.18, the ultimate pile capacity is as follows: 

= 1612 + 149 = 1761 kN 

Using Figure 9.19(c), the ultimate pile capacity is as follows: 

= 1551 + 149 = 1700 kN 

The lesser of the two ultimate pile capacities of 1700 kN should be selected. 

STEP 7 Determine the allowable design load, Qa. 

Qa = Qu I (Factor of Safety) 

Based on the construction control method specified, the factor of safety could 
range from 2.0 to 3.5. Therefore, the allowable design load could range from 
486 to 850 kN. 
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STUDENT EXERCISE #4 - a-METHOD AND NORDLUND METHOD PILE CAPACITY 

CALCULATION IN A LAYERED SOIL PROFILE 

Use the a-Method described in Section 9. 7 .1.2a and the Nordlund Method described in 
Section 9. 7.1.1 b to calculate the ultimate pile capacity, the resistance to driving, and the 

allowable design load for a 324 mm O.D. closed end pipe pile driven into the soil profile 

described below. The trial pile length for the calculation is 19 meters below the pile 

cutoff elevation 1 meter below grade. The pipe pile has a pile-soil surface area of 1 .02 
m2/m and a pile toe area of 0.082 m2

. Use Figure 9.18 to calculate the shaft resistance 
in the clay layer. The pile volume is 0.082 m3/m. The effective overburden at 17 m, the 
midpoint of the pile shaft in the sand layer is 177 kPa, and the effective overburden 

pressure at the pile toe is 204 kPa. Note: the soil strengths provided are unconfined 

compression test results (cu = qj2). 

Depth (m) 

0 1 m l_-_J _y_ 
Stiff Clay 

5 y = 19.8 kN/m3 

qu = 260 kPa 

10 Set-up Factor= 1. 75 

14 m ~ = 27.5° 

15 
Dense, Silty F-M Sand 
y = 18.8 kN/m3 

20 20 m - --- N' = 30 
Set-up Factor= 1.0 

25 ~ = 35° 

30 ----------------------
End of Boring 
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STUDENT EXERCISE #4 - SOLUTION FOR a-METHOD AND NORDLUND METHOD 
CAPACl1Y CALCULATION IN A LAYERED SOIL PROFILE 

Calculate the Shaft Resistance in the Clay Layer Using a-Method 

STEP 1 Delineate the soil profile and determine the pile adhesion from Figure 9.18. 

The soil profile was delineated in the problem statement. The bottom of 
Layer 1 is at 14 meters. Therefore calculations for Layer 1 should be 
based on an embedded pile length to diameter ratio, D/b, of (14 m) I (.324 

m) or 43. 

Using Figure 9.18, the pile adhesion for each layer is as follows; 

Layer 1: qu = 260 kPa so cu = 130 kPa. For a O/b of 43, a pile 
adhesion of 70 kPa is obtained for a smooth steel pile. 

STEP 2 Compute the unit shaft resistance, fs, for each soil layer. 

The unit shaft resistance equals the pile adhesion and is therefore 70 kPa 
for Layer 1. 

STEP 3 Compute the shaft resistance in the clay layer. 

The embedded pile length is 13 meters in Layer 1. The pile-soil surface 
area was defined as 1.02 m2/m in the problem statement. 

Therefore, the shaft resistance for the clay layer is as follows; 

Layer 1: The unit shaft resistance, f51 , is 70 kPa. The pile-soil 
surface area, As is 1.02 m2/m and the length of pile in 
Layer 1, D1 is 13 meters. Therefore, the shaft resistance 
in this layer can be calculated from: 

= (70 kPa)(1.02 m2/m)(13 m ) = 928 kN 
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Calculate the Shaft Resistance in the Sand Layer Using Nordlund Method 

STEP 1 The p
0 

diagram, soil layer determination, and the soil friction angle,¢, for each 

soil layer were presented in the problem introduction. 

STEP 2 Determine 6. 

a. Compute volume of soil displaced per unit length of pile, V. 

V == 0.082 m3/m (per problem description) 

b. Determine, 6/¢ from Figure 9.10. 

V == 0.082 m3/m - 6/¢ = 0.62 or 6 = 0.62¢ 

c. Calculate 6 for each soil layer based on 6 = 0.62¢. 

Layer 2: 62 = 0.62 (35°) = 21.70 

STEP 3 Determine K6 for each soil layer based on displaced volume, V, and pile taper 
angle, w. 

Layer 2: For¢ = 35°, 

d. From Figure 9.13: K6 = 1.15 
K6 = 1.75 

V = 0.082 m3/m and w = o· 

for V = 0.0093 m3/m 
for V = 0.093 m3/m 

Using log linear interpolation K6 = 1.72 for V =0.082 m3/m 

STEP 4 Determine correction factor, CF, to be applied to K6 when 6-:t,¢ (Figure 9.15.) 

Layer 2: ¢ = 35° and 6/¢ = 0.62 - CF = 0. 78 

STEP 5 Compute effective overburden pressure at midpoint of each soil layer, pd. 

From problem description, pd for layer 2 is 177 kPa. 
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STEP 6 Compute the shaft resistance for each soil layer. 

Cd = pile perimeter = 1.02 m2/m 

D = embedded length in layer 

Layer 2: R52 = 1. 72 (0. 78) (177 kPa) (sin 21. 70°) (1.02 m2/m) (6 m) 

= 537 kN 

Compute the Ultimate Shaft Resistance, R5 

Rs = Rs1 + Rs2 = 928 kN + 537 kN = 1465 kN 

Compute the Ultimate Toe Resistance, Rt 

STEP 7 Determine a1 coefficient and bearing capacity factor N'q from ¢ angle of 35° 

at pile toE1 and Figures 9.16(a) and 9.16(b) based on D/b of 62. 

From Figure 9.16(a) 

From Figure 9.16(b) - N' = 65 q 

STEP 8 Compute effective overburden pressure at pile toe. 

The effective overburden pressure at the pile toe was given as 204 kPa in the 

problem description. Therefore, limiting overburden pressure at pile toe of 150 

kPa applies. 
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STEP 9 Compute the ultimate toe resistance, Rt. 

= (0.67) (65) (0.082 m2
) (150 kPa) = 536 kN 

b. Rt = qL At from Figure 9.17, qL=5000 kPa for ¢=35°. 

= (5000 kPa) (0.082 m2
) = 410 kN 

c. Use lesser value of Rt from Step 9a and 9b. Therefore, Rt = 410 kN. 

STEP 1 0 Compute the ultimate pile capacity, Qu· 

Qu = Rs + Rt = 1465 kN + 410 kN = 1875 kN 

STEP 11 Compute the allowable design load, Qa. 

The allowable design load is QJFactor of Safety based on construction control 
method as described in Section 9.6. Therefore, the allowable design load 

would range from 536 to 938 kN depending upon construction control method 
specified. 

Calculation of the Resistance to Driving 

The clay layer has a set-up factor of 1. 75. Therefore, the resistance from the clay layer 
at the time of driving is (928 kN) / (1. 75) or 530 kN. The shaft and toe resistance from 

the sand layer are unchanged and are 537 and 41 O kN, respectively. Therefore, the 
resistance at the time of driving, Q0 , is: 

0 0 = 530 kN + 537 kN + 410 kN = 1477 kN. 
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STUDENT EXERCISE #5 - EFFECTIVE STRESS PILE CAPACITY CALCULATION IN A 
LAYERED SOIL PROFILE 

Use the Effective Stress Method described in Section 9.7.1.3 to calculate the ultimate 
pile capacity, the resistance to driving, and the allowable design load for a 324 mm 0.0. 
closed end pipe pile driven into the soil profile described below. The trial pile length for 

the calculation is 19 meters below the pile cutoff elevation 1 meter below grade. The 
pipe pile has a pile-soil surface area of 1.02 m2/m and a pile toe area of 0.082 m2

. Use 
Table 9-4 or Figure 9.20 to determine f3 values for calculation of the shaft resistance and 

Table 9-4 or Figure 9.21 for calculation of N1. The effective overburden at the midpoint 

of the pile shaft in the clay layer is 85 kPa and 177 kPa at the midpoint of the sand layer. 

The effective overburden pressure at the pile toe is 204 kPa. 

During driving, the excess pore pressure generated in the clay layer at the pile-soil 
interface is expected to be 1.4 times the effective overburden pressure based on Figure 
9.56. Therefore, use an average effective overburden pressure of 29.5 kPa at the 

midpoint of the pile shaft in the clay layer to calculate the shaft resistance in the clay 
layer during driving. 

Depth (m) 

o---...-----..--------------1 m L_-_J _y_ 

5 

10 

14 m 
15 

20 20m --

25 

Stiff Clay 
y = 19.8 kN/m3 

qu = 260 kPa 

~· = 27.5° 

Dense, Silty F-M Sand 
y = 18.8 kN/m3 

N' = 30 

~· = 35° 

30 --------------------
End of Boring 
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STUDENT EXERCISE #5 - SOLUTION FOR EFFECTIVE STRESS METHOD PILE 
CAPACllY CALCULATION IN A LAYERED SOIL PROFILE 

STEP 1 Delineate the soil profile and determine the¢' angle for each layer. 

The soil profile and ¢' angle were given in the problem description. 

STEP 2 Select the )3 coefficient for each soil layer. 

Based on the given¢' angles, the clay layer would have a {3 coefficient of 

0.30 and the sand layer would have a {3 coefficient of 0.40. 

STEP 3 Compute the unit shaft resistance, fs, in each layer. 

The unit shaft resistance for each layer is as follows: 

Layer 1 : f s1 = {31 (p0 ) = 0.30 (85 kPa) = 25.5 kPa 

Layer 2: fs2 = {3 2 (p0 ) = 0.40 (177 kPa) = 70.8 kPa 

STEP 4 Compute the shaft resistance for each layer and the ultimate shaft resistance. 

The shaft resistance for each layer is as follows: 

Layer 1: Rs1 = ( f s1 )( As)( 0 1) 

= (25.5 kPa) (1.02 m2/m) (13 m) = 338 kN 

Layer 2: Rs2 = ( f s2 )( As)( 02) 

= (70.8 kPa)(1.02 m2/m)(6 m) = 433 kN 

The ultimate shaft resistance, Rs is as follows: 

Rs = Rs1 + Rs2 = 338 kN + 433 kN = 771 kN 
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STEP 5 Compute the unit toe resistance, qt· 

From Figure 9.21 and a¢' angle of 35°, Nt = 55. The effective overburden 

pressure at the pile toe, Pt, was given as 204 kPa. 

qt = (55) (204 kPa) = 11 ,220 kPa 

STEP 6 Compute the ultimate toe resistance, Rt. 

Rt = qt At = (11,220 kPa)(0.082 m2
) = 920 kN 

STEP 7 Compute the ultimate pile capacity, Qu. 

Qu = Rs + Rt = 771 kN + 920 kN = 1691 kN 

STEP 8 Compute the allowable design load, Qa. 

The allowable design load is QJFactor of Safety based on construction control 

method as described in Section 9.6. Therefore, the allowable design load 
would range from 483 to 845 kN depending upon construction control method 
specified. 

Calculation of the Resistance to Driving 

The average effective overburden pressure in the clay layer during driving is estimated 
to be 29.5 kPa. Therefore, the average unit shaft resistance in the clay layer at the time 

of driving should be calculated using this effective overburden pressure. The shaft and 

toe resistance from the sand layer are unchanged. The resistance at the time of driving, 
Q0 , is: 

f s1 = /31 (p0 ) = 0.30 (29.5 kPa) = 8.85 kPa 

Q0 = 117 kN + 433 kN + 920 kN = 14 70 kl\l 
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STUDENT EXERCISE #6 - LPC METHOD PILE CAPACITY CALCULATION 

Cone Penetration Test (CPT) data for a site identified three soil layers having the average 

CPT results presented below. Use the LPC Method described in Section 9. 7 .1. 7b to 

calculate the ultimate pile capacity and the allowable design load for a 324 mm diameter 
closed end pipe pile. Use a trial pile length of 21 meters. The pipe pile has a pile-soil 

surface area of 1.02 m2/m and a pile toe area of 0.083 m2
• Previous load test data is 

not available in the project vicinity. Use Figure 5.2 to characterize the subsurface 

conditions. 

Depth (m) 

0 
Layer 1: qc = 1500 kPa 

5 
Sm fs = 52.5 kPa 

1 
R, = 3.5 

10 
• l Layer 2: qc = 4500 kPa 

10 m 
fs = 22.5 kPa 

15 R, = 0.5 
1 

20 3,m 
Layer 3: qc = 25,000 kPa 

..... 21 m fs = 125.0 kPa 

R, = 0.5 
25 -------------------------------------------

End of CPT Data 

Note: Assume qc at the Pile Toe is the same as Average qc for Layer 3. 
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STUDENT EXERCISE #6 - LPC METHOD SOLUTION 

STEP 1 Delineate the soil profile. Using the cone tip resistance, qc, and the friction 
ratio, Rf, values in Figure 5.2, the soil profile can be characterized as follows: 

Layer 1 : qc = 1500 kPa and Rf = 3.5. This data plots in Zone 4 of Figure 5.2 
which characterizes the soil as a silty clay to clay. 

Layer 2: qc = 4500 kPa and Rf = 0.5. This data plots in Zone 8 of Figure 5.2 
which characterizes the soil as a sand to silty sand. 

Layer 3: qc = 25000 kPa and R1 = 0.5. This data plots on the borderline of 
Zones 9 and 1 O of Figure 5.2 which characterizes the soil as a sand 
to gravelly sand. 

STEP 2 Determine the unit shaft resistance for each soil layer. From Table 9-7, the 
pile type is type B. 

Layer 1: The soil type is clay and qc is 1500 kPa. Therefore, Table 9-8(a) 
should be used and indicates Curve 2 based on qc value. However, 
the table comments section indicates to use Curve 1 for steel piles 

when no previous load test data is available. Enter Figure 9.25(a) 
with a qc value of 1500 kPa. Curve 1 then indicates a unit shaft 
resistance of 35 kPa. 

Layer 2: The soil type is sand and qc is 4500 kPa. Therefore, Table 9-8(b) 
should be used and indicates Curve 2 based on qc value. However, 
the table comments section indicates to use Curve 1 for steel piles 
when no previous load test data is available. Enter Figure 9.25b 
with a qc value of 4500 kPa. Curve 1 then indicates a unit shaft 
resistance of 30 kPa. 

Layer 3: The soil type is gravelly sand and qc is 25000 kPa. Therefore, Table 
9-8(b) should be used and indicates Curve 3 based on qc value. 
Enter Figure 9.25(b) with a qc value of 25000 kPa. Curve 3 then 
indicates a unit shaft resistance of 130 kPa. 
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Layer3 --

Layer 2 10,000 

----------Cone Tip Resistance 

qc, (kPa) 

11 

Layer 1 

100 L======:::z:::::::::==--...L--~-...1...--J 
0 2 3 4 5 6 7 8 

FRICTION RATIO (%), Rt 

Modified from Figure 5.2 (Simplified Soil Classified Chart for Standard Electronic Friction 
Cone after Robertson et al. , 1986) 

Zone qJN Soil Behavior Type 

1) 2 sensitive fine grained 

2) 1 organic material 

3) 1 clay 

4) 1.5 silty clay to clay 
5) 2 clayey silt to silty clay 

6) 2.5 sandy silt to clayey silt 

7) 3 silty sand to sandy silt 

8) 4 sand to silty sand 
9) 5 sand 

10) 6 gravelly sand to sand 
11) 1 very stiff fine grained 
12) 2 sand to clayey sand 
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STEP 3 Compute the shaft resistance per layer and the ultimate shaft resistance. 

Layer 1 : The unit shaft resistance, f s1, is 35 kPa. The pile-soil surface 
area, As is 1 .02 m2/m and the length of pile in Layer 1, D1 is 8 
meters. Therefore, the shaft resistance in this layer can be 
calculated from: 

= (35 kPa)(1.02 m2/m)(8 m ) = 286 kN 

Layer ~~: The unit shaft resistance, f 82 , is 30 kPa. The pile-soil surface 
area, As is 1.02 m2/m and the length of pile in Layer 2, D2 is 10 
meters. Therefore, the shaft resistance in this layer can be 
calculated from: 

= (30 kPa)(1.02 m2/m)(1 O m ) = 306 kN 

Layer 3: The unit shaft resistance, f83 , is 130 kPa. The pile-soil surface 
area, As is 1.02 m2/m and the length of pile in Layer 3, 0 3 is 3 
meters. Therefore, the shaft resistance in this layer can be 
calculated from: 

= (130 kPa)(1 .02 m2/m)(3 m ) = 398 kN 

The ultimate shaft resistance, Rs, is the sum of the shaft resistance from each 
individual layer. 

= 286 + 306 + 398 = 990 kN 
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STEP 4 Compute the unit pile toe resistance, qt. 

a. The average cone tip resistance is 25000 kPa. 

b. From Table 9-9, the cone bearing capacity factor, Kc, is 0.375. 

c. The unit pile toe resistance is then: 

= 0.375 (25000 kPa) = 9375 kPa. 

STEP 5 Compute the ultimate toe resistance, Rt. 

= (9375 kPa) (0.083 m2
} = 778 kN 

STEP 6 Compute the ultimate pile capacity, Qu. 

= 990 + 778 = 1768 kN 

STEP 7 Determine the allowable design load, Qa. 

Qa = Qu I (Factor of Safety) 

Based on the construction control method specified, the factor of safety could range 
from 2.0 to 3.5. Therefore, the allowable design load could range from 505 to 884 kN. 
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STUDENT EXERCISE #7 - PILE GROUP SETTLEMENT IN LAYERED PROFILE 

A pile group is to installed in a fine to medium silty sand deposit that is underlain by a 
stiff clay layer and then a very dense fine to coarse sand layer. The pile group has a 
total design load of 16,000 kN. The pile group has a plan area of 3 m by 10 m. Use 
the pile group settlement method for layered soils described in Section 9.8.2.4 to 
calculate the settlement of the pile group depicted on the following page. For ease of 
calculation, compute the settlements for each soil layer below the equivalent footing 
depth using the layer thickness rather than breaking the profile into 1.5 to 3 m thick 
layers as described in Section 9.8.2.4. Also do not calculate the elastic pile deformation 
for this problem. Based on your calculation, is the pile group settlement acceptable? 

The soil layers have the following properties: 

In the zone below the equivalent footing location, the fine to medium sand has an 
average corrected SPT resistance value of 30 as determined using a SPT safety 
hammer. The existing overburden pressure at the midpoint of the sand layer below the 
equivalent footing location is 190 kPa and the corresponding pressure increase at this 
point is 133 kPa. 

The stiff clay layer has an initial void ratio e0 of 0.80, a preconsolidation pressure, Pc, of 
247 kPa, a compression index, Cc of 0.30 and recompression index Ccri of 0.03. The 
existing overburden pressure at the midpoint of the clay layer is 247 kPa and the 
corresponding pressure increase at this depth is 54 kPa. 

The underlying very dense fine to coarse sand layer has an average corrected SPT 
resistance value of 60 determined by a SPT safety hammer. The pressure increase is 
less than 10% of the effective overburden pressure at a depth of 32 meters. At the 
midpoint of the affected portion of the lower sand layer (30.5 m), the effective 
overburden pressure is 297 kPa and the pressure increase is 34 kPa. 

To solve this problem you will need to calculate the sand layer settlement from the 
equation on page 9-114 and Figure 9.45 on page 9-115. The clay layer settlement 
should be calculated using the properties described above and the appropriate equation 
on page 9-111 (Note the terms for these equations are on page 9-108.) 
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Om 

23m 

29m 

32 m 

18 m 

P = Total Design Load on Pile Group 
= 16,000 kN 

Footing Size is 5 m x 11 m 

1.0 m 
--. ....... ---~...---f--------------- -

Group Area 
=3mx10m 

Fine - Medium 

Silty Sand 
12 m 

Equivalent Footing f 
4m 

I 

at 8/9 D I 

I 
I 

I 

I 

/ • Po = 190 kPa 
, ap = 133 kPa 

I 
I 

t J 
I 

I 
I • Po= 247 kPa 

/ ap = 54 kPa 

t 

/ • Po = 297 kPa 

------------l ---
\ 2m 

---\,H t-
12V 4m 

\ j 
Stiff Clay \ 6 m 

Very Dense \\ l 
/ dp = 34 kPa 

- ....... ........._ ap < 10% of Po 

Fine - Coarse Sand \
3 f 

Remember settlement computations are based on the design load rather than ultimate 
loads. 
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STUDENT EXERCISE #7 - PILE GROUP SETTLEMENT SOLUTION 

STEP 1 Calculate the settlement of the fine to medium silty sand layer using the 
following equation after determining the bearing capacity index for the layer 
from Figure 9.45. 

Based on Figure 9.45, the fine to medium silty sand layer has a bearing 
capacity index value of 95 for an average corrected SPT N value of 30 from 
a SPT safety hammer. 

The settlement of the sand layer is then calculated using the following 
equation: 

Layer 1: s = H IJ_ log Po + ~pl 
1 C' Po 

s1 = (6 m) [-
1 

log 
190 

+ 
133

] = 0.0145 m = 14.5 mm 
95 190 

STEP 2 Calculate settlement in clay layer after determining appropriate settlement 
equation from page 9-111 . 

The clay layer is normally consolidated and the pressure increase is greater 
that the preconsolidation pressure. The settlement of the 6 meter thick layer 
can then be calculated as follows: 

Layer 2: 

s2 = (6 m) [ o.3o log 247 + 54 ] = 0.0858 m = 85.8 mm 
1+0.80 247 
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STEP 3 Calculate the settlement of the very dense, fine to coarse sand layer after 
determining the index value from Figure 9.45. 

Based on Figure 9.45, the very dense, fine to coarse sand layer has a bearing 
capacity index value of 250 for an average SPT safety hammer corrected N 

value of 60. 

The settlement of the lower sand layer is then calculated using the following 
equation: 

Layer 3: s = H [-1 log Po + ilp l 
3 C' Po 

s3 = (3 m) [-
1
- log 

297 
+ 

34
] = 0.0005 m = 0.5 mm 

250 297 

STEP 4 Compute total settlement: 

s = S1 + S2 + S3 = 14.5 + 85.8 + 0.5 = 100.8 mm 

The total soil settlement of 100.8 mm is excessive. 
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STUDENT EXERCISE #8 - BROMS' METHOD LATERAL CAPACllY ANALYSIS 

Perform a lateral capacity analysis using the Broms' method by following the step by 
step procedure outlined in Section 9.7.3.2. The pile is a 356-mm square prestressed 
concrete, which has been driven to a total penetration of 11 meters below grade. The 
subsurface conditions are presented below. Calculate the maximum allowable lateral 
load of the pile, and the corresponding deflection at this maximum allowable load. 
Evaluate the total lateral load capacity of the pile group consisting of 24 piles at 1.5 
meters center to center spacing. Assume the pile is to be used in group under a pile 
cap (fixed head ec=0) with the possibility of cyclic loading during service life. The 
following pile properties are given: E = 27,800 MPa; f'c = 34.5 MPa; 1=1.32 x 10·3m4

; 

and S = 7.46 x 1 o·3m3
. 

Depth 
(m) 

0 

5.0 

10.0 

15.0 

11 m 

l__ 
.,.,...l,_..,,,, __ _ 

Medium Silty Fine Sand 
'Y = 18.8 kN/m3 

N' =30 
cl>= 35° 

200 -----------------------------------. 
End of Boring 
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EXERCISE #8 - BROMS' METHOD LATERAL CAPACllY ANALYSIS SOLUTION 

STEP 1 Determine the general soil type within the critical depth below ground surface 

(about 4 or 5 pile diameters). 

For pile diameter of 0.356 meter, the critical depth below the ground surface 
is about 1.42 to 1.78 meters (or an average of 1.60 meters). Therefore, the 
general soil type within the critical depth below the ground surface is 
cohesionless soil described as medium silty fine sand. 

STEP 2 Determine the coefficient of horizontal subgrade reaction, Kh, within the critical 
depth based on cohesive or cohesionless soils. 

For cohesionless soils, choose the Kh from Table 9-11 based on soil density 
and ground water table. For a medium silty fine sand, Kh is around 8,143 
kN/m3 when the ground water table is below the critical depth. 

STEP 3 Adjust Kh for loading and soil conditions. 

For cyclic loading in medium dense cohesionless soils: 

= ½ K h 

= ½ (8,143) = 4072 kN/m3 

STEP 4 Determine pile parameters. 

a. Modulus of elasticity, E = 27,800 MPa 

b. Moment of inertia, I = 1.32 x 10-3 m4 

c. Section modulus, S = 7.46 x 10-3 m3 

d. Ultimate compressive strength, f'c = 34.5 MPa 
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e. Embedded pile length, D = 11 m 

f. Pile width, b = 0.356 m 

g. Eccentricity of applied load, ec = 0 for fixed-headed pile 

h. Dimensionless shape factor, Cs, applied only to steel piles. 

i. Resisting moment of pile, My = f'c S for concrete piles 

= 34.5 MPa ( 7.46 X 10-3 m3
) 

= 257.4 kN-m 

STEP 5 Determine '7 for cohesionless soils. 

5 
4,072 kN/m 3 

( 27.8x1 O 6 kN/m 2 
) ( 1.32x1 O -3 m 4 

) 

= 0.644 m-1 

STEP 6 Determine tt1e dimensionless length factor for cohesionless soil. 

'7 D = O. 644 m-1 
( 11 m ) = 7. 09 

STEP 7 Determine if pile is long or short according to the cohesionless soil criteria. 

Since '7D = 7.09 which is greater than 4.0 therefore the pile is long. 
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STEP 8 Determine other soil parameters. 

a. Rankine passive pressure coefficient for cohesionless soil, KP, is: 

KP = tan2 
( 45 + ¢/2) 

where¢ is the average soil friction angle along the embedded pile length. 

Theretore, the Rankine passive pressure coefficient, KP, is: 

KP = tan2 
( 45 + ¢/2) 

= tan2 (45 + 35/2) = 3.69 

b. Average effective soil unit weight over embedded length of pile, y (kN/m3
). 

Since the water table is below the bottom of the pile, the average effective 
soil unit weight, y, is total weight of 18.8 kN/m3 

STEP 9 Determine the ultimate (failure) load, Qu, for a single pile. 

The pile will be used in group under a pile cap, i.e., fixed headed pile. Figure 
9.30 should be used to calculate the ultimate load of a long fixed headed pile. 

= 
257.4 kN-m 

= 234 
(0.355 m)4 (18.8 kN/m 3) (3.69) 

From the fixed head curve in Figure 9.30, QJKPb3y = 95. Therefore, 

Qu = 95 KPb3y = 95 ( 3.69 ) ( 0.355 m )3 
( 18.8 kN/m3 

) = 295 kN 
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STEP 1 0 Calculate the maximum allowable working load for a single pile, Qm, from the 
ultimate load, Qu, determined in Step 9, as shown in Figure 9.31. 

= 
295 kN 

2.5 
= 118 kN 

STEP 11 Calculate the deflection, y, corresponding to the working load, Q8 • 

Since neither the working load, Q8 , nor the design deflection at the ground 
surface, y, are given, Qm should be used to calculate Ym· For fixed headed 
pile in cohesionless soil with r,D = 7.09, and using Figure 9.33 results in 

Replace Qa with Qm to calculate for Ym: 

= 0.13(118 kN)(11 m) / [(27.8x106 kN/m2
) (1.32x10·3 m4

)]
315 {4,072 kN/m3

)
215 

= 0.011 m or 11.0 mm 

Therefore, the maximum allowable working load of 118 kN will cause the pile 
head to deflect 11.0 mm at the ground surface. 

STEP 12 Compare the design load Qa, and design deflection, y, (if available) with the 
maximum allowable working load, Qm, and deflection, Ym· 

Qa and y are not known. 
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STEP 13 Reduce the allowable load selected to account for group effects and method 

of installation. 

a. Group effects. 

The center to center pile spacing, z, is designed to be 1.5 meters. 

(z/b) = ( 1.5 m ) / ( 0.356 m ) = 4.21 

Using the reduction factor table and linear interpolation: 

Reduction factor = 0.535 

So, Qm = 0.535 Qm = 0.535 ( 118 kN) = 63 kN 

b. Method of installation. 

No reduction is required for driven piles. So, Qm = 63 kN. 

STEP 14 Compute the total lateral load capacity of the pile group. 

The total lateral load capacity of the pile group is equal to the adjusted 
allowable load per pile from Step 13b times the number of piles. 

Total pile group lateral load capacity = 24 ( 63 kN) = 1,512 kN 

Pile group deflection as calculated in Step 11 is equal to 11.0 mm. 

Note: The lateral resistance from the soil surrounding the embedded pile cap 
has not been taken into account. 
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