
 

 i 

 

 
 
 
 
 
 

FDOT Contract BDV 28-977-01 
FIT Contract 201699 

May 30, 2016 
 
 
 

Principal Investigator: Paul J. Cosentino, Ph.D., P.E. 
    Florida Institute of Technology 
    150 W. University Blvd. 
    Civil Engineering Department  
    Melbourne FL 32901-6975 
    cosentin@fit.edu 
    Direct 321-674-7555 
    Office 321-674-8048 
     
DSR Contact:  John Politano 
    Florida Institute of Technology 
    150 W. University Blvd. 
    Office of Sponsored Programs 

Melbourne FL 32901-6975 
    jpolitan@fit.edu 
    321-674-7239 
 
Project Manager: David Horhota, Ph.D., P.E. 
    Florida Department of Transportation 
    State Materials Office 
    5007 NE 39th Ave. 
    Gainesville, FL 32609 
    David.Horhota@dot.state.fl.us 
    352-955-2924 
 
 
 
 
 

 
 

Improving Design Phase Evaluations for 
High Pile Rebound Sites 

Final Report 



 

 ii 

Disclaimer 
 

The opinions, findings, and conclusions expressed in this publication are those of 
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Metric Conversion Table 
Symbol  Multiply By To Find Symbol 

LENGTH 
in inches 25.4 millimeters mm 
ft feet 0.305 meters m 

AREA 

in2 square inches 645.2 square 
millimeters mm2 

ft2 square feet 0.093 square meters m2 

yd2 square yards 0.836 square meters m2 

VOLUME 
ft3 cubic feet 0.028 cubic meters m3 

MASS 
oz ounces 28.35 grams g 
lb pounds 0.454 kilograms kg 

T short tons (2,000 
l(b) 0.907 megagrams 

(“metric ton”) Mg (or “t”) 

UNIT WEIGHT 

pcf lbf/ft3 16.02 kilograms/ 
cubic meter kg/m3 

TEMPERATURE (exact degrees) 

°F Fahrenheit 5 (F-32)/9 
or (F-32)/1.8 Celsius °C 

FORCE and PRESSURE or STRESS 
lbf pound force 4.45 newtons N 
kip 1,000 lbf 4.45 kilonewtons kN 
ton 2,000 lbf 8.90 kilonewtons kN 

lbf/in2 pound force/ square 
inch 6.89 kilopascals kPa 

ksi kips / square inch 6.89 megapascals MPa 
 

tsf tons/square foot 95.76 kilopascals KPa 
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Executive Summary 
A comprehensive lab and field-testing program was performed to help engineers 

determine typical soil properties of the soils encountered during pile installation during which 

excessive rebound occurs. High pile rebound (HPR), as this phenomenon is termed, occurred at 

numerous sites in the Florida panhandle, as well as in northeastern and central Florida. Disturbed 

soil samples obtained from standard penetration test (SPT) borings, and test-borings with 

undisturbed thin-walled tube samples, were used in addition to in situ data from a cone 

penetrometer with pore pressure (CPTu) soundings to determine trends based on soil properties.  

Evidence that relationships existed between rebound and (a) SPT blow counts (N), (b) 

CPTu pore water pressure, and (c) fines content (FC) (i.e., % passing #200 sieve) from previous 

studies was partially substantiated. Based on the large number of data points from 25 PCPs from 

11 sites, a very weak correlation may exist between rebound based on inspector’s set and SPT N 

values, with rebound decreasing as N increases. The original N-rebound correlation was based 

on about 30 data points with only four above N-values of 40. SPT testing invariably produces a 

large scatter when used for correlations. Based on several evaluations of rebound versus FC, 

there could be a relationship between these variables up to FC values of about 35%; however, 

beyond this threshold, there is no clear relationship. A weak correlation exists between CPTu 

pore water pressure and rebound. 

Evaluation of numerous grain size distribution parameters shows that rebound greater 

than 0.5 inches may be a function of certain grain sizes, implying that engineers could 

inexpensively locate HPR soils and zones in properly completed soil borings. The standard 

FDOT Specification 455-5.10.3 rebound criterion of 0.25 inches was originally used for 

comparisons, however; unclear findings were produced. When 0.5 inches was used the findings 

became clear. Although there was no difference in the Unified Soils Classification System or 

American Association of State Highway and Transportation Officials Classifications between 

HPR or nonHPR soils, as both classified as SM or A-4/A-2-4, the following differences were 

observed: 

1. The average silt content for the HPR soils is more than twice as high as nonHPR soils, while 

both D30 and D60 are three times higher in the HPR soils than in the nonHPR soils.  
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2. The Atterberg limits of the HPR cohesive soils tested produced an average plastic index 

nearly twice that of the soils that displayed low to nonHPR problems. 

3. The presence of the silts significantly affects HPR. Below 20% silt, in cohesionless soils, 

HPR may not be clearly identified; however, above 20%, all 10 samples produced HPR. For 

cohesive soils, only HPR was evident between 20 and about 35%. With silt contents greater 

than about 50%, HPR is approximately the same as HPR below 20%. 

4. The clay content of cohesionless soils may be an effective index for predicting HPR. 

Cohesive soils with clay contents less than about 30% produced nonHPR, while cohesive 

soils with clay contents above about 35% produced HPR.  

5. The Atterberg limits PI and clay content clearly showed differences between HPR and 

nonHPR soils, with higher PIs and clay contents than the nonHPR soils. The Atterberg limits 

clearly showed differences between HPR and nonHPR soils, with higher PIs and LLs than 

the nonHPR soils. 

6. HPR of cohesionless soils is more dependent upon silt content than clay content. 

 

FC in the 30 to 40% range could be an indicator of rebound greater than 0.5 inches. By 

dividing the soils into three groups – a) FC below 12%; (b) FC between 12 and 50%, and (c) FC 

above 50% – the reevaluation of rebound versus N reduced with the FDOT standard correction 

of process (i.e., Nauto x 1.24=NES) was performed. The following conclusions were obtained: 

1. Sands with FC less than 12% generally did not produce rebound greater than 1 inch; and at 

NES above 20, they produced rebound less than 0.50 inches.  

2. Soils with FC greater than 50% produced multiple instances of rebound greater than 1 inch 

when NES was less than 4, but they did not exceed 0.35 inches at NES greater than 24.  

3. Sands with 12 to 50% fines showed the greatest potential for rebound, as rebound above 1 

inch occurred up to an NES of 18 and remained high between 0.75 and 1 inch as NES 

increased to refusal. 

 

In general, the permeability of the HPR soils was one or two orders of magnitude lower 

than the nonHPR soils. Specifically, HPR soils have permeabilities below 5 x 10-6, while the 

nonHPR permeabilities were larger than 1.2 x 10-5 cm/s. The permeability of the cohesive HPR 
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soils is on the order of 10-8 cm/s, or one order of magnitude lower than the nonHPR cohesive 

soils (10-7 cm/s).  

The lower end of the range of dry unit weights of the HPR soils (104 pcf) is about 10% 

lower than the lower end of the range of dry unit weights of the nonHPR soils (111 pcf). 

HPR soils required many more cycles to produce 1, 2.5, 5, 10, and 15% strains than the 

nonHPR soils and are therefore termed more resilient. The cyclic failure strains for nonHPR soils 

are typically higher (with nearly all failing at 15% strain) than the cyclic failure strains of HPR 

soils (which mostly failed in the 1 to 5% range). HPR specimens have lower pore water pressure 

ratios (Δu/σ3ꞌ) at failure than nonHPR specimens. 

There are consistent trends indicating that increased CPTu pore pressures in fine silty 

sands with clays correlate to HPR for large diameter PCPs. The CPT pore water pressures (u2) 

may be linearly correlated to the pile rebound. The pore water pressures during CPTu testing are 

very high.  

HPR and nonHPR soils plot in somewhat distinct regions on soil behavior type (SBT) 

charts. The rebound soils plot as fine dilative-cemented while non-rebound soils plot as either 

coarse or fine contractive soils on Robertson’s 2012 SBT chart. Most SBT charts give some 

indication of type and behavior of rebound and non-rebound soils; however, these trends are 

sensitive to density and therefore overburden pressures.  

Loose to medium dense silty sands with clay contents greater than 15% produce high 

rebound and were accompanied by acceptable set, which was defined as enough set to allow the 

pile to be driven. Medium dense to very dense silty sands have dilative response, produced 

rebound, and may lead to refusal. Soft to very stiff clays can produce rebound in excess of 2 

inches. Rebound reduces as clays become harder. 

 !
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1. Introduction 
Pile driving is a complex interaction between the pile, soil, hammer, and driving 

procedures. To resist high lateral loads, piles in hurricane zones have become wider, while the 

most economical and lightest (i.e., diesel) hammers have typically been used. When these large 

diameter displacement piles are driven into certain soil profiles, they can bounce or rebound 

excessively after each hammer blow. The engineering term most commonly used to describe this 

phenomenon is high pile rebound (HPR). The Florida Department of Transportation (FDOT) has 

encountered HPR at numerous sites throughout the state (Cosentino et al., 2010, Jarushi et al., 

2013).  

If HPR is excessive, pile-driving contractors sometimes require thousands of hammer 

blows and/or change hammers to drive the pile. During HPR, the hammer can be damaged and 

the excessive hammer blows result in high compressive stresses that can damage the piles.  

Research has been conducted to help identify the soils potentially causing HPR before 

construction (i.e., during the design phase site investigation). HPR is a function of many 

variables (pile size, hammer type, soil type); however, Cosentino et al., (2010) and Jarushi et al., 

(2013) presented findings that indicate that Standard Penetration Test (SPT) N-values, the fines 

content (i.e., % passing #200 sieve) and the Cone Penetrometer Test (CPT) pore water pressures 

can be correlated to HPR. However, due to the limited number and location of sites evaluated, 

these correlations need to be verified. Data from additional sites needed to be added to the 

existing database to validate the correlations so that engineers might use them.   

Proposed Phase II HPR Study: From FDOT contract BDK81-977-01, thorough lab and 

field-testing was conducted on the three sites (Cosentino et al., 2010). Following this work, 

FDOT assisted in additional testing and retrieval of more data on eight additional sites, but only 

SPT and CPTu as well as limited grain size testing were performed (Jarushi et al., 2013). It is the 

intent of this Phase II project to validate these new findings and correlations and to modify them 

if necessary by performing additional sampling and testing at more sites both with and without 

HPR.   

1.1. Project Objective 

The objective of this project is to validate the new correlations developed by the research 

team such that engineers can use them to help predict HPR. 
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1.2. Supporting Tasks and Deliverables 

The following tasks were completed to achieve the research objective.  

Task 1. Literature Search: The literature on pile rebound was reviewed and a summary 

was prepared. This summary, which is presented in Chapter 2, includes information on the Pile, 

Hammer, Soil Types, and Profiles. The soil types typically encountered during pile rebound are 

summarized along with their index, pore pressure responses, and strength-deformation 

properties. Soil classification charts based on Cone Penetrometer Test (CPT) data, such as the 

one developed by Robertson and Campanella (1983), were used to determine if the rebound soils 

plotted within certain regions of these plots.   

Task 2. Develop Locations of New Testing Sites: Of the 11 sites that have been studied, 

only one has no rebound, while three have rebound with acceptable set (See Table 1-1). 

Acceptable set is defined as any permanent set that allows the piles to be successfully driven. To 

solidify the correlations, developed during the Florida Institute of Technology (FIT) research, 

additional sites with no or minimal rebound and HPR with acceptable set were sought.  

Table 1-1: Total Number of Sites Tested for HPR Research 

Total Number of Sites 

HPR with 

Unacceptable Set 

HPR with 

Acceptable Set 

No HPR with 

Acceptable Set 

7 3 1 

 

To complete this new Phase II work, three new sites (or locations within existing sites) 

were identified through coordinated efforts with FDOT and consulting personnel. Table 1-2 

contains a summary of the lab and field-testing for the existing and new sites. The three sites 

tested during BDK81-977-01 are shown as sites 1 through 3, the eight sites tested by Jarushi et 

al. (2013) are shown as sites 3 through 11, and the three new sites are shown as sites 12 to 14. 

None of the existing 11 sites had the complete series of tests conducted. Note that when CPTu 

tests exist, no standard CPT tests (i.e., without pore pressure) are needed. There are five sites 

from which Shelby tube samples have been obtained. For this new testing, a complete set of lab 
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and field tests were conducted, excluding the pocket penetrometer. This test was omitted because 

many of the disturbed samples could not be tested with this device. 

Table 1-2: Phase II Testing Summaries 

 

 

 
Task 3. Test Program for New Field Testing Sites: In addition to the lab and field-

testing data, PDA data from the test-pile(s) was obtained. The testing program for the new sites 

included the following field tests (See Table 1-2): 

1. SPT (with both automatic and safety hammers) 

2. CPT with pore water pressure measurements  

! Phase&II&Testing&Samples&Obtained&&or&Testing&Completed
� Phase&II&Testing&Requested
√ Completed&Testing
X No&Testing

Abbreviation Description
ASO Anderson*Street*Overpass*for*I14*SR*408
JYP John*Young*Parkaway*over*I4
RBB*SR*83 Ramsey*Branch*Bridge*US*331
SR50/SR436 State*Road*50*over*State*Raod*46
I4/US192 I4/US*192*Ramp*CA
I4/OP I4/*Osceola*Parkway*Ramp*D2*over*D1
I4/SR417 I4/State*Road*417*Ramp
JYPExt John*Young*Parkaway*Extrension*to*SR*423
I10Chaffee I10*Chaffee*Road*Overpass
I4/SR408*B I4/State*Road*408*Ramp*B
SR528 State*Road*528*Bridge*Over*Indian*River
I14*Widenning I14*Over*Deer*Crossing*NO*HIGH*Pile*Rebound
RBB*SR*83*II Ramsey*Branch*Bridge*US*331*Revisited*Summer*2014
Heritiage*Pky Palm*Bay*Parkway*over*C11*Canal*City*of*Palm*Bay



 

 4 

3. Dilatometer (DMT) testing including pore pressures  

4. Thin-walled tube samples 

The testing program for the new sites will also include the following laboratory tests on 

either disturbed split spoon samples or undisturbed thin-walled tube samples: 

5. Grain Size Distribution with silt clay and fines content from split spoon samples 

6. Atterberg Limits from split spoon samples 

7. Permeability testing on thin-walled tube samples  

8. Consolidated Drained Triaxial Shear Testing of thin-walled tube samples 

9. Cyclic Triaxial Testing with Pore Water Pressure Measurements of thin-walled tube 

samples 

Task 4. Field Data Reduction: The SPT, CPT, and DMT data were reduced from their 

raw field format to applicable engineering formats used for further analysis.  

Task 5. Laboratory Testing and Reduction of Disturbed Samples: The disturbed 

samples obtained from the split barrel samples during the SPT borings were used to perform the 

following tests (shown in Task 3): 

1. Grain Size Distribution with silt, clay, and fines content 

2. Atterberg Limits 

The main purpose of this testing was to produce soil properties that allow the HPR and 

nonHPR soils to be characterized and related to the amount and or probability of rebound.  

Task 6. Data Reduction and Analysis of Thin-walled Tube Results: The test data 

obtained from this task was analyzed to determine which engineering properties, trends, and 

correlations are associated with HPR. As a companion effort, FDOT’s State Materials Office 

(SMO) received the thin-walled tube samples obtained during field sampling at the new sites and 

conducted the following tests: 

1. Consolidated Undrained Flexible Wall Permeability according to the procedure specified 

by ASTM D 5084. Confining stresses will be varied from 10 to 30 psi to simulate 

samples from 20 to about 60 feet deep. 

2. Triaxial Shear: Following permeability testing, each sample will be sheared at a strain 

rate based on recommendations in ASTM D 4767. Confining stresses will be varied from 

10 to 30 psi to simulate samples from 20 to about 60 feet deep. 
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3. Cyclic Triaxial Testing with Pore Water Pressure Measurements of thin-walled tube 

samples. Samples will be confined to stresses similar to the confining stresses associated 

with the sampling depths; then 1000 cycles will be conducted at stress-levels determined 

as a percentage of the CU Triaxial Failure Stress. It is anticipated that these stress levels 

will be 10, 20, 40, 60, and if possible, 80 percent of the failure strength. Data from the 

testing will include load and deflection versus time and cycle number plus variation in 

pore water pressure with time and cycle number. The stress levels are assumed to change 

from those associated with elastic behavior (10, 20 and 40%) to those associated with 

plastic behavior (60 and 80%).  

This testing produced soil properties that allow the HPR and nonHPR soils to be 

characterized and related to the amount and/or probability of rebound.  

Task 7. Analyze Reduced Laboratory Data from Disturbed Testing: The reduced lab 

data from the grain size and Atterberg limit testing was analyzed to determine if there are any 

indicators associated with HPR.  

Task 8. Analyze Reduced Field Data: The reduced SPT, DMT, and CPT data was 

analyzed to determine trends and correlations with HPR. This data was added to the existing 

correlations so that they could be improved and verified according to the research objective.  
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2. Literature Search  

2.1.  Overview 

Pile driving is a complex interaction between soil properties, hammer types, and driving 

procedures. The constraints developed by the design engineer must be met during the driving 

process and each location can pose different and sometimes unique problems. One of the more 

complex pile-driving phenomena occurs when piles reach a certain depth during the installation 

but begin to rebound after each hammer blow rather than continue to progress. This problem 

becomes severe when the upward movement (rebound) exceeds about ¼ inch and there is no or 

minimal pile penetration into the soil. The engineering phrase most commonly used to describe 

this problem is high pile rebound (HPR) although some engineers term it as bounce (Cosentino 

et al., 2010, Murrell et al., 2008).  

The Florida Department of Transportation (FDOT) previously funded research under 

Contract BDK-81 977-01 titled Design Phase Identification of High Pile Rebound Soils to try to 

determine which soil properties may be causing this problem (Cosentino et al., 2010). Three 

Florida sites, which experienced high rebound, were examined. At all three sites, single acting 

diesel hammers were used to drive large diameter high displacement piles to depths greater than 

40 feet. Based on limited soil data from these sites, it was concluded that HPR occurred in very 

dense saturated silty fine sand or clayey fine sand soil layers. This current follow-on study 

expands on the earlier research to better define parameters that will predict HPR so that 

designers and construction contractors can anticipate and prevent issues during construction. 

The literature review focused on six areas: 1) Methods of measuring rebound, 2) 

historical case studies of HPR sites, 3) laboratory testing related to rebound, 4) effects of cyclic 

loading on soils, 5) geology of Florida associated with HPR, and 6) correlations between soil or 

site parameters and HPR. 

2.2. Pile Movement during Driving  

Smith (1960) used a hybrid linear elastic-plastic model to depict pile load-displacement 

movement from a single hammer blow. Figure 2-2 shows the actual and modeled energy rebound 

during a single hammer cycle. The elastic compression of the soil or rock below the pile point 
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results in an upward displacement (i.e., rebound) of the pile after the hammer blow. Rebound is 

typically associated with the reaction of the soil as opposed to the pile. Quake is the modeling 

parameter describing the displacement required to reach the limit of the soil's initial elastic 

movement (i.e., similar to rapid earthquake movements) from the dynamic energy resulting from 

a single hammer blow (Smith, 1960). Stated another way, quake is the pile displacement when 

the soil behavior changes from elastic to plastic (Murrell et al., 2008). 

Soils are often exposed to different forms and therefore durations of cyclic loading from 

either natural forces or construction activities, as shown in Figure 2-1. The static loads occur 

over a low number of cycles; however, the various dynamic loads occur over a large number of 

cycles. Pile driving waves are similar in duration to those found from earthquake, traffic, and 

machine foundations.  

 

Figure 2-1: Classification of dynamic problems (after Ishihara, 1996) 

2.3. Definition of High Pile Rebound 

Due to the magnitude of the hammer force and the elastic properties of the pile and 

surrounding soils, some elastic rebound is always expected. Rebound is not a problem as long as 

the permanent set (downward penetration) is sufficiently large and the pile driving is not at 

refusal (i.e., less than or equal to 2 inches with the hammer operating at its highest setting 

determined by the engineer). Occasionally during the installation of large-diameter displacement 
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piles, the pile movement is almost entirely elastic, resulting in a small or negligible permanent 

set. FDOT considers the rebound to be excessive if it exceeds ¼ inch (FDOT Road and Bridge 

Construction Specifications, 455-5.10.3). Hussein et al. (2006) use the term “high-rebound,” to 

describe this condition while others (Murrell et al., 2008) use the term “bounce.” During this 

research, excessive rebound will be termed “high pile rebound” or HPR. Authier and Fellenius 

(1980) related HPR to “large” quake or “high” quake (i.e., greater than 0.35 inches). 

 

 

Figure 2-2: Resistance vs. penetration with quake for one hammer blow (modified after Smith, 
1960) 

2.4. Factors Affecting Pile Driving in HPR Soils 

There are numerous variables associated with pile driving. Table 2-1 contains a list of 19 

variables grouped into categories for piles, hammers, soils, and sites. Variables related to the 

piles include material type, dimensions, shape, and unsupported length during driving. Variables 

related to the hammers include type, stroke height, and efficiency. The soil variables include 

basic index properties such as grain size and shape; density; pore water pressures during lab and 

field-testing and pile driving; strength deformation behavior under constant strain and cyclic 

loading; and permeability. Site related variables include geologic stratification, pile installation 

order, and HPR zone confining stresses. The variables being evaluated during this research are 
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noted with a check mark. The soil related variables are being evaluated either with field tests 

such as the SPT, CPT, or DMT or with lab tests on disturbed and thin-walled tube samples. 

Table 2-1: Pile Driving Variables 

 

2.5. Methods for Measuring Rebound 

2.5.1. Manual Method 

The manual method of measuring pile displacement and rebound consists of taping paper 

onto the pile near a reference board or beam. As the pile is driven, a pencil moved horizontally 

across the edge of the reference board records the pile’s movement, as illustrated in Figure 2-3. 

The resulting graphs show each hammer-blow’s maximum displacement and rebound. While the 

method is simple, it requires a high degree of dexterity and lacks the precision needed for 

complex engineering investigations. In addition, there is also a risk of injury to the operators.  

HPR$
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Figure 2-3: Pile displacement and rebound recorded by the manual method (from Hattori 1974, 
Courtesy of GRL Library) 

2.5.2. Dynamic Method: Pile and Soil Model by Wave Equation 

Smith (1960) developed the discretized spring and dashpot model, shown in Figure 2-4, 

to represent the pile and hammer system. It consists of a hammer and anvil ram, cushion material 

for the hammer and pile (if concrete), a pile cap, the pile, and the surrounding soils. Springs are 

used to represent elastic materials, while spring and dashpot combinations are used to represent 

elasto-plastic materials such as soils. Smith (1960) also included soil damping (J), along with 

quake (q), to help describe the system. The viscous soil damping (Jv) and the wave speed are 

proportional to the force or dynamic pile resistance (R(t) = Jv * v(t)). Historically, three damping 

coefficients have been defined for the dynamic pile soil model: Smith's damping coefficient (Js) 

has units of 1/velocity, the viscous soil damping (Jv) has units of force/velocity, and the Case 

damping coefficient (Jc) is dimensionless since pile impedance (Z) is included (R(t) = J * 

Z*v(t)). The impedance is found by using Young’s Modulus multiplied by the pile cross-

sectional area and then divided by the wave speed, resulting in units of force/velocity.  
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Dynamic testing is performed only during pile driving when real-time measurements are 

required. The dynamic testing system, as presented in Figure 2-5, consists of: (a) field testing 

utilizing specialized equipment such as strain gauges and accelerometers and (b) pile wave signal 

matching software such as the CAse Pile Wave Analysis Program (CAPWAP®).  

 

Figure 2-4: Pile-soil model for wave equation analysis (after Smith, 1960) 
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! ! ! ! (a)! ! ! ! ! ! ((b)!

Figure 2-5: (a) PDA Strain Gage and Accelerometers attached to a pile and (b) PDA equipment 
with CAPWAP® (Courtesy of Pile Dynamics, Inc.) 

The signals from the accelerometers and strain gauges, placed within two feet of the pile 

head, are used with data acquisition in a software package called the Pile Driving Analyzer 

(PDA). Accelerations are integrated once to produce velocity traces versus time and a second 

time to produce deflections versus time. The strains are used along with the known pile 

properties (area and elastic modulus) to produce the force in the pile versus time at the gauge 

location. Based on Hooke’s Law (E=σ/ε), the strain (ε) and elastic modulus (E) are used to 

determine the stress (σ), and then the area of the pile is used to determine the force. PDA force 

and velocity versus time data from a hammer blow are depicted in Figure 2-6.   
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Figure 2-6: PDA output measured force and velocity versus time from a hammer blow (Courtesy 
of Pile Dynamic, Inc.) 

CAPWAP® is a software package with a signal matching procedure that primarily uses 

ultimate resistance values, soil damping factors, and quakes in a series of equations to match 

computed with measured PDA force and velocity signals. The CAPWAP® program has various 

operator adjustable variables in the computation of its force versus time curve including: side 

quake, toe quake, side damping, toe damping, static resistance along the pile shaft, and static 

resistance at the pile toe.  

The operator adjusts these variables to produce a match between the actual force trace 

and the computed force curve (Authier & Fellenius, 1980). After the measured force has been 

obtained for each hammer blow (Figure 2-6), engineers use the CAPWAP® signal matching 

process along with these forces to predict force versus time curves. This predicted curve is then 

compared to the actual force trace generated during pile driving. Figure 2-7 demonstrates five 

iterations of this matching process. Damping was added after the first iteration, then the capacity 

was increased, and finally the quakes were adjusted. This process produced a good match by 

iteration 5.   
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Figure 2-7: CAPWAP® iterative process (Courtesy of GRL & Associates) 

Figure 2-8 presents typical HPR PDA data from an FDOT site. The plot, with 

displacement recorded in inches on the vertical axis and time recorded in milliseconds on the 

horizontal axis, shows a maximum displacement (DMX) of 1 inch, a digital set (dSet) of 0.27 

inches, and an inspector set (iSet) of 0.11 inches. Note that the inspector set is the average set 

over one-foot and is found by taking the inverse of the number of blows per foot. The digital set 

from the PDA output (DFN or dSet) is recorded over 200 milliseconds, with approximately 1.5 

seconds occurring between hammer blows for typical diesel hammers. The final pile set occurs 

after the digital signal has ended. This discrepancy between the dSet and iSet has caused most 

engineers to assume the inspector set to be more reliable. Assuming that the inspector set is 

reliable, a rebound of 0.89 inches would be measured. The rebound based on dSet would be 

0.73-inches.  
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Figure 2-8: Typical PDA pile top displacement versus time diagram from one hammer blow for 
an FDOT HPR site (Cosentino et al., 2010) 

2.5.3. High-speed Visual Measurement System of Pile Penetration and 
Rebound 

Bum-Jae et al. (2002) have a patented approach for measuring pile movement during 

installation by using a high-speed camera. The measurement system, portrayed in Figure 2-9, 

consists of special marking paper, a high-speed line scan camera equipped with a zoom lens, and 

a personal computer. Line scan cameras use a single line of pixels to scan images and therefore, 

require less processing than conventional digital cameras. Fax machines are an example of line 

scan cameras. The method is based on two-dimensional motion achieved by stacking alternating 

white and black right-angled triangles on paper, as shown in Figure 2-9. As the pile is driven, the 

line-scan camera produces a line image by scanning from the top to the bottom of the attached 

marking paper. The height of each triangle is 40 mm and the width is 200 mm. The line-scanned 

image is used to determine a location along the pile. This methodology shows promise in 

measuring pile movement and rebound during driving.  
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Figure 2-9: Marking paper and line scan camera setup during pile driving (Oliveira et al., 2013) 

Oliveira et al., (2011) developed a fast tool to measure the rebound and the final set for 

driven prestressed concrete piles (PCPs) with diameters varying from 60 to 80 cm and lengths 

varying from 20 to 50 m. Three coastal locations were used, one in Rio de Janeiro, another in 

Sepetiba, and the third in Itajai, Brazil. All three test locations had known soil profiles and NSPT 

values. Measurements were performed using digital image processing techniques. An A4-size 

sheet laminated with a printed pattern was fixed to the pile, and then a standard video camera (30 

Hz sampling rate) was used to capture the images. An optical rebound analyzer (termed PDR by 

the authors) consisting of both a charged couple device (CCD) camera, mounted on a tripod, and 

a computer was placed so that it faced towards the pile at a distance of approximately 5 to 10 m. 

This spacing ensured that there was no significant effect from driving vibrations on the results.  

A comparison between rebound values obtained by the PDR and the manual method is 

exhibited in Figure 2-10. These results indicated good agreement between the two methods. The 

manual method produced slightly higher rebound predictions at values over 10 mm than the PDR 

method (Figure 2-10). The authors termed this rebound “elastic.”  
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Figure 2-10: Comparison between elastic rebound results obtained with conventional manual 
method and the pdr system (Oliveira et al., 2013). 

2.5.4. He-Cd Laser Beam Measuring System 

Another method to physically measure pile displacements and rebound was proposed by 

Hattori (1974). A Helium-Cadmium (He-Cd) laser beam, used in conjunction with 

photosensitive oscillograph paper attached to the pile, produces traces of the pile movement. The 

laser beam has a high energy density and the proper convergence characteristics that allow it to 

transmit and focus the beam onto a point at a distance of 10 to 20 meters. During a field trial, the 

laser beam produced visual traces of pile movement including rebound after only a few minutes.  

2.6. High Pile Rebound Case Studies 

The literature review provided multiple case histories of pile rebound at locations 

throughout North America. The case histories were reviewed and are described in detail in 

Chapter 2 of the Contract BDK81 Work Order 977-01 final report. An abbreviated summary of 

this information is provided to complete this literature review. 

2.6.1. Indian River Bridge over State Road 528 (Hussein et al., 2006) 

Hussein et al. (2006) evaluated HPR while driving 115 long, 30-inch square PCPs along 

Central Florida’s Indian River Bridge over State Road 528. The HPR soils were described as 

hard clayey sand to sandy clay, with Unified Soil Classification System (USCS) symbols of SC 
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and CL. Hussein et al. attributed the HPR to the build-up of excess pore water pressure during 

the driving process. Due to the limitations of the data collected during the construction process, 

this conclusion could not be supported analytically. In order to decrease rebound and the tensile 

stresses in the pile, the plywood cushion thickness used with the diesel hammer was increased.  

2.6.2. Coastal North Carolina (Murrell et al., 2008) 

In the Murrell et al. (2008) coastal North Carolina case study, 12- and 18-inch square 

PCP piles (55 and 70 feet long), which were driven into stiff clays, were described as bouncing. 

The piles developed circumferential cracks from excessive driving stresses. Changing the 

hammer to one with a larger ram and a shorter stroke with a longer contact time per blow 

reduced both the tensile stresses and rebound. Murrell et al. (2008) also indicated that the CPT 

testing with pore pressures showed that the soil layers with pore pressures greater than 20 tsf 

(1915 kPa) likely caused the bouncing.  

2.6.3. Montreal and Timmons Ontario, Canada (Authier & Fellenius, 1980) 

Authier and Fellenius (1980) conducted a case study of HPR in 41-foot-long piles that 

were smaller than others found in the literature (12.75 inches). They were driven into glacial till 

described as very dense sandy silty or dense clayey silty. Authier and Fellenius concluded that 

HPR piles produced excessive toe quake.  

2.6.4. Seattle, WA, and Florida (Likins, 1983) 

Likins (1983) studied one HPR case in Washington State and two cases in Florida in 

which the piles experienced large quake and high tensile stresses. These piles ranged from 18- to 

24-inch-diameter square PCPs between 70 and 122 feet long. The soils were described as hard 

silty clays or dense fine sand with some silt or clay. 

2.6.5. High Quake in Washington’s Potomac Formation 

Regan and Higgins (2009) discussed some of the challenges faced with driving large 

displacement piles in the Potomac Formation in Washington, DC. This formation is the oldest 

sedimentary deposit in that region. It consists of very dense sands interbedded with layers of high 
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plasticity overconsolidated clays. This deposit is typically the bearing stratum for the deep 

foundations in the region.  

Square 355 mm (14 in) PCPs were installed using a Delmag single-acting diesel hammer 

as part of the foundation for the National Harbor Hotel. The piles were dynamically load tested 

and monitored during driving using the PDA equipment. Significant elastic compression (quake) 

and HPR (0.64 to 1 inches) (16.3 to 25.4 mm) was observed during the driving process. 

These large quakes affected the efficiency of the pile/hammer/soil system. Extra energy, 

in terms of increased stroke height, was required to overcome the elastic rebound. This also 

increased the total number of blows needed to fully mobilize the pile resistance. High blow 

counts and the subsequent high compressive stresses within the pile caused five of seventeen 

piles to rupture within the lower 1/3 to 1/2 of the pile. The authors attributed these ruptures to 

high tensile stresses as the wave reflected up from the pile toe during the early driving portion of 

the installation, while little tip resistance existed. Driving problems were overcome by 

controlling the ram weight and stroke to minimize early driving tensile stresses, allowing the 

piles to be successfully installed. The authors related the large soil rebound to the degree of 

overconsolidation of this bearing stratum and to the increase of excess pore water pressure 

during driving.  

2.6.6. North Sea Pile Drivability Issues in Dense Silty Sand 

Mes and McDermot (1976) discussed pile installation problems for large diameter open-

ended pipe piles driven into dense silty sand to support a North Sea oil platform. The pile design 

called for pile penetration of approximately 140 feet in the sea floor. All of the twenty piles 

experienced refusal at approximately 70 feet of penetration into a sandy silt layer before reaching 

design capacities. Even with the heaviest hammer, the piles did not reach the desired depth. A 

drill was inserted in the original open-ended primary piles to drill to the original design depth. 

Smaller secondary piles were driven inside of the primary piles and then grouted into the primary 

piles. Pile capacities were reduced to account for the modified placement.  

Mes and McDermot (1976) proposed several reasons for these problems. When very 

dense sand or silt deforms, it expands in volume (i.e., dilation occurs) reducing pore pressures 

and possibly producing negative pore pressures. The combination of increased volume and 



 

 20 

decreased pore pressure causes sandy soil shear strength to increase. As a result, pile tip 

resistance and side friction increase, both inside and outside pipe piles, which then prevent the 

piles from further penetration.   

2.6.7. Escambia Bay, Pensacola, Florida  

Stevens (2012) presented a case history where large quake and rebound were observed 

during the driving of PCPs in Escambia Bay, Pensacola, Florida. A 20-inch (508 mm) PCP was 

driven through soils that consisted of very soft to soft clay to a depth of 40 ft (12.2 m), underlain 

by medium dense to dense fine sand to a depth of 78 ft (24 m), which was underlain by dense to 

very dense silty sand. Eighteen piles were installed with a Delmag D62-23 single-acting diesel 

hammer with plywood cushions of either 4 or 6 inches (101 or 152 mm) thickness.  

Preliminary analysis using the basic wave equations was conducted for each site. The 

results were then modified to match field data acquired through CAPWAP® analyses. Eighteen 

piles were monitored with PDA sensors and the Case method using the CAPWAP® analysis was 

used to estimate the pile capacity.  

The ground surface elevation at this site is 0 feet (0 m). Twenty-inch (508 mm) square 

PCPs, 86 feet long were installed. Pile IN-16 for pier 24 experienced large rebounds during both 

easy and hard driving conditions. During the first 38 feet (11.6 m), the pile was driven with low 

blow counts. Between 38 and 58 feet, blow counts increased until they reached 79 blows/ foot 

(0.3 m) at 58 feet (17.7 m), with the hammer operating at fuel setting 2. The blow count 

increased to 87 blows/foot (0.30 m) with a set of 0.13 inches (3.3 mm) at 68 feet (20.7 m). The 

final blow count was 122 blows/foot (0.30 m) at 76-foot penetration (23 m). Because of the high 

blow counts, driving was suspended. Driving was resumed after 14 days. The final 3 feet (1 m) 

to specified depth was achieved at 124, 106 and 113 blows/foot (0.30 m) at the highest hammer 

fuel setting. Pile displacement and rebound were recorded manually using a pencil trace. During 

easy driving, rebound ranged from 0.44 to 0.50 inches (11 to 12.7 mm) and during hard driving 

from 0.53 to 0.62 inches (13.46 to 15.72 mm). Large quakes, which were estimated using the 

CAPWAP® software procedures, ranged from 0.27 to 0.50 inches (6.85 to 12.7 mm). Also 

CAPWAP® output indicated that these sands produced a high Smith damping factor of 0.40 

sec/ft in comparison to a typical sand damping of 0.15 sec/ft. Due to high quake and rebound, 
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practical refusal occurred at blow counts lower than expected. Initial estimation of pile capacities 

using a typical damping factor of 0.15 yielded excessively overestimated pile capacities (a more 

than 200-ton difference).  

A microscopic grain size texture analysis conducted on seven samples of dense to very 

dense silty sand from this site indicated that these sands had angular to subangular grains. The 

internal friction for the angular grains is 6 to 8 degrees higher than for the subangular soils, 

which implies that angular soils require more energy to reach their failure state. The author 

concluded that the only unusual soil feature that may have contributed to high quake and 

rebound was the angularity.  

2.6.8. Summary of HPR Case Studies 

Table 2-2 is a summary of the case studies. Several common factors were present at most 

of the HPR sites:   

• Piles were large diameter displacement piles;  

• Soils in the rebound layers typically contained silts and clays;  

• Soils in the rebound zone were dense to very dense or stiff;  

• Piles were longer than 40 feet;  

• Pile driving hammers were single acting diesel;  
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Table 2-2: High Pile Rebound Literature and Case History Summary 

Author Site Name Location Pile Type/Shape Rebound Soils 

    
Density Description 

Hussein et 
al. 2006 

SR.528 over 
Indian River 

Brevard 
County, 
Florida 

30 inch square 
PCP, 18 inch 
circular hollow 
core 

Hard Clayey sand to 
sandy clay 

Murrell et 
al. 2008 

Coastal 
North 
Carolina 

North 
Carolina 

12 and 20 inch 
square PCP 

Firm to 
stiff Clay 

Authier 
and 
Fellenius 
1980 

Site 1 
Timmons 
Ontario, 
Canada 

Closed-toe 12.75 
inch pipe piles 

Very 
dense 

Sandy silty 
glacial till 

Site 2 Montreal, 
Canada 

12 inch square 
PCP Dense Clayey silty 

glacial till 

Likins 
1983 

Site 1 Seattle, 
WA 

24 inch 
octagonal hollow 
PCP 

Hard Silty clay 

Site 2 Florida 24 inch square 
PCP Dense Light gray sand 

Site 3 Florida 18 inch square 
PCP Dense Fine sand with 

some silt or clay 

Regan et 
al. 2009 

Washington, 
DC 

District of 
Columbia 

20 inch square 
PCP 

Very 
dense or 
Hard 

Overconsolidated 
clay 

Mes and 
McDermot 
1976 

Oil platform North Sea Large diameter 
pipe piles 

Dense to 
very 
dense 

Silty sand 

Stevens 
2012 

Escambia 
Bay 

Pensacola, 
Florida 

20 inch square 
PCP 

Dense to 
very 
dense 

Silty fine sand 
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2.7. Standard Penetration Testing 

Standard Penetration tests follow testing method ASTM D1586. Representative disturbed 

samples are obtained by progressively driving a split spoon sampler deeper into the ground at 

intervals ranging from 5 feet to continuous. N values, the number of blows per 6 inches, are 

counted for three 6-inch increments and recorded for the final 12 inches. Dropping a 140-pound 

hammer a distance of 30 inches provides the energy applied to the sampler.  

Though the SPT is commonly used, and was proposed as a “standardized” test, research 

through the years has shown that results can be very inconsistent. Schmertmann (1975) points 

out that some engineers believe the word “test” is too dignified a term to use for the N-value. An 

advantage of the SPT has always been that its soil samples allow for visual and laboratory 

classification. Because of the ease at which it is conducted, as well as the multitude of available 

data, SPT research and its use will continue into the future.  

2.7.1. Correcting SPT Blow Counts to N60 Values 

By the 1980s, many different SPT driving systems had been developed throughout the 

world. Skempton (1986), having evaluated many case studies in the total energy transmission 

efficiency of an SPT test, proposed a standardized blow count correlation factor. His N60 value 

corrects N to a system efficiency of 60%. It is assumed this correction factor was based on a 

majority of testing methods used at the time, which ranged in hammer efficiencies from 55 to 

65%. 

SPT hammers are dropped from a standardized height of 30 inches and weigh 140 

pounds, but the full theoretical free fall energy is not transmitted to the sampler for penetration. 

Depending on the release type (trip or slip-rope), friction reduces the hammer’s free fall potential 

force and reduces the magnitude of the anvil strike. Additionally, the efficiency of the hammer is 

dependent on the size of the hammer and the area of the anvil it strikes. Dynamic losses occur 

from the anvil to rod system, further reducing the applied hammer force.  

Schmertmann (1978) found that the transmission of compression and reflected tensile 

waves in the SPT rods were affected by rod length. Gibbs and Holtz (1957) previously had found 

that increased rod length affected N values, but since the magnitude was relatively small, 
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compared to the overburden pressure effects to N, rod length influences were excluded initially. 

Seed et al. (1985) showed that American SPT split spoon samplers without liners had higher N 

values by an average of 20%. Borehole diameters had previously been found to influence SPT N 

blow counts in sand, but Skempton (1986) suggested conservative correction factors until more 

information was available (borehole correction factors have remained as originally proposed). 

Coduto (2001) summarized N correction to N60 by an equation in the form of: 

N60 = 
EM∗CB∗CS∗CR∗N

!.!"                Equation 2-1  

where 
EM = Hammer rod efficiency (automatic, safety, etc.) 

CB = Borehole diameter correction 

CS = Sampler diameter correction 

CR = Rod length correction 

N = Nspt  

2.7.2. Normalized SPT N Values in Sands to Standard Overburden Pressure 

The effective overburden pressure (σ’vo ) on the soil being tested affects SPT N values. 

Skempton (1986), in reviewing full scale laboratory results by Gibbs and Holtz (1957) and 

Marcuson and Beiganousky (1977), showed that for any particular sand, at an σ’vo less than 2 

ton/ft2 and within a Dr range of 40 to 80%, SPT N values in sands were influenced directly by 

Dr. Skempton (1986) pointed to three observations that state the following: 

a. The blow count N increases almost linearly with σ’vo at a constant Dr. 

b. At a constant σ’ vo, N increases roughly with Dr!. 
c. At a given Dr and σ’ vo, N is higher for sands with a larger mean grain size (D50).  

As the SPT test penetrates deeper, σ’ vo increases, and the number of blows to penetrate 

the split spoon sampler into the same sand increases. It then becomes necessary to normalize N 

values to a constant overburden pressure. Normalized SPT N value (N1) guidelines are contained 

in ASTM D6066 and have been used extensively in liquefaction studies. Nspt or N60 are 

normalized to an σ’ vo of 2000 psf (or 100 kPa) by use of a correction factor (CN) through use of: 
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N1 = CN * Nspt    or     (N1)60 = CN * N60    Equation 2-2 

where  

CN = Correction factor determined by normalization formulas 

ASTM D6066 limits the use of normalization to granular cohesionless soils with the 

Unified Soils Classification System (USCS) classifications SM, SW, SP, SP-SM, and SW-SM. 

2.7.2.1. Overburden (CN) Correction Factors for SPT in Sand 

Many authors have proposed a number of correlations. Das (2014) cites five correction 

factors (CN) used to determine (N1)60. They include: 

Liao and Whitman (1986):  

 CN = !"
!’"#  or (Pa/σ’vo)!       Equation 2-3 

where 

 k = 0.4 – 0.6 (0.5 standard) 

Skempton (1986) 

 (A) CN = !
!!(!’"#!" )

 (for normally consolidated fine sand)   Equation 2-4 

 (B) CN = !
!!(!’"#!" )

 (for normally consolidated coarse sand)    Equation 2-5 

 (C) CN = !.!
!.!!(!’"#!" )

 (for overconsolidated sand)    Equation 2-6 

Seed et al. (1979) 

 CN = 1 – 1.25log(!’"#!" )            Equation 2-7 

Peck et al. (1974) 

 CN = 0.77log[ !"
(!’"#!" )

] (for !’"#!"  ≥ 0.25)          Equation 2-8 

Bazaraa (1967) 
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 CN = !
!!!(!’"#!" )

 (for !’"#!"  ≤ 0.75)         Equation 2-9 

 CN = !
!.!"!(!’"#!" )

 (for !’"#!"  ≥ 0.75)       Equation 2-10 

where 

Pa = Vertical Effective stress standard (2000 psf or 100 kPa). 

 

Liao and Whitman (1986), found that numerous CN factors were either overly 

conservative at lower depths, had slope discontinuities, or did not equal one at σ’vo of 2000 psf. 

In 1986, they proposed their CN as a possible standard. Their experimental basis was developed 

through analysis of normally consolidated, uncemented, unaged, primarily quartz clean sands. 

Equation 2.3 was developed with a fitting parameter (k) that ranges from 0.4 to 0.6. They noted 

that k is likely a function of Dr, as had been determined by Marcuson and Bieganousky (1977) 

and Seed et al. (1975). They also note that, given the crudeness and lack of accuracy of SPT 

penetration resistance, a value of k = 0.5 would be appropriate, and standard practice is to 

assume a value of k = 0.5.  

Though this was a tentative recommendation in 1986, Das (2014) points out that Liao and 

Whitman’s CN formula (Equation 2.3) is recommended, and as such is specified in ASTM D 

6066. Coduto (2001) recognized the importance of adjusting Nspt values to depth, but placed a 

limit on the magnitude of CN (Liao and Whitman 1986 do not), suggesting the maximum N1(60) 

value not be greater than two times N60. Figure 2.6, after Das (2014), shows comparisons of the 

CN values using the relationships from the various authors above. 
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Figure 2-11: CN factors from various authors (after Das, 2014) 

2.7.2.2. Estimating Soil Unit Weight 

To determine the σ’vo of a soil sample at depth, soil weights are estimated, assumed, or 

determined from undisturbed samples. Standardized unit weight (γ) estimations are available in 

many forms, but accuracy in determining a clearly defined γ is not established. Commonly, a 

broad range of γ’s are listed per soil type or N value. Bowles (1977) and the Naval Facilities 

Engineering Command (NAVFAC) soil mechanics design manual 7.01 (1971) both present γ 

values in lb/ft³. Bowles compares γ in cohesionless and cohesive soils to N, while NAVFAC 

7.01 references soil index properties to γ. Coduto (2001) lists soil dry (γdry) and moist unit 

weight (γsat) ranges given N and USCS soil classification. Though not identified, it was assumed 

for the purpose of this study that the the N referenced by the above authors and used in γ 

correlations was N60.  

The California Department of Transportation (CDOT) (2014) compares (N1)60 to γdry 
and γsat for both cohesionless and cohesive soils. For cohesionless soils, three ranges are 

provided and γ is rounded to the nearest 5 lb/ft³ based on the following guidelines: 

• Use higher values for well-graded sands and gravels and average values for 

poorly-graded sands and gravels. 
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• Use lower values for elastic silt, and clayey or silty sands as well as gravel plus 

deduct up to 20% for dry soils. 

For cohesive soils, three values (high, average, and low) are also provided and γ is again 

determined by (N1)60. No further directions are provided, but it can reasonably be assumed that 

clay plasticity and sensitivity play a major role in selecting, which values apply. Figure 2.7 

shows both cohesive and cohesionless charts used by CDOT (2014). 

Figure 2-12: Cohesionless and cohesive unit weight estimates (CDOT, 2014) 
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2.7.3. Liquefaction Potential in Sandy Soils 

The SPT has a long history in developing correlations with soil liquefaction potential and 

assessing soil vulnerability to earthquakes. SPT blow counts reflect stress and strain history 

effects, soil fabric, vertical and horizontal σ’, and Dr. All are known to influence the resistance of 

sands to liquefaction (Tokimatsu & Yoshimi, 1983). Research in Japan has been carried out due 

to an abundance of SPT borings and extensive historical earthquake records. Damage caused by 

liquefaction is easily verified by field observations, which give correlations great merit as they 

directly relate to field performance under real stress conditions (Seed et al., 1985).  

Liquefaction is a phenomenon in which a cohesionless soil loses strength during an 

earthquake or rapid loading and acquires a degree of mobility sufficient to permit movements. It 

occurs in saturated soils and primarily results from a buildup of Δu that develops when shear 

stresses are applied in a cyclic manner. Seed and Hon (1987) suggest, based on 20 years of 

research, that there is a limiting pore pressure ratio (ru), between Δu and σ’vo, where liquefaction 

generally occurs in a soil that is susceptible to liquefaction. They suggest that a ru less than 60% 

does not lead to soil liquefaction, and a ru greater than 100% does. 

Liquefaction does not occur until certain criteria, soil, and loading conditions result in 

high ru readings. Lee and Seed (1967) simulated earthquake loading using isotropically-

consolidated undrained tests with cyclic deviator stress applications on uniform Sacramento 

River Sand. They found that the stress conditions inducing failure of saturated sands were 

influenced by: 

1. The magnitude of the cyclic stress or strain 

2. The number of stress or strain cycles 

3. The void ratio of the sand 

4. The confining pressure to which the sand is subjected  

5. The failure criteria used 

The failure criteria used can vary. Practical problems may suggest that excessive 

deformations constitute failure. In reality, liquefaction can appear as settlement, small boils, or 

complete failure in the form of large slides or building collapses. Four categories have been 

previously recognized by Lee and Seed (1967) in cyclic loading problems and include: 
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1. Initial Liquefaction – Soil first exhibits any degree of partial liquefaction during 

cyclic loading 

2. Partial Liquefaction – Soil exhibits no resistance to deformation over a strain range 

considered less than failure. Saturated sand may be in partial liquefied condition over 

a substantial number of stress cycles. 

3. Complete Liquefaction – Soil exhibits no resistance to deformation over a wide strain 

range. Any saturated sand that undergoes complete liquefaction has failed for 

practical purposes. 

4. Failure –Strains become excessive and are considered to have occurred when the 

strains attain a double amplitude of 20%. 

Additionally, when considering liquefaction, the number of stress cycles, stress 

magnitudes, soil densities, and confining pressure, Lee and Seed (1967) found the following: 

1. Cyclic Stress applications will induce liquefaction or partial liquefaction of saturated 

sands over a considerable range of densities. 

2. The higher the cyclic stress or strain, the smaller the stress cycles required to induce 

failure. 

3. The lower the confining pressure, the lower the cyclic stress, strains, or number of cycles 

required to induce liquefaction. 

4. When sands liquefy under cyclic stresses of constant amplitude, deformations 

immediately become very large. 

5. Dense sands may develop a condition of partial liquefaction in which the effective 

confining pressure and the resistance to deformation are zero over some range of strain 

amplitude, although they are appreciable over other ranges of deformation. (Partial 

liquefaction is then accompanied by failure.) 

6. The cyclic stresses required to induce liquefaction or failure of initially unstressed 

elements of saturated sand are considerably smaller than those required to induce failure 

under static loading conditions. 
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2.7.3.1.  SPT N Correlations with Liquefaction Resistance 

2.7.3.1.1. N Value Corresponding to Liquefaction and Non-liquefaction Soils 

Koizuma (1966) referenced N values from pre-earthquake SPT borings with those 

completed after the Niigata Earthquake of 1964. He looked at soils and the related damage in 

terms of critical void ratio (ecrit), and the associated critical N value (Ncr). He found that loose 

sands tended to contract when sheared, increasing the pore pressures and resulting in the loss of 

shear strength. Post-earthquake settlement was then documented as Δu dissipated, as were 

increased N values in SPTs taken afterwards. Dense sands dilated during the earthquake resulted 

in no loss of soil stability, negative pore water pressures, and lower N values in post-quake 

borings. He developed a plot valid at depths greater than four meters, which divided a sand 

response (contraction or dilation) to cyclic loading based on Ncr. The following equation, which 

is a simplified linear expression, correlates Ncr with depth.  

 Ncr = [1.9743 x Depth (m)] – 0.4698      Equation 2-11 

Finn (1982) reviewed case studies from China where innovative lab testing correlated 

liquefaction with N. Triaxial tests mounted on a vibrator, which applied cyclic deviator stresses 

under constant confining pressure, and drained cyclic tests used to model pore water changes in 

undrained conditions were carried out. In 1974, an empirical equation based on SPT field data 

was adopted to provide Ncr. The formula is given by: 

 Ncr = Ń{1+0.125(!!-3) + 0.05(!!-2)} (Finn, 1982)      Equation 2-12 

where 

!! = depth to sand layer under consideration (m) 

!! = depth to water table below ground surface (m) 

Ń = function of shaking intensity or acceleration which relate to earthquake magnitude 

(blows/ft) according to the table below 

Intensity Acceleration Ń 
VII 0.075 6 
VIII 0.15 10 
IX 0.30 16 
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Seed et al. (1983), using field data from liquefied and non-liquefied sites, showed that the 

cyclic stress required to cause liquefaction increased as N1 increased in sands. In addition, silty 

sands were found to have significantly higher liquefaction resistance, at similar N1 values, than 

coarse-grained sands. The authors suggested that coarse-grained sands had an equivalent N1 

value 7.5 blows per foot higher than that of silty sands. Silty and coarse-grained sands were 

categorized based on D50 (D50 < 0.15 mm and D50 > 0.25 mm respectively), which 

corresponded to an approximate FC of 30%. 

Clay soils are found to have a much higher resistance to liquefaction than those without 

the presence of clays. In fact, clay soils have been considered non-vulnerable (Seed et al., 1983) 

as long as the clay’s plasticity is not low and the clay content is above a certain percent. Seed et 

al. (1983) proposed that a soil with minimum clay contents of 15% would generally not liquefy. 

Tokimatsu and Yoshimi (1983) proposed minimum clay contents of 20%.    

2.7.3.1.2.  Influence of Fine Content on N Value  

Tokimatsu and Yoshimi (1983) proposed using FC as an index property for soil 

liquefaction, and plotted liquefaction based on FC, D50, and N1 values. It was shown that the 

mean normalized N value at which liquefaction occurred decreased as FC increased and was a 

better indicator of soil behavior than D50. Kishida (1969) previously proposed that the 

coefficient of uniformity, Cu, played an important role in liquefaction resistance, which agrees 

with a general trend that Cu tends to exceed five when FC exceeds 10% (Tokimatsu & Yoshimi, 

1983).  

Tokimatsu and Yoshimi (1983) proposed corrections to (N1)60 based on FC as shown in 

Table 2-3. These ranges would increase measured N1 values to account for the reduced blow 

counts associated with FC induced pore water pressures during SPT sampling. It was assumed 

that SPT hammer systems utilized were the “tombi” (Japanese version of the trip monkey), 

therefore requiring equivalent trip monkey SPT (Ntrip) blow counts adjusted to N60.  
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Table 2-3: Δ(N1)60t Correction Based on FC (after Tokimatsu & Yoshimi, 1983) 

FC Δ (N1)60t 

0-5 0 

5-10 Interpolate between 0 and 5 

>10 0.1(F(C)+4 

 

2.7.3.1.3.  (N1)60 correlated to Liquefaction Damage  

Seed et al. (1985) proposed approximate (N1)60 ranges with respect to the severity of 

liquefaction damage. He noted that liquefaction at varying (N1)60 values take on different forms 

of failure. Previously, liquefaction had been separated into two descriptions: liquefaction (large 

deformations) and cyclic mobility (boils and cracks) with limiting strain potential (Seed, 1975). 

DeAlba et al. (1976) confirmed this by demonstrating that dense sands would only undergo 

limited amounts of cyclic strain, even if ru reached 100% under cyclic loading conditions. The 

proposed ranges of (N1)60 are included in Table 2-4. 
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Table 2-4: Liquefaction Potential Based on (N1)60. (Seed et al., 1985) 

(N1)60 Potential Damage 

0-20 High 

20-30 Intermediate 

>30 No significant damage 

 

2.8. Laboratory Studies of Soil Constituents 

2.8.1. Effect of Particle Shape on the Engineering Properties of Granular Soils  

Holubec and D’Appolonia (1972) studied the effect of particle shape on the engineering 

properties of granular soils. Experiments were conducted on four sands with different particle 

shapes and angularity. Results shown in Figure 2-13, Figure 2-14, and Figure 2-15 indicate that 

the maximum void ratio, friction angle, and shear strength all increase with increasing particle 

angularity. It was concluded that the particle shape has a pronounced effect on void ratio, friction 

angle, and shear behavior.  
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Figure 2-13: Effect of particle shape on minimum and maximum void Ratios (Holubec & 
D’Appolonia, 1972) 
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Figure 2-14: Effect of particle shape on angle of internal friction (Holubec & D’Appolonia 1972) 

 

 

Figure 2-15: Effect of particle shape on stress-strain curves from constant cell pressure tests 
(Holubec, & D’Appolonia, 1972) 
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2.8.2. Pile Drivability Using One-dimensional Wave Propagation Theory 

Chen and Chen (2001) presented a model to study pile drivability using a one-

dimensional wave propagation theory and the wave equation developed by Smith (1960). This 

model included the ram impact force, cushion stiffness, and pile impedance. The pile movements 

of maximum displacement and rebound were discussed and presented. The one-dimensional 

wave propagation theory was used to solve the kinematic equation for the pile toe.  

The results presented the influence of driving system parameters on pile drivability. Chen 

and Chen (2001) concluded that as the tip resistance increased, rebound also increased; however, 

as the skin resistance increased, the rebound decreased. Additionally, as more 

mass/spring/dashpot segments were added to more finely discretize the model, predicted skin 

resistance increased and rebound decreased. The model results showed that as hammer mass and 

drop height increased, the pile penetration increased linearly. The model also suggests that the 

longer the hammer impact time, the larger the penetration. An increase of pile impedance leads 

to a higher peak force and a shorter impact duration, which damages the pile and leads to fatigue. 

It was concluded that the method developed helps engineers to select the proper equipment, 

estimate the driving blow counts, penetration, and pile stresses.  

2.8.3. Effect of Particle Size Distribution on Pile Tip Resistance in Calcareous 
Sand 

McDowell and Bolton (2000) used the Cambridge centrifuge to investigate the effect of 

particle size distribution on pile end bearing resistance in calcareous sand. Quiou sand with two 

different grain size distributions was used, as shown in Figure 2-16. Two samples from each 

gradation were used. The first consisted of particles smaller than 0.5 mm, while the second grade 

included particles with nominal sizes ranging from 0.15mm to 0.5 mm. 
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Figure 2-16: Initial Quiou sand gradation curves (McDowell & Bolton, 2000) 

All four samples were placed in 190 mm (7.48 in) diameter 260 mm (10.2 in) high plastic 

tubes. Samples were compacted to their maximum density using vibration under a 5 Kg (11 l(b) 

weight. The samples were placed in an 850 mm (33.5 in) plastic tube, which was attached to a 

Cambridge beam centrifuge, as shown in Figure 2-17.  

The samples were subjected to a vertical stress at the top and bottom soil boundaries. A 

10 mm (0.39 in) diameter model pile with a 60 ̊ conical tip was driven 235 mm (9.25 in) at 1 

mm/sec (0.039 in/sec penetration rate into the samples. This rate was chosen to make crushing 

unlikely; however, the authors still found it. The model pile was driven from an initial height of 

275 mm (10.8 in) above the base of the tube to ensure that the pile penetration stopped 40 mm 

(1.57 in) above the base of the tube. This centrifuge testing corresponded to a 0.7 m (2.30 ft) 

diameter pile being driven at a rate of 7.0 cm/sec (2.75 in/se(c) into the soil, a rate much slower 

than typically found during actual pile driving. 
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Figure 2-17: Cambridge centrifuge containing the 850 mm diameter steel tub with four190 mm 
diameter samples (McDowell & Bolton, 2000) 

The tip resistance (qc) for the model pile was plotted as a function of depth as shown in 

Figure 2-18. During each test, the tip resistance reached a maximum at a specific depth (termed 

the depth of instability) and then decreased as penetration continued. The maximum tip 

resistance was about 20 MPa (2,900 psi) for the well-graded soils near a penetration of about 60 

mm (2.36 in) (a) and (b) and 10 MPa (1,450 psi) for the uniform soils near a penetration 

approaching 100 mm (3.94 in) (c) and (d). It was concluded that the peak resistance is a function 

of the initial particle size distribution.  
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Figure 2-18: Tip resistance (kPa) as a function of depth (mm) for each of the four soil samples 
(McDowell & Bolton, 2000) 

Following the centrifugal driving process, a 10 mm (0.394 in) hollow tube attached to a 

vacuum pump was used to retrieve the particles adjacent to the pile. The associated particle size 

distributions for the well-graded soil samples at depths less than and greater than the instability 

depth were plotted, as shown in Figure 2-19. This figure shows no appreciable particle size 

changes above the depth of instability but rather large changes below this depth. The maximum 

particle size changes occurred below the depths of instability (60 and 100 mm) (2.36 and 3.93 in) 

at about 0.2 mm (0.00787 in) as the percent fines increased from about 50 to 60%. The authors 
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concluded that there was insignificant particle crushing in the soil above the instability depth, but 

some crushing below the instability depth. 

 

Figure 2-19: Particle size distributions for samples 1 and 2 at depths less than and greater than 
the instability depth (McDowell & Bolton, 2000) 
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2.9. Effect of Cyclic Loading  

A summary of the experimental studies that have been performed with the intention of 

describing the behavior of soils subjected to cyclic loading is presented. The majority of this 

research found that soils failed at stress levels below the maximum static failure deviator 

stresses.  

2.9.1. The Use of Cyclic Deviator Stress to Evaluate Soil Behavior  

The Critical Stress Level (CSL) is expressed as a percentage of the static deviator stress 

at failure. Below the CSL, the soil primarily deforms elastically; above the CSL, the soil deforms 

plastically. At stress levels above the CSL, each load cycle results in additional non-recoverable 

deformation and ultimate failure (Frost et al., 2004; Awad 1975; Putri et al. 2012; Shahin et al. 

2011; Wilson & Greenwood, 1974). 

Frost et al. (2004) concluded that applying cyclic deviator stresses at levels below 50% of 

the static deviator failure stress (σdf) resulted in fairly constant and small increases in permanent 

deformation. If the applied cyclic deviator stresses exceeded this level, rapid increases in 

deformations occurred. Putri et al. (2012) reported that the threshold (CSL) stress of compacted 

clay with sand ranged from 30% to 38.6% of σdf at low and high confining pressures, 

respectively. 

Puppala et al. (2004) used deviatoric stress levels of 0.2, 0.4, and 0.6 σdf and carried out 

10,000 repeated cyclic triaxial loadings at 1 Hz loading frequency on sandy clay (CL) with 38% 

passing through a number 200 sieve. The authors evaluated both the elastic and plastic 

deformations during the testing. The findings confirmed the existence of a CSL near 60% of the 

failure stress. 

Okur el al. (2008) concluded that pore water pressures were induced when cyclic loading 

was applied to particular types of saturated soils. As the pore pressure builds, the soils start to 

lose their shear strength and large deformations occur, causing soil failure. This phenomenon is 

called liquefaction in sandy soils and cyclic softening in saturated fine soils. The research team 

performed undrained cyclic tests using cyclic stress ratios of up to 0.35 and loading frequencies 

of 0.1 Hz (10 seconds per cycle). The researchers concluded that soil specimens with high 
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plasticity indices produced the highest resistance to cyclic failure and excess pore pressure 

generation. High cyclic stress ratios (up to 0.8 σdf) were required for cyclic softening to occur. 

2.9.2. Soil Behavior Under Repeated Vertical and Horizontal Stresses 

Awad (1975) investigated the cyclic behavior of silty clay under relatively slow repeated 

vertical stresses using conventional triaxial tests. To produce a loading rate of one cycle per 

minute, load durations of 45 seconds were followed by a rest of 15 seconds. One thousand cycles 

were performed during each triaxial test. The samples were subjected to two types of repeated 

loadings. The first was cyclic vertical stress with a constant cell pressure and the second was 

cyclic vertical stress with varied cell pressures. 

Awad (1975) found CSL values, which varied from 0.37 to 0.5 σdf. Within the elastic 

range (below the CSL), the pore water pressures increased during the first 10 cycles and then 

decreased due to the soil dilation. In contrast, once the stresses reached the plastic range (above 

the CSL), the pore water pressures continued to increase up to the time of failure. In some 

samples with an applied cyclic deviator load equal to 0.60 σdf , failure occurred after only one 

cycle due to a sudden increase in the pore water pressures.  

Moses and Rao (2003) performed a study on the influence of cyclic loading on the 

strength and deformation behavior of cemented marine clay using cyclic triaxial tests. Using 

loading frequencies of 0.05, 0.083, and 0.17 Hz (6, 12, and 20 seconds per cycle), the authors 

selected CSLs from 0.25 to 0.7.  The authors concluded that both the pore water pressure and 

strain increased dramatically within the first 2,000 loading cycles and then stabilized, showing 

no additional increase with the remaining cycles. When they conducted cyclic triaxial tests at 0.7 

CSR, some samples failed within a few cycles, while minimal deformation occurred to soils for 

CSRs up to 0.35.  

 Shahin et al. (2011) studied the behavior of soft clay during undrained cyclic loading. 

Different cyclic deviator stresses were applied below and above the CSR. All samples were 

tested at a loading frequency of 1 Hz with CSLs between 0.36 and 0.71 using 150,000 cycles. 

The results showed that under CSRs up to 0.63 both the excess pore water pressures and axial 

strains increased with an increasing number of cycles up to about 100,000, after which they 

remained relatively constant. For a CSL of 0.71, the soil failed after the first few cycles. The 
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study confirmed that testing soil at deviator stresses higher than the CSR led to the generation of 

pore water pressures and non-recoverable deformation, which led to soil failure. When tested at a 

deviator stress less than the CSL soil reached a state of equilibrium with no sign of failure.  

2.9.3. The Influence of Fines Content on Pore Pressure Generation under 
Cyclic Loading  

A significant amount of laboratory research has been conducted to clarify the effects of 

silt and clay content on pore pressure response during cyclic loading. Loose sands subjected to 

short duration cyclic loading produced a sudden and complete loss of strength leading to 

liquefaction. Boulanger and Idriss (2008) concluded that, as a result of cyclic loading, cohesive 

fine-grained soils experienced considerable loss in shear strength despite the fact that the 

effective stress was not zero. Cohesionless fine-grained soils, on the other hand, completely lost 

their shear strength during cyclic loading as result of built-up pore water pressures that produced 

zero effective stresses. 

Moses and Rao (2003) found that when dynamic loads were applied in soft clays, the 

pore water pressure began to increase, causing a decrease in effective stress and strength. This 

process led to a breakdown of the soil structure, resulting in a significant reduction in stiffness 

and strength. 

Historical data proves that liquefaction produces a significant reduction of the stiffness 

and strength in soils other than clean, uniform, loose saturated sands. In addition, a vast range of 

soil gradation and consistencies have been linked with shear strength reduction during undrained 

cyclic loading (Koester, 1993). 

In general, the presence of plastic or clayey fines increases the soil liquefaction potential 

during dynamic loading (Polito, 1999). Additionally, as the silt content in sand increases to a 

limiting value, the liquefaction resistance increases. Past this limiting silt content, the 

liquefaction resistance decreases.  

Cyclic triaxial tests were conducted by Sandoval-Shannon (1989) to evaluate the 

characteristics of silt. The results indicate that low plasticity silts and fine uniform sands 

produced liquefaction when the pore water pressure reached the effective confining pressure.  
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Arab and Belkhatir (2012) studied the influence of low plasticity fines on the cyclic 

behavior of silty sand. They concluded that liquefaction potential of silty sand increased as fines 

content increased up to a maximum of 20%, and then decreased when the fines content increased 

to 40%. Koester (1993) found that sands containing 20%-26% fines were strongly susceptible to 

strength loss. The cyclic triaxial strength dropped for specimens composed of 20% plastic fines. 

2.9.4. The Effects of Non-Plastic and Plastic Fines on the Liquefaction of Soil 

Bray et al. (2004) suggested that the most effective indicator of the liquefaction of fine-

grained soils is their plasticity index. The authors found that if fine grained soils have a Plastic 

Index (PI) less than or equal to 12, and a ratio of the water content to liquid limit (wc/LL) greater 

than 0.85, then it will be prone to liquefaction, thus significant strength loss. Also, if a fine-

grained soil has PI > 20, then it will not undergo liquefaction.  

Boulanger et al. (2006) suggested that the term liquefaction be reserved for identifying 

the development of significant strains or strength loss in fine-grained soils exhibiting sand-like 

behavior, while the term cyclic softening failure is used to define similar phenomena in fine-

grained soils exhibiting clay-like behavior. They concluded that fine grained soils with a PI ≥ 7 

showed cyclic softening, while those with a PI < 7 experienced liquefaction. 

Guo and Prakash (1999) studied the liquefaction of silts and silt-clay mixtures under 

cyclic loading. Their results indicate that the liquefaction resistance of silt clay mixtures 

decreased as PI increased, within the low plasticity range. This trend was reversed in the high 

plasticity range.  

Seed et al. (1985) stated that sands containing more than 5% fines had significant 

strength loss resulting in liquefaction of these sandy soils. Other studies by Osipov et al. (2005) 

and Koester (1994) produced the same conclusion: that soil resistance improved as fines content 

increased. However, low plasticity soils were very vulnerable to liquefaction. 

2.9.5. The Effects of Non-plastic Fines on the Generation of Pore Water 
Pressure during Cyclic Loading 

Hazirbaba (2005) defined the limiting fines content (LFC) as the transition point beyond 

which there are sufficient fines to prevent the coarse soil particles from being in contact. In this 
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situation, the fines dominate the behavior of the soils and become the main skeleton that carries 

the shear stresses.  

The limiting fines content (LFC) of a soil is generally calculated using the following 

equation:  

LFC = Wfines/(Wsand+Wfines)       Equation 2-13 

where 

  Wfines = solid weight of the fines portion and 

 Wsand = solid weight of the sand portion 

 

Dash and Sitharam (2009) studied the effects of non-plastic fines on the generation of 

pore water pressure during cyclic loading. The researchers analyzed the generation of pore water 

pressure based on the cycle ratio, the ratio of loading cycles to the loading cycles required to 

cause initial liquefaction. The research team conducted 289 undrained cyclic triaxial tests on 

isotropically consolidated sand-silt mixtures with silt contents from 5% to 75%. Note that only 

silt was used; therefore, the LFC is actually the limiting silt content for this work. Data was 

organized such that the relative density (RD) was determined as the silt content was increased. 

Two sets of tests were performed with initial void ratios of 0.44 and 0.54. As silt was added, the 

RD range (i.e. γmin to γmax) increased; therefore, the RD values decreased even though the overall 

densities at each blend increased. The results showed that the rate of generation of excess pore 

water pressure increased as the silt content increased. 

The trend was reversed when the silt content exceeded an LFC of 21%. The authors 

examined the increase in pore water pressure to the initial decrease in relative densities up to the 

limiting silt content. As the silt content increased beyond the limiting fines content, the relative 

densities started to increase, as shown in Table 2-5. 
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Table 2-5: Variation in Relative Density (Dash & Sitharam, 2009) 

 

The presence of silt produced a significant effect on the cyclic resistance and pore 

pressure of all sand silt mixtures, as demonstrated in Figure 2-20. A steep decline was observed 

in the limiting silt content during the cyclic resistance when conducting undrained cyclic triaxial 

tests on sand-silt mixtures with silt contents from 0% to 60%. This sharp decrease in cyclic 

resistance reversed when the silt contents were beyond the transition point (15 to 25 %) where 

the silts make up the predominate percentage of the soil skeleton.   

The testing showed that as the pore water pressures increased, the specimens got weaker 

and lost strength up to the transition point. Beyond the transition point, the specimens gained 

strength with increasing silt content beyond the limiting fines content (LFC) of 21%. 

Silt Content 
(%)

RD (%)       
at  ec = 0.44

RD (%)       
at ec = 0.54

0 92 53.8
5 63.3 32.6
10 55.8 26.6
15 49.3 21.6
20 42.7 15.7
25 60.1 37.3
30 62.5 40.7
35 70 49.8
40 78.7 60.5
50 88.8 73.1
60 90.5 77
75 No Data 97.3
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! ! ! !

a.      b. 

Figure 2-20: Results of cyclic triaxial tests: (a) Silt contents versus cycles required to generate 
100% excess pore water pressure; (b) Loading cycles versus excess pore pressure ratio (Dash & 

Sitharam, 2009) 

2.9.6. SPT N Value versus Liquefaction Potential 

Seed et al. (1985) proposed correlations with (N1)60 and the potential damage caused 

from liquefaction, which has been termed liquefaction potential for this study. Based on 

Koizuma’s description of liquefied and non-liquefied soils after the 1964 Niigata Earthquake, 

Seed et al. (1985) proposed damage potential for N values from 0-20, 20-30, and > 30 were 

changed to soil responses to account for a soil’s contractive or dilative response. It was assumed 

that Seed et al. (1985) used N values developed from Japanese trip monkey hammers when 

comparing liquefaction damage. Table 2-6 presents Japanese trip-monkey-derived (N1)60 values 

adjusted for FC [(N1)60ta] in comparison to a coarse grained granular soil’s response when 

sheared. 
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Table 2-6: Estimated Soil Response to Cyclic Shearing Based on (N1)60ta 

(N1)60ta Soil Response 

0-20 Contraction 

20-30 Intermediate 

>30 Dilative 

2.9.7. Development of Pore Water Pressures during Pile Driving 

Robertson et al. (1990) studied the distribution of excess pore water pressures and 

drainage conditions around 915 mm (36.0 inch) diameter open-ended steel piles. These piles 

were driven to a depth of approximately 90 m (295 ft) through normally consolidated marine 

clayey silt as a component of the foundations for the Alex Fraser Bridge in British Columbia. A 

multi-point piezometer was installed close to the pile group in order to measure the pore water 

pressures before and after driving. Eighteen hours after completion of driving, a cone penetration 

sounding, with pore pressure measurements (CPTu) was performed 5 m (16.4 ft) from one of the 

piles. During this sounding, CPTu dissipation tests were performed at various depths to record 

the equilibrium pore pressures throughout the marine silt deposits. The dissipation data, in terms 

of pore water pressures versus log time in minutes was recorded for the different elevations, as 

presented in Figure 2-21. CPTu cylindrical dissipation theory (Robertson et al., 1990) was used 

to estimate the excess pore pressures 5 m (16.4 ft) from the pile immediately after driving. The 

time factor (T) associated with the CPT geometry can be determined using the following 

equation:  

T = Cht/R2        Equation 2-14 

 

where  

Ch is the coefficient of consolidation in the radial direction,  

t is the time   

R is the radius of the probe.  
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The CPTu dissipation data indicates that the average time required to achieve 95% degree 

of dissipation was between 35 and 45 minutes. For the same degree of dissipation and an 

assumed constant value of Ch, the following relationship holds: 

 

Using the known 915 mm (36 inch) pile diameter and the standard CPTu diameter of 35.7 mm 

(1.40 inch) and associated t95 for the CPTu, the time required for 95% pressure dissipation for the 

pile was estimated to be 16 to 21 days.  

The multi-point (MP) piezometer provided a series of pore pressure measurements at 

discrete depths over an extended period of time. The results were compared with the CPTu 

results and showed excellent agreement as displayed in Figure 2-21. It was concluded that the 

excess pore pressures generated due to pile driving extend laterally a distance of 25 to 35 times 

the pile radius. 

 

Figure 2-21: CPTu pore pressures dissipation tests at the Alex Fraser Bridge (Robertson et al., 
1990) 

Equation 2-15 !!"!(!"#$)
!!"!(!"#$)

= ! !
!!(!"#$)

!!!(!"#$) 
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Figure 2-22 Relationship between measured pore pressures from CPTu and MP piezometers with 
normalized radial distance from pile (Robertson et al., 1990) 

Eigenbrod and Issigonis (1996) monitored pore water pressure responses recorded during 

driving of steel piles through soft, sensitive clay into very dense sand and gravel. Data was 

recorded from two piezometers installed from about 4 to 12 m (13.2 to 39.6 ft) from the piles at 

two different depths, 9 m (29.5 ft) and 18 m (59 ft), in three boreholes at the site. Since the piles 

were too long (22 m) (72.2 ft) to be driven as a single segment, two segments were welded and 

driven consecutively to provide the required design length. During the driving of the first 

segment to a depth of approximately 14 m (45.9 ft), very small pore water pressures were 

observed. However, high pore water pressures were observed in the clay during the driving of 

the second segment, as depicted in Figure 2-23.  

Stress and pore water pressure changes were analyzed by evaluating the driving force as a 

flexible load applied over the surface of an elastic half-space (the soft clay layer). The authors 

concluded that the clay layer was experiencing rebound or upward stresses from the underlying 

very dense sand and gravel as the piles were driven into this very dense layer. The pore water 

pressure changes were accompanied by equivalent increases in total stresses causing changes in 

effective stresses and pile capacity. However, this was not the case when the pore water 

pressures increased during driving from the dynamic loading. In this case, the total stresses 
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remained constant while the pore water pressure increased. This ultimately led to a significant 

decrease in effective stresses and a loss in bearing capacity. 

 

Figure 2-23: Pore water pressure changes due to pile driving (Eigenbrod & Issigonis, 1996) 

Bingjian (2011) studied the pore water pressure variation in saturated soft soil due to the 

driving of a PCP. Two existing residential buildings were selected for this case study. The soils 

at the site were characterized as silty clay to mucky clay with a water table 0.9-1.6 m (2.95 – 

5.25 ft) below the ground surface. The soils had high natural moisture content, void ratio, and 

compressibility, as well as low strength and permeability. The foundation consisted of 500 mm 

(19.7 inch) diameter prefabricated concrete tubular piles 48-50 m (157-164 ft) long. Each had an 

ultimate capacity of 4,000 kN (900 kips). During driving, as the pile penetrated into the saturated 

soft clay, a combination of consolidation and excess pore water pressures was developed since 

the water could not dissipate quickly due to the fast loading and low coefficient of permeability. 

In order to measure these pressures, six pore pressure transducers with vibrating wire strain 

gauges were installed radially and symmetrically on both sides of the pile at radial distances of 

0.9 m (2.95 ft), 1.9 m (6.24 ft), and 2.9 m (9.51 ft) at a depth of 14.5 m (47.6 ft). The variation of 

pore water pressure (u) recorded by the three gauges at 14.5 m (47.6 ft) was plotted versus the 
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driven depth (H) of the pile, as illustrated in Figure 2-24.  This figure shows a significant 

increase in the pore pressures at about 11 meters (36 ft). It also shows that the pore pressures 

nearest the pile are much higher than those 2.9 m (9.51 ft) from the pile. The variation of pore 

water pressure at discrete driving depths (H) in terms of radial distance from the pile at the gauge 

locations is shown in Figure 2-25. This plot shows that the excess pore pressures decreased 

rapidly from the 0.9 m (2.95 ft) to 1.9 m (6.24 ft) radial distance and that the pore pressures at 

the larger depths are much higher than those for the shallower depths. The author concluded that 

the radius of influence was about 3 m, which for the 0.5 m pile equates to about six times the pile 

diameter. 

 

Figure 2-24: Excess pore pressure versus driving depth for the three sensor locations (Bingjian, 
2011) 
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Figure 2-25: Excess pore pressure versus radial distance at discrete driving depths curve (From 
Bingjian, 2011) 

After the pile driving was completed, the dissipation of the excess pore water pressures 

was observed over the next 40 days (1,000 hours). There were a total of fifteen observations for 

each gauge, as illustrated in Figure 2-25. This figure shows the variation of excess pore water 

pressure with time at the 0.9 m (2.95 ft), 1.9 m (6.24 ft), and 2.9 m (9.51 ft) radial distances from 

the pile. After about 400 hours (16 .7 days), the excess pore pressures for the 1.9m (6.24 ft) and 

2.9 m (9.51 ft) locations had nearly dissipated to hydrostatic pressure (0.13 MPa). The excess 

pore pressures at 0.9 m (2.95 ft) nearly dissipated at about 600 hours (25 days).  
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!

Figure 2-26: Change in pore pressure versus time for the three sensor locations (Bingjian, 2011) 

2.9.8. Summary of Cyclic Loading 

Research on cyclic behavior of soils has identified the CSL above which soils undergo 

plastic deformations and below which they undergo elastic deformations. As shown in Table 2-7, 

CSLs generally range from 0.2 to 0.8. The most common CSL is about 0.6. Limiting fines 

content (LFC) has predominantly been studied as a predictor for the susceptibility of soils to 

liquefaction under cyclic loading. Unfortunately, not much research is available with both CRL 

and LFC information.  

The cyclic testing reported in the literature typically used load durations much longer 

than the load durations associated with pile driving (typically less than 1 second). The resilient 

modulus test conducted in accordance with the American Association of State Highway and 

Transportation Officials (AASHTO) T307 specifies a 1 Hz cycling rate with a 0.1 second 

loading duration and a 0.9 second unloading time. The soil descriptions, load durations, CSL, 

and LFC results from the studies discussed above are summarized in Table 2-7.  
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Table 2-7: Summary of Critical Cyclic Parameters 

 

 

2.10. Geology of Florida 

High pile rebound may be related to geology. In Florida, the top of a geologic formation 

named the Hawthorn Group often matches the initial elevation associated with rebound. The 

Hawthorn Group is an aquiclude (permeability k ≈ 0) preventing Florida’s surficial aquifers from 

extending to the deep Florida aquifer (Hoenstine, 1984). In regions where the Hawthorn Group is 

absent, the surficial aquifers extend to the Florida aquifer system. 

2.10.1. Hawthorn Group 

The Hawthorn Group is one of many geological formations in the Florida peninsula. The 

Hawthorn Group was formed in the middle of the Miocene (in Greek "less recent") epoch. The 

sediments were placed after the erosion of the karstic limestone surface of Florida. The 

Hawthorn sediments deposition ended in the Early Pliocene era (Scott & MacGill, 1981). The 

group occurs eastward of the Apalachicola River, northward to Berkeley County in South 

Carolina, and southward through the Peninsula of Florida. In some parts of Florida, this 

formation has been entirely eroded. 

The Hawthorn Group is a combination of alluvial, terrestrial, marine, and deltaic beds. 

Generally, the group contains a combination of sand, silt, clay, phosphate, limestone, and 

dolomite. Phosphate is present in the formation, as much as 60 percent in some cases, but the 

mineral is absent in other locations (Scott, 1990). A silty, sandy, phosphatic dolomite is the most 

common constituent in this group. The sizes of this mineral vary; the most common size is 0.002 

to 0.005 inch (0.0625 mm to 0.125 mm). It has a yellowish-gray to white color (Scott & MacGill, 

1981). The limestone in the formation contains varying amounts of sand, clay, and phosphate. 
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The limestone is mainly white or yellowish-gray to very pale orange. Limestone is not found 

everywhere in the formation; it is scattered throughout the region, changing its thickness from 

two to thirty feet.  

Clay soils represent less than five percent of the Hawthorn Group. In the group, clay beds 

have different colors from yellowish-gray to light green to moderately dark gray. The clay beds 

contain quartz silt and sand, dolomite, and phosphate in different percentages (Scott & MacGill, 

1981). The abundant clays in the group are montmorillonite and palygorskite (Houstine, 1984). 

The Hawthorn Group sand beds can vary in color from light gray to very pale orange to 

dusky yellow-green. They also contain quartz particles with angular to subangular shapes. The 

sand beds have some phosphate and silt present; usually these beds have a thickness of two to 

three feet. 

 The successive marine inundations that the Florida peninsula experienced around a 

million years ago led to the presence of fossils in the Hawthorn Group. When the formation was 

created, marine life was present in the soil. Bioturbation (the stirring or mixing of sediments by 

organisms) may have caused the Hawthorn Group’s distinct types of beds (Scott & MacGill, 

1981).  

2.10.2. Geologic Traits of the Top of the Hawthorn Group 

Soil minerals, such as calcareous or dolomitic phosphatic sand, are typically used to 

identify the top of the Hawthorn Group. These sediments are normally an olive-green color 

(Hoenstine, 1984) and are often composed of a clayey phosphatic residuum.  
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Table 2-8 contains a summary of the Hawthorn Group’s characteristics including the 

different beds found in this geologic formation. Figure 2-27 shows the elevation of the top of the 

Hawthorn Group throughout Florida with the approximate locations of the FDOT high rebound 

sites. 

The elevation of the top of the Hawthorn Group varies in the state of Florida. In the 

northwest, it is at a higher elevation of approximately 100 to 200 ft (30.5 to 61 m) above sea 

level. In the northeast, it is at an elevation of 0 ft to minus 100 ft (30.5 m) below sea level. In 

Central Florida, the elevation is approximately 0 ft to 50 ft (15.3 m) above sea level. In the south, 

it is at an elevation of 100 ft to 150 ft (30.5 to 45.7 m) below sea level.  

The Hawthorn Group is the thickest in the southernmost part of Florida, ranging from 

700 to 900 ft (213 to 274 m). In Central Florida, the thickness decreases to 100 to 300 ft (30.5 to 

91 m). Northeast Florida (100 to 500 ft) (30.5 to 152 m) has thicker sediments than the northwest 

(100 to 250 ft) (30.5 to 76.2 m) (Scott, 1990). In the Panhandle, due to marine erosion, many of 

the middle Miocene (Hawthorn Group) and Pliocene layers are largely missing (Scott & 

MacGill, 1981).   
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Table 2-8: Hawthorn Group Characteristics 

 

2.10.3. Engineering Properties of the Hawthorn Group near Okeechobee, 
Florida 

Brown et al. (2005) reported engineering properties of the Hawthorn Group soils for deep 

wells in the Okeechobee region of South Florida. The properties are summarized in Table 2-9. In 

general, the soils at depths below 200 ft (61 m), are overconsolidated, have very low 

permeabilities, and Atterberg limits that average 46 for the liquid limit and 22 for the PI.   
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Figure 2-27 Top elevation contours of the Hawthorn Group with approximate high pile rebound 
site locations [after Scott (1990)] 
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Table 2-9 Hawthorn Layer Engineering Properties (after Brown et al., 2005) 

 

2.11. Estimation of Soil Properties Using CPTu Data  

2.11.1. Basic CPT Description 

CPTu test data is used for in situ soil investigations due to its repeatability, economic 

efficiency, and the availability of continuous data with depth (Yi 2014). Several probe sizes with 

tip areas ranging from 2 to 40 cm2 exist, as shown in Figure 2-28. The most common 10-cm2 

probe was used in this research. The pore pressure transducer on a CPTu can be placed at three 

positions, as shown in Figure 2-29. The u2 position, which is also the most common, was used in 

this work.  
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Figure 2-28: Types of CPT probes (from left: 2 cm2, 10 cm2, 15 cm2, 40 cm2) (Robertson & 
Cabal, 2010) 

 

Figure 2-29: CPTu Pore pressure transducer positions: at the cone point (u1), behind the cone tip 
(u2), and on the shaft between the cone and sleeve (u3) 

The electric cone is typically advanced in one-meter increments at a constant rate of 2 

cm/sec using the hydraulic press of a specialized cone truck. A schematic of a complete CPTu 

test system is shown in Figure 2-30. During penetration, voltage signals from the point and 
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sleeve load cells are transmitted to the surface through a cable housed within the cone rod. 

Specialized data acquisition hardware and software are used to record readings from the 

transducers at a frequency of approximately five readings per second. These electrical signal 

readings are then converted to engineering units of stress using device-specific calibration 

factors.  

 

Figure 2-30: Overview of the cone penetration test per ASTM D5778-95 

2.11.2. CPT Correlations and Soil Behavior Charts 

Three key parameters are measured continuously with depth during the CPTu test: cone 

resistance (qc), side friction (fs), and excess pore water pressure (u). Pore water pressures are 

developed during the steady, 2 cm/s penetration of the cone into the soil. These data can be used 

to determine soil types, stratigraphy and engineering properties (Schneider et al., 2008).  

The recorded qc values must be corrected for pore water pressures acting on unequal tip 

areas of the cone, especially in stiff clays and silts where significant pore pressures are typically 
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generated. In dense granular soils and clean sands, this correction does not tend to be critical 

(Lunne et al., 1997). The corrected cone resistance or total cone tip resistance is designated as qt, 
and is determined using: 

 q! = !q! + ! 1− a! !u!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2-16 

where  

 qt = cone resistance corrected for pore water pressure at cone shoulder, 

 qc = measured cone tip resistance, qc = qt in sandy soil, 

 u2 = pore pressure measured at cone shoulder, 

 an = net area ratio for the cone, typical range between 0.70 and 0.85 

2.11.2.1. Robertson 1990 SBT Chart 

Although Robertson and Campanella (1983) presented a CPT soil-based classification 

chart, Robertson et al. (1986) modified this work and presented a soil classification chart based 

on the basic CPTu parameters. Since both qc and fs are affected by an increase in the effective 

overburden stress, the CPTu data was normalized to account for the influence of overburden 

stress (Robertson 1990). Wroth (1984) and Houlsby (1988) suggested that CPTu data could be 

normalized using the following equations: 

Q!" = ! !!!!!!"!!!"
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!   Equation 2-17 

F! = ! !!
!!!!!!"

!×100%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  Equation 2-18 

where 

 Qtn = normalized cone tip resistance 

 Fr = normalized friction ratio 

 σvo = total overburden stress 

 σ!!" = effective overburden stress 

 and other terms as previously defined  
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Using these CPTu parameters, a normalized soil behavior type index (I(c) was proposed 

by Robertson (1990) and incorporated into the SBT chart. Ic is determined according to:  

I! = ! 3.47− logQ! ! + ! log F! + 1.22 ! !.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2-19  

The normalized soil behavior type (SBTn) chart shown in Figure 2-31 was developed 

using the normalized soil behavior type index (I(c). It has nine soil types with varying regions of 

consolidated, cementation, age, sensitivity, and Ic. Table 2-1 shows the corresponding soil 

descriptions and the range of Ic for each of the nine SBTn zones. Figure 2-31 findings typically 

have between good to excellent reliability (Robertson & Cabal, 2010).! !

 

Figure 2-31: Normalized soil behavior type chart (SBTn) based on CPT normalized cone 
resistance (Qtn) and normalized friction ratio (Fr) (Robertson, 1990) 
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Table 2-10: SBTn Zones Corresponding to the SBTn Index (Ic) after Robertson (1990) 

Zone Ic Soil Behavior Type 

1 N/A Sensitive fine-grained 

2 > 3.6 Clay-organic soil 

3 2.95 – 3.6 Clays: clay to silty clay 

4 2.60 – 2.95 Silt mixtures: clayey silt 
and silty clay 

5 2.05 – 2.60 Sand mixtures: silty sand 
to sandy silt 

6 1.31 – 2.05 Sands: clean sand to silty 
sand 

7 < 1.31 Dense sand to gravelly 
sand 

8 N/A Stiff sand to clayey sand* 

9 N/A Stiff fine-grained* 

                        * Overconsolidated or cemented 

2.11.2.2. Robertson and Cabal (2010) SBT Chart 

Using the basic SBT format from Robertson and Campanella (1983), Robertson and 

Cabal (2010) added lines representing soil unit weight. This 1983 chart has 12 zones instead of 

the nine shown in the previous figure. The resulting graph is shown in Figure 2-32. The chart is 

dimensionless because the cone resistance was divided by atmospheric pressure (pa) and the unit 

weight was divided by the unit weight of water γ γ! . The straight lines in the figure show 

that the dimensionless soil unit weight increases with increasing cone resistance. The lines were 

developed using: 

γ γ! = 0.27! logR! + 0.36! log q! p! + 1.236!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2-20  

where 

 Rf = measured cone friction ratio, R! = ! f! q!! !×100!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
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 pa: the atmospheric pressure in the same units of qt. 

 and other terms as previously defined  

Data were collected from sites where CPTu results and measured soil unit weight were 

available to verify the proposed equation. The results showed a good agreement between the 

measured unit weight and the estimated unit weight. 

 

Figure 2-32: Relationship between CPT results and dimensionless soil unit weight (Robertson & 
Cabal, 2010) 

2.11.2.3. Robertson 2009 SBT Chart  

Robertson (2009) developed the normalized pore pressure SBTn chart, shown in Figure 

2-33. Normalization of pore pressures first requires separation of pore pressures that are a 

function of soil response and those existing in the ground prior to the penetration. Measured 

penetration pore pressure (u2) represents the sum of the in situ or hydrostatic pore pressure (uo) 

and the excess pore pressure (∆u2) (Schneider et al., 2008). A pore pressure normalization ratio 

(Bq) suggested by Wroth (1984) is presented in:  
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B! = ! ∆!
!!!!!"

= ! !!!!°!!!!!"
!!!!!!       Equation 2-21 

where 

 uo = in situ pore pressure  

 and other terms as previously defined 

Figure 2-33: Robertson (1990) Cone resistance versus pore pressure ratio SBT chart 

 

2.11.2.4. Schneider et al.’s (2008) SBT Chart 

Schneider et al. (2008) developed the normalized SBT chart shown in Figure 2-34. The 

cone tip resistance was normalized by dividing by the vertical effective stress, σ!!", using 

(Wroth 1984), while the pore pressure (u2) was normalized using: 

Normalized!pore!water!pressure = ! ∆!!!!!"
= ! !!!!!!!!"

!!!!!!!    Equation 2-22 
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Figure 2-34: Normalized SBT chart developed by Schneider et al. (2008) 

2.11.2.5. Eslami and Fellenius’ (1997) SBT Chart 

Eslami and Fellenius (1997) developed a soil profiling method to classify the soil using 

CPT data. This method depends on the CPT parameters measured directly during the test (i.e., qt 

or qc, fs, and u2). Therefore, it can be developed directly during the CPT sounding because the 

normalization by division with effective overburden stress is not required. 
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Figure 2-35: Eslami and Fellenius’ (1997) SBT Chart 

2.11.2.6. Robertson’s (2012) SBT Chart 

Robertson (2012) developed an SBT chart, which accounts for soil dilation and 

contraction during cone penetration. This chart allows engineers to classify the soil as either 

dilative or contractive and is an updated version of the Qtn – Fr earlier chart by Robertson (1990). 

Two regions were identified using the state parameter (ψ) and OCR. The state parameter (ψ) is 

defined as the difference between the initial void ratio, e, and the void ratio at critical state, ecs. 

The critical state of a soil is the state at which the shear stress remains constant while the shear 

strain increases (Holtz & Kovacs, 1981). Figure 2-36 shows that loose sands contract while 

dense sands dilate above and below the critical void ratio respectfully. The state parameter is 

negative for dense sands and positive for loose sands. 
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Figure 2-36: Schematic of void ratio versus strain used to determine the state parameter 

Coarse-grained soils with a state parameter less than -0.05 and fine-grained soils with an 

OCR greater than 4 are dilative at large strains (i.e., typical of pile driving and CPT testing). 

Robertson (2012) divided each region into three sub-regions based on drainage: undrained, 

transitional, and drained. The undrained region included fine-grained soils while the drained 

region included coarse-grained soils. The transitional region represents mixed soils (i.e., coarse 

and fine). Therefore, four major groups of soil behavior were identified on this chart: fine 

dilative (FD), coarse dilative (CD), fine contractive (FC), and coarse contractive (CC). 
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Figure 2-37: Updated normalized cone resistance versus friction ratio SBT chart with soil 
behavior (Robertson, 2012) 

2.11.3. Fines Content CPT Correlations 

2.11.3.1. Yi’s 2014 CPT Fines Content Correlation 

Yi (2014) conducted a study in order to verify correlations used to estimate fines content 

(FC) from CPT data. Three SPT borings and three CPT soundings were conducted at a chosen 

site. Each CPT was very close to an SPT to produce representative data. Disturbed soil samples 

were collected every 2.5 ft during SPT borings and FC (%) were measured by washing them on 

#200 sieve following ASTM specifications. Cone tip resistance (qc) and sleeve friction (fs) from 

each CPT sounding were used to estimate FC using existing correlations developed by Robertson 

and Wride (1998), Idriss and Boulanger (2007) and Cetin and Ozan (2009). The measured and 

estimated FC’s from the three locations were presented graphically versus depth. The results 

show that the measured FC (%) values were generally higher than estimated values. Yi (2014) 

presented the following FC correlation based on the Robertson and Wride (1998) SBT index Ic:  

I! = ! 3.47− log 10!Q! ! + ! log 10!F! + 1.22 !  0.5            Equation 2-23 
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where 

Q! = ! q! − !σ!" σ′!"                     Equation 2-24 

F! = ! f! q! − !σ!"                     Equation 2-25 

 Qt = normalized tip resistance 

 Fr = normalized friction ratio  

 qt = corrected tip resistance 

 fs = cone sleeve friction 

 σvo = total overburden stress  

 σ'vo = effective overburden stress  

In order to produce a more representative correlation, 133 samples of measured FC from 

a total of eleven sites, including the site mentioned above, were collected and utilized. Yi’s 

(2014) new proposed correlation is presented in Figure 2-38.  

Yi (2014) concluded that both Robertson and Wrides’ (1998) and Idriss and Boulanger’s 

(2008) methods underestimate FC, especially for measured FC higher than approximately 25%, 

while Cetin and Ozan’s (2009) method may overestimate FC (%) for values greater than 

approximately 15%. He proposed the following equations for FC (%) based on Ic:  

I!! < 1.31,!                   FC (%) = 0            Equation 2-26 

1.31! ≤ ! I! !< 2.5,       FC!(%) = 42.0!I! !− 55.0!+ 10 sin !!!!!.!
!.!" !π    Equation 2-27 

2.5! ≤ ! I! !< 3.1,      !!!FC(%) = 83.3!I! − 158.3                      Equation 2-28 

I!! ≥ 3.2,!                    FC (%) = 100            Equation 2-29 



 

 74 

 

Figure 2-38: Measured versus estimated FC (%) for 95% confidence level (Yi, 2014) 

2.11.3.2. Moayed’s 2006 CPT Fines Content Correlation 

Moayed (2006) developed an approach to evaluate the FC of soil layers based on CPTu 

results. FC was correlated with time for 50% dissipation of pore water pressure (t50). For this 

purpose, eleven CPT soundings were performed in silty sand samples with several different silt 

contents from 0% to 50% using 5% increments in the calibration chamber. The testing chamber 

consisted of a rigid thick-wall steel cylinder of 0.76 m internal diameter and 1.5 m height with 

removable top and bottom plates. Clean fine sand with a specific gravity of 2.6 was used. This 

sand was rounded to sub-angular fine-grained quartz sand with D50 = 0.4 mm and Cu = 3.0. 

Before filling the testing chamber with a dry sample, a soil filter grading from coarse sand to fine 

gravel was formed at the bottom, and another filter layer was formed at the top of the soil. In 

order to saturate the soil specimen, the top plate was fixed on the chamber and a vacuum was 

applied inside the chamber for 30 minutes. Then the bottom water supply was opened until a 

uniform slow upward flow was reached. The standard CPTu used in this investigation has a 10 

cm2 tip area and 150 cm2 friction sleeve area with the filter element located immediately behind 

the cone tip to record pore water pressure. The CPTu was advanced through the soil by a 

hydraulic system at a constant rate of 20 mm/sec. Tip resistance, friction resistance, and pore 

water pressure were recorded continuously during sounding at each 1 cm of depth. The pore 
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pressure dissipation tests were also carried out at the midpoint of each sample. The t50 parameter 

was determined for each sample containing different silt content. The relationship between t50 

and FC is presented in Figure 2-39. It was concluded that t50 increases as FC increases, especially 

for content greater than 30%. There was a good correlation between t50 and fines content as 

presented in:  

!!" = 10.235!!!.!"#!(!")!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2-30! 

where 

 t50 = time required for 50% dissipation for pore water pressure 

 e = void ratio 

 FC = fines content (%) 

 

Figure 2-39: Experimental correlation between t50 and fines content (Moayed, 2006) 

Jamiolkowski et al. (2003) correlated the penetration resistance of the cone penetration 

tests (qc) to the relative density of sand. The CPT soundings were performed on three types of 

silica sand in a calibration chamber with a diameter and height of 1.2 m and 1.5 m respectively. 

The testing samples were reconstituted and subjected to the one-dimensional compression in 

order to apply the desired consolidation stress level and stress-history. The penetration test was 

performed using the cylindrical Fugro-type electrical cone tips having diameters (do) equal to 

35.6, 25.4, 20, 11, and 10 mm to investigate the influence of the calibration chamber diameter 

(Do) to (do) ratio (Rd) on the cone tip resistance (qc). The measured penetration resistance 
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appeared to be independent of the Rd and as a result, the penetration resistance measured in the 

calibration chamber matches the field value. The experimental data was used to develop the 

following relationship to estimate the relative density based on CPT tip resistance and the 

effective stress: 

D!% = 100!.!! 0.268!. ln!
!! !!"#
!!!" !!"#

− 0.675 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2-31 

where 

qt = corrected tip resistance 

σ atm = atmospheric pressure in the same units of qt 

σ'vo = effective overburden stress 

 

Robertson et al. (1983) discussed the interpretations of the piezometer cone data that had 

been used to estimate soil properties and its engineering applications. In situ piezometer cone 

testing had been carried out by the In situ Testing Group at the University of British Columbia at 

sites near Vancouver, B.C. Soil at these sites were deltaic sands, silts, and clays or glaciomarine 

clays and silty clays. Different types of piezometer cones had been used, and undrained shear 

strength and sensitivity measurements were obtained at these sites. Piezometer cone data from 

four of these sites were used to present soil classification, undrained shear strength (Su), 

sensitivity, and stress history (OCR). For soil classification, it was recommended that all cone 

data (qc, fs, and u) as well as pore pressure dissipation data be used to define soil behavior type 

more accurately. The cone data should be normalized to account for the effect of increasing 

overburden pressure in case of cone soundings deeper than 30 m. The dissipation data obtained 

during pauses in the cone penetration can be used to improve soil classification and to provide an 

index on the soil permeability and consolidation characteristics. No unique relationship between 

CPT data and Su was found for all soil types. The undrained shear strength is strongly influenced 

by stress history, sensitivity, and stiffness; therefore, an iterative approach was recommended to 

estimate shear strength. Sensitivity was found to have a significant effect on the measured pore 

pressure. Increasing sensitivity caused pore water pressure to increase proportionally.  
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Chen and Mayne (1996) conducted a statistical analysis between CPTu measurements 

and “stress history of clays” to evaluate various CPTu parameters in interpreting the stress 

history of clay. Large field data of CPTu soundings from 205 clay sites around the world had 

been collected to develop statistical correlations. Most of the data was collected from the eastern 

and western United States, southern Canada, western Europe, and southeastern Asia, where 

CPTu penetration tests have been used more frequently than in other parts of the world. The 

collected CPTu data included tip resistance (qt) and the pore pressures measured at the tip apex 

(u1) and behind the tip (u2). In addition to the CPT field data, data of soil properties with an 

emphasis on the index properties including natural water content, liquid limit, plasticity index, 

and sensitivity was gathered. “Preconsolidation pressure” data from odeometer testing was 

included to make a comparison with the estimated preconsolidation pressure from CPT 

parameters. “Stress history” was measured in terms of preconsolidation pressure, σ'p, and the 

overconsolidation ratio. The authors used simple linear, logarithm, and multiple regression 

methods and examined correlations between the stress history and several frequently used CPTu 

parameters. Direct correlations for σ'p with stress difference (qt - σvo), Δu1, and (qt – u1) were 

developed. The plasticity index was also incorporated to develop multiple regression analysis. 

This multiple regression improved statistical correlations by increasing the correlation 

coefficient.  

Robertson (2010) presented an updated correlation to estimate the coefficient of 

permeability using CPT test results. The correlation evaluated the suggested soil permeability by 

Lunne et al (1997) with a range of k values for each Soil Behavior Type (SBT), as shown in 

Table 2-11. The suggested and modified k by Lunne et al (1997) and Robertson (2010) are 

shown in Figure 2-40 and simplified as 

1.0! < ! I! !≤ 3.27,!!!!!!!!!!!!k = !10 !.!"#!!.!"!!! !!!!!!!m/sec!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2-32 

3.27! < ! I! !≤ 4.0,!!!!!!!!!!!!k = !10 !!.!"!!.!"!!! !!!!!m sec!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2-33 

where 

 Ic = soil behavior type index 

 k = coefficient of permeability 
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Table 2-11: Estimated Permeability Based on Normalized Soil Behavior Type, SBTn (Lunne et. 
al, 1997) 

 

SBTn Zone Soil Type
Range of k 
(cm/sec) SBTn Index (Ic)

1
Sensitive fine-

grained
3×10-8 to 3×10-

6 NA

2 Organic soil-clay
1×10-8 to 1×10-

6 Ic > 3.60

3 Clay
1×10-8 to 1×10-

7 2.95 < Ic < 3.60

4 Silt mixture
3×10-7 to 1×10-

5 2.60 < Ic < 2.95

5 Sand mixture
1×10-5 to 1×10-

3 2.05 < Ic < 2.60

6 Sand
1×10-3 to 1×10-

1 1.31< Ic < 2.05

7
Dense sand to 
gravelly sand 1×10-1 to 1×102 Ic < 1.31

8
Very dense / Stiff 

soil
1×10-6 to 1×10-

1 NA

9
Very stiff fine 

grained soil
1×10-7 to 1×10-

5 NA
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Figure 2-40: Suggested variation of soil permeability (k) as a function of soil behavior type index 
Ic (Robertson, 2010) 

A simplified method has been recently developed to estimate the state parameter 

(ψ) from the normalized cone tip resistance. Based on field and laboratory data, Robertson 

(2009) developed contours of state parameter (ψ) on the normalized soil behavior type (SBT) 

chart presented earlier in Figure 2-31. The SBT chart with the state parameter contours is shown 

in Figure 2-41. Robertson (2010) suggested the following approximate relationship between the 

state parameter and the clean sand equivalent normalized cone resistance (Qtn,cs): 

ψ = 0.56− 0.33 logQ!",!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2-34 

where 

Qtn,cs = clean sand equivalent normalized cone resistance, which is a function of soil 

behavior type index (I(c). 
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Figure 2-41: State parameter contours on the Robertson (1990) normalized SBT chart 
(Robertson, 2009) 

2.12. Effect of Silt Content and Void Ratio on Soil Hydraulic 
Conductivity 

Bandini and Sathiskumar (2009) studied the effect of silt content and void ratio on the 

saturated hydraulic conductivity and compressibility of sand-silt mixtures. Two poorly graded 

quartz sands with rounded grains and a specific gravity of 2.65 were used and called host sands 

as they constitute the sand matrix hosting the fines. Ottawa sand, which has coefficients of 

uniformity (Cu) and curvature (Cc) of 1.87 and 1.04, respectively, was used as the host sand in 

the first set of tests. The second host sand was prepared by mixing equal parts, by dry weight, of 

Ottawa sand and ASTM 20-30 sand (C-778-93(A) and was called 50-50 sand. This sand has Cu = 

2.46 and Cc = 1.09. Sand-silt mixtures were prepared by adding Sil-Co-Sil #106 with specific 

gravity of 2.65 to the host sands with different percents in order to determine the effect of silt 

content on the hydraulic conductivity and compressibility. Flexible wall permeameter tests were 
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performed on 60 specimens of the two types of host sands with 0, 5, 10, 15, 20, and 25% silt.  

The emax and emin values of the sand-silt mixtures were found for each type of sand. It was noticed 

that as the silt content increases, emax and emin of these mixtures decrease up to approximately 20 

and 25% silt content, respectively. Hydraulic conductivity measurements were conducted at 

different effective confining stresses for all specimens. The experimental results show that the 

saturated hydraulic conductivity of sands with 25% silt can be, on average, two orders of 

magnitude smaller than those of clean sands with 0% silt content, as shown in Figure 2-42. For a 

given silt content, k varies mostly within one order of magnitude, depending on the void ratio of 

the soil. 

 

Figure 2-42: Hydraulic conductivity for various silt contents (Bandini & Sathiskumar, 2009) 

2.13. Correlations from Soil and Site Characteristics to HPR in 
Florida 

2.13.1. Selection of Florida High Rebound Sites for Study 

During the investigation phase of the research, FDOT personnel and consultants 

identified 14 problematic rebound sites in Florida. Three sites were located in the Florida 

Panhandle, nine in the Orlando area of Central Florida, one in Jacksonville, and one near the 

Cape Canaveral area of Central Florida. Six representative sites were chosen for further analysis. 
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Three of these sites were selected for case study evaluations and three others selected for both 

case study evaluations and an extensive retesting program. Sites 2, 5, and 7 were chosen for the 

case study evaluations as representative. Sites 1, 3, and 11 were chosen for both the case study 

and retesting program. These sites were the most easily accessible of the known sites and had the 

most extensive existing information available. 

Table 2-12: FDOT High Pile Rebound Sites 

 

Jarushi (2011) evaluated data from the six sites including gradation, pore water pressures, 

and field data from standard penetration and cone penetrometer test to predict potential HPR 

sites. The results of this study were published in two papers, which are summarized below.   

2.13.2. Using Fines Content and SPT Blow Counts to Predict High Pile 
Rebound 

Jarushi et al. (2011) developed correlations between HPR, fines content (percent passing 

#200 sieve) and SPT blow counts (NSPT) during the installation of PCPs at the six sites discussed 

in the previous section.  

The piles were square displacement piles from 18 to 24 inches (457 to 610 mm) wide, 

approximately 95 feet (29 m) long, and driven with a single acting diesel hammer. Soils at the 

sites were mainly sands with varying percentages of silt and clay. Most soils in the HPR layers 

Sites No. Description County
1 Anderson St. Overpass at I-4/SR-408 Orange
2 I-4/SR-408 Ramp B Orange
3 I-4/US-192 Osceola
4 I-4 Osceola Parkway Osceola
5 I-4/SR-423 John Young Parkway Orange
6 I-4/SR-482 Sand Lake Rd. Orange
7 SR-50 and SR-436 Orange
8 SR -417 and International Drive Osceola
9 SR-528 and US 441 Orange
10 SR-20 over Rocky Bayou WB Okaloosa
11 SR-83 Ramsey Branch Walton
12 SR-71 West Arm Lake Gulf
13 SR-528 over Indian River Brevard
14 I-10 at Chaffee Road Jacksonville
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had high fines content (over 15%) with natural moisture contents less than the liquid limit and all 

plotted near the A-Line on the Casagrande Plasticity Chart. These soils displayed an olive green 

to light green color.  

The pile movements were obtained from test piles at each site, instrumented with the 

PDA, strain gauges, and accelerometers. The accelerations recorded during the pile movements 

from each hammer blow were integrated twice to produce displacement versus time data. This 

data includes DMX, which was subtracted from the pile set (inspector set or iSet) to produce the 

rebound per hammer blow. Digital set (dSet) and iSet were both evaluated. Digital set values 

were determined by subtracting DFN from DMX, where DFN is the final set from the PDA data 

(See Figure 2-8). Better correlations were obtained using iSet values. 

Profiles with the following information were developed for each site: (a) soil types, (b) 

PDA-based pile DMX, rebound, and iSet rebound, (c) NSPT, and (d) fines content. The fines 

content is the percent passing the number 200 sieve. The profiles included a dashed line at the 

FDOT minimum limit for HPR of 0.25 inches. Figure 2-43 shows a typical profile from the 

Anderson Street Overpass. The elevations corresponding to rebound over 0.25 inches near 

elevation 10 ft (3.0 m) consistently correlated with the elevations where the NSPT and fines 

content increased. 

Data from Hussein et al. (2006) was added to the data from the six sites. It was developed 

from the PDA results for the test pile chosen for the SR528 Bridge over the Indian River. 

Correlations using NSPT and fines content from the seven sites were used to develop a design 

equation to predict pile rebound. Figure 2-44 contains plots displaying the correlations between 

rebound and permanent set versus the NSPT values and fines content. Both N!"#NSPT and fines 

content produced strong correlations to rebound (R² = 0.80). Weak correlations (R² = 0.25) were 

produced between N!"#NSPT, fines content, and permanent set.   
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Figure 2-43: (a) Generalized soil profile, (b) PDA diagram, (c) NSPT, and (d) percent fines 
content for site 1 Anderson Street Overpass (Jarushi et al., 2013). 

Evaluation of these plots showed changes in pile movement at several blow count and 

fines content locations. Acceptable permanent set with minimal rebound occurred in soil 

conditions where N!"#NSPT was below 15 blows/ft and fines content was below 25 percent. 

When NSPT values were between 15 and 40 blows/ft, and fines content was between 25 and 40 

percent, permanent set remained acceptable but pile rebound was measured at between 0.25 and 

0.6 inches. When N!"#NSPT exceeded 40 blows/ft with fines content greater than 40 percent, 

permanent set dropped to unacceptable or near zero and pile rebound exceeded 0.6 inches. The 

authors were not able to determine whether these relationships between NSPT, fines content, and 

permanent set applied to soils outside of the study areas. 
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Figure 2-44 (a) Correlation between rebound, NSPT, and fines content, and (b) correlation 
between permanent-set, NSPT and fines content (Jarushi et al., 2013).  

A regression analysis of the data was performed to develop an empirical equation for 

predicting HPR (Jarushi et al., 2011). It is intended specifically to predict rebound of 18- or 24-

inch square PCPs driven with single-acting diesel hammers, a common pile/hammer combination 

in Florida. Predicted rebound was evaluated against the observed rebound from the sites used in 

this case study plus additional FDOT HPR sites. The predicted and observed rebound values are 

shown in Figure 2-45. The data produced an R2 value of 0.80, indicating a strong correlation 

between predicted and observed rebound.  
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Equation 2-35 

 
where  

 R= rebound (inch) 

 NSPT = uncorrected SPT blow counts (blows/ft), for 5 blow/ft or higher 

  

FC = fines content (percent) for 12 percent or higher 

Figure 2-45: Predicted rebound using NSPT and fines content versus actual PDA rebound (Jarushi 
et al., 2013) 

The combined data from this study and from the site presented by Hussein et al. (2006) 

consistently showed that HPR might occur when all of the following conditions are present:  

• high displacement piles 

• single-acting diesel hammers 

• pile tip below ground water table 

• soils with high fines content (> 40%) 

• soils with high NSPT values. 

! = −0.166 + 0.016!!"# + 0.009!" 
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2.13.3.  Identifying High Pile Rebound Using CPTu Pore Water Pressure  

In a companion study to Jarushi (2013), Cosentino et al. (2010) investigated possible 

correlations between HPR and pore water pressure during the installation of PCPs at the same six 

Central Florida sites discussed in Section 2.13.2.  

Pore water pressures obtained during CPT testing were used, with the pore pressure 

readings taken from behind the cone tip (i.e., u2) during penetration of the cone. The pile 

movements were obtained from test piles at each site, instrumented with the PDA strain gauges 

and accelerometers. The accelerations, recorded during the pile movements from each hammer 

blow, were integrated twice to produce displacement versus time data. This data in turn produced 

DMX, which was subtracted from the inspector set (iSet) to produce the rebound per hammer 

blow. 

Soil profile charts, which included pile displacements, rebound, and pore water pressure 

versus elevation, were developed and used to determine correlations between pile rebound, iSet, 

and excess pore water pressure. As is shown in Figure 2-46, these charts showed that the 

elevations corresponding to rebound greater than 0.25 inches (6.35 mm) matched the elevations 

(35 ft) (10.7m) where the CPTu values increased. 
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(a)      (b)      (c) 

Figure 2-46: (a) Generalized soil profile, (b) PDA diagram and (c) CPTu pore-water pressure 
(u2) for Site 3 I-4/US.192 (Cosentino et al., 2013).  

Pile rebound and iSet were plotted versus u2 and a normalized pore pressure of u2/u0 (u0 is 

the hydrostatic pressure) to obtain linear correlations. The Central Florida data were combined 

with Murrell et al’s (2008) data. The combined data consistently produced strong linear 

correlations with regression coefficients greater than 0.6 (Figure 2-47). In general, rebound 

increased and iSet decreased as u2 and u2/u0 increased. Rebound versus either pore pressure or 

u2/uo nearly plots through the origin, indicating that rebound (inches) would equal approximately 

2.5% of the u2 value (tsf) or 5.5 % of the u2/u0 ratio (dimensionless).  

Evaluation of the plots showed changes in pile movement at several pore pressure levels. 

When u2 was less than 5 tsf, pile rebound was below 0.25 inches and permanent set was 

acceptable. When u2 was between 5 tsf and 20 tsf, HPR occurred but was acceptable (i.e., the 
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pile was advancing without excessive blows and stresses). When u2 was greater than 20 tsf, 

excessive rebound occurred with minimal or no permanent set. 

CPTu pore water pressures increase from near zero to high positive values in all HPR 

zones. Strong correlations between rebound and pore pressure as well as permanent-set and pore 

pressure indicated that permanent-set decreases and rebound increases linearly with either pore 

pressure, u2, or normalized pore pressure, u2/u0.  

 

Figure 2-47: Correlations between rebound, permanent-iSet and (a) CPTu pore water pressure, 
and (b) ratio of CPTu pore pressure (u2) and hydrostatic pressure (u0) (Cosentino et al., 2013). 

2.14. Summary of Case Study Literature Findings 

Based on multiple High Pile Rebound case studies both within and outside of Florida, 

HPR is a recognized problem that occurs most commonly when high displacement piles are 

driven into dense fine sands with silty or clayey fines. These conditions are frequently associated 

 

 
(a) 

 
(b) 

0"

0.4"

0.8"

1.2"

1.6"

0" 5" 10" 15" 20" 25" 30" 35"

Re
bo

un
d"
(in

)"

Present"Study" Murrell"et"al.(2008)"

Excludes"Murrell,"R²"="0.77"
Includes"Murrell,"R2=0.60"
y"="0.0254x"+"0.0281"
"

Pore"Pressure,"U2"(tsf)"
)"

0"

0.2"

0.4"

0.6"

0.8"

0" 5" 10" 15" 20" 25" 30" 35"

iS
et
"(i
n)
"

Pore"Pressure,"U2"(tsf)"

Present"Study" Murrell"et"al.(2008)"

Excludes"Murrell,"R²"="0.72"
Includes"Murrell,"R2=0.69"
y"="I0.0141x"+"0.5102"
"
"

0"

0.4"

0.8"

1.2"

1.6"

0" 4" 8" 12" 16" 20"

Re
bo

un
d"
(in

)"

Excludes"Murrell,"R²"="0.70"
Includes"Murrell,"R2=0.73"
y"="0.055x"I"0.0004"
"
"

U2"/U0"!

0"

0.2"

0.4"

0.6"

0.8"

0" 4" 8" 12" 16" 20"

iS
et
"(i
n)
"

Excludes"Murrell,"R²"="0.73"
Includes"Murrell,"R2=0.78"
y"="I0.0295x"+"0.5172"
"
"

U2"/U0"!
!



 

 90 

with a geologic formation known as the Hawthorn layer, which exists throughout Florida and 

parts of Georgia and the Carolinas.  

There are several methods of measuring pile rebound and permanent set in order to 

quantify HPR. The most common are the manual method and automated PDA systems. PDA 

data is very useful in defining the HPR zones. Large quake displacements are typically 

determined using CAPWAP® analyses when HPR occurs.  

Several laboratory studies have proposed (a) percentage and type of fines in soils, (b) soil 

dilatancy, and (c) susceptibility to large changes in pore pressure, as indicators of potential HPR. 

Dynamic loading effects on soil structure and stress response have also been studied; however, 

the variety of cyclic loading techniques employed makes drawing clear conclusions difficult. 

Table 2-7, the summary of cyclic loading parameters, indicates that a CSL of between 12.8 and 

70% of the failure stress exists and that below this level, small changes in pore pressure occur 

while above it large changes occur. This table also shows that a limited number of studies have 

focused on load durations of 1 second per cycle.  

Based on previous studies of HPR sites within Florida, SPT N-values, changes in silt 

content between soil layers, and CPTu pore pressures have been correlated to HPR, with strong 

positive correlations from both sets of test data. SPT versus rebound correlations were nonlinear, 

while the CPTu versus rebound correlations were linear. These latter correlations indicated that 

rebound might be a problem when CPTu pressures exceeded 20 tsf. 
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3. Methodology, Description of Testing Sites, and Data 
Collection 

3.1. Methodology 

3.1.1. Identifying Testing Sites 

Throughout Central Florida, North Florida, and the Florida Panhandle, ten sites, as shown 

in Table 3-1, were identified for SPT, CPTu, DMT, undisturbed testing, and data analysis to 

support the research objectives. The selection was based on the following criteria:  

a) The fact that these sites were clearly identified by FDOT as having some rebound. 

b) They were easily accessible for performing field-testing.  

The rebound may have been accompanied by minimal or zero set, which caused driving 

problems or by acceptable set, which allowed the piles to be driven. 

Table 3-1: Summary of HPR Testing Sites and Testing Program 

 

Note:  ✔ completed � partial data  

The majority of these sites are in the Central Florida area, but two sites are not. Site 8 is 

located in the northern Panhandle of Florida where the soil composition is similar to that in 

Central Florida but the geologic deposit process produced less dense soils. Site 10 is in 

Jacksonville and again has similar soils to those found throughout Florida.  
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3.1.2. Development of Testing Program 

In order to identify and evaluate the characteristics of soil deposits, which may cause 

HPR, geotechnical lab and field-testing were performed. The lab testing included both 

undisturbed and disturbed sampling. Undisturbed samples were obtained from six of the ten sites 

shown in Table 3-1, sites so that the following information could be determined: 

1. Unit weight  

2. Moisture Content 

3. Permeability 

4. Saturation 

5. In situ Void Ratio 

6. Triaxial shear strength  

7. Undrained Cyclic Triaxial Pore Pressure Behavior.  

The field data included retrieval of existing PDA, which was matched to SPT, and CPTu 

data that was collected and processed during this work. PDA results were used to identify the 

zones in the vertical soil profiles where HPR occurred. SPT data were used to develop soil 

profiles, provide disturbed samples for grain size evaluations, and yield N-values. The grain size 

and N-value information was then used to evaluate published correlations (Jarushi et al., 2013). 

CPTu qc, fs and u2 data was used to determine a series of soil properties throughout each soil 

profile. CPTu soil properties at these sites included: 

1. Unit weight (!)  

2. Permeability (k)  

3. Relative density (Dr)  

4. State parameter (ψ) 

5. Undrained shear strength (Su)  

8. Overconsolidation ratio (OCR).  

The correlations developed for predicting these parameters were programmed into the 

geotechnical software, CPeT-IT v.1.4 (2014), which was licensed to Florida Tech and used to 

process the CPTu data. Gregg Drilling and Testing, Inc., developed it in collaboration with 

Robertson and Cabel (2012). CPTu testing at Sites 9 and 10 proved problematic and could not be 
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used for correlations. In both cases, the sounding depths were too shallow for use in subsequent 

analyses. 

Both the soil behavior type (SBT) and fines content (FC) were estimated from CPTu 

data. To verify FC, disturbed soil samples, obtained during the research SPT and design phase 

testing, were used to obtain measured FC. The results of all soil properties were presented versus 

depth as vertical profiles for each site. Using the PDA data, the rebound zones were highlighted 

on these profiles to investigate the difference between the rebound and non-rebound soil 

properties and to identify the soil properties that had a significant effect of soil rebound. 

The second objective of this research was an evaluation of the accuracy of existing HPR 

correlations. These include correlations to u2, FC, and NSPT. To fulfill this objective, pore 

pressure (u2) – rebound correlations developed by Jarushi et al. (2013) were re-evaluated. The 

additional CPTu data from the seven sites was used for the re-evaluation. 

By superimposing the CPTu results on several known SBT charts, graphical correlations 

were produced. This process was completed using the CPeT-IT v.1.4 (2014) software. 

DMT testing was performed at three of the sites and produced very limited results. The 

main problem was pushing the wider DMT blade through the soils as it stopped well above any 

critical layers. Therefore, DMT testing was eliminated and excluded from further analysis. 

3.1.3. Collection of Existing PDA Data  

FDOT and their contractors provided detailed geotechnical and construction data for each 

site. The data collected included project contract drawings, test pile locations, and PDA data as 

well as locations and data of existing SPT borings and CPT soundings. 

3.1.4. Analysis of Design Phase PDA Data and Identification of Rebound 
Zones 

Test piles at these sites were instrumented with PDA accelerometers and strain 

transducers during construction, and this data was used to identify rebound zones. PDA data 

recorders collected the accelerations and strains for each hammer blow. The accelerations were 

integrated twice to produce displacements versus time data for each blow. This data was used to 

determine the maximum displacement (i.e., DMX) and digital final set (DFN). At the same time, 
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FDOT inspectors recorded the number of blows required to drive the pile each foot on the pile 

driving logs. The inspector set (iSet) in the units of inch/blow was calculated by taking the 

reciprocal of the number of blows (NPD). In cases where NPD was over 240 blows/foot (i.e., 20 

blow/inch), the test pile driving process was terminated. This situation is referred to as pile 

refusal. Since the precise pile location is not always known, the double integration may produce 

significant errors. For this study, the inspector set was used to calculate pile rebound by 

subtracting it from the DMX as follows:  

Rebound (in/blow) = DMX (in/blow) – inspector set (in/blow)  Equation 3-1 

Pile rebound (in/blow) for each test pile at each site was presented versus depth in order 

to identify rebound zones. Pile rebound varied and ranged from 0 to 1.5 inches per blow. 

Excessive rebound was considered to be any rebound exceeding FDOT’s specification, Section 

455, of 0.25 in/blow or NPD exceeding 240 blow/ft  

3.1.5. Field Tests and Sampling 

CPTu penetration tests were conducted at the FDOT sites using an electrical cone 

penetrometer with pore water transducer behind the cone tip. CPTu soundings were performed 

according to ASTM D-5778 near the associated test piles until refusal or desired depth was met. 

The CPT parameters qc, fs, and u2 were plotted versus depth and used to estimate soil properties. 

SPTs were performed by FDOT as near as possible to the test piles at each site. The SPT 

borings extended deeper than the associated test piles to provide a representative description of 

the soil at each site. SPT borings were performed according to ASTM D-1586. An automatic 

hammer was used to drive the SPT sampler. Disturbed soil samples were retrieved every five feet 

from the split spoon. These samples were packaged for further FDOT examination and 

laboratory testing. The number of blows required to drive the SPT sampler one foot was recorded 

as the N value (NSPT). No corrections were applied to NSPT. When the number of blows exceeded 

50 before the sampler was driven 1 foot, the number of blows was recorded as 50 blows per the 

distance driven, which is normally less than 1 foot. If NSPT exceeded 50 blows over a depth of 

less than12 inches (where D is the depth in inches), the number of blows was multiplied by 

(12/D) to extrapolate to an estimated NSPT. 
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FDOT sponsored a study by Davidson (1999) to investigate SPT hammer efficiencies 

from 58 different drilling systems. Using SPT analyzer equipment (similar to PDA sensors) on 

both automatic and safety hammers, a common correction factor of 1.24 was adopted to convert 

automatic SPT N values to an equivalent safety hammer NES according to 

NES= Nauto x 1.24       Equation 3-2 

 

3.1.6. Field Site Data Processing 

A Google Maps® site location photo was developed for each site showing the SPT, 

CPTu, and the PDA test pile locations. A soil profile was developed from each SPT boring. The 

profile includes the soil type for each layer using both the Unified Soil Classification System 

(USCS) symbols (e.g., SP-SM) and the American Society for Testing and Materials (ASTM) soil 

descriptions (e.g., sand with silt). NSPT was also graphically included versus depth for each 

boring. Drilling crews from Ardaman & Associates, Inc., and the FDOT State Materials Office 

(SMO) performed these tests. CPTu penetration test data, including qc, fs, and u2, were presented 

versus depth. These profiles were used to identify the rebound zones. 

3.2. Description of Sites and Field Testing Data 

3.2.1. I-4 / US-192 Interchange 

3.2.1.1. General Description and Field Testing Locations 

The I-4/US-192 interchange is located in Kissimmee, Florida, Osceola County (See 

Figure 3-1). The site consists of two ramps (CA and BD) and two bridges (US-192 Westbound 

and US-192 Eastbound). The approximate Ground Surface Elevation (GSE) ranges from 95 ft to 

109 ft (North American Vertical Datum of 1988 or NAVD88). The ground water table (GWT) is 

located 10 to 15 feet below GSE. The bridge piers are supported by a group of 24-inch square 

PCPs, 115 ft long. Three test piles (pier 6/pile 16, pier 7/pile 10 and pier 8/pile 4) along ramp CA 

were analyzed (Figure 3-1). They were driven with an ICE 120 S single-acting diesel hammer 

with a rated energy of 120 ft-kips (139 kJ) using a 9-inch thick plywood pile cushion. Pile 

installation included predrilling 30 feet below GSE. SPT and CPTu tests were performed 15 ft to 

20 feet from these test piles (Figure 3-1). 
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Figure 3-1: Test piles, SPT boring, and CPTu sounding locations for I-4/US-192 interchange 

3.2.1.2.  PDA Data and Identification of HPR Zones 

The PDA data digital set and rebound per blow were plotted along with NPD versus depth, 

as shown in Figure 3-2. Rebound of up to 0.25 in/blow occurred at depths between 40 and 70 ft 

for all three test-piles and the corresponding digital set ranged from 0.25 to 0.5 in/blow. As 

shown in Figure 3-2, the rebound zone was identified at depths between 70 and 100 ft. The 

rebound ranges from 0.25 to 0.92 inch/blow and set less than 0.25 inch/blow. This rebound zone 

also produced a rapid increase in the number of blows from an average of 50 blows/ft to 300 

blows/ft. 
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Figure 3-2: Digital set, pile rebound, and NPD versus depth for (a) pier 6/pile 16, (b) pier 7/pile 
10 and (c) pier 8/pile 4 for I-4/US 192 interchange  
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3.2.1.3. SPT Data and General Soil Profile 

At I-4/US-192, three SPT borings (i.e., B-39, B-40, and B-41) were performed 

approximately 15 to 20 feet away from the associated test piles at piers 6, 7, and 8, respectively. 

A general soil profile showing soil stratification and NSPT was developed, as illustrated in Figure 

3-3. GSE varied due to fill for the embankment; therefore, borings B-39 and B-40 GSE were 

109.6 and 108.6, respectively. Boring B-41 GSE was 90.2 ft, or 18 ft lower than those of borings 

B-39 and B-40. When the generalized profiled was developed (Figure 3-3), the soil types and 

NSPT values were based on the adjusted 18 ft depth. The SPT borings extended to a depth of 180 

ft below the GSE.  

The rebound zone at the I-4/US 192 interchange, between 70 ft and 100 ft, is 

characterized by cemented fine sand (SM) with trace phosphate and shell. NSPT ranges from 15 to 

25 blows/ft.  
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Figure 3-3: General soil profile with USCS classification and the actual number of blows (N) 
from SPT borings B-39, B-40, and B-41 for I-4/US 192 Interchange 

3.2.1.4. CPTu Data 

Three CPTu soundings, CPT-4, CPT-3, and CPT-2, were conducted about 15 ft to 20 ft 

from the test piles near ramp CA, pier 6/pile 16, pier 7/pile 10, and pier 8/pile 4 respectively. The 

CPTu soundings extended to a depth of 96 ft, 95 ft, and 105 ft near pier 6, pier 7, and pier 8, 

respectively. The data was presented versus depth as illustrated in Figure 3-4, Figure 3-5, and 

Figure 3-6. The rebound zones at all the test piles were highlighted in the CPTu profiles in order 
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to identify if there is any difference in the measured CPTu parameters (i.e. qc, fs, and u2) at the 

rebound zones.  

Figure 3-4, Figure 3-5, and Figure 3-6 each show that the qc averages 100 tsf in the 

rebound zones (70 ft to 90 ft) and from 100 tsf to 600 tsf in the non-rebound zones. CPTu fs 

increased from 1 tsf to 4 tsf in the rebound zones, and averaged 1 tsf in the upper non-rebound 

zone (30 ft to 70 ft). Note, a zone with high qc and fs is located at depth 10 ft to 30 ft. This zone 

was predrilled; therefore, no PDA information is available. The CPTu u2 depth profiles shown 

Figure 3-4, Figure 3-5, and Figure 3-6, indicate a rapid increase in u2 in the rebound zones, 

where u2 increased from near zero to 500 psi within a depth of about 10 ft.  

 

Figure 3-4: CPTu qc, fs, and u2 versus depth from CPTu-4 near pier 6/pile 16 at I-4/US 192  
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Figure 3-5: CPTu qc, fs, and u2 versus depth from CPTu-3 near pier 7/pile 10 at I-4/US 192 

 

Figure 3-6: CPTu qc, fs, and u2 versus depth from CPTu-2 near pier 8/pile 4 at I-4/US 192  
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3.2.2. State Road 417 International Parkway I-4 Interchange 

3.2.2.1. General Description and Field Testing Locations 

The SR 417 International Parkway I-4 Interchange is located in Osceola County, 15 miles 

north of Orlando in Lake Mary, Florida. It has one ramp and a bridge with two end bents (B1 and 

B2). It connects SR 417 westbound to I-4 westbound as shown in Figure 3-7. GSE at both end 

bents was 72.3 ft (NAVD88) and GWT is located at 6 ft below GSE. Groups of 100-foot long, 

twenty-four inch square PCPs were used to construct the two end bents. Two test piles were 

instrumented with PDA: Pile 14 at end bent B1 and Pile 5 at end bent B2. The piles at B1 and B2 

were predrilled to 15 feet and 27 feet below GSE respectively and then driven with an APE, D 

46-42 single-acting diesel hammer with a 120 ft-kips (139 kJ) rated energy. A nine-inch thick 

plywood pile cushion was used during pile driving. Two SPT borings and two CPTu soundings 

were conducted approximately 30 feet from the test piles as shown in Figure 3-7. 

3.2.2.2. PDA Data and Identification for HPR Zones 

Rebound fluctuated from below 0.25 inch/blow to maximums near 0.5 inch/blow during 

test pile installation. Even though rebound occurred, the test piles were successfully driven; 

therefore, this site is considered a rebound site with acceptable set. From 30 to 40 feet, a rebound 

of about 0.35 inch/blow was recorded during driving of both piles. Rebound also exists from 40 

to 50 feet for B1 Pile 14. A rebound zone exists between 70 and 80 feet for both test piles 14 and 

5, as shown in Figure 3-8. NPD for test pile 5 in B2 also increased to 87 blows/ft in the rebound 

zone, as shown in Figure 3-8b. Test pile 5 at B2 only exceeded the rebound limit of 0.25 in/blow 

at a depth of 20-35 ft and then became relatively constant at less than 0.25 in/blow at a depth of 

35-80 ft. The corresponding NPD, shown in Figure 3-8b, decreased to less than 50 blows/ft 

compared to that recorded at test pile 14 at B1. 
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Figure 3-7: Test piles, SPT boring, and CPTu sounding locations for SR 417 International 
Parkway I-4 Interchange 
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                   ((a)                            ((b)      

Figure 3-8: Digital set, pile rebound, and NPD versus depth for depth for ((a) B1/pile 14 and ((b) 
B2/pile 5 at SR 417 International Parkway I-4 Interchange 

3.2.2.3. SPT Data and General Soil Profile 

Two SPT borings (i.e., SPT-B1 and SPT-B2) were performed at the State Road 417 

International Parkway I-4 Interchange. General soil profile and the recorded NSPT from SPT 

boings are presented graphically versus depth in Figure 3-9. Boring SPT-B1 was located 10 ft 

away from test pile 14 at bent 1(B1) while boring SPT-B2 was located 15 ft away from test pile 

5 at bent 2 (B2). The GSE at both end bents was 72.3 ft. The SPT borings extended to a depth of 

93 ft from the GSE. It can be noticed that cemented silty fine sand (SM) with trace phosphate 

and shell exists in the rebound zone (i.e., 70 ft to 80 ft). The average NSPT is 50 blows/ft  
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Figure 3-9: General soil profile with USCS classification and NSPT from SPT borings SPT-B1 
and SPT-B2 for SR 417 International Parkway I-4 Interchange 

3.2.2.4. CPTu Data 

Two CPTu soundings, CPT-1 and CPT-3, were conducted about 30 ft from the test piles 

at B1 and B2 respectively. The CPT soundings extended to a depth of 74 ft and 70 ft near B1 and 

B2 respectively. The data was presented versus depth as illustrated in Figure 3-10 and Figure 

3-11. A thin rebound zone (70 ft to 75 ft), shown only in B2 Pile 5, was highlighted in the CPTu-

1 profile in order to identify if there is any difference in the measured CPTu parameters (i.e., qc, 

fs, and u2) at the rebound zones. No rebound zones exist in B1/Pile 14; therefore, the data 

sounding CPT-3 was not highlighted.  
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Figure 3-10 contains data that show that qc ranges from 50 tsf to 250 tsf for all depths. 

CPTu fs increased and ranges from 0.5 tsf to 2 tsf in all depths. By inspecting the CPTu u2 

profiles, shown in Figure 3-10 and Figure 3-11, we can see that the pore water pressure increased 

to a maximum value of 50 psi. State Road 417 International Parkway I-4 Interchange is classified 

as a non-rebound site. 

 

Figure 3-10: CPTu qc, fs, and u2 versus depth from CPT-1 near B1/pile 14 at SR 417 
International Parkway I-4 Interchange  
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 Figure 3-11: CPTu qc, fs, and u2 versus depth from CPT-3 near B2/pile 5 at SR 417 
International Parkway  

3.2.3. State Road 50 over State Road 436 

3.2.3.1. General Description and Field Testing Locations 

This site consists of the intersection of SR 50 and SR 436, and is located in Orlando, 

Orange County, Florida. The SR 50 Bridge extends over SR 436 from the west to the east of SR 

436. The GSE of the site is 99 ft (NAVD88) and the GWT is located at 4 ft below the GSE. 

Twenty-four inch square PCPs 101 ft long were designed to support the SR50/SR436 overpass. 

Test pile 5 at the westbound lane of the overpass was instrumented with PDA. The test pile was 

placed in a predrilled hole to a depth of 32 ft from GSE before driving. A pile cushion, 14 inches 

thick, was used to drive the pile using an APE D62-42 single-acting diesel hammer with a ram 

weight of 13 kips and energy of 154 ft-kips (210 kJ). One SPT boring and CPT sounding were 

conducted 35 ft away from the test pile. Field-testing locations are shown in Figure 3-12. 
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Figure 3-12: Test piles, SPT boring, and CPTu sounding locations for SR50/SR436 

3.2.3.2. PDA Data and Identification of HPR Zones 

The PDA data is shown in Figure 3-13 for SR 50 over SR 436. Rebound increases from 

zero at 30 ft to between 0.5 and 0.75 inch/blow from 40 to 55 ft. Then it decreases to zero and 

remains relatively constant until a depth of about 68 ft, when it begins to increase to a maximum 

of about 1 inch near 75 ft before decreasing to about 0.3 inches at the end of the sounding.  

Figure 3-13 indicates that the significant rebound zone with a maximum rebound of 1 

inch/blow is located at a depth of 70-80 ft. In terms of the number of blows, Figure 3-13 shows 

that a minimum number of 4 blows/ft in the non-rebound zone and a maximum number of 300 

blows/ft in the rebound zone were recorded. In terms of the digital set, a 2-inch maximum set 

was recorded between 32 ft and 70 ft and a minimum between zero and 0.35 inches between 70 

ft and 80 ft, as can be seen in Figure 3-13. Therefore, the rebound zone at SR 50/ SR 436 is 

located at a depth of 70 ft to 80 ft.  
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Figure 3-13: Digital set, pile rebound, and NPD versus depth for pile 5 for the westbound side of 
SR 50 / SR 436 

3.2.3.3. SPT Data and General Soil Profile 

Standard penetration test boring TH-4B at SR 50/SR 436 was driven 30 ft away from test 

pile 5 located along the westbound side of the bridge. Figure 3-14 presents a general soil profile 

and NSPT that were recorded during the SPT. The GSE for this boring was 99 ft. The SPT boring 

was predrilled to a depth of 10 ft and extended to a depth of 100 ft below GSE. The rebound 

zone (70 ft to 80 ft) is characterized by silty fine sand (SM) with trace clay and high plasticity 

clay (CH) with trace phosphate. The average NSPT is 25 blows/ft for all depths other than the 

rebound depths where NSPT suddenly increased from 15 blows/ft to 150 blows/ft.   
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Figure 3-14: General soil profile with USCS classification and the actual NSPT from SPT boring 
TH-4B near pile 5 at the westbound side of SR50/SR436 

3.1.1.1. CPTu Data 

A CPTu sounding, CPT-1, was conducted 35 ft away from test pile 5 in the westbound 

lane of SR 50/SR 436. The CPT sounding extended to a depth of 77 ft below GSE. The data was 

presented versus depth as illustrated in Figure 3-15. Using the PDA data, the rebound zone (i.e., 

70 ft to 80 ft) was highlighted in the CPTu profiles in order to identify if there is any difference 

in the measured CPTu parameters (i.e. qc, fs, and u2) in the rebound zone.  
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Figure 3-15 shows that qc ranges from 30 to 100 tsf in the rebound zone, while it ranges 

from 50 tsf to 300 tsf in the non-rebound zones. The sleeve friction (fs) increased from 0.5 tsf to 

2.5 tsf in the rebound zones, while it has an average of 1 tsf in the upper non-rebound zone (30 ft 

to 70 ft). However, a zone of high qc and fs is located at depth 10 ft to 30 ft. This zone was 

predrilled before pile driving; therefore, no information is available about pile rebound. 

Inspecting the u2 profile seen in Figure 3-15 shows a rapid increase in u2 within the rebound 

zones. The pore water pressure increased from 50 psi to 300 psi within a distance of about 5 ft.  

 

Figure 3-15: CPTu qc, fs, and u2 versus depth from CPT-1 near pile 5 at the westbound side of 
SR 50 / SR436 

 

3.2.4. I-4 / State Road 408 Interchange, Ramp B 

3.2.4.1. General Description and Field Testing Locations 

The I-4/SR 408 interchange is located in downtown Orlando, Orange County, Florida. 

The GSE of the site is 106 ft (NAVD88) and the GWT is located at 5 ft to10 ft below the GSE. 

SR 408 and ramp B extend over I-4. Ramp B consists of 16 piers with bridge span lengths 

varying from 139 ft to 263 ft. Pile 5 at the second pier of ramp B was driven as an instrumented 

test pile. The test pile was an 18-inch square PCP with a length of 97 ft. A Delmag D36-32 
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single-acting diesel hammer with a 9-inch plywood cushion was used to drive the pile into a 12-

ft predrilled hole to a depth of 95 ft from GSE. An SPT boring and a CPT sounding were 

conducted 75 ft away from the test pile, as shown in Figure 3-16. 

.  

Figure 3-16: Test pile, SPT boring, and CPTu sounding locations for I-4/SR 408 (Ramp B) 

3.2.4.2. PDA Data and Identification of HPR Zones 

An average rebound of 0.35 in/blow was recorded at depths ranging from 10 to 95 ft 

during driving of pile 5 at pier 2 for I-4/State Road 408 Ramp B with an average pile set of 0.25 

in/blow, as can be seen in Figure 3-17. The average NPD ranged from 25 to 50 blows/ft. This site 

was considered a non-rebound site.   
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Figure 3-17: Digital set, pile rebound, and NPD versus depth for pier 2/pile 5 at Ramp B of I-4 / 
SR 408 

3.2.4.3. SPT Data and General Soil Profile 

The SPT boring B-101 with a 103.3 ft GSE was driven at a distance of 20 ft away from 

the test pile 5 at the second pier of ramp B at the I-4/State Road 408. This boring was predrilled 

to a depth of 10 ft and extended approximately to a depth of 135 ft from the mentioned GSE. 

NSPT was recorded and presented versus depth, as illustrated in Figure 3-18. The average NSPT is 

10 blows/ft at depth 10 ft to 70 ft and then is increased to an average of 20 blows/ft at depth 70 ft 

to 95 ft. The disturbed samples extracted during the test were classified according to the USCS 

and were used to develop the geotechnical profile shown in Figure 3-18. 
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Figure 3-18: General soil profile with USCS classification and the actual number of blows (N) 
from SPT boring B-101 near pier 2/pile 5 at ramp B of I-4/SR 408 

3.2.4.4. CPTu Data 

A CPTu penetration test, CPT B-109, was conducted 75 ft from test pile 5 within the 

second pier of ramp B at I-4/SR 408. The CPT sounding extended to a depth of 92.5 ft below 

GSE. The data was presented versus depth as illustrated in Figure 3-19. There are no HPR zones 

highlighted because this site was considered a non-rebound site.   
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The plots in Figure 3-19 show that qc ranges from 30 to 120 tsf, and fs ranges from 0.25 

tsf to 0.75 tsf. The u2 profile shows that it rapidly increased at 55 ft and remained above the 

hydrostatic pressures to the end of the sounding at 92.5 ft. Comparing this data to the PDA in 

Figure 3-17 shows that an increase in NPD from 25 to 50 blows/ft also occurred from 55 ft to 92.5 

ft, while the pile rebound averaged an acceptable 0.25 inch/blow. 

 

Figure 3-19: CPTu qc, fs, and u2 versus depth from CPT B-109 near pier 2/pile 5 at ramp B of I-
4/SR 408 

3.2.5. Anderson Street Overpass 

3.2.5.1. General Description and Field Testing Locations 

The Anderson street overpass is located at the intersection of Interstate 4 (I-4) and State 

Road 408 (SR408), in downtown Orlando, Orange County, Florida. The GSE is 104 ft 

(NAVD88) and the GWT is located at 6 ft to 8 ft from GSE. Six piers and two end bents support 

the bridge, which was constructed using 24-inch square PCPs, 124 ft in length. Two piles at pier 

6, piles 5 and 6, were selected as test piles. The piles were installed in predrilled holes (10 ft and 

30 ft respectively) and driven with a Delmag D62 single-acting diesel hammer with a rated 

energy of 90 ft-kips (122 kJ). Plywood cushions of 12 or 16 inches thick, respectively, were used 

during driving. An SPT boring and a CPTu sounding were conducted 100 ft from the test piles, 

as shown in Figure 3-20.  
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Figure 3-20: Test piles, SPT boring, and CPTu sounding locations for the Anderson Street 
overpass 

 

3.2.5.2. PDA Data and Identification of HPR Zones 

At the Anderson Street overpass, test piles 5 and 6 at pier 6 were driven with PDA 

sensors producing the data shown in Figure 3-21 (a) and (b), respectively. Rebound below 0.5 

inches occurred from start of driving until 90 ft. The corresponding pile, set above 90 ft, ranged 

from 0.7 to 2 inches/blow. At 90 ft, the rebound increased significantly to values up to 1.5 inches 

with a decrease in the corresponding set to nearly zero inch/blow. Figure 3-21 shows that the 

non-rebound zone above 90 ft produced an average NPD of about 20 blows/ft while the rebound 

zone below 90 ft had elevated NPD values as high as 365 blows/ft. 
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                   (a)                             (b) 

Figure 3-21: Digital set, pile rebound, and NPD versus depth for (a) pier 6/pile 6 and (b) pier 
6/pile 5 at the Anderson Street overpass 

3.2.5.3. SPT Data and General Soil Profile 

SPT P6-3 boring was driven 104 ft from GSE and was 40 ft from test piles 5 and 6 at pier 

6 at the Anderson Street overpass. The predrilling depth for this boring was 7 ft and the test 

extended to a depth of approximately 120 ft from GSE. NSPT was recorded and is presented 

versus depth in Figure 3-22. NSPT at between 7 ft and 90 ft had an average of 10 blows/ft then 

increased to 40 blows/ft at a depth of more than 90 ft. The general soil profile was developed as 

shown in Figure 3-22. Three different soils, silty clayey fine sand (SM/SC), clayey fine sand 

(SC), and clay (CH), exist within the rebound zone (90 ft to 110 ft) 
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Figure 3-22: General soil profile with USCS classification and the actual NSPT from SPT boring 
SPT P6-3 near pier 6 at the Anderson Street overpass 

3.2.5.4. CPTu Data 

The CPTu-5 sounding was conducted about 100 ft from pier 6 at the Anderson Street 

overpass. The CPTu sounding extended to a depth of 92 ft below GSE. The data collected was 

presented versus depth, as illustrated in Figure 3-23. By matching this data with the PDA 

presented in Figure 3-21, the rebound zone was identified at a depth of 90 ft to 110 ft. Therefore; 

no conclusion can be made in the rebound zone because the CPTu sounding was terminated at 
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the starting point of the rebound zone. However, the CPTu data were used and discussed as a 

non-rebound CPTu data. 

 

Figure 3-23: CPTu qc, fs, and u2 versus depth from CPT-5 near pier 6 at the Anderson Street 
overpass 

3.2.6. I-4 Widening Daytona 

3.2.6.1. General Description and Field Testing Locations 

The I-4/Deer Wildlife crossing is located in Daytona, Volusia County, Florida. The 

approximate GSE is 42 ft (NAVD88) and the GWT is located at 7 ft below the GSE. The site 

consists of three end bents (EB-1, EB-2, and EB-3). PCPs were used to support the bridges at 

this site. Test pile 5, 24-inch square PCP, 115 ft long, was located at EB-3 and was driven with 

an APE D46-42 S single-acting diesel hammer with a rated energy of 114.11 ft-kips. The 

plywood pile cushion was 14 inches thick. The pile installation began with the predrilling 

process 33 ft below the GSE. The test pile was driven 63 ft through the soil, yielding a total pile 

penetration below the ground of 96 ft. An SPT boring and a CPT sounding were performed 56 ft 

from the test pile. The general site location and the approximate field-testing locations are shown 

in Figure 3-24.  
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Figure 3-24: Test piles, SPT boring, and CPTu sounding locations for I-4 Widening Daytona 

3.2.6.2. PDA Data and Identification of HPR Zones 

The I-4 Widening Daytona PDA data collection started at 45 ft, as can be seen in Figure 

3-25. A high rebound zone was found from 80 to 90 ft where the rebound increases up to 0.5 

inch/blow with a corresponding average set of up to 0.25 inch/blow. Below a depth of 90 ft, the 

rebound decreased to below 0.25 inch/blow. In Figure 3-25, a noticeable increase in NPD 

occurred from an average of 35 blows/ft in the non-rebound zone up to 150 blows/ft in the 

rebound zone. 

CPTu 
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Figure 3-25: Digital set, pile rebound, and NPD versus depth for EB3/pile 5 at I-4 Widening 
Daytona 

3.2.6.3. SPT Data and General Soil Profile 

Standard penetration test boring DC-1 at the I-4 Widening Daytona site was 56 ft from 

test pile 5, located at the third end bent of the bridge. The boring GSE was 109.6 ft. The SPT 

boring extended to a depth of 110 ft. Figure 3-26 presents the NSPT versus depth. In the upper 62 

ft, the average NSPT was 12 blows/ft. NSPT increased to values over 100 near 90 ft. The soil in the 

rebound zone (i.e., 80 to 90 ft) had NSPT values increasing from 12 to 50 or higher and was 

classified as SM silty fine sand with trace shell. 
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Figure 3-26: General soil profile with USCS classification and the actual NSPT from SPT boring 
SPT DC-1 near EB3/pile 5 at I-4 Widening Daytona 

3.2.6.4. CPTu Data 

A CPT sounding was conducted about 56 ft from the test pile 5 EB3 of location I-4 

Widening Daytona. The CPT sounding extended to a depth of 71.5 ft below the GSE. The 

collected data was presented versus depth, as illustrated in Figure 3-27. By matching with the 

PDA presented in Figure 3-27, the rebound zone was identified at a depth of 80 ft. Therefore, no 



 

 123 

conclusion can be made in the rebound zone because the CPT sounding was terminated before 

the start point of the rebound zone. However, the CPT data were used and discussed as a non-

rebound CPT data. 

 

Figure 3-27: CPTu qc, fs, and u2 versus depth near EB3/pile 5 at I-4 Widening Daytona 

3.2.7. State Road 83 over Ramsey Branch Bridge 

3.2.7.1. General Description and File Testing Locations 

Ramsey Branch Bridge is located north of the intersection of SR 83 (US 331) and 

Ramsey Branch Road in Walton County, Florida. The GSE at the site is 1 ft (NAVD 88) and the 

GWT is located at 1 ft below the GSE. The bridge consists of three middle bents and two end 

bents. The end bents EB1 and EB5 consist of four 24-inch square PCPs, while the middle bents 

(EB2, EB3, and EB4) consist of six 24-inch square PCPs. Pile 2 at end bent 5 was selected as a 

test pile for the analysis. Pile installation began with predrilling the soil to 33 ft below GSE 

followed by pile driving approximately 57 ft. An APE D50-42 S single-acting diesel hammer 

with a 15-inch thick plywood cushion was used for pile driving with a rated energy of 115.6 ft-

kips. Two CPT tests, CPT-1 and CPT-2, and three SPT borings, B-1, B-2, and B-3, were 

conducted at the site. Figure 3-28 shows the overall view of the site and the field-testing 

locations. 
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Figure 3-28: Test pile, SPT boring, and CPTu soundings locations for SR 83/Ramsey Branch 
Bridge 

3.2.7.2. PDA and Identification of HPR Zones 

The PDA data is shown in Figure 3-29 for the State Road 83 over Ramsey Branch 

Bridge. All the test depths produced a rebound greater than 0.25 inch/blow; therefore, the entire 

driving depth is the HPR zone. The maximum rebound of 1.3 inches/blow occurred at depths of 

33 ft and 62 ft. The corresponding set was 1 to 0.15 inch/blow, respectively. NPD of 100 and 150 

blows/ft occurred at the depths 40 feet and 63 feet respectively. Figure 3-29 shows that the zone 

from 63 to 76 feet has HPR from about 0.3 to 1.5 inches/blow, with most of the values near 1 

inch. Also the pile set remained below 0.15 inch/blow. NPD increased from 12 to 150 blows/ft 

within this range. Therefore, the most critical HPR zone exists between 63 and 76 feet.  

CPTu 2 

CPTu 1 
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Figure 3-29: Digital set, pile rebound, and NPD versus depth for EB5/pile 2 at SR 83/Ramsey 
Branch Bridge 

3.2.7.3. SPT Data and General Soil Profile 

The SPT boring B-3 with a 1.0 ft GSE was driven at a distance of 60 ft away from the 

test pile 2 at end bent 5 of the location State Road 83 over Ramsey Branch Bridge. This boring 

was drilled approximately to 100 ft from GSE. NSPT was recorded and presented versus depth, as 

illustrated in Figure 3-30. The soil in the rebound zone (i.e., 63 to 76 ft) was classified as 

cemented clayey fine sand (SC).  
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Figure 3-30: General soil profile with USCS classification and the actual NSPT from SPT boring 
B-3 near EB5/pile 2 at SR 83/ Ramsey Branch Bridge 

3.2.7.4. CPTu Data 

Two CPT soundings, CPT-1 and CPT-2, were conducted about 28 ft north EB5/pile 2 at 

SR 83/Ramsey Branch Bridge. The soundings extended to an average depth of 77 ft. The data 

was presented versus depth as illustrated in Figure 3-31 and Figure 3-32. The rebound zones at 

all the test piles were highlighted in the CPT profiles in order to identify if there is any difference 

in the measured CPT parameters (i.e., qc, fs, and u2) at the rebound zones.  
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Figure 3-31 and Figure 3-32 show that the cone resistance had an average of 50 tsf at the 

zone from the GSE to 62 ft and then increased to an average of 250 tsf below 62ft. CPTu fs 

fluctuated from 0.5 to 3.5 tsf through all depths. Inspecting the CPTu u2 profiles, shown in 

Figure 3-31 and Figure 3-32, shows that a significant increase in u2 started at 40 ft and ended 

near 74 ft. The pore water pressure increased from 1 psi to 570 psi within a vertical distance of 

about 5 ft.  

3.2.8. Saint Johns Heritage Parkway, Brevard County, Florida 

3.2.8.1. General Description and File Testing Locations 

The Saint Johns Heritage Parkway (Heritage Parkway) is located north of SR 514 

Malabar Road, about 5 miles west of Interstate 95 in Brevard County, Florida. The GSE under 

the bridge is 17.12 ft (NAVD 88) and the GWT is located 15 ft below the GSE. The bridge 

consists of three middle bents and two end bents. The end bents EB1 and EB5 consist of seven 

18-inch square PCPs while the middle bents (EB2, EB3, and EB4) consist of ten 18-inch square 

PCPs. Pile 5 at end bent 1 and pile 1 bent 3 were selected as a test piles. Pile installation began 

with predrilling the soil to 23 ft below the GSE with a 24 auger, followed by pile driving to 

elevation -90 ft. APE’s D36-32 single-acting diesel hammer with a rated energy of 88.375 ft-kips 

with a 12 inch thick plywood cushion was used for pile driving. A series of CPTu tests and two 

SPT borings, TH-5, and TH-6, were conducted at the site (See Figure 3-33). 

3.2.8.2. PDA and Identification of HPR Zones 

At Heritage Parkway, the PDA results shown in Figure 3-34 indicate that a rebound 

greater than 0.25 inch/blow occurs between 32 and 50 ft; however, the maximum rebound is only 

about 0.5 inches. The remaining pile driving produced acceptable sets. This site is considered a 

rebound site with acceptable set.  

3.2.8.3. SPT Data and General Soil Profile 

At Heritage Parkway, the SPT results, shown in Figure 3-34, indicate an increase in NES 

at the same depths that rebound increased. The soils in this zone are cemented SM and SP-SM 

sands. FC values were in the 25% range.  
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Figure 3-31: CPTu qc, fs, and u2 versus depth from CPT-1 near EB5/pile 2 at SR 83/ Ramsey 
Branch Bridge 

 

Figure 3-32: CPTu qc, fs, and u2 versus depth from CPT-2 near EB5/pile 2 at SR 83/Ramsey 
Branch Bridge 
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3.2.8.4. CPTu Data 

At Heritage Parkway, the CPTu testing was problematic. Gray sand with silt and 

abundant shell (Figure 3-34) prevented the CPTu cone from being advanced throughout the 

entire profile. Therefore, CPTu testing was attempted twice. The first time data was only 

obtained to a depth of about 35 feet, which was the beginning of the problematic layer of sand 

with silt and shell (Figure 3-34). The second attempt, which produced CPTu soundings to about 

85 feet, was accomplished by predrilling through this shell layer to a depth of 55 feet before 

testing. As a result of the two-part CPTu testing, no data could be obtained in the rebound zone 

(i.e., between about 35 and 55 feet); therefore, this data was not included in the analyses. To 

construct CPTu data versus depth, the upper CPTu data was combined with the lower data.  

Figure 3-35 shows the combined qc, fs, and PWP versus depth. A large increase in PWP occurs in 

the 60-foot zone; however, rebound did not increase in this same zone, as shown in Figure 3-34. 

 

Figure 3-33: Site Location and test pile, SPT boring and CPTu sounding locations for Heritage 
Parkway, Brevard County, Florida 

 

Pile:&EB1,&P5&&

SPT:&FDOT&2014&

Pile:&EB5,&P1&&

Pile:&B3,&P1&

SPT:&TH65&

SPT:&TH66&

Melbourne&Tillman&Canal&

CPTu:&FDOT&1&&&2&
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Figure 3-34: (a) FDOT and TH-6 soil profile, (b) PDA diagram, (c) !!"#$ and FC for Heritage 
Parkway test pile B3P1 
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Figure 3-35: Combined CPTu Data from Heritage Parkway 

3.2.9. I-10 Chaffee Road, Duval County, Florida 

3.2.9.1. General Description and File Testing Locations 

The I-10 Chaffee Road Interchange is located west of downtown Jacksonville, about five 

miles west of Interstate 95 in Brevard County, Florida. The GSE of the site is 63.08 ft (NAVD 

88) and the GWT is located 5 ft below GSE. The bridge consists of three middle bents and two 

end bents. The end bents EB1 and EB5 consist of four 18-inch square PCPs while the middle 

bents (EB2, EB3, and EB4) consist of six 18-inch square PCPs. Pile 5 at end bent 1 and pile 1 

bent 3 were selected as a test piles. Pile installation began with predrilling the soil to 33 ft below 

the GSE followed by pile driving approximately 89 ft. A Pileco D35-22 single-acting diesel 

hammer with a 12-inch thick plywood cushion was used for pile driving. A CPT (note: no pore 

pressures were included test was attempted and only could be advanced 12 feet from GSE 

(Figure 3-36). One SPT boring was conducted at the site (Figure 3-36). 
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Figure 3-36: Site location, SPT boring and CPT sounding for I-10 Chaffee Road Interchange, 
Duval County, Florida 

3.2.9.2. PDA and Identification of HPR Zones 

At the I-10 Chaffee Road Interchange, the test depths below 45 feet produced a rebound 

greater than 0.25 inch/blow, with maximum rebounds near 2.0 inches/ blow. However, the iSet 

was large enough (i.e., between 2 to 4 inches) to allow the pile to penetrate adequately during 

installation. This site is considered an HPR with acceptable set.   

3.2.9.3. SPT Data and General Soil Profile 

The SPT boring with a 63.08 ft GSE was placed 60 ft away from the test pile 2 at end 

bent 5 of the I-10 Chaffee Road Interchange. This boring was extended to a depth of 

approximately 100 ft. NSPT was recorded and is presented versus depth in Figure 3-37. The NSPT 

values decreased to near zero in the HPR zone. The soils in the rebound zone (i.e., 45 to 80 ft) 

were mostly classified as clayey fine sand (SC) or sandy clay (CH). Limited FC data from 

indicate a very high value (i.e., 94% at 49.5 ft).  
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Figure 3-37: (a) Soil Profile, (b) PDA diagram, (c) !!"#$ and FC for I-10 Chaffee Road 
Interchange test pile B3 EB 1 

3.2.9.4. CPTu Data 

A CPT sounding was conducted to a depth of 12 feet. This testing did not produce 

enough data for further analysis and therefore is not included. 

3.3. Summary of All Field Testing Results 

The SPT data shows that seven major soil types were found at all the sites:  

1. Clayey sand with and without trace shell (SC)  

2. Silty sand soil with and without trace phosphate and shell (SM)  

3. Clay (CH)  

4. Poorly graded fine sand (SP)  
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5. Poorly graded fine sand with silt (SP-SM)  

6. Fine sand with clay (SP-S(C) 

7. Silty clayey fine sand (SM-S(C).  

All soils in the rebound zones are characterized as clayey fine sand (SC) or silty fine sand (SM) 

with trace phosphate and shell.  

Measured CPT u2 profiles show an excellent relationship between measured pore 

pressure during CPT soundings and pile rebound. Generally, CPT pore water pressure was found 

to increase rapidly from low values up to 570 psi within a vertical distance of 5 ft to 10 ft. The 

rapid jump in pressure started at the same depth as the measured increase in soil rebound. The 

highlighted zones with HPR up to 1.5 inches/blow and blow counts from 100 to 300 blow/ft are 

characterized by elevated pore pressures up to 570 psi, which is noticeably higher than that in the 

zones of rebound less than 0.25 inch/blow and blow count less than 50 blow/ft.  

The field-testing data is summarized in Table 3-2 for all locations. It shows some 

differences between the HPR and nonHPR data; with higher values in the rebound zone than 

nonHPR zone. Because the CPTu equipment could not penetrate the deeper strata, cone data 

could not be recorded in the rebound zones for two of the seven sites. Table 3-3 shows the 

overall average PDA, SPT, and CPT data for the HPR and nonHPR soils. It more clearly shows 

that the HPR soils produced higher average rebound, NPD, NSPT, qc, fs and u2 values, and lower 

inspector sets.  
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Table 3-2: Summary of Field Testing Data for all Locations  

 
*Cemented soil with trace phosphate and/or shell   STAR: Sounding terminated above rebound zone 

 

Table 3-3: Average Results for NonHPR and HPR Sites 

 

 

 

 

 

 

 

 

 

 

Rebound 
(inch/blow)

Inspector 
Set 

(inch/blow)

NPD 
(blow/ft.)

NSPT
USCS Soil 

Type

Cone 
resistance qc 

(tsf)

Sleeve 
friction fs 

(tsf)

Pore 
pressure u2 

(psi)
40 – 65 ≤ 0.25 0.25 to 0.5 ave. 50 ave. 20 SP, SP-SM 100-300 0.1 – 1 0 – 5 
65 –100 0.25 to 0.9 ≤ 0.25 70 – 300 > 25 SM* 50 – 100 1 – 4 300 – 550 
40 – 70 0.15 0.35 to 0.75 18 – 40 ave. 10 SP-SM, SM 50 – 100 ave. 0.5 10 – 50 
30 – 40 ave. 10 SM 50 – 300 0.5 – 2.5 ave. 5
70 – 80 ave. 50 SM, SC 50 – 100 ave. 0.5 20 – 40 
55 – 70 0.05 up to 3.5 ave. 10 5 – 10 SP 50 – 200 0.2 – 0.5 0 – 25 
40 – 55 0.5 ≤ 0.27 25 – 45 ave. 20 SM 50 – 150 1 – 1.5 ave. 25
70 – 80 1 0.04-0.24 50 – 300 ave. 15 SM*, CH* 50 – 100 0.5 – 3 75 – 300 
12 –75 ≤ 0.25 up to 1.5 15 – 45 5 – 10 SP, SP-SM ave. 100 ave. 0.25 0 – 100 
75 – 80 0.3 to 0.4 0.2 to 0.35 50 – 88 10 – 20 SC 30 – 100 0.25 – 0.75 50 – 100 

10 – 90 ≤ 0.25 up to 2.5 ave. 15 3 – 10 SP, SP-SM, 
SP-SC 100 – 200 1 – 2 0 – 100 

90 –110 up to 1.0 0.05 to 0.15 50 – 365 10 – 20 SC* STAR STAR STAR
45 – 55 3 – 10 SP, SP-SM 50 – 200 0.5 – 1.5 0 – 20 
55 –73 10 – 25 SP-SM, SM 25 – 100 0.25 – 1 60 – 140 
80 – 90 0.25 to 0.5 ≤ 0.25 50 – 150 > 50 SM* STAR STAR STAR

40 – 60 0.25 to 0.5 1.25 ave. 15 ave. 5 SC ave. 50 0.5 – 1.5 100 – 450 
30 – 40 ave. 5 SC 50 – 150 1 – 4.5
60 – 90 5 – 10 SC* 50 – 200 1 – 3.5

CPT Data

I-4 / US-192 
Interchange

I-4 / SR 408 
Ramp B

Location 
Name Depth (ft.)

PDA Data SPT Data

SR 417 
International 
Pkwy 0.25 to 0.4 ≤ 0.32 50 – 87 

SR50 / 
SR436

ave. 450

Anderson 
Street 
Overpass

I-4 Widening 
Daytona

≤ 0.25 0.25 to 0.35 ave. 45

SR 83 / 
Ramsey 
Branch 
Bridge

up to 1.5 0.05 to 0.25 50 – 150 

SPT Data

Rebound 
(inch/blow)

Inspector 
Set 

(inch/blow)

Driving 
Blows 

(blow/ft.)
NSPT

Point 
Resistance 

qc (tsf)

Sleeve 
Friction fs 

(tsf)

Pore 
Pressure u2 

(psi)
Ave NonHPR 37-70 0.21-0.24 1.2-1.3 27-33 8-13 66-156 0.4-1.0 21-111
Ave HPR 61-77 0.36-0.81 0.2-0.3 50-172 20-23 48-150 0.7-2.5 172-240

Site Type Depth (ft.)

PDA Data CPT Data
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4. Analysis of CPTu Field Testing Data 
The CPTu, SPT and laboratory data analysis is presented in the following chapters. The 

CPTu analysis is presented first, followed by the SPT and then the laboratory analyses. Table 4-1 

is a summary of the sites tested using both SPT and CPTu equipment. 

4.1. Overview of the CPTu Analysis  

HPR analyses focused on developing relationships with soil properties using data from all 

possible sites. The analysis of the CPTu data was performed to characterize the soil behavior 

type (SBT) of soils at seven of the HPR sites (Table 4-1). The CPTu data was used to develop a 

soil stratigraphy for each site. The following six-geotechnical soil properties were estimated 

using existing CPTu correlations: 

1. Soil density 

2. Permeability  

3. Relative density  

4. State parameter (einitial – ecritical)  

5. Over-consolidation ratio   

6. Undrained shear strength  

After each property was calculated, it was plotted versus depth to develop a complete profile for 

each site and identify the differences in these soil properties in the rebound and non-rebound 

zones. 

Table 4-1 SPT and CPTu Testing Sites 

  

SPT CPTu
1 I(4*/*US(192*Interchange*/*Osceola*County*/*Florida ✔ ✔

2 State*Road*417*International*Parkway*/*Osceola*County*/*Florida ✔ ✔

3 State*Road*50*and*State*Road*436*/*Orange*County*/*Florida ✔ ✔

4 I(4*/*State*Road*408*Ramp*B*/*Orange*County*/*Florida ✔ ✔

5 Anderson*Street*Overpass*at*I(4/SR(408*/*Orange*County*/*Florida ✔ ✔

6 I(4*Widening*Daytona*/*Volusia*County*/*Florida ✔ ✔

7 State*Road*83*over*Ramsey*Branch*Bridge*/*Walton*County*/*Florida ✔ ✔

8 Saint*Johns*Heritage*Parkway/*Brevard*County ✔

9 I(10*Chaffee*Road/Duval*County*Florida ✔

Number Description Testing
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4.2. Estimation of Soil Stratigraphy Using CPTu Data 

Licensed geotechnical software, CPeT-IT v.1.6 (2014), was used to process the CPTu 

data. Gregg Drilling and Testing, Inc., developed this software in collaboration with Peter 

Robertson. The normalized soil behavior type index (Ic) proposed by Robertson (1990) was used 

in the correlations for the six parameters. CPeT-IT software inputs the CPT results for each site 

and outputs depth profiles for cone tip (qc), sleeve friction (fs), cone pore water pressure 

measured directly behind the cone tip (u2), and soil type profiles in addition to the six soil 

properties listed above and along with normalized soil behavior type charts.  

In order to use the SBT charts, the total and effective overburden stresses were 

calculated. Therefore, the soil density was first estimated based on the non-normalized CPTu 

data using the following Robertson and Cabal (2010) correlation:  

γ γ! = 0.27! logR! + 0.36! log q! p! + 1.236    Equation 4-1 

where 

Rf = measured cone friction ratio, R! = ! f! q!! !×100!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
qt = corrected cone tip resistance for pore pressure = qc+(1-an)u2 

an = net area ratio for the cone, typical range between 0.70 and 0.85 

pa = the atmospheric pressure in the same units of qt. 

 

The resulting estimated variation of soil density with depth for each of the seven sites is 

presented in Figure 4-1 to Figure 4-7. Using the associated PDA data, the rebound zones were 

highlighted in the density-depth distribution plots to better aid in the analysis. In general, a 

saturated soil density range between 80 and 130 lb/ft3 exists throughout these profiles. A range 

from 115 to 130 lb/ft3, with an average soil density of 125 lb/ft3, exists in the rebound depths for 

all sites (Figure 4-1 to Figure 4-7). In order to verify the CPTu-based soil density in the rebound 

zones, the results were compared to the estimated soil density using SPT data. Using the SPT 

data, it was concluded that the number of blows in the rebound zones ranged from 15 to 35. For 

those N-values, the published saturated soil density ranges from 110 lb/ft3 to 130 lb/ft3, with an 

average of 120 lb/ft3 (Bowles, 1988). The CPTu saturated density of soils within the rebound 

zones is located in the upper limit of the published density range of 90-130 lb/ft3 (Coduto, 2001). 
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 (a)                      (b)                       (c)  

Figure 4-1: Saturated density versus depth for I-4/US 192 at (a) Pier 6/pile 16, (b) Pier 7/pile 10, 
and (c) Pier 8/pile 4 respectively with HPR zones shaded 
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  (a)                                      (b) 

Figure 4-2: Saturated density versus depth for SR 417 International Parkway at (a) B1/pile 14 (b) 
B2/pile 5 

 

Figure 4-3: Saturated density versus depth for SR 50/SR436 at westbound/pile 5 with HPR zones 
shaded 



 

 140 

   

Figure 4-4: Saturated density versus depth for I-4/SR408 at pier 2/pile 5 

 

 

 

Figure 4-5: Saturated density versus depth for Anderson Street at pier 6/piles 5 and 6 with HPR 
zones shaded 
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Figure 4-6: Saturated density versus depth for I-4 Widening Daytona at EB3/pile 5 with HPR 
zones shaded 

 

 

Figure 4-7: Saturated density versus depth for SR 83/Ramsey Branch Bridge at EB5/pile 2 with 
HPR zones shaded 
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Using the CPT-based soil density profiles, the total and effective overburden stresses were 

calculated and then used in CPeT-IT v.1.6 (2014) in order to produce normalized CPT 

information. The following profiles were produced:  

• normalized soil behavior type index (Ic)  

• normalized soil behavior type (SBTn) zone 

• soil descriptions  

• typical geotechnical sections. 

These profiles for the seven sites are presented in Figure 4-8 to Figure 4-17. CPeT-IT v.1.6 

(2014) produces color-coded SBTn zones to aid in visual representation. The Ic profiles represent 

the variation of soil behavior type. The Ic profiles illustrated in Figure 4-8 to Figure 4-17 show 

that all rebound zones have an Ic from 2.4 to 3.0. Based on Robertson’s (1990) findings, this 

range classifies the soils as sand to silt/clay mixtures. The typical geotechnical sections for all 

sites presented in Figure 4-8 to Figure 4-17 show that the soils in the rebound zones classify as 

silty clay, clayey silt, sandy silt, and silty. 

Comparing this result with the USCS-based soil classification, the soils in these zones 

were classified similarly as either silty sand (SM) or clayey sand (SC). This difference is likely 

to occur in the mixed soils region (i.e., sand-mixture and silt-mixture) (Robertson & Cabal 

2015). Molle (2005) concludes that the differences between USCS-based and CPT-based soil 

types are related to soil classification criteria for each method. CPT-based soil classification 

depends on the cone response to the in- situ mechanical behavior, while the USCS-based 

classification depends on the grain size distribution and soil plasticity. He concludes that grain 

size and soil plasticity relate reasonably well.”  

Molle (2005) also concluded that soils with less than 50% fines may be classified as SM 

or SC, based on the USCS, and plasticity (soil with low plasticity classified as a silt whereas a 

soil with high plasticity classified as clay). When classifying with the CPT, if fines have a high 

clay content and high plasticity, the soil behavior may be more controlled by the clay and 

therefore CPT-based classification will predict a more clay-like behavior. If non-plastic fines 

exist, the sand will control the soil engineering behavior more and the CPT-based classification 

would predict a more sand-like soil type. 
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Based on the SBTn chart developed by Robertson (1990), it can be concluded 

that the mixed soils in the rebound zones contain a large percent of high plasticity 

fines, produce a clay-like behavior, and classify as clay to silty clay.  

 
Figure 4-8: Normalized soil behavior type index and typical geotechnical section for I-4/US 192 

at Pier 6/pile 16 with HPR zone shaded (GSE = 109.6 ft)  
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Figure 4-9: Normalized soil behavior type index and typical geotechnical section for I-4/US 192 
at Pier 7/pile 10 with HPR zone shaded (GSE = 108.6 ft)  

  

 100 
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Figure 4-10: Normalized soil behavior type index and typical geotechnical section for I-
4/US 192 at Pier 8/pile 4 with HPR zone shaded (GSE = 90.2 ft)  
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Figure 4-11: Normalized soil behavior type index and typical geotechnical section for SR 
417 International Parkway at B1/pile 14 (GSE = 72.3 ft) 
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Figure 4-12: Normalized soil behavior type index and typical geotechnical section for SR 
417 International Parkway at B2/pile 5 (GSE = 72.3 ft) 
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Figure 4-13: Normalized soil behavior type index and typical geotechnical section for SR 
50/SR436 at west bound/pile 5 with HPR zone shaded (GSE = 99.0 ft) 
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Figure 4-14: Normalized soil behavior type index and typical geotechnical section for I-

4/SR408 at pier 2/pile 5 (GSE = 106 ft)  



 

 150 

 

Figure 4-15: Normalized soil behavior type index and typical geotechnical section for Anderson 
Street overpass at pier 6/pile 5, 6 with HPR zone shaded (GSE = 104 ft)  
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Figure 4-16: Normalized soil behavior type index and typical geotechnical section for I-4 
Widening Daytona at EB3/pile 5 (GSE = 42.0 ft)  
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Figure 4-17: Normalized soil behavior type index and typical geotechnical section for SR 
83 over Ramsey Branch Bridge at EB 5/pile 2 with HPR zone shaded (GSE = 1.0 ft) 
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4.3. Analysis of the Estimated Soil Properties 

According to the CPT-based soil classifications, it can be concluded that both the 

rebound and non-rebound zones are silty sand, sandy silt, clay, and silty clay soils. Therefore, a 

unique soil type is not an indicator to predict the rebound problem. To determine if other 

parameters may be useful, estimated Dr, ψ and OCR values were evaluated.  

The state parameter (eo – ecs) describes the behavior of dense and loose sand more 

precisely in terms of initial and critical void ratio (Bolton, 1986). The void ratio increases (i.e., 

soil expands) in dense sand while it decreases in loose sand (i.e., soil contracts). Therefore, dense 

soil is characterized by a negative state parameter whereas loose sand is characterized by a 

positive state parameter. Jefferies and Been (2006) suggested that soils with a state parameter 

less than -0.05 are dilative at large strains.  

Figure 4-8 through Figure 4-17 show that some of the rebound zones are characterized by 

medium dense to dense silty sand to sandy silty soils with ψ ranging from -0.05 to -0.2.  

However, for the I-4 Widening in Daytona, medium to dense silty sand soil exists at a depth of 

45 ft – 55 ft with ψ  ranging from -0.1 to -0.13 where no rebound occurs. This location was 

predrilled to 40 ft before pile driving and therefore, no pile rebound was recorded. The other 

rebound zones are characterized by overconsolidated clay to silty clay soils with OCR ranging 

from 5 to 10. The soils in the rebound zones tend to dilate during the undrained loading due to 

the densification of the silty sand and sandy silt soils and overconsolidation of the silty clay and 

clay soils.  

Some of the non-rebound zones presented in Figure 4-8 through Figure 4-17 are 

characterized by loose to medium dense soils with state parameters ranging from -0.05 to 0.15. 

Other non-rebound zones are characterized by normally consolidated to overconsolidated silty 

clay and clay soils with OCR ranging from 2 to 3. Therefore, the soils in the non-rebound zones 

tend to contract during pile driving. As a conclusion, the rebound zones are characterized by 

dilative soils whereas the non-rebound zones are characterized by contractive soils. 

Soil dilation or contraction affects the generation of excess pore water pressures during 

pile driving and affects the shear strength of granular and cohesive soils (Das, 2008). Therefore, 
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the behavior of dilative and contractive soils in terms of pore water pressure generation and shear 

strength was studied and analyzed and is presented in the next section.     

4.4. Analysis of CPTu Pore Water Pressures  

CPTu testing in saturated soils may produce excess pore water pressures in the vicinity of 

the cone sleeve and tip. These pore pressures occur in conjunction with (1) changes in the normal 

compressive stress (∆σ), (2) the displacement of the soil particles and surrounding water, and (3) 

the shear stress (∆τ) due to the shear deformation of the soil adjacent to the cone. For penetration 

in saturated low permeability soils, these changes occur during undrained conditions (Burns & 

Mayne, 1998). Three additive components of pore water pressure exist when a cone penetrates 

any saturated soil deposit: hydrostatic pressures, normal compressive stress-induced, and shear 

stress-induced pore water pressure, as presented in the following equation: 

u! = u! + ∆u!"# + ∆u!"#$%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 4-2 

where   

um = measured pore pressure during cone penetration 

 uo = hydrostatic pore water pressure  

∆ucom = compression-induced pore water pressure   

∆ushear = shear-induced pore water pressure  

 

These three components cannot be measured or distinguished separately during CPTu 

testing. However, approaches have been developed to estimate the compression-induced and the 

shear-induced pore water pressures. The hydrostatic pore pressure is the water density times the 

depth and is positive. The compression-induced pore water pressure models were developed 

according to cavity expansion theory. The principle of the expansion theory is that “the pressure 

required to produce a deep hole in an elastic-plastic medium is proportional to the required 

pressure of expanding a cavity of the same volume under the same conditions” (Gui & Jeng, 

2009). Torstensson (1977) assumed that a plasticized spherical zone is generated around the cone 

tip due to the changes in the normal stresses during cone penetration. The radius of the cone and 

the rigidity index of the surrounding soil affect the size of the plasticized zone.  
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The shear-induced pore water pressure represents the final component. The zone of 

influence of the shear stress is limited to a thin layer along the cone sleeve (approximately 10 

mm). Figure 4-18 shows the zones affected by cone penetration (Burns & Mayne, 1999).  

 

Figure 4-18: Zones affected by cone penetration (from Burns & Mayne, 1999) 

Burns and Mayne (1999) developed two models to estimate both pore water pressure 

components induced due to penetration of a CPTu into clay soils. The equations for these models 

are:  

∆u!"#$%&''(") = !
! σ!!" !!!

!"#
!

!.!
ln I!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 4-3 

∆u!"#$% = σ!!" 1− !"#
!

!.!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 4-4 

where   

σ!!" = effective overburden stress 

M = 6 sin∅!
3− sin∅!!!! 

∅! = effective friction angle 

OCR = over-consolidation ratio 

Ir = rigidity index = G/Su 

G = undrained shear modulus 

Su = undrained shear strength 
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From Equation 4.3, it can be observed that the compression-induced pore water pressure 

is always positive and effectively increases as the effective stresses and OCR increase. As 

mentioned previously, the behavior of OCR soils is very similar to dense soils; therefore, the 

compression-induced pore water pressure increases with increasing the OCR of fines -grained 

soils or relative density of coarse-grained soils.  

From Equation 4.4, the shear-induced component can be negative or positive depending 

on soil dilation or contraction under shear. Dilation of soil voids causes negative water pressures 

that draw the water into the pores. In contrast, the contractive soils have a tendency to compress 

when the shear stress is increased. As a result, the water in the soil pores increases in pressure 

(positive pressure) and attempts to flow out of these pores. Negative shear-induced pore water 

pressures are generated in dilative soils (i.e., fine-grained soils with OCR more than 4 or coarse-

grained soils with medium to dense relative density). Positive shear-induced pore water pressures 

are generated in the contractive soils (i.e., fine-grained soils with OCR less than 4 or coarse-

grained soils with loose relative density) (Burns & Mayne, 1999).  

Since all rebound and non-rebound soils are assumed saturated and since they are below 

the water table, any pile-soil movements result in the generation of both shear-induced and 

compression-induced pore water pressures. The excess-shear induced pore pressures in the 

dilative soils in the rebound zones are negative. Contractive soils existing in the non-rebound 

zones generate positive shear-induced pore water pressures. 

Data gathered during the CPTu for all the seven sites indicated that high positive pore 

water pressures (up to 570 psi) developed in the rebound zones. However, the pore water 

pressures at these zones show high positive values because the positive compression-induced 

pressures are much larger than the negative shear-induced pressures since the affected zone by 

compression is much larger than the zone affected by shear.  

In conclusion, higher relative density or OCR occurred in the rebound zones than in the 

non-rebound zones at the seven sites. The soils at these rebound zones generates much higher 

compression-induced pore pressures and negative shear-induced pore pressures during cone 

penetration. The high total positive pore water pressures in the rebound zones measured during 

the CPTu does not indicate if the soil will contract or dilate unless the OCR (for fine soils) and 
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the relative density (for course soils) are estimated. The total pore water pressures induced 

during the CPTu have been used to predict the possibility of HPR (Jarushi et al., 2013).  

4.5. Evaluation of Existing Correlations between HPR and CPTu 
Pore Water Pressure 

A recent statistical correlation developed by Jarushi et al. (2013) is shown in Figure 4-19. 

This correlation was based on 26 data points obtained by the analysis of PDA and CPTu data 

collected from eight sites described in Cosentino et al. (2012). Test piles at these eight sites were 

24 in precast concrete piles driven with a single single-acting diesel hammers. As Figure 4-19 

shows, pile rebound, measured in inch/blow, was found to correlate linearly with pore water 

pressure (u2) obtained from the CPTu test measured in tsf. The best coefficient of determination 

(i.e.,, R2) obtained was 0.761. According to this correlation, high pile rebound (i.e.,, > 0.25 in) 

occurs only when pore water pressure obtained from the CPTu sounding exceeds about 5 tsf (70 

psi). 

 

Figure 4-19: Pile rebound for 24 24-inch precast concrete piles versus CPTu u2 (Jarushi et al., 

2013) 
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One of the main objectives of this research is to evaluate this correlation because it was 

based on so few (i.e., 26) data points. Using the extensive PDA and CPTu tests conducted in all 

of the study sites, CPTu pore water pressures and PDA rebound data were compared.  

To reevaluate the correlation developed by Jarushi et al. (2013), several tasks had to be 

completed. First, the CPTu and PDA data from the sites were evaluated to determine if they 

could be matched based on elevation and depth. Once this step was completed, the second step 

was to determine one-foot averages from the matched CPTu and PDA data. To complete this 

step efficiently, a MatLAB program was developed and used. This coding produced a text file of 

CPTu and PDA data in one-foot intervals that could be imported into Excel; 6-inch intervals 

were also programmed but not used. Since both inspector and digital rebound were available, the 

data that was imported into Excel was used to generate plots of both digital and inspector 

rebound versus pore pressure for each site. These plots were evaluated and found to produce very 

low correlation coefficients between rebound and CPTu pore pressure, which therefore, did not 

support Jarushi et al.’s (2013) trends.  

The R2 values from the digital rebound versus pore pressure plots were slightly higher 

than the R2 values from the inspector rebound versus pore pressure plots. These plots were 

combined to produce rebound versus CPTu for all the sites, which again produced very low 

correlation coefficients, as shown in Figure 4-20. This figure shows digital rebound versus CPTu 

pore pressure, which also has a slightly higher R2 than the inspector’s rebound versus pore 

pressure plot. If nonlinear regressions were found, the R2 values were near 0.25, again indicating 

a poor correlation. This figure also shows a large scatter of data below 100 psi. When this data 

was excluded, low correlations still occurred. Correlations were also attempted using 0.5-inches 

instead of 0.25-inches of rebound as the cutoff between nonHPR and HPR, and the regression 

improved (R2 =0.482), although there was a large gap in the data, as shown in Figure 4-21. 

In summary, the original Jarushi et al. (2103) correlations were based on a very limited 

number of data points and are not valid. When one-foot averages were used and rebound versus 

CPTu pore pressure was compared for the study sites, very poor correlations were found 

regardless of whether they were linear or nonlinear.  
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Comparing the PDA rebound from the pile and u2 from CPTu is a problem involving 

several complex variables. First, there are most likely scaling effects between the 24-inch square 

PCPs (Area = 576 in2) and the 10-cm2 (1.55 in2) cone. Note that the PCP area is over 370 times 

larger than the cone. Second, varying soil layer thicknesses affect two devices differently, as 

their zones of influence are also very different. Also, the insertion process from both devices is 

different, with the pile driving producing dynamic waves up and down the pile and the cone 

being pushed at a constant rate (2 cm/sec). Finally, the current FDOT definition of high rebound 

of 0.25 inches may need to be researched so that the dynamic pile capacity variations versus 

rebound are documented.  

 

Figure 4-20: Digital Rebound versus CPTu pore pressure from six test sites 
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Figure 4-21: Digital Rebound versus CPTu pore pressure from six test sites with rebound > 0.5 
inches 

4.6. Analysis of Soil Properties’ Effect on the Induced Pore Water 
Pressures during Pile Driving  

The pile performance during loading is directly influenced by the behavior of the 

surrounding soil during driving. Two categories of stress changes occur from pile driving: 

stresses along the pile shaft (shear stresses) and stresses at the pile tip (compressive stresses). 

Shear stresses develop during pile driving along the interface of the pile and soil due to the 

relative movement between the pile and the surrounding soil. Since pile-driving movement is 

downward, the shear stress direction is upward (Fellenius, 1984). This upward shear stress 

represents soil resistance to pile driving.  

Soils respond to the stress changes; therefore, soil deformations occur adjacent to the pile 

shaft due to shear forces and at the pile tip due to compressive forces, as shown in Figure 4-22. 

Since soils are porous, the compressive and shear stresses during pile driving force water out of 

the voids. Due to the fast loading speed and low permeability coefficient of the soils in the 

rebound zones, water cannot flow out of the voids and the pore pressures cannot dissipate 

instantly. As a result, high pore water pressures generate along the pile shaft (i.e., shear induced) 
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and at the pile tip (i.e., compression induced). The effect of these two pore water pressure 

components on pile driving is discussed below.  

 

Figure 4-22: Soil layers deformations around a driven pile 

4.6.1. Shear-Induced Pore Water Pressure  

The pore water pressure generated along the pile shaft or shear induced pore pressure can 

be negative or positive depending on soil density. The soils in the rebound zones were classified 

as dilative soils (i.e., tend to increase in volume). Soil heave occurs near a driven pile due to the 

volume changes during installation. As a result, negative pore water pressures occur along the 

pile shaft due to volume increase of the dilative soils existing in the rebound zones. The 

generated pore water pressure affects the soil shear strength along the pile shaft.  
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Figure 4-23: Typical shear stress versus shear strain for granular and cohesive soils (Das, 2008) 

Lundgren (1979) developed the following relationships for the shear-induced pore water 

pressures at the soil-pile interface as a result of pile driving. They are used in the CPeT-IT 

software to determine the shear-induced pore water pressures developed along the pile shaft in 

overconsolidated and normally/lightly overconsolidated clays respectively.  

∆u!"#$% = A S!!!!!!for!OC!clays!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 4-5 

∆u!"#$% = B S!!!!!for!NC!clays!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 4-6 

where  

A ranges from 5.5 to 7.5 

B ranges from 1.5 to 3  

Su is the undrained sear strength. 

 

Su was estimated based on the CPT data using CPeT-IT to compare the results in the 

rebound and non-rebound zones. Profiles of the undrained shear strength versus depth for all the 

seven sites are presented in Figure 4-24 to Figure 4-30. CPeT-IT is programed to estimate Su at 

the zones where cohesive soil exists; therefore, missing data occurs at depths with cohesionless 

soils. The undrained shear strength in the rebound zones tends to be significantly higher than 

shear strength in the non-rebound zones. The undrained peak shear strength of the cohesive soil 

in the rebound zones ranges from 4 to 10 tsf and from 1 to 2 tsf in the non-rebound zones. The 
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increase in the undrained shear strength in the rebound zones may be related to the cementation 

and overconsolidation of soils at these zones (Mayne et al., 2009).  

Soil consistency, which is soil ability to resist deformation and rupture, is related to the 

undrained shear strength. Soils with Su greater than 2 tsf can be classified as hard 

(Geotechdata.info, 2013). Therefore, the cohesive soils in the rebound zones are characterized as 

hard. 

 

(a)                          (b)                  (c) 
Figure 4-24: Undrained shear strength for I-4/US 192 at (a) pier 6/pile 16, (b) pier 7/pile 10, and 

(c) pier 8/pile 4 with HPR zones shaded 
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(a)                              (b) 

Figure 4-25: Undrained shear strength for SR 417 International Parkway at (a) B1/pile 14 and (b) 
B2/pile 5 
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Figure 4-26: Undrained shear strength for SR 50/SR 436 at westbound/pile 5 with HPR zone 
shaded 
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Figure 4-27: Undrained shear strength for I-4/SR 408 at pier 2/pile 5 
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Figure 4-28: Undrained shear strength for Anderson Street at pier 6 with HPR zone shaded 
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Figure 4-29: Undrained shear strength for I-4 Widening Daytona at EB3/pile 5 
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Figure 4-30: Undrained shear strength for SR 83/Ramsey Branch Bridge at EB 5/pile 2 with 
HPR zones shaded (a) CPT1, (b) CPT2 

4.6.2. Compression-Induced Pore Water Pressure  

High excess pore water pressures may be generated during the installation of prestressed 

concrete piles due to the low permeability of soil and the rapid soil deformation by the hammer 

impact (Gui and Jeng, 2009). Bingjian (2011) found that driving piles in saturated soils creates a 

spherical cavity expansion at the pile tip due to pore water pressure and deformation. The 

influence of that sphere may expand up to 5 to 6 times the pile diameter. This region surrounding 

the pile is named a plastic zone. Maximum compression-induced excess pore water pressures are 

generated at the pile face and decrease with distance from the pile within the plastic zone and 

extend to the outer zone. The outer zone represents the elastic zone because reversible 

deformations occur beyond the plastic radius. The plastic and elastic zones around a driven pile 

are shown in Figure 4-31 (Wren, 2007).  
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Figure 4-31: Plastic and elastic zones around single driven pile (Wren, 2007) 

The radius of the plastic zone (Rp) can be determined using Equation 4-7 and the excess 

of pore water pressure within the plastic zone can be determined using Equation 4-8 (Guihai et. 

al., 2011).  

R! = r! ! G S!
! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 4-7 

∆u = S! 2 ln R! r + 1.73A! − 0.58 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 4-8 

where  

ro = radius of pile 

G = Shear modulus 

Su = Undrained shear strength 

r = Distance from pile center 

Af = Skempton’s pore water pressure coefficient 
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The shear modulus and undrained shear strength were estimated using the CPT data. 

Skempton’s Pore water pressure coefficient (Af) has a range of (0.5 to 1), (0 to 0.5), and (– 0.5 to 

0) for normally, lightly, and heavily consolidated clays respectively (Holtz & Kovacs, 1981). 

Since the maximum pore water pressures occur at the pile face within the plastic zone, Equation 

4.10 was used to calculate the pore water pressure with r = ro.  

These equations were developed for clays or cohesive soils that have undrained shear 

strength (Su). Therefore, only three locations at site I-4/US 192 (piers 6, 7, and 8) were selected 

because the soil in the rebound zones was classified as clayey silty to silty clay according to the 

CPT-based classification. The maximum pore water pressures developed due to driving 24-inch 

prestressed concrete piles were estimated using Equation 4.11. The estimated maximum pore 

water pressures versus depth during driving for the three piers are shown in Figure 4-32. High 

pore water pressures (up to 870 psi) were developed in the rebound zones. The equivalent radius 

of a 24-inch square is 1.13 ft; therefore; the radius of the plastic zone in the rebound zones is 

approximately 23 ft. The estimated maximum pore water pressure due to pile driving (780 psi) is 

approximately equal to 1.6 times the measured CPT pore water pressure at the same depth. 

These pressures represent upward extra resistance forces to pile driving and resist the 

downward pile movement. As the compression-induced pore water pressures increase, the 

resistance forces to pile driving increase. Therefore, the higher compression-induced pore water 

pressures, the more hammer blows are required to reach soil failure. Since the water is an 

incompressible fluid, pile bounce or rebound was observed or recorded. The generation and 

dissipation of the compression-induced pore water pressures is significantly affected by soil 

permeability. Since all the rebound zones have semi-impermeable to impermeable soils, the 

compression-induced pressures take a longer time to dissipate. 
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(a)                 (b)                      (c)    

Figure 4-32: Gui and Jeng ’s (2009) maximum compression-induced pore water pressure due to 
driving 24-inch prestressed concrete piles with HPR zones shaded for I-4/US 192 at (a) pier 

6/pile 16, (b) pier 7/pile 10, and (c) pier 8/pile 4  

4.7. Estimation and Analysis of Fines Content 

FCs in percent were determined using the soil behavior type index, Ic for the soils at the 

seven CPTu sites. Initially, Ic was calculated from the CPTu data using Robertson’s (1990) 

approach; then it was estimated according the approach proposed by Yi (2014). Yi’s (2014) 

approach is presented below. 

4.7.1. Validation of Yi’s (2014) Equation  

Laboratory FC values from field sampling were available and used for validating Yi’s 

(2014) procedure. Some measured FC data was obtained from thin-walled tube samples and 

some was obtained from split spoon samples obtained during SPT borings. Laboratory sieve 

analysis was conducted on those samples and the resulting grain size distribution curves were 

then used for determining FC as the passing sieve #200. Measured and predicted FC values were 

compared using the same the sample depths. Based on 80 data points, Figure 4-33 shows a 

scatter plot of the predicted versus the measured FC. Each predicted FC data point was obtained 

by taking an average of six CPT readings over one-foot. This averaging ensured that the 
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measured and predicted data points were compared at the same depth. The 45◦ reference line 

helps to indicate how the predicted and measured data match with each other. The closer the data 

points to the 45◦ reference line, the better they match. There is excellent agreement between the 

measured and predicted FC because most of the data points are distributed on or very close to the 

45◦ line. 

 

Figure 4-33: Verification of fines content estimation procedure based on 80 data points from all 
sites 

4.7.2. Profiles of Measured and CPTu Predicted Fines Content  

After validating Yi’s (2014) procedure, profiles of both predicted and measured fines 

content versus depth were developed for each site, as shown in Figure 4-34 to Figure 4-40. Using 

the PDA data, the rebound zones were highlighted to better aid in the analysis. Rebound zones in 

the Anderson Street overpass and I-4 Widening Daytona, respectively, are not highlighted since 

CPTu testing at these two locations was terminated at depths above the observed rebound depth.  

Figure 4-34 to Figure 4-40 showed that HPR zones had a fines content range from 28% to 

38%. Fines content has been used to evaluate soil liquefaction or strength loss. Sand-like soils 

with fines content less than 20% and more than 35% are susceptible to strength loss, while clay-

like soils with fines content more than 20% are not susceptible to strength loss (Robertson & 

Cabal, 2009). The soils in the rebound zones were classified as clay-like soils based on CPT 
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data. Therefore, there is no possibility for the soils in the rebound zones to liquefy or lose 

strength during pile driving.  

However, Figure 4-34 to Figure 4-40 showed nonrebound zones corresponding to such a 

fines content range. This clearly indicates that a fines content of this range is not the only factor 

that may cause the HPR problem. There should be other soil parameters, such as soil type, that 

interact and work together in producing excessive HPR. Figure 4-34 to Figure 4-40 represent the 

response of different soil types. Therefore, soil type and classification were investigated by 

separating the fines content for each soil type existing in all sites in this investigation. 

 

    (a)                     (b)                         (c)    

Figure 4-34: Predicted and measured fines content versus depth for I-4/US 192 at (a) Pier 6/pile 
16 (b) Pier 7/pile 10 (c) Pier 8/pile 4 with HPR zones shaded 
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                 (a)                             (b) 

Figure 4-35: Predicted and measured fines content versus depth for SR 417 International 
Parkway at (a) B1/pile 14 (b) B2/pile 5 
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Figure 4-36 for Predicted and measured fines content versus depth for SR 50/SR 436 at 
westbound/pile 5 with HPR 
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Figure 4-37 for Predicted and measured fines content versus depth for I-4/SR 408 at pier 2/pile 5 
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Figure 4-38 for Predicted and measured fines content versus depth for the Anderson Street 
overpass at pier 6/pile 5, 6 with HPR zone shaded 
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Figure 4-39 for Predicted and measured fines content versus depth for I-4 Widening Daytona at 
EB 3/pile 5 with HPR zone shaded 
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Figure 4-40: Predicted and measured fines content versus depth for SR 83 over Ramsey Branch 
Bridge at EB 5/pile 2 with HPR zone shaded 

4.7.3. Effect of Fines Content on Pile Rebound 

In order to assess the effect of fines content on pile rebound, estimated fines content from 

CPTu data was used and the soil types were divided into the following seven groups:  

1. Clayey Fine Sand with Trace Shell (SC) 

2. Cemented Silty Fine Sand with Trace Shell, Phosphate (SM) 

3. Silty Fine Sand (SM) 

4. Fine Sand with Clay (SP-SC) 

5. Silty Clayey Fine Sand (SM-SC)  

6. Poorly Graded Fine Sand (SP) 

7. Poorly Graded Fine Sand with Silt (SP-SM) 



 

 181 

Pile rebound data obtained from the PDA testing was plotted versus the CPTu fines content for 

seven soil types based on description and USCS type, as shown in Figure 4-41.  

If all five parts of Figure 4-41 are reviewed, the largest increase in rebound occurs with 

the SC soils at FC values greater than about 23%. Figure 4-41(a) shows that clayey fine sand 

(SC) with trace shell produces pile rebound up to 1.4 inch/blow when the fines content nears 

40%. There is a large range of rebound between 23 and 45% FC for the SC soils [Figure 

4-41(a)]. Rebound in excess of 0.5 inches occurs with SM soils [Figure 4-41 (b) and (c)].  

Rebound below 0.5 inches occurs with the other four soil types shown in Figure 4-41 (d) and (e).  
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Figure 4-41: Pile rebound versus CPTu FC for different soil types 

  

(a) (b) 

(c) (d) 

(e) 
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4.8.4 Effect of Fines Content on CPT Pore Water Pressure 

The relationship of fines content and soil type with pore water pressure was also studied. 

Pore water pressure (u2) recorded during CPT soundings was plotted versus fines content for the 

same seven soils described in the previous figure (Figure 4-42). In all five plots, there is an 

increase in u2 as FC values pass the 20% level. The soils in Figure 4-42 (a) and (b), produce the 

highest pore water pressures at FC values over 20%. These two plots show u2 values over 500 

psi. The higher values (550 to 580 psi) were the CPT soundings in SC with trace shell soils. 

These two plots show increasing pore pressure with FC although there is a large scatter of data. 

Figure 4-42 (c) shows pore pressures of up to 370 psi at FC values between 30 and 40%. CPTu 

pore water pressures less than 150 psi were observed for other soil types in Figure 4-42 (d) and 

(e) (SP, SP-SM, SP-SC, and SM-SC). In addition, there is no increase in u2 with FC in these 

plots.  
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(a)      (b) 

  
(c)      (d) 

   

(e) 

Figure 4-42: CPTu pore water pressure (u2) versus FC for different soil types 



 

 185 

5. Analysis of SPT Data  

5.1. Evaluation of Existing SPT and Fines Content Correlations  

Cosentino et al. (2013) and Jarushi (2011) presented correlations based on limited data, 

shown in Figure 5.1, to predict pile rebound versus uncorrected N values and FC. Both plots 

show that higher rebound would occur if either N or FC were increased. In addition to these plots 

being developed from a limited number of points, the exact procedure used to determine these 

points and the very small number of N-values above thirty and FC over 40% prompted this new 

work. 

In this study, over 1000 PDA data points from 25 PCP,s at 11 sites were evaluated to 

determine updated rebound correlations with N and FC. The names and associated testing 

performed for these sites are summarized in Table 5.1. All test sites previously reviewed by 

Cosentino et al. (2013) (i.e., Sites 6, 7 and 12) and sites 1, 4, 6, 7, and 12 evaluated by Jarushi 

(2011) were included. Five test piles were omitted from those originally reviewed because 

information such as GSE or location did not closely match SPT locations. These piles were 

replaced with other test piles that matched elevation and location more closely from the same site 

(Wisnom, 2015). Additionally, PDA analysis differed slightly from the previous studies where 

PDI plots were used to produce outputs averaged in one-foot increments. Analysis in this study 

utilized raw data that displayed all PDA parameters for every blow. To calculate rebound, the 

final inspector’s set was subtracted from maximum displacement per blow (Rebound = SET-

DFN). This data was averaged over the one-foot intervals that matched the depths of the 

corresponding N values. Since FC values were taken sporadically throughout the test boring 

operations, they may be an average of two values that are five feet apart in depth or a single 

value that matched the PDA one-foot interval. 
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Figure 5-1: Rebound versus N and FC by Cosentino et al. (2011) 

 

Table 5-1: List of High Pile Rebound Sites and Corresponding Testing 

 

 

 

5.1.1. Reevaluation of N versus Rebound  

There are numerous corrections available for N that attempt to standardize the value. As 

part of this reevaluation, all the possible corrections were reviewed. Plots of rebound versus 

these N-values were evaluated for trends and the conclusion was that all corrections produce 

very similar plots. Although N was used in the original correlations, NES, which is the FDOT’s 

✔ Indicates*Testing*Completed
⌫ Indicated*Testing*Attempted*with*Limited*Results
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standard process for correcting N, was chosen. Re-evaluating the site data from Figure 5.1 

produced the rebound versus NES plot shown in Figure 5.2. The scatter shown in this figure does 

not match the trend shown in Figure 5.1. In fact, Figure 5.2 shows the opposite trend as rebound 

generally decreases with an increase in NES. Rebound, magnitudes up to and greater than 1 inch, 

corresponded to NES values as low as 5, and the highest rebound measurements occurred when 

NES was less than 20. It is noted, however, that while rebound does appear to decrease at 

increasing NES values, it does not necessarily limit rebound to lower magnitudes, as an NES at 

refusal conditions corresponded to a rebound of 1.15 inches. 

In summary, based on the larger number of PDA data points from 25 PCPs at 11 sites, 

there appears to be no correlation between rebound based on the inspector’s set and SPT N 

values. The original N-rebound correlation was based on about 30 data points with only four 

above N-values of 40. 

 

Figure 5-2: Current study rebound vs NES for sites reviewed by Cosentino et al. (2011) and 
Jarushi (2013) 

5.1.2. FC versus Rebound 

The nonlinear relationship between FC and rebound, shown in Figure 5.1, shows 

increasing rebound with an increase in FC to as high as 70%. Figure 5.3 was developed from the 
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same test piles used to develop Figure 5.2, and again does not lead to the conclusions originally 

proposed. It does, however, show a slight trend relating increased rebound magnitudes with 

increased FCs up to 33%, though further increases in FC produced rebound at lesser and varying 

magnitudes.  

  

Figure 5.3: Current study rebound vs FC for sites reviewed by Cosentino et al. (2011) 
 

Upon further review it was possible that Cosentino et al. (2011) presented only maximum 

or near maximum rebound magnitudes with their corresponding FCs. Several attempts were 

made to develop a plot similar to Figure 5.1. When revising Figure 5.3 to include only the FC 

data below 35%, a plot similar to Figure 5.1 was developed and produced a similar regression 

coefficient. Displaying what likely is a boundary condition for rebound potential, given FC up to 

33%, Figure 5.4 does show strong agreement with a regression coefficient of 0.82. However, it 

does not exactly match Figure 5.1 where Cosentino et al. (2011) showed rebound increasing to 

FCs of approximately 70%. 
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Figure 5.4: Minimum FC boundary with associated rebound (FC > 35% omitted) 

  

In summary, there could be a relationship between rebound and FC up to FC values of 

about 35%. Once this threshold is exceeded, there does not seem to be any relationship.  

5.2. Rebound versus Safety Hammer Equivalent SPT N Values 

Rebound developed from PDA data and the inspector’s set was evaluated for 25 test piles 

from 12 sites and was compared to SPT test results to develop correlations between NES and 

rebound. SPT N values were based on both safety and automatic hammer borings; therefore, all 

automatic hammer N values were converted to safety hammer equivalent by multiplying Nauto 

by 1.24 (FDOT, 2015). NES values were divided into three categories based on the USCS and 

FC. Categories included: 

• sands with low fines (SP with FC < 12%) 

• sands with fines (SP-SC and SP-SM with FC between 12% and 50%)  

• high fines silts and clays (ML, MH or CL, CH with FC > 50%).  
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Figure 5.5: Rebound vs NES for all sites and soils 

Figure 5.5 shows that generalizations can be made when comparing rebound 

displacements with each soil category, and that rebound maximums decrease as NES increases. 

The maximum rebound for all three soil types occurred when NES values were less than about 17 

blows per foot. The highest measured rebound of over 2 inches occurred when NES was less than 

6.   

If the overall behavior of these three soil types versus N value is considered, when FC 

exceeds 50%, the blow counts are typically below 30. For 12% < FC < 50%, the blow counts can 

vary from zero to 100, and for FC<12%, the blow counts are typically below 60. 

After 20 blows per foot, rebound decreased to a somewhat constant value except for silty 

or clayey sands (SM with FC between 12 and 50%). These soils had rebound greater than 1 inch 

for all NES values up to SPT refusal. High fines soils (silts and clays) and sands with fines (SP-

SC and SP-SM) appear to have HPR limiting NES values (24 and 20 respectively) and rebound 

did not exceed 0.50 inches once these were exceeded.  

An SP-SC (P2P9 at Chaffee Road) and an SP-SM (B4P2 at Ramsey Branch) (See the 

points in blue with approximate coordinates of 6, 2.1 and 18, 1.45) were exceptions to the 0.50-

inch rebound and had rebound greater than 1.40 inches. The Chaffee Road SP-SC soil is 
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sandwiched between CH/SC layers, which produced rebound in excess of 2 inches. Very limited 

FC data was available for most of the layers in this zone of soils and it is possible that the USCS 

symbol provided is reported incorrectly and may be CH. Rebound ceased after the pile 

penetrated this layer. It is possible that the influence of the soils above or the misidentified SP-

SC layer resulted in this sand being identified for rebound. This phenomenon is also seen at 

Ramsey Branch where a thin SP-SC layer was sandwiched in between SC soils; it again is likely 

that any rebound was more influenced by the surrounding soils (rebound did decrease when the 

SP-SM layer was penetrated). 

Rebound in excess of 2 inches occurred when NES was less than 6. Low fines sands 

generally do not produce rebounds greater than 1 inch, and at NES above 20, they produced 

rebound that did not exceed approximately 0.50 inches. Silts and clays (i.e., FC> 50%) produced 

multiple instances of rebound greater than 1 inch when NES was less than 4, but did not exceed 

0.35 inches at NES greater than 24 and/or as the soils became stiffer/harder. Sands with fines (12 

< FC < 50%) showed the greatest potential for rebound as rebound magnitudes above 1 inch 

occur up to an NES of 18 and remain high, between 0.75 and 1 inch, as NES increased to refusal.    

5.3. PDA Rebound versus SPT (N1)60 Values 

Correcting N60 to an equivalent vertical effective stress of 2000 psf can be seen in Figure 

5.7. Low FC soils again display a low rebound maximum value of approximately 0.50 inches as 

(N1)60 increases above 25. Though the highest magnitude rebound occurred at low (N1)60 

values for both low fines sands and sands with fines, there is a noticeable difference in silty and 

clayey sands as (N1)60 increased. Rebound had previously been limited to 1 inch, not 

considering refusal conditions, when NES or N60 increased above 20, but rebound greater than 1 

inch can be seen throughout the range of (N1)60 values.  
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Figure 5.6: Rebound vs (N1)60 for sands 

5.4. PDA Rebound versus Fines Content 

Construction drawings generally include two to five FC test results within the soil profile, 

occasionally including plasticity and water content data. This research produced complete FC 

profiles from 3 of the 11 sites. The remaining 8 sites produced two to three FCs. This data was 

combined; however, it should be noted that after all FC data was combined, 63% of the data was 

from Anderson Street, which may influence the results. 

Though there is some scatter, Figure 5.8 shows a general trend of increasing rebound 

magnitudes with increasing FCs up to approximately 40%. As FC increases above 40%, there is 

a noticeable decrease in rebound magnitude though there are significantly fewer data points at 

higher FCs. A correlation could be made relating maximum rebound potential to FC, but the 

limited amount of data points, combined with the fact that a majority of soils analyzed were 

either SM or SC, results in the likelihood of too many unknowns. Silt or clay dominant sites 

would have to be included to provide higher FC data. FC and u2 showed some similar trends as 

those shown in Chapter 4. Therefore, it may be possible to use FC in lieu of CPTu data to 

identify rebound soils. 
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Figure 5.7: Rebound vs FC for all sites and soils 

The data in Figure 5.9 displays frequency distributions of FC with 10% bins or 

increments based on rebound greater than and less than 0.50 inches. The rebound data shows an 

increasing likelihood of rebound > 0.50 inches as FC increases up to 40%. The 30 to 40% FC bin 

had the highest number, with 13 of the 34 samples or 38% having FC in this range. At FCs 

greater than 40%, rebound over 0.50 inches occurs far less frequently and becomes almost 

nonexistent past an FC of 50%. It also shows that rebound less than 0.50 inches occurs more 

frequently at FCs between 10 and 20%, as 29 of the 91 samples or 32% were in this range. 

Within the 30 to 40% bin, 9 of the 91 samples were included or only 10%. 

Table 5.2 is a summary of the FC occurrences from the histogram. It shows that in both 

the 30 to 40 and 40 to 50% bins, rebound is more likely than nonrebound; however, in the other 

ranges, it is less likely. There is about an equal probability of rebound and nonrebound in the 20 

to 30% range. In summary, there seems to be some trend between FC in the 30 to 40% range and 

rebound greater than 0.50 inches as rebound was nearly four times more likely to occur for soils 

with these FCs. Additional FC data would help substantiate these trends. 
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Figure 5.8: Frequency distribution of FC for (a) rebound > 0.50 inches and (b) rebound < 0.50 
inches 

 

Table 5.2 Percent FC Occurrences based on Rebound > and < 0.50 inches 
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5.5. Predicting Contractive and Dilative Trends from N1(60) versus 
Rebound 

Based on work by Dekhn (2015), that indicates dilative and contractive behavior of HPR 

and nonHPR soils show some differences, SPT data that was used for this same purpose was 

investigated. Seed et al. (1985) considered liquefaction damage potential, which was redefined to 

reference contractive or dilative soil responses. Figure 5.10 is a frequency chart estimating the 

soil’s contractive and dilative response based on (N1)60. Initial results on the P6P6 at Anderson 

Street data showed promising results, as all rebound zones directly related to dilative soils 

underneath the pile toe. Initial assumptions were that rebound was directly related to a dilative 

response. 

Further analysis of other test piles did not show agreement with P6P6 and it was found 

that contractive soils were dominant in both rebound cases in Figure 5.10. Table 5.3 is a 

summary of the contractive, intermediate, and dilative potential from this N1(60) data. Note that 

contractive soil accounted for approximately 75% of soil responses when rebound did not exceed 

0.50 inches. When rebound increased above 0.50 inches, contractive soils represented only about 

50%. The SPT has a large variability associated with its results. When intermediate and dilative 

frequencies are added, there is about equal potential for rebound between contractive and this 

sum. When this same approach is used for the nonrebound soils, there is about a 70/30 split 

between contractive and the combination of intermediate and dilative soils.  
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Figure 5.9: Soil predicted reaction to SPT equivalent (N1)60 after Wisnom (2015) for (a) 
Rebound > 0.50 inches and (b) Rebound < 0.50 inches 

 

Table 5.3: Percent Liquefaction Potential Occurrences based on Rebound > and < 0.5 inches 
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6. Analysis of Laboratory Data  
6.1. Analysis of Grain Size Properties for HPR and nonHPR Sites  

A series of laboratory tests were performed to determine the HPR and nonHPR soil 

properties. Based on exiting PDA data, samples were divided into two groups:  

(a) samples retrieved from HPR zones that produced more than 0.5 inches of rebound  

(b) samples retrieved from nonHPR zones considered as those that produced less    

than 0.25 inch rebound.  

Based on the Unified Soil Classification System (USCS), these soils were then subdivided into 

cohesionless and cohesive groups. 

In the following sections, factors such as sand content, silt content, clay content, fine 

content, particle size, void ratio, permeability, porosity, total unit weight, water content, and 

Atterberg limits were evaluated to determine possible HPR trends. 

6.2. Evaluating HPR Trends from Grain Size and Classification Data 

The grain size properties from these soil samples are summarized and divided into two 

categories: cohesionless soils, shown in Table 6.1, and cohesive soils, shown in Table 6.2. Each 

table also distinguishes between the HPR and nonHPR soil data.  

According to USCS, the majority of the soil samples from all sites, whether or not the 

samples were from high pile HPR zones, were identified as silty sands (SM), high plastic clays 

(CH), and low plastic clays (CL). According to AASHTO, the majority of these samples were 

either A-4 or A-2-4.  

Figure 6.1 and  Figure 6.2 show the grain size distributions for the HPR and nonHPR 

cohesionless soils. As shown in Table 6.1, fifteen samples were from soils where pile driving 

produced HPR great than 0.5 inch, while 11 samples were from soils where driving produced 

less than 0.2 inches of HPR.  
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Table 6.1: Physical Properties of Cohesionless Soil Samples 

USCS=Unified*Soil*Classification*System; AASHTO = American Association of State Highway and Transportation Officials; 
!! = !!"

!!" ;  !! = !!"^!
!!"×!!" 

  

Site Name Sample 
No. GSE  D10 D30 D60 Cu Cc Sand Silt Clay Fine

ft ft ft mm mm mm % % % % AASHTO USCS

I-4/Osceola B1 Pier 2 Pile 8 S-1 75 76 89.2 0.004 0.049 0.118 30.4 5.2 56.0 36.1 7.9 44.0 A-4 SM

I-4/Osceola B1 Pier 2 Pile 8 S-2 75 76 89.2 0.002 0.033 0.065 38.2 9.9 35.8 54.1 10.1 64.2 A-4 ML

I-4/Osceola B1 Pier 2 Pile 8 S-3 80 81 89.2 0.007 0.085 0.185 27.8 5.8 74.2 19.7 6.1 25.8 A-2-4 SM

I-4/Osceola B1 Pier 2 Pile 8 S-4 85 87 89.2 0.063 0.130 0.230 3.7 1.2 87.8 5.4 6.8 12.2 A-2-4 SM

I-4 / US 192 Interchange  Pier 6 Pile 4 S-5 80 82 95.0 0.005 0.069 0.110 24.4 9.6 66.2 26.8 7.0 33.8 A-2-4 SM

I-4 / US 192 Interchange  Pier 6 Pile 4 S-6 80 82 95.0 0.004 0.074 0.110 31.4 14.2 69.1 24.0 6.8 30.8 A-2-4 SM

I-4 / US 192 Interchange  Pier 7 Pile 10 S-7 70 72 89.2 0.002 0.075 0.110 61.1 28.4 56.3 34.4 9.3 43.7 A4 SM

I-4 / US 192 Interchange  Pier 8 Pile 4 S-8 70 72 90.3 0.003 0.051 0.093 37.2 11.2 54.6 36.8 8.6 45.4 A-4 SM

I-4 / US 192 Interchange  Pier 8 Pile 4 S-9 70 72 90.3 0.002 0.041 0.087 45.8 10.2 54.2 38.2 7.6 45.8 A4 SM

I-4 / US 192 Interchange Ramp BD End Bent 1 Pile 3 S-10 70 72 90.1 0.004 0.077 0.110 30.6 15.0 71.5 20.7 7.8 28.5 A-2-4 SM

I-4 / US 192 Interchange  Ramp BD End Bent 1 Pile 3 S-11 70 72 90.1 0.002 0.075 0.130 81.3 27.0 70.0 19.4 10.6 30.0 A-2-4 SM

I-4 / US 192 Interchange  Ramp BD End Bent 1 Pile 3 S-12 75 77 90.1 0.003 0.078 0.110 34.4 17.3 72.2 20.9 6.9 27.8 A-2-4 SM

I-4 / US 192 Interchange  Ramp BD End Bent 1 Pile 3 S-13 75 77 90.1 0.002 0.075 0.110 57.9 26.9 70.0 20.4 9.6 30.0 A-2-4 SM

I-4 / US 192 Interchange West Bound End Bent 1 Pile 1 S-14 80 82 91.8 NA 0.071 0.103 NA NA 75.6 15.9 8.4 24.3 A-2-4 SM

S.R. 83 Over Ramsey Branch Bridge End Bent 5 Pile 1 S-15 31 34 9.3 0.002 0.107 0.193 103.1 31.9 79.3 10.4 10.3 20.7 A-2-4 SM

SR 417 / International Parkway End Bent 1 Pile 14 S-16 42 44 68.5 0.0055 0.1 0.15 27.3 12.1 86.6 4.2 9.2 13.4 A-2-4 SM

SR 417 / International Parkway End Bent 1 Pile 14 S-17 57 58 68.5 0.00 0.08 0.12 60.0 28.0 75.5 15.2 9.4 24.6 A-2-4 SM

I-4 / US 192 Interchange Pier 6  Pile 4 S-18 60 62 95.0 0.0066 0.22 2 303.0 3.7 87.2 5.0 7.8 12.8 A-1-b SM

I-4 / US 192 Interchange Pier 6  Pile 4 S-19 50 52 95.0 0.06 0.98 0.14 2.3 110.6 85.7 9.4 5.0 14.4 A-2-4 SM

I-4 / US 192 Interchange Pier 8  Pile 4 S-20 55 57 90.3 0.0035 0.12 0.235 67.1 17.5 76.3 15.8 7.9 23.7 A-2-4 SM

I-4 / US 192 Interchange Pier 8  Pile 4 S-21 55 57 90.3 0.01 0.17 0.31 37.3 11.2 86.4 6.9 6.7 13.6 A-2-4 SM

I-4 / US 192 Interchange Ramp BD End Bent 1 Pile 3 S-22 46 47 90.1 0.0041 0.13 0.28 68.3 14.7 74.5 19.6 5.9 25.5 A-2-4 SM

I-4 / US 192 Interchange South of Ramp BD End Bent 3 Pile 1 S-23 55 57 90.3 0.0016 0.096 0.18 112.5 32.0 75.7 13.9 10.4 24.3 A-2-4 SM

I-4 / US 192 Interchange South of Ramp BD End Bent 3 Pile 1 S-24 55 57 90.3 0.00 0.09 0.18 112.5 28.1 74.0 16.4 9.7 26.1 A-2-4 SM

I-4 / US 192 Interchange West Bound End Bent 1 Pile 1 S-25 50 52 91.8 0.00 0.12 0.21 100.0 32.7 79.5 11.5 9.0 20.5 A-2-4 SM

I-4 / US 192 Interchange West Bound End Bent 1 Pile 1 S-26 58 59 91.8 0.00 0.18 1.10 289.5 7.8 86.9 5.3 7.8 13.1 A-2-4 SM
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6.2.1. Cohesionless Soils 

The cohesionless soils, where HPR was encountered, all classified as dense to very dense 

non-plastic silty sand (SM) according to USCS, but either A-4 or A-2-4 according to AASHTO. 

The results indicated that an average of 33% of the materials tested were finer than 0.075 mm (# 

200 sieve). The average percentage of silt-size particles (< 2-7.5 µm) was 25% and the average 

percentage of clay-sized particles (< 2 µm) was 8.25%. These high HPR soils had an average 

void ratio of 1.1, an average D10 grain size of 0.007 mm, an average D30 grain size of 0.073 mm, 

and an average D60 grain size of 0.124 mm. 

Cohesionless soils, where low to nonHPR was encountered, were also classified as very 

dense non-plastic silty sand SM according to USCS and A-2-4 (with one exception) according to 

AASHTO. A lower average of 19% of these soils was finer than 0.075 mm (# 200 sieve). The 

average percentage of silt-size particles (< 2-7.5µm) was much lower at 11% and the average 

percentage of clay-sized particles (< 2µm) was similar to the HPR soils at 8%. These silty sands 

have an average void ratio of 0.83, a slightly larger average D10 of 0.01 mm, an average D30 of 

0.21 mm, which is three times that for HPR soils, and a larger average D60 of 0.45 mm, which 

was also three times larger than that for HPR soils.  

In summary, for the cohesionless soils shown in Table 6.1, the silt content, plus D30 and 

D60, are all higher in the HPR soils than in the nonHPR soils. The average silt content for the 

HPR soils is more than twice as high as for nonHPR soils, while both D30 and D60 are three times 

higher in the HPR soils than in the nonHPR soils. The USCS SM classification for HPR soils is 

consistent while the AASHTO classification for HPR soils varies from A-4, to A-2-4. The 

remaining classification parameters (i.e., Cu and Cc) were evaluated and no clear trends were 

observed.  
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Figure 6.1: Grain size distribution curves for high pile HPR cohesionless soil 

 

 Figure 6.2: Grain size distribution curves for nonHPR cohesionless soils 

6.2.2. Cohesive Soils 

The grain size distributions for the HPR and nonHPR cohesive soils are shown in Figure 

6.3 and Figure 6.4. Table 6.2 includes a summary of the key classification properties. Fifteen 

samples were from soils where pile driving produced HPR great than 0.5 inch, while eight 

samples were from soils where driving produced less than 0.2 inches of HPR. 
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Twelve out of 15 HPR samples classified as high plastic clay (CH) according to USCS 

with an average liquid limit (LL) of 63, a plastic limit (PL) of 23, and a plasticity index (PI) of 

40. According to AASHTO, 13 of these 15 samples classified as A-7-6. The grain size for the 

HPR soils has an average of 76% of soils finer than 0.075 mm (# 200 sieve). The average 

percentage of clay-sized particles (< 2µm) was 40.7%, while the percentage of silt-size particles 

(< 2-7.5µm) was 35.9%. These high HPR soils have an average void ratio of 1.76, an average 

D30 of 0.04 mm, and an average D60 of 0.03 mm. 

Based on USCS classifications, seven of the eight cohesive soils where low to nonHPR 

occurred were classified as low plasticity clay (CL). One sample was sandy clay (SC). According 

to AASHTO, half of these samples were A-7-6 and the other half was A-6. These soils had an 

average liquid limit (LL) of 41, a plastic limit (PL) of 18, and a plasticity index (PI) of 22. In 

terms of clay fraction (< 0.002 mm), the results show that the average percentage of clay-sized 

particles (< 2µm) was 24.5% while the percentage of silt-size particles (< 2-7.5µm) was 54%. 

These low HPR soils have an average void ratio of 1.37, an average D30 of 0.04 mm, and an 

average D60 of 0.035 mm. 
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Figure 6.3: Grain size distribution curves for high pile HPR cohesive soils 

 

Figure 6.4: Grain size distribution curves for low to nonHPR cohesive soils 

From Table 6.2, it can be concluded that Atterberg limits from cohesive HPR soils had an 

average plastic index nearly twice that encountered with cohesive nonHPR soils. As was the case 

for the cohesive soils, the remaining classification parameters were evaluated; however, no clear 

trends were observed. 
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6.3. Evaluating Silt Content Effects on Rebound 

Plots of silt content versus rebound were developed from the grain size data. The 

cohesionless data was evaluated separately from the cohesive data.  

6.3.1. Cohesionless Soil  

The data in Figure 6.5 shows the influence of silt content on high pile HPR for all 

cohesionless samples. As can be seen, HPR did not begin to be clearly identified until the silt 

content reached 20%. Beyond this point, all soil samples experienced high pile HPR; below 

20%, 11 samples produced no HPR and five produced HPR, although two additional samples 

had silt contents and HPR at just above 20%.  

In summary, below 20% silt content, cohesionless soils may or may not produce high pile 

HPR; however, above 20%, all 10 samples produced HPR. It can be see that the presence of the 

silts significantly affects high pile HPR. 

6.3.2. Cohesive Soil  

The data in Figure 6.6 shows that the effect of silt content on HPR for the cohesive soils 

is different than for cohesionless soils. There is a distinct range over which the HPR changes, 

starting at 20% up to about 35%, from below 0.25 inches to greater than 0.75 inches. At silt 

contents greater than about 45%, HPR is approximately the same as HPR shown below 20%. 

Only one sample produced a silt content below 20% (14%) and HPR below 0.25 inches. 
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Table 6.2: Physical Properties of Cohesive Soil Samples 

USCS=Unified*Soil*Classification*System; AASHTO = American Association of State Highway and Transportation Officials; 
!! = !!"

!!";  !! = !!"^!
!!"×!!"  
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Figure 6.5: Silt content (%) vs. PDA HPR (in) – cohesionless soils (SM) from all sites  
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Figure 6.6: Silt content (%) vs. PDA HPR (in) – cohesive soils (CH, CL) from all sites  

 

6.4. Evaluating Clay Content Effects on HPR and NonHPR Soils 

Plots of clay content versus HPR were developed from the grain size information. The 

cohesionless data was evaluated separately from the cohesive data. 

6.4.1. Cohesionless Soil 

The data in Figure 6.7 shows that the clay content in the cohesionless soils had no effect 

on high pile HPR. The clay content for both HPR and nonHPR soils was between 5 to 11%. 
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Therefore the clay content may not be an effective index for predicting whether or not high pile 

HPR would occur during driving in cohesionless soils. Additional data would be helpful in 

clarifying this finding. 

 

Figure 6.7: Clay Content (%) vs. PDA HPR (in) – cohesionless soils (SM) from all sites 

6.4.2. Cohesive Soils 

Figure 6.8 shows clay content versus PDA HPR for the cohesive soils. Cohesive soils 

with clay content less than about 30% produced HPR below 0.25 inches, while cohesive soils 

with clay contents above about 35% produced HPR.  
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Figure 6.8: Clay content (%) vs. PDA HPR (in) – cohesive soils (CH, CL) from all sites 

  



 

 209 

6.5. Evaluating Sand Content Effects on HPR and NonHPR Soils 

Plots of sand content versus HPR were developed from the grain size information. The 

cohesionless data was evaluated separately from the cohesive data. 

6.5.1. Cohesionless Soils 

The data in Figure 6.9 shows the sand content and corresponding PDA HPR for all 

cohesionless specimens retrieved from HPR and nonHPR sites.  The specimens that produced 

HPR less than 0.25 inches have a sand content greater than 74%. High pile HPR specimens were 

found to have sand contents between 35% and 87%.  

Between 35% and 74% sand content, all specimens were found to produce high pile 

HPR. In summary, cohesionless soils with sand contents below 74% are more likely to produce 

HPR.  
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Figure 6.9: Sand Content (%) vs. PDA HPR (in) – cohesionless soils (SM) from all sites 

6.5.2. Cohesive Soils 

The large scatter of data shown in Figure 6.10 indicates no clear trend from cohesive soils 

for identifying high pile HPR. There is a very slight decrease in rebound as sand content 

increases above 25%.  Overall, the data shows an excessive scatter, which implies that HPR in 

cohesive soils does not depend on sand content.  
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Figure 6.10: Sand content (%) vs. PDA HPR (in) – cohesive soils (CH, CL) from all sites 

6.6. Evaluating Silt Content versus Sand Content for HPR and 
NonHPR Soils 

Plots of sand content versus silt content were developed from the grain size information.  

The cohesionless data was evaluated separately from the cohesive data. 

6.6.1. Cohesionless Soils 

The data in Figure 6.11 shows the influence of silt and sand content on high and no pile 

HPR specimens from all sites. The results indicate that below about 70% sand and above about 

20% silt, HPRs greater than 0.5 inches occur. At percentages outside this range, there is a 
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mixture between HPR and nonHPR behavior, with nonHPR being prevalent. This plot indicates 

that the variation of silt and sand in cohesionless soils significantly affects high pile HPR. 

 

Figure 6.11: Silt content (%) vs. sand content (%) – cohesionless soils (SM) from all sites 

6.6.2. Cohesive Soils 

The results in Figure 6.12 show that HPR and nonHPR soils plot along two distinct lines, 

which also display high regression (i.e., R2 > 0.94) coefficients. Additional data might further 

clarify boundaries for these lines. Due to the relatively low number of data points, no equations 

were included for the lines. The nonHPR percentages plot farther up or higher on each axis. Also 

of note is that the high HPR data points only exist between 20 and 34% silt.  
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Figure 6.12: Silt Content (%) vs. Sand Content (%) – Cohesive soils (CH, CL) from all sites. 

6.7. Evaluating Silt Content versus Clay Content for HPR and 
NonHPR Soils 

6.7.1. Cohesionless Soils 

Figure 6.13 is a semi-log plot of silt content versus clay content for the cohesionless soils. 

As has been shown in previous figures, when the silt content exceeds 20%, an HPR of 0.5 inches 

or more occurs. There are no visible thresholds associated with the clay content, which ranges 
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from 5% to 11%. It appears from this log-log plot that the HPR of cohesionless soils is more 

dependent upon silt content than on clay content.  

 

Figure 6.13: Silt content (%) vs. clay content – cohesionless soils (SM) from all sites 

6.7.2. Cohesive Soils 

A semi-long plot of log of silt content versus clay content was developed, as shown in 

Figure 6.14. When compared to Figure 6.13, Figure 6.14 shows the influence of silt content and 

clay content on high pile HPR in cohesive soils to be more significant than they are for 

cohesionless soils. The data in Figure 6.14 indicates that HPR was encountered in a clear zone 



 

 215 

between clay and silt contents, with data points from 37%, 19% to 61%, and 34%. Specimens 

with clay contents above 37% produced high pile HPR. However, all specimens with clay 

contents below 30% produced no HPR. 

In summary, clay content plays a significant role in identifying HPR in cohesive soils 

when it is above 37% and the silt content is between 20 and about 40%.  More data is needed to 

verify these findings.   
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Figure 6.14: Silt content (%) vs. clay content – cohesive soils (CH, CL) from all sites 

6.8. Evaluation of the Silt Content and Grain Size Distribution 
Factors D10, D30, D60 on HPR and nonHPR Soils 

6.8.1. Cohesionless Soils 

As the semi-log data shown in Figure 6.15 indicates, D10 does not change with the silt 

content of cohesionless (SM) HPR soils. In conclusion, based on this data, D10 is not an indicator 

of HPR. 
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Figure 6.15: Silt content (%) vs. D10 content – cohesionless soils (SM) from all sites 

As the semi-log data in Figure 6.16 indicates, D30 does not change with the silt content of 

cohesionless (SM) HPR soils. In conclusion, based on this data, D30 is not an indicator of HPR. 

 

Clay%  (5% -12%) 
Sand% (35%- 88%) 
Silt% (4% - 55%) 

Fine% (12% - 65%) 
Unit Weight  (104 psi- 124 psi) 

!! > 1, Cu !! > 2 
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Figure 6.16: Silt content (%) vs. D30 content – cohesionless soils (SM) from all sites 

As the semi-log data shown in Figure 6.17 indicate, D60 does not change with the silt 

content of cohesionless (SM) HPR soils. In conclusion, based on this data, D60 is not an indicator 

of HPR. 
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Figure 6.17: Silt content (%) vs. D60 content – cohesionless soils (SM) from all sites 

6.8.2. Cohesive Soils 

There is no D10 data from the soils evaluated and there is no HPR data for the soils with 

grain sizes through D30; therefore these plots are not shown. When D60 is plotted versus clay 

content, as shown in Figure 6.18, the data indicate that D60 for HPR soils lies in distinct ranges. 

The upper range, which consists of only two data points, corresponds to D60 near 0.08 and the 

clay content around 37%. The lower range, consisting of five points, corresponds to D60 values 

below 0.01 and clay contents equal to or greater than 50%. In conclusion, there is a possible 

trend between D60 and clay content; however, more data is needed to substantiate this finding.  
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Figure 6.18: Clay content (%) vs. D60 content – cohesive soils (CH, CL) from all sites 

6.9. Evaluation of Fine Content versus Silt Content for HPR and 
NonHPR Soils 

6.9.1. Cohesionless Soil 

The data in Figure 6.11 shows the influence of silt and sand content on high and no pile 

HPR specimens from all sites. The results indicate that HPR greater than 0.5 inches occurs in 

soils below approximately 70% sand and above approximately 20% silt. At percentages outside 

this range, there is a mixture between HPR and nonHPR behavior, with nonHPR being prevalent. 

This plot indicates that the variation of silt and sand in cohesionless soils significantly affects 

high pile HPR. 
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Figure 6.19: Silt content (%) vs. fines content (%) – cohesionless soils (SM) from all sites 

6.9.2. Cohesive Soils 

As was the case when silt was compared to sand content (See Figure 6.12), the results in 

Figure 6.20 show that HPR and nonHPR soils plot along two distinct lines, which also display 

high regression (i.e., R2 > 0.95) coefficients. Additional data might further clarify boundaries for 

these lines. Due to the relatively low number of data points, no equations were included for the 

lines. The nonHPR percentages plot farther up or higher on each axis. Also of note is that the 

high HPR data points only exist between 20 and 34% silt, while the nonHPR points extend from 

13 to 69% silt.  
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Figure 6.20: Silt content (%) vs. fines content (%) – cohesive soils (CH, CL) from all sites 

6.10.  Evaluation the Effect of Clay Content and Plasticity Index on 
HPR and nonHPR in Cohesive Soils  

The data from the selected cohesive soils were used in order to determine the combined 

effects of clay content and plasticity index (PI) on the HPR and nonHPR cohesive soils. Based 

on the result shown in Figure 6.21, there is a clear trend showing that HPR soils have PIs greater 

than about 30% with clay contents in excess of 37%, while nonHPR cohesive soils have PIs less 

than about 26% and clay contents below 30%. 
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Figure 6.21: Clay content (%) versus Plastic Index (PI) 

6.11. Evaluation the Effect of Plasticity Index and Liquid Limit on 
HPR and nonHPR in Cohesive Soils 

The combined effects of liquid limit and PI on the HPR and nonHPR cohesive soils were 

evaluated, as shown in Figure 6.22. There is a clear trend showing HPR soils have PIs greater 

than 30% and LL greater than 50%, while nonHPR soils have PIs less than 24 and LL less than 

45. The PI of the HPR soils is clearly higher than the PI for the nonHPR soils.  
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Figure 6.22: Liquid limit (LL) versus Plastic Index, (PI) for cohesive (CL, CH) soils 

6.12. Evaluating Silt Content versus Permeability for HPR and 
NonHPR Soils 

6.12.1. Cohesionless Soils 

The 16 data points in Figure 6.23 indicate that the permeability of cohesionless HPR soils 

is lower than the permeability of nonHPR soils. In general, the permeability of the HPR soils was 

one or two orders of magnitude lower than the nonHPR soils. Specifically, the HPR soils have 

permeabilities below 5 x 10-6, while the nonHPR values were larger than 1.2 x 10-5. 
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Figure 6.23: Permeability vs. silt content – cohesionless soils (SM) from all sites 

6.12.2. Cohesive Soils 

The data in Figure 6.24 indicate that the permeability of the cohesive HPR and soils is 

generally one order of magnitude lower than the nonHPR cohesive soils. There are only nine 

data points on this graph, and one HPR data point has a much higher permeability than the other 

four.  
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Figure 6.24: Permeability vs. Silt content – Cohesive soils (CH, CL) from all sites 

6.13. Evaluation of the Silt Content versus Unit Weight on HPR and 
NonHPR Soils 

6.13.1. Cohesionless Soil 

The data in Figure 6.25 show that the HPR soils possess lower dry unit weights than the 

nonHPR soils. The dry unit weights for the nonHPR soils range from 111 to 123 pcf, while for 

HPR soils, it ranged from 104 to 121 pcf. 
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Figure 6.25: Dry unit weight vs. silt content – cohesionless soils (SM) from all sites 

6.13.1. Cohesive Soils 

The data in Figure 6.26 show that both the HPR and nonHPR cohesive soils have 

relatively low dry unit weights. There are only 17 data points, so making a clear conclusion is 

difficult. However, there seems to be a trend that the HPR soils have lower dry unit weights than 

the nonHPR soils, since five of the HPR densities are below the density of water or 62.4 pcf, 

while the nonHPR densities range from 64 to 83 pcf.  
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Figure 6.26: Dry unit weight vs. silt content – cohesive soils (CH, CL) from all sites 

6.14. HPR Behavior during Cyclic Loading 

Following the preliminary index testing, a complete cyclic testing program was 

performed on all undisturbed thin-walled tube samples. The experimental study included 30 

cyclic undrained triaxial tests on samples from six sites that had fines contents varying from 12 

to 95%. Each specimen was subjected to a series of cyclic loads in order to evaluate the behavior 

of soils subjected to high pile HPR. Prior to the cyclic testing, 30 consolidated undrained tests 

were conducted to determine the maximum deviator stress at failure for each sample. The 

applied cyclic load was selected as a percentage of the maximum CU deviator stress of each 

retrieved sample. 
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The results were divided into two categories based on their soil types: cohesionless soils 

and cohesive soils. Factors such as axial strain, pore water pressure, number of cycles, and time 

and cyclic stress ratios were evaluated. 

6.14.1. The Effect of Number of Cycles on Axial Strain for HPR and NonHPR 

Soils 

6.14.1.1. Cohesionless Soils 

The response from cyclic loading of 30 specimens was plotted in terms of number of 

cycles required to generate 1, 2.5, 5, and 15% axial strains, as shown in Figure 6.27. The data 

shows that after 1% strain, HPR soils reached the chosen strains at a higher number of cycles 

than the NonHPR soils. For example, the number of cycles ranged from 1000 to 8500 to produce 

1% axial strain in both HPR and nonHPR soils. Above 1% axial strain, nonHPR soils reached the 

strains at a lower number of cycles than the HPR soils. For example, to reach 2.5% strain, at least 

3000 cycles were required for HPR soils, while nonHPR soils only required 1000 cycles. 

6.14.1.2. Cohesive Soils 

The response from cyclic loading of 20 cohesive specimens were plotted in terms of 

number of cycles needed to generate 0.42, 1, 2.5, 5, and 15% axial strains (See Figure 6.28). The 

0.42 failure strain is considered an anomaly and was not used in determining trends from this 

data. The data shows a similar trend to the cohesionless soils in that after 1% strain, HPR soils 

reached the chosen strains at a higher number of cycles than the NonHPR soils. For example, to 

produce 1% axial strain for both HPR and nonHPR soils, the number of cycles ranged from 2500 

to 8500. Above 1% axial strain, the nonHPR soils reached the strains at lower cycles than the 

HPR soils. At 2.5% strains, at least 5400 cycles were required for HPR soils, while nonHPR soils 

only needed 3750 cycles. 

In conclusion, the HPR soils required many more (two to three times) cycles to produce 

the 2.5, 5, 10, and 15% strains than the nonHPR soils and are therefore termed more resilient. 
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Figure 6.27: Number of cycles required to achieve 1%, 2.5%, 5%, 10%, and 15% strain for 
cohesionless soils susceptible to HPR and nonHPR 
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Figure 6.28: Number of cycles required to achieve 1%, 2.5%, 5%, 10%, and 15% strain for 
cohesive soils susceptible to HPR and nonHPR 

6.14.2. Evaluation of Failure Strain and Pore Water Pressure during Cyclic 
Loading  

The number of cycles required to produce failure from cyclic loading was evaluated in 

terms of failure strain and pore water pressure ratio (Δu/σ3’). HPR and nonHPR data were 

plotted with failure strain and Δu/σ3’data versus number of cycles to failure. 

6.14.2.1.  Failure Strain versus Number of Cycles to Failure 

The data in Figure 6.29 show that the number of cycles to failure for the nonHPR 

cohesionless soils ranges from 2000 to 8000 and occurs when the failure strains are at least 10% 

and mostly 15%. The number of cycles to failure for the HPR cohesionless soils ranges from 

5200 to 8500 but occurs over a much larger range (i.e., 1 to 15%) of failure strains than the 

nonHPR soils. In summary, the cyclic failure strains for cohesionless nonHPR soils are typically 

high compared to the cyclic failure strains of cohesionless HPR soils. This testing result would 



 

 232 

indicate that pile driving through cohesionless HPR soils would require more hammer blows 

than pile driving through cohesionless nonHPR soils. 

 

Figure 6.29: Cyclic triaxial failure strain versus number of cycles from cyclic triaxial tests 
performed on cohesionless HPR and nonHPR soils 

 

6.14.2.2. Pore Water Pressure Ratio versus Number of Cycles to Failure 

The data in Figure 6.30 shows that the Δu/σ3’ for nonHPR soils ranged from 0.82 to 0.97, 

while for HPR soils, it ranged from 0.34 to 0.89. This lower range indicates that the HPR soils 

take more time to produce increases in pore pressures than the nonHPR soils. The same trend as 

the previous cyclic figures displayed is also shown here, in that the number of cycles to failure 

for the nonHPR soils is lower than for the HPR soils. Only two of the 10 HPR soils had failure 

ratios in excess of 0.8, while all of the nonHPR soils had failure ratios larger than 0.8. HPR 

specimens appeared to have lower pore water pressure ratios at failure than nonHPR specimens.  

The results also show that nonHPR specimens approached a Δu/σ3’ ratio equal to 1 at 

failure, which caused them to lose shear strength. This failure was clearly observed in their large 
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axial strain of the nonHPR specimens during the cyclic loading. As the number of cycles to 

failure increases past 4000, the pore pressure ratio at failure decreases. 

 

Figure 6.30: Pore water pressure ratio versus number of cyclic loadings from cyclic triaxial tests 
on HPR and nonHPR cohesionless soils. 

6.15.  Soil Behavior Chart Trends 

The deviator stress at failure from cyclic triaxial data was plotted versus the cone tip 

resistance from CPTu tests at the same elevation as the samples. The data is shown in Figure 

6.31. A linear regression was performed on the data producing the equation and R2 values shown 

in the plot. Although there is an increasing linear trend, the regression coefficient is low (R2 = 

0.47). In summary, it may be possible to predict cone tip resistance based on deviator stress at 

failure from cyclic triaxial tests. 

There is published evidence that Soil Behavior Charts (SBTs) can be used to distinguish 

between HPR and nonHPR soils (Dekhn, 2015). To plot the lab data on Roberton’s 2012 SBT 

chart, the regression equation from Figure 6.31 was used for each cyclic triaxial sample. At each 

point, the deviator stress at failure was used and a predicted cone tip resistance was determined.  
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The friction ratio obtained from CPTu testing at the same location and elevation was used as the 

x-coordinate so that the data could be placed on Robertson’s 2012 SBT chart.  

 

Figure 6.31 Averaged CPTu cone tip resistance near thin-walled tube sample versus cyclic 
triaxial deviator stress at failure from corresponding sample  

Figure 6.32 shows that the HPR soils produce data points in the dilative zones of soil 

types 3, 4, and 5. One of the 12 HPR soils plots in the contractive zone. It also shows that 

nonHPR soils mostly plot in the contractive zones for soil types 5 and 6. Three of the nine 

nonHPR data points are near the contractive-dilative boundary. 

A second SBT chart was developed using the actual data in Figure 6.31. Instead of using 

the regression equation to predict cone resistance, the measured CPTu cone tip and friction ratio 

near the cyclic triaxial sample was used for each data point. Figure 6.33 is the SBT chart and it 

shows similar trends as the previous figure. The HPR soils plot in the dilative areas and the 

nonHPR soils plot in the contractive areas. The main difference between this figure and the 
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previous one is that the HPR dilative soils are mainly in zones 4 and 5 and plot very near the soil 

behavior index of 2.6.  A second difference is that the one HPR sample that plotted in the 

contractive zone in the first SBT chart plotted on the boundary between the contractive and 

dilative zones. 

In summary, the HPR soils mainly plot in dilative zones 4 and 5 and the regression 

equation produces more scatter within the SBT chart. 

 

Figure 6.32: Estimated soil behavior based on regression equation from HPR and nonHPR 
laboratory samples on Robertson’s (2012) updated normalized cone resistance versus friction 

ratio SBT chart 
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Figure 6.33: Estimated soil behavior based on CPT results matched to HPR and nonHPR 
laboratory sample elevations on Robertson’s (2012) updated normalized cone resistance versus 

friction ratio SBT chart!
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7. Analysis of Soil Behavior Type  
Soil behavior type (SBT) charts have been used for many years to help engineers 

understand the soil types encountered during CPT testing. Robertson developed a well-known 

SBT chart in 1986. SBT charts can be based on just point and friction data or point, friction, and 

pore pressure data. 

7.1. Basic Approach 

The CPT data for all the seven sites (See Table 4.1) were analyzed to determine the 

relationship between soil type and HPR. CPeT-IT software charts developed by Robertson 

(1990), Robertson (2012), Schneider et al. (2008), and Eslami and Fellenius (1997) were used. 

CPTu data for the HPR and nonHPR zones was placed on each of these charts.  

7.2. Soil Behavior Type Classification (Robertson, 1990) 

7.2.1. Normalized Cone Resistance versus Normalized Friction Ratio 

Two normalized soil behavior charts originally developed by Robertson (1990) were used 

to classify soils in the HPR and nonHPR zones at the seven sites. In the first chart, the 

normalized cone tip resistance (Qtn) is plotted versus the normalized friction ratio (Fr). Figure 7.1 

shows data from HPR soils while Figure 7.2 shows the data for the nonHPR soils. Both the 

Wroth (1984) and Houlsby (1988) normalization processes, which require normalizing using 

overburden pressures, were used for Qtn and Fr, respectively. 

The majority of the normalized CPT data points for HPR soils in Figure 7.1 are closely 

clustered above the left-most portion of the normally consolidated area in Zones 3 and 4 with 

some located in Zone 5. Figure 7.1 also shows that approximately 90% of the data points are 

located in the region of increasing OCR age or cementation (i.e., the upper right region). This 

figure shows that Fr ranges from 0.4 to 10 (i.e., the right half of the chart) while Qt ranges from 3 

to 40.  In summary, Figure 7.1 indicates that the soils in the HPR zones are classified as 

overconsolidated fine-grained soil (clayey silt to silty clay) or cemented coarse-grained soil (silty 

sand to sandy silt).  
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Although there is a large scatter of data, the majority of the data points for the nonHPR 

zones are located in Zones 4, 5, and 6 as shown in Figure 7.2. Some of these points are also 

located in Zones 1 and 3. Approximately 95% of the data in Zones 4 and 5 are located on and 

below the normally consolidated region (i.e., decreasing of OCR or cementation). The soil in the 

nonHPR zones classifies as clean sand, uncemented silty sand, or underconsolidated/normally 

consolidated clayey silt. The majority of the data points in Figure 7.2 are located in the left half, 

with Fr ranging from 0.1 to 4 and Qtn ranging from 2 to 400.   

 

Figure 7.1: HPR data overlaid on Robertson’s (1990) normalized cone resistance versus 

normalized friction ratio SBT chart with the normally consolidated zone shown 
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Figure 7.2: NonHPR data overlaid on Robertson’s (1990) normalized cone resistance versus 

normalized friction ratio SBT chart with the normally consolidated zone shown. 

In summary, Figure 7.1 shows that the HPR soils are overconsolidated fine-grained soil (clayey 

silt to silty clay) or cemented coarse-grained soil (silty sand to sandy silt). Figure 7.2 has a large 

scatter of data; however, there is a large group of data indicating that these soils are clean sand, 

uncemented silty sand, or underconsolidated/normally consolidated clayey silt. 

7.2.2. Cone Resistance versus Pore Pressure Ratio 

SBT charts can be improved if pore pressure data is also normalized and added 

(Robertson, 2009). Normalization of pore pressures requires separation of pore pressures that are 

a function of soil response and those existing in the ground prior to the penetration. Measured 

penetration pore pressure during CPT testing (u2) represents the sum of the in situ or hydrostatic 

pore pressure (u◦) and the excess pore pressure (∆u2) (Schneider et al., 2008). The pore pressure 

normalization formula suggested by Wroth (1984) is: 

B! = ! ∆!
!!!!!"

!!= ! !!!!°!!!!!"
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 7-1!
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where 

Bq = Pore pressure ratio 

u2 = pore pressure measured at the cone shoulder 

uo = in situ pore pressure  

qt = cone resistance corrected for pore water pressure at cone shoulder 

σvo = total overburden stress 

Robertson’s (1990) SBT chart accounts for pore pressure and soil type as Bq is plotted 

versus qt. The data points from the HPR soils were superimposed on Figure 7.3 and nonHPR 

zones on Figure 7.4. The data points in Figure 7.3 are mainly located in Zones 3, 4, 5, and 6 in 

the direction of OCR or cementation increase. Therefore, the soil in the HPR zones can be 

classified as cemented silty clay to silty sand. This finding is similar to the previous conclusion 

(Figure 7.1) with respect to soil type.  

The majority of the data points in Figure 7.3 are located on the right side of the 

classification chart (i.e., positive Bq). Bq for these point ranges from 0.2 to 0.9 corresponding to 

a corrected tip resistance range of 1 tsf to 5.5 tsf. Figure 7.4 presents Bq versus qt chart for 

nonHPR zones. The data points are located longitudinally on the upper part of the chart with a 

range of cone resistance (qt) from 1 tsf up to 70 tsf. Bq is low and ranges from -0.05 to 0.22.  

Based on the results shown in all four figures (i.e., Figure 7.1, Figure 7.2, Figure 7.3, and 

Figure 7.4) the HPR and nonHPR soils may overlay in Zones 4 and 5. The data in the HPR zones 

lies above the normally consolidated region and high pore pressure ratios, while for the nonHPR 

zones, the data lie on and below that region with low pore pressure ratios. These findings agree 

with the estimated soil properties discussed in Chapter 4. A summary of the data overlaid on 

Robertson’s (1990) charts in terms of HPR and nonHPR is presented in Table 7-1.  
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Figure 7.3: HPR data overlaid on Robertson’s (1990) cone resistance versus pore pressure ratio 
SBT chart 

 

Figure 7.4: NonHPR data overlaid on Robertson’s (1990) cone resistance versus pore pressure 
ratio SBT chart 
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Table 7-1: Ranges from Robertson’s (1990) Soil Behavior Type Classification Charts for HPR 
and NonHPR Zones at All Sites 

Zone SBTn 
Zone 

Normalized 
cone 

resistance 

(Qtn) 

Normalized 
friction ratio 

(Fr %) 

Pore 
pressure 
ratio (Bq) 

Corrected 
cone 

resistance, 
qt (tsf)  

HPR 3,4,5 3 – 40 0.4 – 10  0.2 – 0.9 1 – 5.5 

NonHPR 1,4,5,6,
7 2 – 400  0.1 – 4  -0.05 – 

2.2 1 – 70  

7.3. Soil Behavior Type Classification (Robertson, 2012) 

Robertson (2012) modified his original (1990) SBT chart and added a line that accounts 

for soil dilation and contraction. Two regions were identified on this chart based on the state 

parameter (ψ) and OCR. Coarse-grained soils with ψ less than -0.05 and fine-grained soils with 

an OCR greater than 4 are dilative at typical pile driving strains and CPT testing. Robertson 

(2012) also divided each region into three sub-regions based on drainage: undrained, transitional, 

and drained. The undrained region included fine-grained soils while the drained region included 

coarse-grained soils. The transitional region represents mixed soils (i.e., coarse and fine).  

Therefore, four major groups of soil behavior were identified on this chart: fine dilative (FD), 

coarse dilative (CD), fine contractive (FC), and coarse contractive (CC). 

The normalized CPT data for the HPR and nonHPR zones from the seven sites were 

superimposed onto the updated SBT chart (Robertson, 2012) (Figure 7.5 and Figure 7.6). The 

data shown in Figure 7.5 indicates that the HPR soils plot in the fine to mixed grained (i.e., 

transitional) dilative soil zones. A large portion of the HPR data is located within the FD zone 

(i.e., fine grained soils with high OCR). Some of the HPR data plots in the transitional or mixed 

zone (i.e., medium to dense sandy mixed soil). As shown in Figure 7.6, the nonHPR soils plot in 

the fine, transitional or mixed grained, and coarse contractive soil zones. The majority of the 

nonHPR CPT data is located in the CC zone (i.e., loose sandy soils). The remaining portion of 
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the nonHPR zone data is located in fine and mixed grained zone (i.e., normally consolidated fine 

soil and loose mixed soil). 

Based on the data presented in Figure 7.5 and Figure 7.6, it can be concluded that the 

HPR soils plot in the FD zone whereas the nonHPR soils plot in the FC and CC zones. 

However, the transitional or mixed grained zone may include both the HPR and nonHPR soils 

depending on the state parameter or OCR of the mixed soil.  

In conclusion, this SBT chart indicates that HPR soils generally plot as overconsolidated 

fine grained or dense mixed grained while the nonHPR soils generally plot as normally 

consolidated fine grained or loose mixed/coarse grained. Using these charts may be simpler and 

less costly, since CPTu testing is not required. 

 
Figure 7.5: HPR data overlaid on Robertson’s (2012) updated normalized cone resistance versus 

friction ratio SBT chart 
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Figure 7.6: NonHPR data overlaid on Robertson’s (2012) updated normalized cone resistance 

versus friction ratio SBT chart 

7.4. Soil Classification Using Schneider et al. (2008) 

The soil classification chart developed by Schneider et al. (2008) was used to analyze the 

CPT data from all sites. This chart was proposed for classifying soil using normalized CPT data 

from the corrected tip resistance (qt) and u2. The cone tip resistance was normalized by dividing 

by the vertical effective stress,σ!!", (Wroth, 1984), while u2 was normalized using:  

Normalized!pore!water!pressure = ! ∆!!!!!"
= ! !!!!!!!!"

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 7-2 

where 

u2 = pore pressure measured at cone shoulder 

uo = in aitu pore pressure  

σ!!"= effective overburden stress. 

The normalized CPT data for the HPR and nonHPR zones were plotted on a semi-log Q 

versus ∆u! σ!!" chart, as illustrated in Figure 7.7 and Figure 7.8 respectively. Figure 7.7 shows 
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that most HPR data lies within the silts and low rigidity index (Ir) clays (i.e., Zone 1a) and some 

lies in the clay zone (i.e., Zone 1b). The normalized pore water pressure ranges from 2 up to 10 

for the data in Zone 1a and 1 to 5 for the data in Zone 1b.  

The soil classification chart in Figure 7.8 indicates that most of the nonHPR data falls in 

Zone 2, essentially drained sands, and a small fraction in Zone 3, transitional and silt soils. The 

data in Figure 7.8 has very low negative and positive normalized pore water pressures and very 

high tip resistance.   

 

Figure 7.7: HPR data overlaid on Schneider et al.’s (2008) SBT chart 
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Figure 7.8: NonHPR data overlaid on Schneider et al.’s (2008) SBT chart 

7.5. Soil Classification Using Eslami and Fellenius (1997) 

Most of the referenced soil profiling methods use cone resistance plotted against the 

friction ratio. However, the friction ratio includes the cone resistance. This manner of data 

presentation violates the principle of not plotting a variable against itself. Eslami and Fellenius 

(1997) developed a soil profiling method to classify the soil using CPT data. This classification 

method depends on the CPT parameters measured directly during the test (i.e., qt or qc, fs, and 

u2). Therefore, it can be developed directly during the CPT sounding because the normalization 

by division with effective overburden stress is not required.  

The classification procedure is accomplished using a log-log plot of fs versus the 

effective cone resistance (qE), determined by:  

q! = !q! − u!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 7-3 

where 

qt = cone resistance corrected for pore water pressure on cone shoulder 

u2 = pore water pressure measured at cone shoulder 
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HPR and nonHPR CPT data from all sites was superimposed on Eslami and Fellenius’ 

(1997) SBT chart, as shown in Figure 7.9 and Figure 7.10. Figure 7.9 indicates that the soil at the 

HPR zones can be classified as silty sand to silty clay. The data points have fs ranging from 50 

kPa to 700 kPa and qE ranging from 1 MPa to 10 MPa.  

Figure 7.10 represents the classification of the soils in the nonHPR zones. There is 

significantly more scatter in this data. The soil can be classified as sand to sandy silt with a low 

fraction in the sensitive – collapsible clay and/or silt – zone. The majority of the data has fs 

ranging from 2.0 kPa to 80 kPa and qE ranging from 0.4 MPa to 40 MPa. It can be concluded that 

the HPR data tends to have high fs and low qE while the data at the nonHPR zones has low fs and 

from low to high qE. 

7.6. Summary of Soil Behavior Type Classification  

The soil behavior type (SBT) charts can identify the HPR and nonHPR soils. Based on all 

SBT charts discussed earlier, the HPR soils are silty clay to clayey silt or silty sand to sandy silt. 

These soil types also exist in the nonHPR zones in addition to the sandy soil. Although the same 

soils exist in both HPR and nonHPR zones, there are other soil properties that identify the HPR 

and nonHPR soils in addition to the soil type. The HPR soils have higher CPT pore water 

pressure (u2), higher sleeve friction, lower tip resistance, and are located in the zone of increasing 

OCR/cementation. In contrast, the nonHPR soils have low CPT pore water pressure (u2), low 

sleeve friction, high tip resistance, and are located in and/or below the normally consolidated 

zone. The HPR soils are fine undrained dilative (FD) soils while the nonHPR soils are coarse and 

fine drained contractive (FC and CC) soils.   
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Figure 7.9: HPR data overlaid on Eslami and Fellenius’ (1997) SBT chart 

 

 

Figure 7.10: NonHPR data overlaid on Eslami and Fellenius’ (1997) SBT chart 
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8. Conclusions and Recommendations 
Pile rebound that occurred during installation of 18- or 24-inch square PCPs from 11 sites 

was evaluated. The sites were located in central Florida, western Jacksonville, and the Florida 

Panhandle near Destin. All piles were driven with open-ended diesel hammers into soils in the 

Hawthorn formation. These conclusions are based solely on the data from these sites. Diesel 

hammers’ impact velocities, which are much higher than the velocities from hydraulic or 

air/steam hammers, may be one of many causes for the excessive rebound. The effects of 

hammer impact velocity were not evaluated during this research.  

Many of the conclusions and recommendations from this work were based on rebound 

greater than or equal to 0.5-inches and non-rebound still below 0.25-inches due to clearer and 

more distinct trends at these limits. They are not intended to replace FDOT Specification 455-

5.10.3 for use as maximum specification limits and should produce conservative results. 

8.1. Conclusions 

8.1.1. Re-evaluations of Correlations 

The main objective of this research was to re-evaluate the rebound versus N and fines 

content correlations published by Cosentino et al. (2013) and Jarushi (2011), which were based 

on limited data.  

Based on the large number of PDA data points from 25 PCPs at 11 sites, there appears to 

be a very poor correlation between rebound based on the inspectors’ set and SPT N values. The 

original N-rebound correlation was based on about 30 data points with only four above N-values 

of 40. 

Based on several evaluations of rebound versus FC, there could be a relationship between 

these variables up to FC values of about 35%; however, beyond this threshold, there is no clear 

relationship. 

8.1.2. Grain Size Trends 

A successful evaluation of numerous grain size distribution parameters shows that 

rebound may be a function of certain grain sizes. The classification findings for the rebound sites 
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are consistent with the description of the soils in the Hawthorn Formation. The findings indicate 

that engineers could inexpensively locate HPR soils and zones in properly completed soil 

borings. 

The following conclusions are based on the results from 44 thin-walled tube samples 

retrieved from six sites. 

1. There was no clear tendency in USCS or AASHTO classifications as both 

classified as SM or A-4/A-2-4. These soils could be either HPR or nonHPR.  

2. The Atterberg limits PI and clay content clearly showed differences between HPR 

and nonHPR soils, with higher PIs and clay content in the HPR soils than in the 

nonHPR soils. The Atterberg limits of the HPR cohesive soils tested produced an 

average plastic index nearly twice that of the soils that displayed low to nonHPR 

problems. 

3. The presence of the silt significantly affects HPR. Below 20% silt content in 

cohesionless soils, HPR may not be clearly identified; however, above 20%, all 

ten cohesionless samples produced HPR. For cohesive soils, HPR was evident for 

all samples, with between about 20 and 35% silt; however, with silt contents 

greater than about 50%, HPR occurred about half of the time. It was also noted 

that the average silt content for the HPR soils is more than twice as high as for 

nonHPR soils, while both D30 and D60 are three times higher in the HPR soils than 

in the nonHPR soils.  

4. The clay content of cohesionless soils may not be an effective index for predicting 

HPR. Cohesive soils with clay contents less than about 30% produced nonHPR, 

while cohesive soils with clay contents above about 35% produced HPR. 

5. Cohesionless soils with sand contents below 74% all produced HPR. HPR in 

cohesive soils does not depend on their sand content. 

The reevaluation of rebound versus NES (i.e., the FDOT standard correction process using 

1.24) was performed by dividing the soils into three groups: (a) FC below 12%, (b) FC between 

12 and 50%, and (c) FC above 50%. Soils with less than 50% fines, which are sands, and the 

soils with more than 50% fines, which are silts and clays of low or high plasticity, produced the 

following conclusions: 
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1. Sands with FC less than 12% generally do not produce rebound greater than 1 

inch, and at NES above 20, produced rebound less than 0.50 inches.  

2. Silts and clays (i.e., FC > 50%) produced multiple instances of rebound greater 

than 1 inch when NES was less than 4, but rebound did not exceed 0.35 inches at 

NES greater than 24 and/or as the soils became stiffer/harder.  

3. Sands with 12 to 50% fines showed the greatest potential for rebound as rebound 

above 1 inch occurred up to an NES of 18. They remained high, between 0.75 and 

1 inch, as NES increased to refusal. 

Numerous N-value correction techniques were attempted to determine how they might 

affect the rebound versus N relationships. Regardless of the technique used, the same three 

trends, discussed above, were shown.  

A histogram with a frequency of rebound greater than and less than 0.5 inches based on 

FC, categorized in 10% FC increments, shows that FCs between 30 and 40% produce the highest 

probability (nearly 40%) of rebound in excess of 0.5 inches. However, these FCs produce only 

10% probability of rebound of less than 0.5 inches. This indicates that FC in the 30 to 40% range 

could be an indicator of rebound greater than 0.5 inches. 

8.1.3. Permeability and Density Trends 

In general, the permeability coefficient of the HPR soils was one or two orders of 

magnitude lower (i.e., slower flow) than the nonHPR soils. Specifically, cohesionless HPR soils 

have permeabilities slower than 5 x 10-6 (i.e., 10-7, 10-8), while cohesionless nonHPR soils have 

permeabilities faster than 1.2 x 10-5 cm/s (i.e., 10-4, 10-3). The permeability of the cohesive HPR 

soils is based on very limited data and may be on the order of 10-8 cm/s or one order of 

magnitude slower than the nonHPR cohesive soils (10-7 cm/s).   

The lower end of the range of dry unit weights of the HPR soils (104 pcf) is about 10% 

lower than the lower end of the range of dry unit weights of the nonHPR soils (111 pcf). 

8.1.4. Cyclic Triaxial Trends 

Basic triaxial testing did not show any variations in failure stresses between the HPR and 

nonHPR soils. This finding matches the original problem statement associated with HPR, in that 
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conventional geotechnical testing did not show and differences between HPR and nonHPR soils. 

The loading rate during these tests is much slower than the pile-driving, CPTu penetration or 

cyclic triaxial rates, clearing indicating that this phenomenon is related to the rate of loading of 

these soils.  

HPR cohesionless soils required about two to three times more cycles to produce 1, 2.5, 

5, 10, and 15% strains than the nonHPR soils and are therefore considered twice to three times as 

resilient. This finding suggests that pile driving in these cohesionless resilient soils would also 

require more hammer blows during installation. These same soils have also been termed 

liquefaction resistant, and CPT SBT charts, along with SPT N values related to contractive and 

dilative behavior, lead to this same trend. 

The cyclic failure strains for nonHPR soils are typically higher (with nearly all failing at 

15% strain) than the cyclic failure strains of HPR soils (which mostly failed in the 1 to 5% 

range). 

During cyclic loading HPR specimens have lower pore water pressure ratios (Δu/σ3’) at 

failure than nonHPR specimens, indicating that the HPR soils take longer to produce increases in 

pore pressures than the nonHPR soils. This finding matches what we see in the field that the 

displacement piles do not penetrate the HPR soils.  

8.1.5. CPTu Trends 

1. There are consistent trends indicating that increased CPTu pore pressures in fine silty 

sands with clays correlate to HPR for large diameter PCPs.  

2. The CPT pore water pressures (u2) may be linearly correlated to the pile rebound.  

3. The pore water pressures during CPTu testing over a 5 to 10 pile diameters (relatively 

thick layer) are very high with values in the 300 to 550 psi range when cemented SM and 

SC soils are encountered. 

4. CPTu predicted undrained shear strengths for HPR soils are higher than those from 

nonHPR soils, which matches the trend of difficult driving with displacement piles in 

HPR soils. 
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8.1.6. SBT Chart Trends 

1. HPR and nonHPR soils plot in distinct regions on SBT charts.  

2. The rebound soils are cemented silty fine sand (SM) with trace phosphate and shell or 

cemented clayey fine sand (SC) with fines. 

3. CPT data from rebound soils typically plotted in the dilative zones of the Robertson 

(2012) SBT chart, while non-rebound soils typically plotted in its contractive zones.  

4. Most SBT charts give an indication of type and behavior of rebound and nonrebound 

soils. Placing the CPTu data on these charts and determining which soils would 

potentially produce HPR is a time-consuming operation. 

a. Robertson’s (1990) Tip and Sleeve SBT chart shows some slight trends that the 

HPR soils plot in Zones 3, 4, and 5 to the right of the normally consolidated soils; 

however, the nonHPR soils may plot more to the left of the normally consolidated 

soils in Zones 1 and 3 through 7.  

b. Robertson’s (1990) Tip and Pore Pressure SBT chart indicates rebound when the 

pore pressure ratio Bq is greater than 0.2 and no rebound when it is less than 0.2.  

c. Islami and Fellenius’ (1997) SBT chart shows HPR soils plot in the silty clay, 

silty sand, and sandy silt ranges 

d. Based on the CPTu data and the laboratory testing data, the Robertson’s (2012) 

SBT chart shows HPR soils as dilative within zones 3, 4, and 5 and contractive 

soils within zones 1 and 3 through 6 within the contractive areas.    

e. Schneider et al.’s (2008) SBT chart indicates HPR soils plot in zones 1 a and b, 

plus 3 when the ratio Δu2/σ’vo exceeds 1, and that nonHPR soils plot in zones 2 

and 3 when this ratio is below 1.   

5. FC between 25% and 40% likely results in liquefaction resistant soils. 

6. Medium dense to very dense silty sands have a dilative response, produced rebound, and 

may lead to refusal. 
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7. Soft to very stiff clays can produce rebound in excess of 2 inches. Rebound reduces as 

clays become harder. 

8.2. Recommendations 

Based on the findings from this research, the following decision tree was developed to 

help geotechnical engineers determine whether rebound is a concern. These charts are based on 

limited data and the engineer is cautioned that they are very preliminary and that rebound may 

occur even when these charts lead engineers to believe that it may not.  

The decision tree rebound criterion is based on FDOT Specification 455-5.10.3 is 0.25 

inches and should result in conservative predictions of rebound problems. The existing methods 

used to determine rebound to accuracies of ¼-inch are limited and an improved approach for 

measuring it in the field would benefit FDOT.  

Three levels are presented:  

1.  Level I should be used to guide the geotechnical engineer through basic design phase 

information needed to guide them to a point where they can identify problem HPR sites. 

It includes basic knowledge of the geologic conditions from the Hawthorn layer, the 

locations of other HPR sites, and the intended use of displacement piles driven with 

open-ended (i.e., single acting) diesel hammers. Also, from the design phase, the engineer 

should know some FCs, although they may not be from the critical layers.  

2.  Level II guides the geotechnical engineer though a supplemental laboratory testing 

investigation that should seriously be consider. It includes a complete grain size analysis 

with hydrometer and Atterberg limits from SPT samples on cohesive soils from critical 

layers within the soil profile. There is a separate decision tree for the cohesive and 

cohesionless soils based on FCs, percent clay and silt, and Atterberg limits. Based on the 

data retrieved to date, the decision matrix leads the engineer to a level of concern 

believed to be either high or moderate for HPR problems. FDOT should consider 

processes that allow additional data to be added to the existing plots, especially grain size 

and limits data. 
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3.  The level III supplemental field-testing investigation, if desired, should focus on 

permeability so that the differences between the HPR and nonHPR soils can be evaluated. 

This level would require thin-walled tube sampling and triaxial permeability testing. Also 

CPTu testing could be performed to show pore pressures possibly in excess of 100 psi in 

the HPR soils. Finally, the resilient behavior shown from the stress-level cyclic triaxial 

testing, conducted as described in this report, is noted on the third level decision tree so 

that engineers know that pile driving in these soils would be more difficult. 
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Existing correlations between SPT N values and CPT qc values should be investigated to 

determine how these correlations can be used and if they possibly could lead to SPT data being 

used on the SBT charts that do not include pore water pressure data.  

Permeability correlations between; a) ASTM D 5084 triaxial permeability testing, b) 

CPTu –k correlations and c) CPTu dissipation testing should be performed in the rebound soils 

from the existing sites. The CPTu and lab data are already available for many of the sites 

evaluated to date.  

A multivariable regression analysis should be performed that incorporates the SPT N-

values, fines content, silt content, clay content, and possibly the D10, D30 and D60 values as 

variables. These findings could be used to validate the decision tree. 

Using rebound of 0.5 inches or more produced clearer findings than using 0.25-inches 

and should be investigated when more precise field measurements become available. The current 

problems with double integrating the PDA accelerations to determine a digital set should be 

addressed by considering fixed laser systems mounted possibly on the driving templates or the 

ground surface not affected by pile driving vibrations.  
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 Appendix A CPTu Effective Stress Profiles A.
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      (a)                                                                 (b) 

Figure A-1 Total stress, hydrostatic pore water pressure, and effective stress versus depth for 
I-4 / US 192 at (a) pier 6 / pile 16 and (b) pier 7 / pile 10 
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      (a)                                                                 (b) 

Figure A-2 Total stress, hydrostatic pore water pressure, and effective stress versus depth for 
SR 417 International Parkway at (a) B1 / pile 14 and (b) B2 / pile 5 
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Figure A-3 Total stress, hydrostatic pore water pressure, and effective stress versus depth for 
SR 50 / SR 436 at west bound / pile 5 
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Figure A-4 Total stress, hydrostatic pore water pressure, and effective stress versus depth for 
I-4 / SR 408 at pier 2 / pile 5 
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Figure A-5 Total stress, hydrostatic pore water pressure, and effective stress versus depth for 
Anderson Street at pier 6 / pile 5, 6 
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Figure A-6 Total stress, hydrostatic pore water pressure, and effective stress versus depth for 
I-4 Widening Daytona at EB3 / pile 5 
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Figure A-7 Total stress, hydrostatic pore water pressure, and effective stress versus depth for 
SR 83/Ramsey Branch Bridge at EB 5 / pile 2 
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 Appendix B SPT Correlations  B.
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B.1. Test Pile PDA Data Correlated to SPT Samples 

 A.1. I-4 / US-192 Interchange B.1.1.

B.1.1.1.  Test Pile EB1P3 (Ramp BD) 

 

 

 

 

 

Elevation Depth SPT	B-27 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
70.15 19.36 54 681 12 1.05 0.85 1.00 0.05 0 184 1.2 0.7 0.99 0.8
67.56 21.94 39 1012 17 0.72 0.34 0.71 0.00 2 352 1.8 0.9 1 0.8
65.11 24.39 39 1066 41 0.62 0.22 0.29 0.33 0 426 1.8 0.8 1 0.8
62.63 26.87 60 999 52 0.57 0.20 0.23 0.33 0 395 1.7 0.6 1 0.8
60.12 29.38 39 1005 44 0.62 0.27 0.27 0.35 0 389 1.7 0.7 1 0.8
57.64 31.86 13 936 37 0.60 0.25 0.33 0.28 0 336 1.6 0.6 1 0.8
55.13 34.37 3 899 35 0.56 0.42 0.34 0.22 198 161 1.6 0.6 1 0.8
52.62 36.88 WH 909 24 0.58 0.50 0.50 0.08 261 96 1.6 0.6 1 0.8
50.11 39.39 3 956 29 0.51 0.39 0.41 0.10 350 94 1.7 0.5 1 0.8
47.63 41.87 WH 1000 25 0.51 0.39 0.49 0.02 402 71 1.7 0.6 1 0.8
45.13 44.37 7 1043 38 0.46 0.35 0.32 0.14 440 78 1.8 0.7 1 0.8
42.63 46.87 12 1127 39 0.45 0.33 0.31 0.14 437 112 1.9 0.9 1 0.8
40.12 49.38 11 1169 38 0.47 0.42 0.32 0.15 365 156 2.0 0.9 1 0.8
37.62 51.88 10 1165 40 0.45 0.38 0.30 0.15 306 171 2.0 1.0 1 0.8
35.11 54.39 7 1202 36 0.61 0.61 0.34 0.27 278 179 2.1 1.1 1 0.8
32.63 56.87 9 1222 38 0.47 0.37 0.32 0.15 315 223 2.1 0.7 1 0.8
30.12 59.38 10 1235 37 0.55 0.47 0.32 0.23 260 222 2.1 0.9 1 0.8
27.60 61.90 17 1078 56 0.79 0.32 0.22 0.57 41 297 1.9 1.0 1 0.8
25.11 64.39 17 991 76 1.08 0.24 0.16 0.92 5 268 1.7 1.0 1 0.8
22.53 66.97 20 1007 313 0.95 0.11 0.04 0.91 9 243 1.7 1.1 1 0.8
20.13 69.37 25 1080 128 0.75 0.22 0.09 0.66 78 292 1.9 1.0 1 0.8
17.64 71.86 16 1195 74 0.79 0.29 0.16 0.63 111 310 2.1 1.1 1 0.8
15.17 74.33 25 1105 219 0.68 0.12 0.05 0.62 67 262 1.9 1.1 1 0.8
12.65 76.85 25 1375 56 0.68 0.25 0.21 0.46 199 436 2.4 0.8 1 0.8
10.12 79.38 14 1288 49 0.66 0.10 0.24 0.42 183 399 2.2 0.7 1 0.8
7.62 81.88 16 1263 45 0.65 0.16 0.27 0.39 200 378 2.2 0.6 1 0.8
5.12 84.38 18 1278 44 0.66 0.22 0.27 0.39 212 374 2.2 0.7 1 0.8
2.59 86.91 14 1346 55 0.64 0.15 0.22 0.42 220 383 2.3 0.7 1 0.8
0.11 89.39 43 1458 103 0.46 0.17 0.12 0.34 335 608 2.5 0.5 1 0.8



 

 
 

285 

B.1.1.2.  Test Pile P7P10 (Ramp CA) 

 

Elevation Depth SPT	B-40 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
63.60 25.60 50/3 1331 73 0.60 0.25 0.16 0.44 77 819 2.31 0.50 1 0
61.10 28.10 31 1430 55 0.63 0.27 0.22 0.42 89 766 2.48 0.75 1 0
58.60 30.60 67 1565 40 0.65 0.35 0.30 0.35 102 760 2.71 1.11 1 0
56.10 33.10 20 1511 36 0.60 0.19 0.33 0.27 259 563 2.62 1.16 1 0
53.59 35.61 10 1388 37 0.56 0.51 0.33 0.23 517 295 2.41 1.09 1 0
51.10 38.10 3 1405 41 0.46 0.36 0.29 0.17 646 205 2.44 1.10 1 0
48.62 40.58 1 1368 53 0.40 0.34 0.23 0.17 776 119 2.37 0.95 1 0
46.10 43.10 2 1385 50 0.39 0.31 0.24 0.15 808 96 2.41 0.99 1 0
43.59 45.61 0 1330 57 0.36 0.27 0.21 0.15 808 60 2.31 0.96 1 0
41.10 48.10 9 1434 52 0.40 0.31 0.23 0.17 845 174 2.49 1.04 1 0
38.60 50.60 10 1571 42 0.48 0.37 0.28 0.20 802 310 2.73 1.16 1 0
36.10 53.10 9 1291 50 0.40 0.29 0.24 0.16 750 186 2.24 0.87 1 0
33.61 55.59 8 1060 64 0.40 0.30 0.19 0.21 778 2 1.84 0.50 1 0
31.10 58.10 10 1049 47 0.45 0.33 0.26 0.20 659 40 1.82 0.61 1 0
28.60 60.60 10 1103 47 0.51 0.32 0.26 0.25 631 73 1.91 0.68 1 0
26.10 63.10 23 1164 50 0.56 0.35 0.24 0.32 500 200 2.02 0.81 1 0
23.60 65.61 14 1190 50 0.61 0.34 0.24 0.37 267 398 2.08 1.03 1 0
21.10 68.10 17 1232 50 0.65 0.37 0.24 0.41 165 517 2.14 1.18 1 0
16.10 73.10 25 1008 135 0.49 0.19 0.09 0.40 261 369 1.75 0.64 1 0
13.56 75.64 28 1172 128 0.63 0.26 0.09 0.53 232 389 2.03 0.81 1 0
11.10 78.10 24 1234 120 0.74 0.25 0.10 0.64 130 474 2.14 1.21 1 0
8.60 80.60 28 1194 109 0.61 0.21 0.11 0.50 245 416 2.07 0.95 1 0
6.10 83.10 21 1305 71 0.65 0.36 0.17 0.49 253 489 2.27 1.15 1 0
3.57 85.63 14 1335 65 0.61 0.31 0.18 0.43 241 555 2.32 1.21 1 0
1.10 88.10 21 1352 71 0.58 0.29 0.17 0.41 254 613 2.35 1.21 1 0
-1.40 90.60 20 1371 86 0.57 0.28 0.14 0.43 260 645 2.38 1.19 1 0
-3.90 93.10 15 1326 81 0.56 0.29 0.15 0.41 272 580 2.30 1.08 1 0
-6.25 95.45 11 1372 171 0.46 0.31 0.07 0.39 352 682 2.39 0.72 1 0
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B.1.1.3.  Test Pile P8P4 (Ramp CA) 

 

B.1.1.4.  Test Pile P2P8 (Ramp D2) 

 

Elevation Depth SPT	B-41 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
70.02 20.82 51 966 17 0.72 0.26 0.69 0.03 0 271 1.7 1.0 1 0.5
67.71 23.13 13 1119 24 0.78 0.41 0.50 0.27 0 347 2.0 1.1 1 0.5
65.19 25.65 12 1134 31 0.68 0.37 0.39 0.30 1 376 2.0 0.9 1 0.5
62.70 28.14 9 1109 40 0.59 0.27 0.30 0.29 3 407 1.9 0.8 1 0.5
60.21 30.63 13 1080 48 0.58 0.25 0.25 0.33 2 430 1.9 0.6 1 0.5
57.70 33.14 23 1078 45 0.57 0.22 0.27 0.31 24 433 1.9 0.6 1 0.5
55.22 35.62 6 1075 43 0.56 0.31 0.28 0.27 139 345 1.9 0.6 1 0.5
52.70 38.14 4 1077 32 0.54 0.42 0.38 0.17 342 138 1.9 0.7 1 0.5
50.20 40.64 2 1104 30 0.55 0.42 0.40 0.16 381 91 1.9 0.8 1 0.5
47.71 43.13 2 1158 30 0.53 0.40 0.40 0.13 462 78 2.0 0.9 1 0.5
45.19 45.65 2 1192 31 0.53 0.39 0.38 0.15 422 99 2.1 1.0 1 0.5
42.71 48.13 1 1237 36 0.51 0.35 0.33 0.18 517 65 2.1 1.0 1 0.5
40.21 50.63 0 1308 39 0.51 0.35 0.31 0.21 522 103 2.3 1.1 1 0.5
37.71 53.13 10 1333 37 0.53 0.34 0.33 0.20 418 158 2.3 1.1 1 0.5
35.20 55.64 7 1376 35 0.55 0.37 0.34 0.20 398 167 2.4 1.2 1 0.5
32.71 58.13 8 1388 37 0.54 0.39 0.33 0.21 398 184 2.4 1.1 1 0.5
30.20 60.64 12 1427 38 0.58 0.36 0.32 0.27 349 235 2.5 1.1 1 0.5
25.19 65.65 16 1211 48 0.89 0.31 0.25 0.64 42 351 2.1 1.1 1 0.5
22.72 68.12 17 1096 49 0.91 0.21 0.24 0.66 38 321 1.9 1.1 1 0.5
20.21 70.63 17 1152 97 0.95 0.17 0.12 0.83 53 339 2.0 1.1 1 0.5
17.69 73.15 20 1306 99 1.02 0.17 0.12 0.90 61 394 2.3 1.2 1 0.5
15.22 75.62 22 1220 155 0.65 0.19 0.08 0.57 103 333 2.1 1.1 1 0.5
12.71 78.13 26 1163 73 0.67 0.09 0.16 0.58 141 315 2.0 0.9 1 0.5
10.14 80.70 24 1326 90 0.89 0.23 0.13 0.75 155 329 2.3 1.3 1 0.5
7.76 83.08 22 1223 92 0.57 0.26 0.13 0.44 279 274 2.1 0.8 1 0.5
5.20 85.64 18 1240 80 0.58 0.27 0.15 0.43 286 272 2.2 0.8 1 0.5
2.71 88.13 14 1263 54 0.63 0.33 0.22 0.41 327 249 2.2 0.9 1 0.5
0.20 90.64 19 1320 61 0.64 0.30 0.20 0.44 345 279 2.3 0.8 1 0.5
-1.84 92.68 19 1391 86 0.51 0.21 0.14 0.37 349 561 2.4 0.4 1 0.5

Elevation Depth SPT	B-41 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
43.81 47.99 31 311 43 0.18 0.00 0.28 -0.10 192 42 0.5 0.1 1.20 0.8
41.80 50.00 51 1199 39 0.57 0.10 0.31 0.27 159 300 2.1 0.7 1.10 0.8
39.29 52.51 3 1167 41 0.52 0.40 0.29 0.23 329 217 2.0 0.7 1.10 0.8
36.78 55.02 18 1250 47 0.51 0.39 0.26 0.26 427 229 2.2 0.6 1.10 0.8
34.30 57.50 18 1198 44 0.58 0.50 0.27 0.31 423 192 2.1 0.5 1.10 0.8
31.81 59.99 6 1164 39 0.56 0.52 0.31 0.25 463 132 2.0 0.6 1.10 0.8
29.30 62.50 14 1156 36 0.64 0.62 0.33 0.31 341 206 2.0 0.6 1.10 0.8
26.82 64.98 9 1150 28 0.65 0.59 0.43 0.22 196 288 2.0 0.6 1.10 0.8
24.31 67.49 13 1154 25 0.79 0.57 0.48 0.31 73 343 2.0 0.7 1.10 0.8
21.75 70.05 13 1043 35 0.76 0.26 0.34 0.42 68 351 1.8 0.7 1.10 0.8
19.30 72.50 11 1141 38 0.65 0.27 0.32 0.33 120 352 2.0 0.7 1.10 0.8
16.77 75.03 16 1092 72 0.76 0.26 0.17 0.59 99 334 1.9 0.8 1.10 0.8
14.30 77.50 24 1118 76 0.87 0.16 0.16 0.71 107 283 1.9 1.0 1.10 0.8
11.76 80.04 50 1206 130 0.97 0.08 0.09 0.88 114 214 2.1 1.1 1.10 0.8
9.30 82.50 21 1006 150 0.82 0.13 0.08 0.74 65 282 1.7 0.9 1 0.8
6.85 84.95 19 1054 108 0.99 0.16 0.11 0.88 68 268 1.8 0.9 1 0.8
4.31 87.49 13 1045 100 0.99 0.18 0.12 0.86 68 272 1.8 0.9 1 0.8
1.83 89.97 12 1206 78 0.81 0.28 0.15 0.65 61 346 2.1 1.1 1 0.8
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  SR-417 and International Parkway B.1.2.

B.1.2.1.  Test Pile EB1P14 

 

Elevation Depth SPT	B-1 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
66.50 5.77 39 579 3 4.00 4.00 4.00 0.00 0 0 1.00 0.75 1 0.4
64.77 7.505 23 786 8 1.92 1.60 1.60 0.32 18 48 1.20 0.90 1 0.4
62.78 9.495 11 1040 11 1.42 1.09 1.09 0.33 27 147 1.30 0.85 1 0.4
59.80 12.47 7 769 16 0.87 0.73 0.73 0.14 24 170 1.40 0.95 1 0.4
57.30 14.975 13 936 29 0.66 0.41 0.41 0.26 22 261 1.50 1.00 1 0.4
54.81 17.465 17 1076 31 0.71 0.38 0.39 0.33 32 289 1.75 1.20 1 0.4
52.30 19.97 30 1212 38 0.70 0.32 0.32 0.38 41 370 1.80 1.20 1 0.4
49.80 22.475 13 1270 27 0.77 0.44 0.44 0.32 29 322 1.80 1.20 1 0.4
47.30 24.97 13 1153 21 0.83 0.56 0.57 0.26 31 248 1.85 1.30 1 0.4
44.80 27.475 33 1089 41 0.55 0.30 0.30 0.25 62 335 1.85 1.30 1 0.4
42.30 29.975 14 1259 46 0.58 0.26 0.26 0.32 92 407 1.85 1.30 1 0.4
39.80 32.47 8 1405 52 0.59 0.23 0.23 0.35 138 477 1.10 0.60 1 0.4
37.31 34.965 26 1476 43 0.61 0.28 0.28 0.33 181 443 1.45 0.90 1 0.4
34.80 37.475 13 1461 31 0.61 0.38 0.38 0.23 241 332 1.25 0.70 1 0.4
32.31 39.96 10 1463 31 0.58 0.38 0.38 0.20 495 152 0.85 0.40 1 0.4
29.80 42.475 7 1331 39 0.45 0.31 0.31 0.14 701 66 0.50 0.20 1 0.4
27.31 44.96 0 1358 40 0.45 0.30 0.30 0.14 785 31 1.95 1.20 1 0.4
24.80 47.47 3 1396 41 0.44 0.29 0.29 0.15 830 39 1.70 1.05 1 0.4
22.30 49.97 4 1500 48 0.46 0.24 0.25 0.21 782 152 1.45 0.85 1 0.4
19.80 52.47 4 1494 42 0.51 0.29 0.29 0.23 567 184 1.60 0.90 1 0.4
17.31 54.96 25 1451 39 0.49 0.30 0.31 0.18 550 154 1.50 0.80 1 0.4
14.81 57.46 13 1389 40 0.46 0.30 0.30 0.16 527 117 1.60 0.90 1 0.4
12.30 59.97 4 1341 44 0.43 0.27 0.27 0.16 519 114 1.50 0.80 1 0.4
9.81 62.465 7 1333 41 0.42 0.29 0.29 0.13 510 107 1.55 0.85 1 0.4
7.30 64.975 4 1324 42 0.41 0.28 0.29 0.13 513 99 1.55 0.85 1 0.4
4.80 67.47 3 1336 53 0.38 0.23 0.23 0.15 550 114 1.70 0.95 1 0.4
2.30 69.97 34 1542 72 0.38 0.17 0.17 0.22 560 461 1.55 0.85 1 0.4
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B.1.2.2.  Test Pile EB2P5 

 

  SR-50 and SR-436 B.1.3.

B.1.3.1.  Test Pile EB4P10 

 

Elevation Depth SPT	B-2 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
49.82 22.48 20 1130 12 1.34 1.23 1.00 0.34 0 187 2.0 1.3 0.99 0.4
47.31 24.99 13 668 16 0.81 0.31 0.77 0.04 0 155 1.2 0.7 0.90 0.4
44.79 27.51 24 832 19 0.86 0.33 0.63 0.23 0 183 1.4 0.9 0.90 0.4
42.29 30.01 32 928 31 0.65 0.49 0.38 0.27 0 302 1.6 0.9 0.94 0.4
39.80 32.50 19 983 42 0.64 0.53 0.29 0.35 1 374 1.7 0.9 0.98 0.4
37.32 34.98 24 1139 22 0.88 0.70 0.55 0.33 0 271 2.0 1.2 0.94 0.4
34.80 37.50 3 923 19 0.76 0.66 0.62 0.15 16 224 1.6 1.0 0.99 0.4
32.29 40.01 3 1016 19 0.78 0.70 0.65 0.14 87 183 1.8 1.2 1 0.4
29.81 42.49 3 948 24 0.60 0.58 0.50 0.10 180 134 1.6 1.0 1 0.4
27.29 45.02 2 926 26 0.55 0.52 0.47 0.09 227 98 1.6 1.0 1 0.4
24.79 47.51 18 1021 32 0.53 0.39 0.38 0.15 222 161 1.8 0.9 1 0.4
22.30 50.00 8 1019 36 0.57 0.37 0.33 0.23 93 216 1.8 0.9 1 0.4
19.80 52.50 3 961 32 0.51 0.33 0.37 0.14 157 173 1.7 0.9 1 0.4
17.31 54.99 5 987 35 0.48 0.38 0.34 0.14 314 95 1.7 1.0 1 0.4
14.80 57.50 4 1047 38 0.50 0.40 0.32 0.18 338 103 1.8 1.0 1 0.4
12.30 60.00 8 1081 37 0.52 0.38 0.32 0.20 343 122 1.9 1.0 1 0.4
9.80 62.50 10 1079 39 0.50 0.31 0.30 0.19 408 93 1.9 1.0 1 0.4
7.30 65.00 24 1227 55 0.52 0.29 0.22 0.30 325 305 2.1 0.8 1 0.4
4.80 67.50 19 1400 55 0.68 0.30 0.22 0.46 109 542 2.4 1.2 0.93 0.4
2.30 70.00 50/5 1250 86 0.57 0.20 0.14 0.43 125 479 2.2 1.1 1 0.4
0.19 72.11 50/4 1443 86 0.40 0.07 0.14 0.26 213 1725 2.5 0.8 1 0.4

Elevation Depth SPT	TH-4B FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
71.94 26.86 15 771 3 3.21 3.17 4.00 -0.79 0 0 1.2 0.5 0.97 0.3
69.41 29.39 49 775 5 1.75 1.40 2.40 -0.65 0 86 1.3 0.9 0.98 0.3
67.00 31.80 31 614 9 1.00 0.46 1.32 -0.32 0 120 1.0 0.7 1 0.3
64.52 34.27 26 634 9 1.11 0.51 1.35 -0.24 0 126 1.1 0.7 1 0.3
62.02 36.77 20 460 6 1.18 0.54 2.00 -0.82 0 54 0.7 0.5 0.92 0.3
59.44 39.36 27 535 10 0.98 0.34 1.24 -0.26 0 128 1.1 0.7 0.97 0.3
56.97 41.82 12 738 11 1.00 0.55 1.07 -0.07 0 202 1.3 0.8 1 0.3
54.50 44.30 28 757 15 0.79 0.42 0.78 0.02 1 179 1.3 0.8 1 0.3
52.02 46.78 26 813 17 0.82 0.41 0.72 0.10 1 222 1.4 0.9 1 0.3
49.51 49.29 14 842 16 0.82 0.44 0.75 0.07 1 230 1.5 0.9 1 0.3
46.99 51.81 15 778 21 0.71 0.31 0.58 0.13 2 231 1.3 0.8 1 0.3
44.47 54.32 15 802 24 0.63 0.33 0.51 0.13 12 221 1.4 0.9 1 0.3
42.00 56.80 9 986 23 0.68 0.43 0.52 0.15 76 244 1.7 1.0 1 0.3
39.48 59.32 6 928 21 0.64 0.46 0.58 0.06 165 136 1.6 1.0 1 0.3
37.01 61.79 8 1004 25 0.61 0.38 0.48 0.13 217 159 1.8 1.1 1 0.3
34.45 64.34 3 920 34 0.53 0.25 0.35 0.18 234 171 1.6 0.9 1 0.3
31.99 66.80 4 1016 40 0.52 0.19 0.30 0.22 273 221 1.8 0.9 1 0.3
29.50 69.30 7 1049 33 0.60 0.24 0.37 0.23 223 196 1.8 1.1 1 0.3
26.99 71.81 3 1106 35 0.62 0.25 0.34 0.27 143 308 1.9 1.1 1 0.3
24.53 74.26 6 1183 38 0.60 0.23 0.31 0.29 165 314 2.1 1.1 1 0.3
21.97 76.82 7 1218 39 0.55 0.23 0.31 0.24 250 301 2.1 1.1 1 0.3
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B.1.3.2.  Test Pile P3P10 (EB) 

 

  Heritage Parkway B.1.4.

B.1.4.1.  Test Pile EB1P1 

 

 

Elevation Depth SPT	TH-3B FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
60.62 32.74 9 731 4 3.00 3.00 3.00 0.00 0 0 1.3 0.8 0.90 0.5
58.53 34.83 7 593 3 3.47 3.47 3.47 0.00 0 0 1.0 0.6 0.90 0.5
55.92 37.43 14 649 7 1.68 1.66 1.66 0.02 1 110 1.1 0.6 0.91 0.5
53.47 39.88 13 700 14 0.97 0.88 0.88 0.09 0 194 1.2 0.6 0.99 0.5
51.02 42.33 26 803 14 0.98 0.83 0.83 0.14 0 209 1.4 0.8 1 0.5
48.52 44.84 23 802 13 0.99 0.89 0.89 0.09 0 202 1.4 0.8 1 0.5
45.98 47.38 22 904 22 0.78 0.55 0.55 0.23 13 247 1.6 0.8 1 0.5
43.49 49.87 55 986 24 0.77 0.49 0.49 0.27 16 257 1.7 0.8 1 0.5
40.96 52.40 8 1058 27 0.65 0.44 0.44 0.21 88 276 1.8 0.8 1 0.5
38.49 54.86 7 1123 35 0.58 0.34 0.34 0.24 279 218 1.9 0.8 1.02 0.5
35.98 57.38 8 1160 33 0.57 0.36 0.36 0.20 453 113 2.0 0.9 1.07 0.5
33.50 59.86 12 1200 49 0.50 0.24 0.24 0.25 566 152 2.1 0.7 1.05 0.5
31.01 62.35 5 1265 40 0.59 0.30 0.30 0.29 449 194 2.2 0.9 1 0.5
28.50 64.85 6 1287 26 0.68 0.47 0.47 0.22 419 136 2.2 1.1 1 0.5
25.97 67.38 51 1405 38 0.58 0.31 0.31 0.27 542 225 2.4 0.9 1 0.5
23.49 69.86 71 1461 39 0.66 0.31 0.31 0.35 244 359 2.5 1.1 1 0.5
20.92 72.43 60 1368 44 0.57 0.27 0.28 0.30 214 407 2.4 1.0 1 0.5

Elevation Depth SPT	TH-5 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
0.55 21.45 6 569 15 1.25 0.80 0.80 0.45 0 155 1.8 0.8 1 0.53
-4.88 26.88 WH 468 1 12.00 12.00 12.00 0.00 0 0 1.4 0.9 1 0.53
-9.63 31.63 5 549 2 6.00 6.00 6.00 0.00 0 0 1.7 1.1 1 0.53
-14.88 36.88 5 389 1 12.01 12.01 12.00 0.01 0 -1 1.2 0.7 0.90 0.53
-19.46 41.46 15 409 6 2.42 2.00 2.00 0.42 0 0 1.3 0.6 0.90 0.53
-24.53 46.53 20 664 20 0.97 0.59 0.59 0.38 8 256 2.1 0.8 1 0.53
-29.48 51.48 20 834 34 0.94 0.35 0.35 0.58 36 395 2.6 0.7 1 0.53
-34.55 56.55 2 794 9 1.61 1.33 1.33 0.28 45 151 2.4 1.4 1 0.53
-39.50 61.50 2 617 13 1.08 0.93 0.93 0.15 75 116 1.9 1.0 1 0.53
-44.51 66.51 5 655 12 1.17 1.00 1.00 0.17 40 136 2.0 1.0 1 0.53
-49.50 71.50 9 666 13 1.15 0.93 0.93 0.23 36 141 2.1 1.1 1 0.53
-54.49 76.49 11 686 14 1.19 0.85 0.85 0.34 16 169 2.1 1.1 1 0.53
-59.53 81.53 20 887 20 0.89 0.60 0.60 0.29 93 244 2.7 1.1 1 0.53
-64.52 86.52 16 793 18 0.96 0.66 0.67 0.29 57 166 2.5 1.2 1 0.53
-69.50 91.50 14 897 29 0.70 0.41 0.41 0.29 156 226 2.8 0.9 1.10 0.53
-74.48 96.48 10 926 26 0.69 0.46 0.46 0.23 219 173 2.9 1.0 1 0.53
-79.57 101.57 5 990 42 0.57 0.32 0.28 0.29 425 243 3.1 0.7 1 0.53
-84.50 106.50 17 963 38 0.52 0.45 0.31 0.21 306 165 3.0 0.8 1 0.53
-89.44 111.44 31 1003 60 0.48 0.33 0.20 0.28 269 317 3.1 0.3 1 0.53
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B.1.4.2.  Test Pile B3P1 

 

B.1.4.3.  Test Pile EB5P1 

 

 

Elevation Depth SPT	FDOT FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
-9.25 18.25 6 281 1 12.01 12.01 12.00 0.01 0 -1 0.9 0.3 1 0.54
-13.75 22.75 4 429 1 12.01 12.01 12.00 0.00 0 -1 1.3 0.8 0.90 0.54
-18.89 27.89 27 493 7 1.98 1.62 1.62 0.36 0 70 1.5 0.8 0.94 0.54
-23.85 32.85 25 597 36 0.74 0.34 0.34 0.40 6 331 1.8 0.5 1 0.54
-28.85 37.85 6 750 50 0.79 0.24 0.24 0.55 18 413 2.3 0.5 1 0.54
-33.88 42.88 9 689 12 1.16 0.99 0.99 0.17 20 174 2.1 1.1 1 0.54
-38.84 47.84 1 673 17 0.92 0.70 0.71 0.21 50 168 2.1 1.0 1 0.54
-43.83 52.83 7 670 12 1.13 1.00 1.00 0.13 19 144 2.1 1.1 1 0.54
-47.86 56.86 10 688 14 1.05 0.86 0.86 0.19 25 154 2.1 1.1 1 0.54
-53.86 62.86 11 723 14 1.09 0.86 0.86 0.24 14 168 2.2 1.2 1 0.54
-58.84 67.84 14 778 23 0.76 0.51 0.51 0.25 80 215 2.4 0.9 1 0.54
-63.83 72.83 14 797 20 0.79 0.60 0.60 0.18 86 175 2.5 1.0 1 0.54
-68.83 77.83 16 801 42 0.50 0.28 0.29 0.22 208 258 2.5 0.5 1 0.54

Elevation Depth SPT	TH-6 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
-4.89 25.69 2 313 1 12.01 12.01 12.00 0.01 0 0 1.0 0.4 1 0.6
-9.52 30.32 6 536 4 3.23 3.00 3.00 0.23 0 19 1.7 1.0 1 0.6
-14.89 35.69 5 541 1 12.00 12.00 12.00 0.00 0 0 1.7 1.2 1 0.6
-19.58 40.38 20 501 5 2.85 2.22 2.22 0.62 0 38 1.5 0.9 0.87 0.6
-24.52 45.32 12 552 32 0.77 0.38 0.38 0.39 1 285 1.7 0.4 0.99 0.6
-29.51 50.31 46 583 67 0.65 0.18 0.18 0.47 17 403 1.8 0.3 1 0.6
-34.49 55.29 2 521 15 0.95 0.80 0.80 0.15 44 131 1.6 0.7 1 0.6
-39.51 60.31 5 547 13 1.09 0.93 0.93 0.16 41 113 1.7 0.8 1 0.6
-44.50 65.30 4 546 14 1.01 0.86 0.86 0.15 37 128 1.7 0.8 1 0.6
-49.47 70.27 11 577 18 0.86 0.67 0.67 0.18 65 151 1.8 0.8 1 0.6
-54.50 75.30 16 612 19 0.82 0.62 0.62 0.19 63 169 1.9 0.8 1 0.6
-59.51 80.31 20 675 29 0.66 0.41 0.41 0.26 131 208 2.1 0.6 1 0.6
-64.49 85.29 12 741 26 0.72 0.46 0.46 0.25 129 200 2.3 0.8 1 0.6
-69.50 90.30 22 807 41 0.57 0.29 0.29 0.27 200 310 2.5 0.4 1 0.6
-74.50 95.30 12 828 32 0.55 0.37 0.38 0.17 379 144 2.6 0.6 1 0.6
-79.51 100.31 17 848 40 0.48 0.29 0.30 0.18 436 194 2.6 0.3 1 0.6
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 Anderson Street Overpass B.1.5.

B.1.5.1.  Test Pile P6P5 

 

B.1.5.2.  Test Pile P6P6 

 

Elevation Depth SPT	P6-4 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
86.88 17.70 8 875 23 0.78 0.44 0.52 0.26 0 287 1.5 0.5 0.90 0.55
81.88 22.70 5 891 27 0.66 0.36 0.44 0.22 10 260 1.6 0.5 1 0.55
76.87 27.71 17 894 27 0.68 0.26 0.45 0.23 99 217 1.6 0.5 0.94 0.55
71.90 32.68 11 877 19 0.81 0.36 0.63 0.18 80 256 1.5 0.5 1 0.55
66.88 37.70 12 875 20 0.82 0.52 0.60 0.22 7 300 1.5 0.5 0.98 0.55
61.90 42.69 14 814 13 1.08 0.87 0.91 0.17 0 197 1.4 0.5 0.91 0.55
56.83 47.75 18 950 16 1.34 1.11 0.75 0.59 103 191 1.7 1.1 1 0.55
51.89 52.69 5 1034 8 1.52 1.31 1.48 0.04 92 222 1.8 1.2 1 0.55
46.88 57.70 3 986 10 1.26 1.05 1.20 0.06 142 206 1.7 1.0 1 0.55
41.88 62.70 2 1027 12 1.18 0.88 0.96 0.21 139 251 1.8 1.0 1 0.55
36.88 67.70 4 1034 10 1.18 1.00 1.16 0.01 130 297 1.8 1.0 1 0.55
33.40 71.18 13 1036 11 1.17 0.99 1.13 0.04 128 318 1.8 1.0 1 0.55
28.37 76.21 17 1047 15 1.04 0.74 0.78 0.26 108 373 1.8 1.0 1 0.55
26.40 78.18 33 1042 13 1.20 0.95 0.95 0.25 58 391 1.8 1.0 1 0.55
24.38 80.20 28 1002 13 1.12 0.68 0.90 0.22 46 395 1.7 0.9 1 0.55
21.40 83.18 16 1003 13 1.21 0.74 0.95 0.26 23 396 1.7 1.0 1 0.55
18.35 86.23 9 996 13 1.20 0.82 0.94 0.25 17 389 1.7 0.9 1 0.55
15.34 89.24 10 1022 47 0.92 0.24 0.25 0.66 1 442 1.8 0.8 1 0.55
13.39 91.19 59 995 45 1.17 0.33 0.27 0.91 1 402 1.7 0.9 1 0.55
11.31 93.27 28 997 93 1.19 0.24 0.13 1.06 1 389 1.7 0.9 1 0.55
9.32 95.27 65 1025 245 1.30 0.13 0.05 1.25 11 337 1.8 1.0 1 0.55

Elevation Depth SPT	P6-4 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
76.70 26.18 17 926 17 0.85 0.42 0.75 0.10 67 220 1.6 1.0 1 0.6
71.86 31.02 11 930 17 0.97 0.69 0.77 0.21 43 196 1.6 1.0 1 0.6
66.89 35.99 12 936 18 0.89 0.37 0.72 0.17 82 195 1.6 1.0 1 0.6
61.90 40.98 14 900 17 1.00 0.67 0.75 0.24 0 234 1.6 1.0 0.99 0.6
56.84 46.05 18 846 7 1.56 1.43 2.13 -0.57 3 119 1.5 1.1 1 0.6
51.86 51.02 5 842 10 1.60 1.45 1.39 0.21 6 114 1.5 1.1 1 0.6
46.89 55.99 3 822 9 1.44 1.28 1.50 -0.07 26 99 1.4 1.0 1 0.6
41.86 61.02 2 843 10 1.42 1.28 1.33 0.09 23 113 1.5 1.0 1 0.6
36.86 66.02 4 868 14 1.22 1.17 0.97 0.25 45 133 1.5 1.0 1 0.6
33.40 69.48 13 857 15 0.96 0.88 0.88 0.08 81 132 1.5 1.0 1 0.6
28.40 74.48 17 921 26 0.66 0.25 0.48 0.17 187 153 1.6 0.9 1 0.6
26.38 76.50 33 929 26 0.66 0.20 0.47 0.19 189 161 1.6 0.9 1 0.6
24.38 78.50 28 934 28 0.63 0.19 0.44 0.19 200 161 1.6 0.9 1 0.6
21.38 81.50 16 958 29 0.62 0.20 0.43 0.19 222 150 1.7 0.9 1 0.6
17.38 85.50 9 1015 31 0.62 0.21 0.40 0.22 244 152 1.8 0.9 1 0.6
15.39 87.49 10 1047 51 0.57 0.15 0.25 0.32 196 349 1.8 0.6 1 0.6
13.35 89.53 59 1135 41 0.94 0.42 0.30 0.64 46 364 2.0 1.0 1 0.6
11.38 91.50 28 1103 97 0.63 0.22 0.13 0.50 187 371 1.9 0.6 0.98 0.6
9.38 93.50 65 1217 86 0.87 0.23 0.14 0.73 118 372 2.1 0.9 0.99 0.6
7.37 95.51 33 1169 105 1.08 0.04 0.12 0.96 88 335 2.0 1.1 1 0.6
5.37 97.51 33 1209 113 1.16 0.13 0.11 1.05 82 302 2.1 1.2 1 0.6
3.42 99.46 24 1124 235 0.97 0.12 0.05 0.92 81 294 1.9 1.1 1 0.6
1.43 101.45 39 1106 326 0.85 0.05 0.03 0.82 119 293 1.9 1.0 1 0.6
-0.70 103.58 21 1289 133 0.96 0.22 0.09 0.87 118 316 2.2 1.2 1 0.6
-2.64 105.52 30 1196 213 0.76 0.03 0.06 0.70 155 264 2.1 1.2 1 0.6
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 I-4 Widening Daytona B.1.6.

B.1.6.1.  Test Pile EB3-1, P5 

 

  SR-83 over Ramsey Branch B.1.7.

B.1.7.1.  Test Pile EB1P1 

 

Elevation Depth SPT	DC-1 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
7.36 38.82 10 1041 13 1.01 0.90 0.90 0.11 51 360 1.8 0.7 1 0.5
5.00 41.18 9 1025 42 0.55 0.28 0.28 0.27 71 351 1.8 0.7 1 0.5
2.50 43.68 6 1006 46 0.50 0.26 0.26 0.24 116 347 1.7 0.6 1 0.5
-0.01 46.19 11 1009 50 0.48 0.24 0.24 0.24 126 358 1.7 0.5 1 0.5
-2.48 48.66 15 1055 55 0.50 0.22 0.22 0.28 134 359 1.8 0.6 1 0.5
-5.02 51.20 11 1160 45 0.55 0.27 0.27 0.28 180 340 2.0 0.7 1 0.5
-7.50 53.68 10 1247 42 0.58 0.28 0.28 0.29 267 263 2.2 0.9 1 0.5
-10.01 56.19 5 1219 37 0.53 0.32 0.32 0.21 412 172 2.1 0.9 1 0.5
-12.49 58.67 10 1225 49 0.47 0.24 0.24 0.23 531 149 2.1 0.8 1 0.5
-14.99 61.17 0 1242 42 0.48 0.28 0.28 0.20 643 89 2.2 0.9 1 0.5
-17.49 63.67 5 1264 41 0.45 0.30 0.30 0.15 778 19 2.2 1.0 1 0.5
-20.01 66.19 6 1298 40 0.45 0.30 0.30 0.15 810 15 2.2 1.0 1 0.5
-22.51 68.69 6 1306 40 0.45 0.30 0.30 0.15 798 24 2.3 1.0 1 0.5
-24.98 71.16 12 1315 42 0.41 0.28 0.28 0.13 803 63 2.3 1.0 1 0.5
-27.49 73.67 35 1358 83 0.42 0.14 0.14 0.28 624 371 2.4 0.8 1 0.5
-29.99 76.17 64 1446 98 0.56 0.12 0.12 0.43 155 753 2.5 1.0 1 0.5
-32.47 78.65 42 1310 108 0.53 0.11 0.11 0.42 181 675 2.3 0.4 1 0.5
-34.97 81.15 25 1240 65 0.54 0.18 0.18 0.35 245 481 2.2 0.4 1 0.5
-37.50 83.68 16 1175 52 0.48 0.23 0.23 0.24 545 232 2.0 0.4 1 0.5
-39.99 86.17 14 1202 55 0.39 0.22 0.22 0.17 797 120 2.1 0.4 1 0.5
-42.52 88.70 21 1286 54 0.40 0.22 0.22 0.17 681 252 2.2 0.4 1 0.5
-45.00 91.18 14 1397 60 0.43 0.20 0.20 0.23 484 457 2.4 0.4 1 0.5
-47.53 93.71 100 1461 71 0.43 0.17 0.17 0.26 350 811 2.5 0.5 1 0.5
-49.66 95.84 17 1518 92 0.41 0.13 0.13 0.28 372 954 2.6 0.4 1 0.5

Elevation Depth SPT	B-1 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
-48.56 50.01 5 1061 13 1.17 0.91 0.91 0.27 11 179 1.83 1.17 1 0.7
-51.00 52.45 5 1049 16 1.08 0.76 0.76 0.32 24 163 1.81 1.15 1 0.7
-53.54 54.99 5 1079 19 1.04 0.62 0.62 0.41 17 209 1.87 1.26 1 0.7
-56.00 57.45 5 1056 30 1.02 0.40 0.40 0.62 37 169 1.84 1.15 1 0.7
-58.55 60.00 6 1089 45 0.98 0.26 0.26 0.72 47 205 1.89 1.09 1 0.7
-61.00 62.45 13 1126 63 0.87 0.19 0.19 0.68 75 266 1.96 0.98 1 0.7
-63.47 64.92 13 1123 118 0.93 0.10 0.10 0.83 68 287 1.95 1.00 1 0.7
-65.99 67.44 10 1261 68 0.77 0.17 0.18 0.59 84 390 2.19 1.03 1 0.7
-68.48 69.93 12 1358 42 0.71 0.28 0.28 0.42 185 349 2.35 1.03 1 0.7
-71.00 72.45 6 1345 50 0.54 0.24 0.24 0.30 345 389 2.34 0.60 1 0.7
-73.46 74.91 4 1344 58 0.42 0.20 0.21 0.22 600 332 2.34 0.45 1 0.7
-76.00 77.45 5 1505 74 0.47 0.16 0.16 0.30 740 297 2.61 0.62 1 0.7
-78.48 79.93 55 1521 67 0.57 0.18 0.18 0.39 652 271 2.64 0.83 1 0.7
-80.52 81.97 20 1521 50 0.64 0.24 0.24 0.40 644 233 2.65 1.00 1 0.7
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B.1.7.2.  Test Pile P4P5 

 

Elevation Depth SPT	B-3 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
-23.45 23.45 6 925 4 4.04 4.04 3.00 1.04 2 0 1.6 1.0 1 0.5
-26.00 26.00 12 975 15 1.98 1.66 0.79 1.19 3 35 1.7 1.1 1 0.5
-28.42 28.42 17 866 20 2.04 1.40 0.60 1.44 4 6 1.5 1.0 0.99 0.5
-30.95 30.95 31 893 4 3.78 3.78 3.00 0.78 0 0 1.6 1.1 1 0.5
-33.51 33.51 9 879 8 2.59 2.37 1.56 1.03 1 0 1.5 1.1 1 0.5
-36.03 36.03 9 969 7 2.77 2.61 1.81 0.97 6 0 1.7 1.1 1 0.5
-38.47 38.47 7 974 16 1.85 1.70 0.73 1.13 14 53 1.7 1.1 1 0.5
-40.94 40.94 10 1001 10 2.29 2.16 1.18 1.11 4 38 1.7 1.1 1 0.5
-43.53 43.53 10 974 7 2.69 2.69 1.71 0.98 0 19 1.7 1.0 1 0.5
-46.00 46.00 6 936 8 2.59 2.59 1.58 1.01 0 32 1.6 1.0 1 0.5
-48.51 48.51 7 978 13 2.00 2.00 0.92 1.08 0 98 1.7 1.0 1 0.5
-50.99 50.99 6 1075 20 1.05 0.60 0.60 0.45 14 240 1.9 1.1 1 0.5
-53.60 53.60 6 987 52 1.26 0.23 0.23 1.03 3 224 1.7 1.1 1 0.5
-55.95 55.95 7 1005 155 1.44 0.08 0.08 1.36 4 228 1.7 1.1 1 0.5
-58.47 58.47 6 1068 160 1.12 0.08 0.07 1.04 56 184 1.9 1.1 1 0.5
-61.01 61.01 7 1018 171 1.01 0.07 0.07 0.94 53 213 1.8 1.0 1 0.5
-63.50 63.50 7 1147 34 0.83 0.35 0.35 0.48 57 337 2.0 1.1 1 0.5
-66.01 66.01 19 1080 40 0.78 0.30 0.30 0.49 118 255 1.9 0.9 1 0.5
-68.50 68.50 9 1049 38 0.60 0.32 0.32 0.29 136 327 1.8 0.6 1 0.5
-70.99 70.99 14 1089 40 0.56 0.30 0.30 0.25 198 310 1.9 0.5 1 0.5
-73.51 73.51 9 1188 50 0.53 0.24 0.24 0.29 238 440 2.1 0.5 1 0.5
-76.02 76.02 53 1252 81 0.50 0.15 0.15 0.35 236 606 2.2 0.4 1 0.5
-78.49 78.49 9 1291 59 0.59 0.20 0.20 0.39 178 433 2.2 0.8 1 0.5
-80.99 80.99 7 1326 42 0.65 0.28 0.29 0.36 157 335 2.3 0.9 1 0.5
-83.51 83.51 30 1321 32 0.71 0.37 0.37 0.34 150 312 2.3 1.1 1 0.5
-86.02 86.02 16 1177 36 0.61 0.33 0.33 0.28 124 265 2.0 0.9 1 0.5
-88.49 88.49 19 1187 41 0.58 0.29 0.30 0.28 145 255 2.1 0.9 1 0.5
-91.01 91.01 4 1197 38 0.62 0.31 0.31 0.31 135 287 2.1 1.0 1 0.5
-93.50 93.50 12 1245 41 0.61 0.29 0.29 0.32 166 292 2.2 1.0 1 0.5
-96.00 96.00 11 1258 38 0.64 0.32 0.32 0.32 153 328 2.2 1.1 1 0.5
-98.50 98.50 6 1251 44 0.60 0.27 0.27 0.33 140 332 2.2 0.9 1 0.5
-101.00 101.00 6 1262 42 0.62 0.28 0.28 0.34 149 345 2.2 1.0 1 0.5
-103.51 103.51 5 1255 40 0.60 0.30 0.30 0.29 260 274 2.2 0.9 1 0.5
-106.00 106.00 6 1497 71 0.37 0.17 0.17 0.20 539 229 2.6 0.8 1 0.5



 

 
 

294 

B.1.7.3.  Test Pile EB5P2 

 

Elevation Depth SPT	FDOT FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
-22.69 30.09 19 999 10 2.04 1.13 1.15 0.89 0 101 1.7 1.0 1 0.41
-25.18 32.58 52 967 6 2.18 1.86 1.88 0.30 0 72 1.7 1.0 1 0.41
-27.63 35.03 21 967 4 3.00 2.98 3.00 0.00 0 0 1.7 1.0 1 0.41
-30.20 37.60 14 887 5 2.51 2.38 2.40 0.11 0 0 1.5 0.9 0.98 0.41
-32.71 40.11 10 926 7 2.13 1.69 1.71 0.42 0 52 1.6 0.9 0.99 0.41
-35.13 42.53 16 967 8 1.84 1.58 1.60 0.24 0 94 1.7 1.0 1 0.41
-37.73 45.13 9 962 11 1.47 1.09 1.11 0.36 0 136 1.7 0.9 1 0.41
-40.21 47.61 7 990 10 1.53 1.14 1.16 0.37 0 118 1.7 0.9 1 0.41
-42.70 50.10 9 993 10 1.40 1.18 1.20 0.20 0 162 1.7 0.9 1 0.41
-45.21 52.61 6 998 12 1.28 1.01 1.03 0.25 1 180 1.7 0.9 1 0.41
-47.69 55.09 6 979 29 1.19 0.39 0.41 0.78 2 259 1.7 0.9 1 0.41
-50.22 57.62 9 967 54 1.19 0.20 0.22 0.97 7 272 1.7 0.9 1 0.41
-52.67 60.07 10 913 138 1.39 0.07 0.09 1.30 3 295 1.6 0.9 1 0.41
-55.20 62.60 7 1095 80 1.26 0.12 0.15 1.11 35 361 1.9 1.0 1 0.41
-57.74 65.14 11 1254 80 1.14 0.13 0.15 0.99 249 281 2.2 1.2 1 0.41
-60.17 67.57 14 1249 58 0.81 0.18 0.21 0.60 357 273 2.2 1.0 1 0.41
-62.67 70.07 21 1123 126 0.93 0.07 0.10 0.83 165 312 2.0 1.0 1 0.41
-65.23 72.63 16 1122 85 0.88 0.11 0.14 0.74 179 245 2.0 0.9 1 0.41
-67.65 75.05 62 1164 41 0.72 0.27 0.29 0.43 207 357 2.0 0.9 1 0.41
-70.22 77.62 11 1190 28 0.65 0.42 0.44 0.21 248 311 2.1 0.7 1 0.41
-72.73 80.13 76 1295 50 0.38 0.21 0.24 0.14 572 288 2.3 0.4 1 0.41
-75.21 82.61 27 1428 56 0.47 0.18 0.21 0.26 450 442 2.5 0.5 1 0.41
-77.69 85.09 15 1406 74 0.49 0.14 0.16 0.33 390 466 2.4 0.5 1 0.41
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  SR-528 over Indian River B.1.8.

B.1.8.1.  Test Pile P4P7 

 

 

Elevation Depth SPT	TB-4 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
-20.78 25.28 22 922 31 0.89 0.79 0.39 0.50 0 560 1.4 0.2 0.9 0.5
-23.01 27.51 25 879 34 0.89 0.74 0.35 0.53 0 575 1.4 0.2 0.9 0.5
-25.51 30.01 10 783 37 0.84 0.69 0.33 0.51 0 577 1.2 0.2 0.9 0.5
-28.00 32.50 10 804 41 0.83 0.42 0.29 0.54 5 604 1.2 0.2 0.9 0.5
-30.50 35.00 12 932 36 0.87 0.55 0.34 0.53 4 596 1.4 0.3 0.9 0.5
-33.01 37.51 10 1065 41 0.92 0.67 0.29 0.63 9 597 1.7 0.4 0.9 0.5
-35.45 39.95 14 1163 22 1.05 0.88 0.54 0.52 14 489 1.8 0.6 0.9 0.5
-37.98 42.48 28 1201 14 1.19 0.95 0.85 0.35 24 336 1.9 0.9 0.9 0.5
-40.60 45.10 4 1225 22 1.04 0.93 0.55 0.49 21 541 1.9 0.7 0.9 0.5
-43.00 47.50 5 1298 45 0.85 0.56 0.27 0.58 33 659 2.0 0.5 0.9 0.5
-45.48 49.98 55 1335 25 1.00 0.68 0.49 0.51 36 558 2.1 0.8 0.9 0.5
-47.98 52.48 60 1343 12 1.18 0.99 0.97 0.20 47 391 2.1 1.1 0.9 0.5
-50.48 54.98 6 828 22 0.74 0.46 0.55 0.19 52 261 1.3 0.5 0.9 0.5
-53.00 57.50 6 834 24 0.71 0.41 0.50 0.20 67 269 1.3 0.5 0.9 0.5
-55.51 60.01 5 841 26 0.69 0.39 0.47 0.22 67 299 1.3 0.5 0.9 0.5
-58.00 62.50 6 851 22 0.74 0.39 0.55 0.19 82 254 1.3 0.6 0.9 0.5
-60.50 65.00 15 855 22 0.77 0.49 0.55 0.22 96 217 1.3 0.7 0.9 0.5
-63.01 67.51 15 860 41 0.61 0.25 0.29 0.32 86 405 1.3 0.6 0.9 0.5
-65.52 70.02 20 1401 35 0.83 0.19 0.35 0.48 173 701 2.2 1.0 0.9 0.5
-68.01 72.51 22 1418 43 0.79 0.11 0.28 0.51 181 825 2.2 1.0 0.9 0.5
-70.51 75.01 24 1411 44 0.74 0.16 0.27 0.47 194 831 2.2 0.8 0.9 0.5
-73.00 77.50 26 1403 40 0.80 0.11 0.30 0.50 185 739 2.2 0.9 0.9 0.5
-75.46 79.96 31 1385 30 0.92 0.57 0.39 0.53 163 568 2.1 1.1 0.9 0.5
-77.99 82.49 38 992 31 0.85 0.19 0.38 0.46 125 431 1.5 0.3 0.9 0.5
-80.48 84.98 12 944 23 1.06 0.46 0.53 0.53 84 241 1.5 0.4 0.9 0.5
-83.00 87.50 15 881 24 1.21 0.42 0.50 0.71 55 251 1.4 0.4 0.9 0.5
-85.52 90.02 31 803 28 1.18 0.29 0.43 0.75 124 217 1.2 0.3 0.9 0.5
-88.00 92.50 36 789 30 1.21 0.27 0.40 0.81 151 170 1.2 0.3 0.9 0.5
-90.48 94.98 7 838 25 1.27 0.35 0.49 0.78 132 160 1.3 0.4 0.9 0.5
-93.00 97.50 7 909 22 1.33 0.35 0.55 0.78 88 193 1.4 0.5 0.9 0.5
-95.51 100.01 9 969 19 1.32 0.56 0.62 0.70 85 186 1.5 0.6 0.9 0.5
-98.01 102.51 9 1042 33 0.88 0.45 0.36 0.52 83 483 1.6 0.4 0.9 0.5
-100.56 105.06 45 1153 54 0.86 0.63 0.22 0.64 196 511 1.8 0.5 0.9 0.5
-102.85 107.35 73 1337 389 0.79 -0.06 0.03 0.76 451 399 2.1 0.9 0.9 0.5
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B.1.8.2.  Test Pile P9P3 

 

 

Elevation Depth SPT	TB-5 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
-34.62 34.62 3 810 31 0.59 0.48 0.39 0.20 92 292 1.3 0.6 0.90 0.5
-37.01 37.01 4 817 31 0.60 0.45 0.39 0.22 96 290 1.3 0.7 0.91 0.5
-39.50 39.50 7 830 27 0.61 0.46 0.45 0.16 96 268 1.3 0.6 0.91 0.5
-42.00 42.00 11 832 22 0.67 0.58 0.54 0.12 94 217 1.3 0.7 0.91 0.5
-44.52 44.52 18 833 30 0.62 0.45 0.40 0.23 89 300 1.3 0.7 0.92 0.5
-46.97 46.97 5 825 18 0.80 0.64 0.67 0.12 90 172 1.3 0.7 0.94 0.5
-49.48 49.48 4 826 10 1.19 1.02 1.18 0.02 77 86 1.3 0.9 0.95 0.5
-52.00 52.00 11 832 12 1.12 0.87 0.97 0.14 80 110 1.3 0.9 0.98 0.5
-54.51 54.51 7 832 13 1.09 0.77 0.93 0.16 89 111 1.3 0.9 1 0.5
-56.99 56.99 7 832 14 1.11 0.74 0.88 0.23 97 100 1.3 0.9 0.99 0.5
-59.52 59.52 7 834 22 0.78 0.37 0.54 0.24 95 217 1.3 0.8 0.99 0.5
-62.00 62.00 85 941 59 0.54 0.02 0.20 0.33 168 504 1.5 0.6 0.97 0.5
-64.50 64.50 41 1225 54 0.61 0.23 0.22 0.39 197 690 1.9 0.6 0.90 0.5
-66.96 66.96 24 1271 46 0.74 0.49 0.26 0.48 178 600 2.0 1.0 0.90 0.5
-69.49 69.49 22 1291 29 0.92 0.43 0.41 0.51 129 456 2.0 1.3 0.90 0.5
-71.99 71.99 19 872 55 0.64 0.25 0.22 0.42 99 358 1.4 0.9 0.90 0.5
-74.50 74.50 10 876 39 0.68 0.16 0.31 0.38 111 239 1.4 0.9 0.92 0.5
-76.99 76.99 10 868 36 0.66 0.25 0.33 0.33 128 222 1.3 0.8 0.95 0.5
-79.50 79.50 3 890 31 0.68 0.25 0.38 0.30 148 189 1.4 0.9 0.96 0.5
-81.98 81.98 4 902 33 0.69 0.26 0.36 0.34 160 194 1.4 0.9 0.97 0.5
-84.48 84.48 4 907 28 0.72 0.32 0.43 0.29 179 149 1.4 1.0 0.98 0.5
-87.00 87.00 3 897 28 0.66 0.39 0.43 0.23 190 148 1.4 0.9 0.99 0.5
-89.50 89.50 5 909 31 0.65 0.34 0.39 0.26 195 172 1.4 0.9 0.99 0.5
-92.04 92.04 6 913 32 0.66 0.30 0.37 0.28 188 160 1.4 0.9 0.98 0.5
-94.51 94.51 7 918 84 0.65 -0.02 0.14 0.51 150 360 1.4 1.0 0.95 0.5
-97.06 97.06 61 1328 125 0.81 0.09 0.10 0.72 229 418 2.1 1.1 0.90 0.5
-99.06 99.06 80 1310 200 0.82 0.02 0.06 0.76 252 334 2.0 1.1 0.90 0.5
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B.1.8.3.  Test Pile P20P6 

 

Elevation Depth SPT	TB-11 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
-26.99 18.99 14 804 7 1.61 0.48 1.63 -0.03 64 90 1.2 0.9 0.90 0.5
-29.77 21.77 11 751 1 4.42 4.42 12.00 -7.58 0 0 1.2 1.1 0.90 0.5
-31.77 23.77 11 862 2 2.56 2.40 6.00 -3.44 9 14 1.3 1.2 0.90 0.5
-34.51 26.51 9 808 4 1.49 1.10 2.88 -1.39 132 39 1.3 1.0 0.90 0.5
-36.96 28.96 7 801 3 3.70 3.70 3.50 0.20 58 9 1.3 1.1 0.90 0.5
-39.50 31.50 10 876 4 2.38 1.99 2.80 -0.42 96 87 1.3 1.1 0.90 0.5
-41.98 33.98 8 833 6 1.75 1.30 2.12 -0.37 76 51 1.3 1.1 0.90 0.5
-44.52 36.52 12 832 6 1.44 1.07 2.00 -0.56 91 88 1.3 1.1 0.90 0.5
-47.00 39.00 18 860 9 1.55 1.16 1.29 0.26 97 123 1.3 1.0 0.90 0.5
-49.47 41.47 11 843 5 1.88 1.49 2.40 -0.52 78 81 1.3 1.1 0.90 0.5
-52.04 44.04 9 856 6 1.85 1.79 2.08 -0.23 54 45 1.3 1.1 0.90 0.5
-54.49 46.49 7 862 7 1.68 1.53 1.75 -0.07 55 60 1.3 1.0 0.90 0.5
-56.99 48.99 6 868 7 1.52 1.35 1.63 -0.11 53 65 1.3 1.0 0.90 0.5
-59.54 51.54 6 871 9 1.41 1.18 1.30 0.11 50 80 1.3 1.0 0.90 0.5
-62.02 54.02 73 884 28 0.60 0.25 0.43 0.17 60 389 1.4 0.7 0.90 0.5
-64.93 56.93 51 894 35 0.63 -0.17 0.34 0.29 63 452 1.4 0.8 0.90 0.5
-66.98 58.98 21 877 21 1.08 0.30 0.56 0.52 41 247 1.4 1.0 0.90 0.5
-69.53 61.53 9 873 24 1.28 -0.06 0.50 0.78 50 190 1.4 1.0 0.90 0.5
-72.01 64.01 13 881 42 0.75 0.15 0.29 0.46 66 326 1.4 0.8 0.90 0.5
-74.47 66.47 20 893 45 0.75 0.18 0.26 0.48 80 262 1.4 0.8 0.90 0.5
-77.00 69.00 10 889 36 1.13 0.61 0.34 0.79 76 140 1.4 1.0 0.90 0.5
-79.51 71.51 10 885 58 0.91 0.26 0.21 0.70 93 193 1.4 0.9 0.90 0.5
-82.00 74.00 5 872 86 0.63 0.05 0.14 0.49 84 399 1.4 0.6 0.90 0.5
-84.50 76.50 12 868 39 0.82 0.22 0.31 0.51 120 162 1.3 0.8 0.90 0.5
-87.00 79.00 10 867 37 0.87 0.23 0.32 0.55 129 138 1.3 0.9 0.90 0.5
-89.52 81.52 5 870 40 0.92 0.30 0.30 0.62 130 121 1.3 0.9 0.90 0.5
-92.00 84.00 4 868 41 0.88 -0.07 0.29 0.59 156 118 1.3 0.8 0.91 0.5
-94.54 86.54 5 868 40 0.62 0.25 0.30 0.32 181 146 1.3 0.7 0.90 0.5
-97.00 89.00 6 957 120 0.53 0.22 0.10 0.43 490 309 1.5 0.4 0.90 0.5
-99.51 91.51 22 1330 42 1.08 0.37 0.28 0.80 383 188 2.1 1.3 0.90 0.5
-102.05 94.05 29 1350 118 1.08 0.28 0.10 0.98 350 290 2.1 1.2 0.90 0.5



 

 
 

298 

 I-10 and Chaffee Road Overpass B.1.9.

B.1.9.1.  Test Pile P2P9 

 

  I-4 and John Young Parkway B.1.10.

B.1.10.1.  Test Pile P2P1 (Ramp A) 

 

Elevation Depth SPT	B-2 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
28.61 34.47 25 646 8 1.70 1.03 1.50 0.20 0 191 2.0 0.8 1 0.6
26.03 37.05 12 769 10 1.29 0.55 1.15 0.14 19 257 2.4 1.0 1 0.6
23.60 39.48 43 766 10 1.53 0.63 1.16 0.37 13 217 2.4 1.1 1 0.6
21.07 42.01 18 751 6 2.07 1.34 1.88 0.19 4 129 2.3 1.1 1 0.6
18.72 44.36 3 728 3 2.92 2.67 4.00 -1.08 0 35 2.2 1.1 1 0.6
16.05 47.03 2 706 3 4.36 4.35 4.00 0.36 0 0 2.2 1.1 1 0.6
13.65 49.43 3 716 5 3.77 3.76 2.52 1.25 0 0 2.2 1.2 1 0.6
11.02 52.06 3 697 6 3.89 3.87 1.95 1.94 0 0 2.2 1.1 1 0.6
8.65 54.43 3 699 5 3.45 3.40 2.32 1.13 0 0 2.1 1.1 1 0.6
6.01 57.07 4 675 8 3.61 3.61 1.49 2.11 0 0 2.1 1.0 1 0.6
3.61 59.47 3 669 8 3.55 3.54 1.50 2.05 0 0 2.1 1.0 1 0.6
1.01 62.07 6 670 9 3.34 3.15 1.32 2.03 0 0 2.1 1.0 1 0.6
-1.45 64.53 6 646 9 3.35 3.08 1.32 2.03 0 0 2.0 0.9 1 0.6
-3.95 67.03 10 679 6 2.55 2.10 2.00 0.55 0 153 2.1 0.9 1 0.6
-6.45 69.53 22 678 6 2.05 1.45 2.00 0.05 0 181 2.1 0.9 1 0.6
-8.97 72.05 16 639 24 1.01 0.40 0.51 0.50 28 201 2.0 0.5 1 0.6
-11.44 74.52 15 656 73 0.60 0.17 0.16 0.44 91 341 2.0 0.2 1 0.6
-13.92 77.00 47 847 65 0.68 0.13 0.18 0.50 139 414 2.6 0.4 1.01 0.6
-16.42 79.50 34 960 70 0.60 0.15 0.17 0.43 238 436 3.0 0.4 1.03 0.6

Elevation Depth SPT	FB-11 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
75.53 19.95 7 364 3 3.20 3.10 4.00 -0.80 0 0 0.6 0.2 0.67 0.5
73.07 22.41 9 516 4 3.36 3.23 3.00 0.36 0 0 0.9 0.5 0.93 0.5
70.57 24.91 9 786 4 4.13 4.07 3.00 1.13 0 0 1.4 0.9 1 0.5
68.07 27.41 16 633 4 4.60 4.59 3.00 1.60 0 0 1.1 0.6 0.90 0.5
65.57 29.91 6 641 4 3.80 3.74 3.00 0.80 0 0 1.1 0.7 0.90 0.5
63.07 32.41 5 700 4 3.34 3.24 3.00 0.34 0 0 1.2 0.8 0.90 0.5
60.59 34.88 5 911 5 1.95 1.46 2.40 -0.45 0 87 1.6 1.0 1 0.5
58.07 37.41 6 827 4 3.14 3.00 3.00 0.14 0 0 1.5 1.0 1 0.5
55.57 39.91 3 765 4 3.93 3.88 3.00 0.93 0 0 1.3 0.9 1 0.5
53.07 42.41 3 710 4 3.99 3.96 3.00 0.99 0 0 1.2 0.8 1 0.5
50.59 44.88 2 698 5 3.26 3.13 2.40 0.86 0 0 1.2 0.7 0.94 0.5
48.07 47.41 2 875 4 1.71 1.19 3.00 -1.29 0 127 1.5 1.0 1 0.5
45.57 49.91 2 950 4 2.03 1.60 3.00 -0.98 0 94 1.7 1.1 1 0.5
43.00 52.47 7 908 5 2.57 2.34 2.64 -0.07 0 4 1.6 1.0 1 0.5
40.57 54.91 6 883 4 2.67 2.47 3.00 -0.33 0 0 1.5 1.0 1 0.5
38.07 57.41 4 878 4 2.74 2.57 3.00 -0.26 0 0 1.5 1.0 1 0.5
35.57 59.91 5 860 4 2.99 2.86 3.00 -0.01 0 0 1.5 1.0 1 0.5
33.07 62.41 3 844 4 2.89 2.76 3.00 -0.11 0 0 1.5 0.9 1 0.5
30.59 64.88 4 838 5 3.00 2.90 2.40 0.60 0 0 1.5 0.9 1 0.5
27.94 67.53 3 826 6 2.85 2.73 2.00 0.85 0 0 1.5 0.9 1 0.5
25.24 70.24 32 1169 18 0.83 0.29 0.66 0.18 3 553 2.0 0.9 1 0.5
22.94 72.54 50/.5 1288 77 0.91 0.20 0.16 0.75 58 458 2.2 1.2 1 0.5
20.49 74.99 77/9 1433 137 1.04 0.17 0.09 0.96 65 530 2.5 1.1 1 0.5
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B.1.10.2.  Test Pile P9P12 (Ramp A) 

 

Elevation Depth SPT	FB-3 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
77.83 18.37 16 765 2 3.05 2.80 5.33 -2.28 0 0 1.30 0.90 1 0.4
75.50 20.71 9 767 3 4.07 4.05 4.00 0.07 0 0 1.30 0.90 1 0.4
72.83 23.37 6 615 3 4.36 4.36 4.50 -0.14 0 0 1.08 0.63 0.93 0.4
70.27 25.93 9 548 3 4.36 4.36 4.67 -0.31 0 0 0.97 0.50 0.90 0.4
67.83 28.37 5 673 2 4.59 4.59 6.00 -1.41 0 0 1.17 0.73 1 0.4
65.33 30.87 5 620 2 4.56 4.56 6.00 -1.44 0 0 1.10 0.67 0.90 0.4
62.83 33.37 10 612 4 3.74 3.72 3.00 0.74 0 0 1.06 0.64 0.90 0.4
60.44 35.77 11 740 4 3.68 3.65 3.25 0.43 0 0 1.28 0.83 1 0.4
57.83 38.37 15 715 4 3.17 3.10 3.20 -0.03 0 0 1.22 0.80 1 0.4
55.33 40.87 2 674 5 3.33 3.30 2.40 0.93 0 0 1.18 0.70 1 0.4
52.83 43.37 3 660 3 4.61 4.61 4.50 0.11 0 0 1.13 0.70 1 0.4
50.33 45.87 2 633 3 4.08 4.08 4.00 0.08 0 0 1.10 0.67 1 0.4
47.83 48.37 4 640 3 3.55 3.55 4.00 -0.45 0 0 1.10 0.63 1 0.4
45.33 50.87 3 633 3 3.19 3.16 4.00 -0.81 0 0 1.13 0.63 1 0.4
42.83 53.37 2 663 3 3.24 3.22 3.75 -0.51 0 0 1.18 0.70 1 0.4
40.44 55.77 3 660 4 2.97 2.89 3.25 -0.28 0 0 1.15 0.70 0.98 0.4
37.83 58.37 3 625 4 2.78 2.66 2.88 -0.10 0 0 1.08 0.64 0.92 0.4
35.33 60.87 2 627 3 2.98 2.89 4.00 -1.02 0 0 1.10 0.63 0.90 0.4
32.83 63.37 6 712 4 3.17 3.11 3.00 0.17 0 0 1.24 0.78 1 0.4
30.33 65.87 4 800 4 3.19 3.15 3.00 0.19 0 0 1.40 0.90 1 0.4
27.83 68.37 6 864 3 3.62 3.57 3.60 0.02 0 0 1.50 1.00 1 0.4
25.31 70.89 11 926 5 2.50 2.23 2.36 0.14 0 25 1.60 1.03 1 0.4
22.81 73.39 72/11 1149 57 0.91 0.16 0.21 0.70 43 427 1.99 1.19 1 0.4
20.58 75.62 86/11 1351.1 240 1.00 0.06 0.05 0.95 66 431 2.36 1.25 1 0.4
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B.1.10.3.  Test Pile P10P14 (Ramp A) 

 

 

Elevation Depth SPT	FB-4 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
78.38 17.42 18 783 5 1.60 0.95 2.40 -0.80 0 132 1.3 0.6 0.96 0.4
75.73 20.07 27 958 4 1.87 1.33 3.00 -1.13 0 164 1.4 0.8 1 0.4
73.31 22.49 38 828 3 3.59 3.54 3.67 -0.08 0 134 1.4 0.8 1 0.4
70.89 24.91 13 621 5 4.30 4.30 2.55 1.75 0 139 1.4 0.8 1 0.4
68.35 27.45 6 571 4 3.31 3.26 3.00 0.31 0 166 1.5 0.9 1 0.4
65.98 29.82 3 712 5 2.87 2.70 2.40 0.47 0 0 1.6 1.0 1 0.4
63.35 32.45 4 723 4 3.21 3.10 2.85 0.36 0 0 0.8 0.5 0.88 0.4
61.04 34.76 6 740 4 3.27 3.18 3.20 0.07 0 0 0.9 0.4 0.83 0.4
58.38 37.42 6 680 5 3.55 3.49 2.40 1.15 0 0 1.2 0.7 0.90 0.4
56.08 39.72 6 654 5 3.02 2.86 2.63 0.39 0 0 1.3 0.8 0.90 0.4
53.31 42.49 4 629 3 2.97 2.81 4.00 -1.03 0 0 1.3 0.8 0.90 0.4
50.98 44.82 4 644 3 3.00 2.85 4.00 -1.00 0 0 1.2 0.7 0.90 0.4
48.35 47.45 2 646 4 2.77 2.56 3.00 -0.24 0 0 1.2 0.7 0.90 0.4
45.85 49.95 5 628 4 2.55 2.30 3.00 -0.46 0 0 1.1 0.6 0.90 0.4
43.14 52.66 6 761 3 3.05 2.88 4.00 -0.95 0 0 1.1 0.6 0.90 0.4
41.04 54.76 5 786 4 3.03 2.83 3.20 -0.17 0 0 1.1 0.6 0.90 0.4
38.38 57.42 3 818 4 2.97 2.80 2.72 0.25 0 0 1.1 0.6 0.90 0.4
35.95 59.85 5 808 4 3.32 3.21 2.76 0.56 0 0 1.2 0.7 0.90 0.4
33.31 62.49 5 797 3 3.30 3.19 4.00 -0.70 0 0 1.4 0.9 0.90 0.4
30.85 64.95 2 810 4 3.09 2.97 3.00 0.09 0 0 1.4 0.9 0.90 0.4
28.38 67.42 5 799 5 3.06 2.91 2.40 0.66 0 0 1.4 0.9 0.90 0.4
25.98 69.82 4 801 5 3.45 3.39 2.40 1.05 0 0 1.4 0.8 0.90 0.4
23.35 72.45 6 800 4 3.46 3.40 3.00 0.46 0 0 1.4 0.9 0.90 0.4
20.85 74.95 4 820 4 3.53 3.48 3.00 0.53 0 0 1.4 0.9 0.90 0.4
18.38 77.42 17 828 5 3.44 3.35 2.26 1.18 0 0 1.4 0.8 0.90 0.4
15.93 79.87 82/9 898 8 2.74 2.47 1.58 1.16 0 0 1.4 0.8 0.91 0.4
13.36 82.44 50/5 1086 18 1.39 0.51 0.68 0.71 0 0 1.5 0.9 0.97 0.4
10.86 84.94 90/11 1056 52 0.98 0.39 0.23 0.75 26 305 1.9 1.1 1 0.4
8.41 87.39 50/5 1151 84 0.73 0.24 0.14 0.59 61 369 1.9 1.0 1 0.4
5.84 89.96 57 1322 112 0.94 0.18 0.11 0.84 73 365 2.3 1.1 1 0.4
3.32 92.48 57 1445 64 0.75 0.42 0.19 0.56 100 543 2.6 1.2 1 0.4
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 I-4 and SR-406 Intersection B.1.11.

B.1.11.1.  Test Pile P2P5 (Ramp B5) 

 

 

 

 

 

 

 

 

Elevation Depth SPT	B-110 FMX bl/ft DMX DFN iSET Rebound SFT EBR CSX TSX FVP Jc
feet feet Nsafe kips inches inches inches inches kips kips ksi ksi
91.85 11.45 4 557 9 1.23 0.83 1.29 -0.06 - - - - 1 -
90.25 13.05 5 630 12 1.09 0.67 1.00 0.10 - - - - 1 -
88.86 14.44 6 612 16 0.90 0.50 0.77 0.13 - - - - 1 -
86.35 16.95 7 643 17 0.86 0.34 0.72 0.14 - - - - 1 -
83.83 19.47 6 667 15 0.90 0.45 0.79 0.11 - - - - 1 -
81.39 21.91 8 643 14 0.88 0.51 0.89 -0.01 - - - - 1 -
78.83 24.47 3 650 15 0.85 0.48 0.78 0.07 - - - - 1 -
76.34 26.96 3 522 24 0.60 0.34 0.50 0.10 - - - - 1 -
73.84 29.46 2 522 24 0.62 0.28 0.50 0.12 - - - - 1 -
71.25 32.05 2 514 28 0.54 0.00 0.42 0.12 - - - - 1 -
68.80 34.50 10 563 25 0.64 0.21 0.48 0.16 - - - - 1 -
66.29 37.01 11 564 33 0.56 -0.05 0.37 0.19 - - - - 1 -
63.78 39.52 1 595 42 0.53 -0.10 0.29 0.24 - - - - 1 -
61.26 42.04 7 599 42 0.52 -0.09 0.28 0.23 - - - - 1 -
58.81 44.49 5 612 46 0.50 -0.07 0.26 0.24 - - - - 1 -
56.34 46.96 1 628 41 0.55 0.13 0.29 0.26 - - - - 1 -
53.80 49.50 1 672 38 0.58 -0.02 0.31 0.27 - - - - 1 -
51.32 51.98 2 639 39 0.54 0.14 0.31 0.23 - - - - 1 -
48.85 54.45 6 721 31 0.55 0.21 0.38 0.16 - - - - 1 -
46.29 57.01 14 762 39 0.45 0.11 0.31 0.15 - - - - 1 -
43.84 59.46 15 778 45 0.44 0.10 0.27 0.17 - - - - 1 -
41.29 62.01 14 771 44 0.44 0.14 0.27 0.17 - - - - 1 -
38.80 64.50 9 771 44 0.44 0.20 0.27 0.17 - - - - 1 -
36.28 67.02 10 808 49 0.42 0.10 0.25 0.18 - - - - 1 -
33.85 69.45 11 706 42 0.53 0.08 0.29 0.25 - - - - 1 -
31.28 72.02 12 778 35 0.66 0.09 0.34 0.32 - - - - 1 -
28.80 74.50 50 780 54 0.63 -0.02 0.22 0.40 - - - - 1 -
26.33 76.97 51 901 75 0.52 -0.14 0.16 0.36 - - - - 1 -
23.79 79.51 26 972 53 0.61 -0.03 0.23 0.38 - - - - 1 -
21.29 82.01 26 986 43 0.63 0.02 0.28 0.35 - - - - 1 -
18.83 84.48 51 990 38 0.66 0.09 0.32 0.34 - - - - 1 -
16.31 86.99 35 942 36 0.65 0.08 0.34 0.31 - - - - 1 -
13.88 89.42 13 936 34 0.66 0.12 0.36 0.30 - - - - 1 -
11.28 92.02 16 899 36 0.62 -0.02 0.33 0.29 - - - - 1 -
8.77 94.53 84 894 108 0.59 -0.22 0.11 0.48 - - - - 1 -
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B.2. SPT Borings and Soil Correlations 

 I-4 / US-192 Interchange B.2.1.

B.2.1.1.  SPT B-27 (EB1P3, Ramp BD) 

 

 

Depth Elevation USCS FC B-27 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 90.12 SP-SM -

1.5 88.62 PT 20 15 12 30 30 23 30 0 150
3.5 86.62 SM 12 10 8 6 15 15 12 20 17 355
5.5 84.62 PT 54 3 2 2 5 5 4 14 142 415
7.5 82.62 SM 12 11 8 7 16 18 14 23 267 505
9.5 80.62 SP-SM 8.5 2 2 1 3 3 2 7 392 577

12.5 77.62 SP-SM 8.5 15 11 10 19 21 16 25 579 736
15 75.12 SP-SM 8.5 34 29 22 43 43 33 47 735 900

17.5 72.62 SP-SM 8.5 43 37 28 50 50 38 54 891 1079
20 70.12 SP-SM 8.5 54 51 39 65 65 50 69 1047 1260 0.05

22.5 67.62 SP 0 39 37 28 44 44 34 44 1203 1442 0.00
25 65.12 SP 0 39 37 28 41 41 32 41 1359 1623 0.33

27.5 62.62 SP-SM 8.5 60 57 44 60 60 46 64 1515 1805 0.33
30 60.12 SP-SM 8.5 39 39 30 39 39 30 43 1671 1976 0.35

32.5 57.62 SP-SM 8.5 13 13 11 13 14 11 18 1827 2125 0.28
35 55.12 SP-SM 8.5 3 3 3 3 3 2 7 1983 2214 0.22

37.5 52.62 SM 43 WH WH WH 0 0 0 8 2139 2245 0.08
40 50.12 SM 12 3 3 3 3 3 2 8 2295 2294 0.10

42.5 47.62 SM 12 WH WH WH 0 0 0 5 2451 2320 0.02
45 45.12 SM 12 7 7 6 6 7 5 12 2607 2399 0.14

47.5 42.62 SM 12 12 12 10 11 12 9 17 2763 2513 0.14
50 40.12 SM 12 11 11 9 10 11 8 16 2919 2632 0.15

52.5 37.62 SM 12 10 10 9 9 9 7 15 3075 2751 0.15
55 35.12 SM 12 7 7 6 6 7 5 12 3231 2850 0.27

57.5 32.62 SM 12 9 9 8 7 8 6 13 3387 2954 0.15
60 30.12 SM 12 10 10 9 8 9 7 14 3543 3061 0.23

62.5 27.62 SM 12 17 17 15 13 15 12 20 3699 3187 0.57
65 25.12 SM 12 17 17 15 13 15 11 20 3855 3319 0.92

67.5 22.62 CL 66 20 20 17 15 - - - 4011 3480 0.91
70 20.12 SM 12 25 25 21 19 21 16 26 4167 3619 0.66

72.5 17.62 SM 12 16 16 14 12 13 10 18 4323 3741 0.63
75 15.12 SM 12 25 25 21 18 20 15 25 4479 3870 0.62

77.5 12.62 SM 12 25 25 21 18 20 15 25 4635 4001 0.46
80 10.12 CL 56 14 14 12 10 - - - 4791 4153 0.42

82.5 7.62 SM 12 16 16 14 11 12 9 17 4947 4279 0.39
85 5.12 SM 12 18 18 15 12 13 10 19 5103 4398 0.39

87.5 2.62 SM 12 14 14 12 9 10 8 16 5259 4517 0.42
90 0.12 GWL 43 43 33 28 28 22 28 5415 4696 0.34

92.5 -2.38 GWL 58 58 45 37 37 29 37 5571 4900
95 -4.88 GWL 18 18 15 11 13 10 13 5727 5077

97.5 -7.38 GWL 22 22 19 14 15 12 15 5883 5256
100 -9.88 GWL 23 23 20 14 15 12 15 6039 5437

102.5 -12.38 GWL 35 35 27 21 21 16 21 6195 5619
105 -14.88 GWL 25 25 21 15 16 13 16 6351 5800

107.5 -17.38 GWL 18 18 15 10 12 9 12 6507 5972
110 -19.88 GWL 28 28 24 16 18 14 18 6663 6151

112.5 -22.38 GWL 32 32 27 18 20 15 20 6819 6332
115 -24.88 GWL 11 11 9 6 7 5 7 6975 6484
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 90.12 SP-SM

1.5 88.62 PT Intermediate 71% 46 41 31
3.5 86.62 SM Intermediate 50% 38 35 29
5.5 84.62 PT Contractive 27% 27 29 28
7.5 82.62 SM Intermediate 52% 38 37 30
9.5 80.62 SP-SM Contractive 22% 23 27 28

12.5 77.62 SP-SM Intermediate 56% 40 38 30
15 75.12 SP-SM Dilative 85% 48 46 35

17.5 72.62 SP-SM Dilative 91% 49 48 37
20 70.12 SP-SM 0.05 Dilative 104% 52 52 41

22.5 67.62 SP 0.00 Dilative 85% 48 46 37
25 65.12 SP 0.33 Dilative 83% 47 45 37

27.5 62.62 SP-SM 0.33 Dilative 100% 51 50 42
30 60.12 SP-SM 0.35 Dilative 81% 47 45 38

32.5 57.62 SP-SM 0.28 Contractive 46% 36 35 31
35 55.12 SP-SM 0.22 Contractive 22% 24 27 28

37.5 52.62 SM 0.08 Contractive 0% 0 20 27
40 50.12 SM 0.10 Contractive 22% 23 27 28

42.5 47.62 SM 0.02 Contractive 0% 0 20 27
45 45.12 SM 0.14 Contractive 33% 30 30 29

47.5 42.62 SM 0.14 Contractive 42% 34 34 31
50 40.12 SM 0.15 Contractive 40% 33 33 30

52.5 37.62 SM 0.15 Contractive 38% 32 32 30
55 35.12 SM 0.27 Contractive 31% 29 30 29

57.5 32.62 SM 0.15 Contractive 35% 31 31 30
60 30.12 SM 0.23 Contractive 37% 31 32 30

62.5 27.62 SM 0.57 Intermediate 47% 36 35 32
65 25.12 SM 0.92 Contractive 47% 36 35 32

67.5 22.62 CL 0.91 - 5.217 966 1640 3790
70 20.12 SM 0.66 Intermediate 56% 39 38 34

72.5 17.62 SM 0.63 Contractive 44% 34 34 32
75 15.12 SM 0.62 Intermediate 55% 38 38 34

77.5 12.62 SM 0.46 Intermediate 54% 38 37 34
80 10.12 CL 0.42 - 3.613 747 1148 2429

82.5 7.62 SM 0.39 Contractive 43% 33 34 32
85 5.12 SM 0.39 Contractive 45% 34 34 32

87.5 2.62 SM 0.42 Contractive 39% 32 33 31
90 0.12 GWL 0.34 Intermediate

92.5 -2.38 GWL Dilative
95 -4.88 GWL Contractive

97.5 -7.38 GWL Contractive
100 -9.88 GWL Contractive

102.5 -12.38 GWL Intermediate
105 -14.88 GWL Contractive

107.5 -17.38 GWL Contractive
110 -19.88 GWL Contractive

112.5 -22.38 GWL Contractive
115 -24.88 GWL Contractive
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B.2.1.2.  SPT B-40 (P7P10, Ramp CA) 

 

Depth Elevation USCS FC B-40 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 108.6

1.5 107.1 SP-SM 8.5 4 3 2 6 6 5 10 0 143
3.5 105.1 SP-SM 8.5 12 9 7 18 18 14 22 0 410
5.5 103.1 SP-SM 8.5 44 33 25 56 56 43 60 0 705
7.5 101.1 SP-SM 8.5 76 57 44 80 80 62 84 0 1005
9.5 99.1 SM 17 27 20 16 25 25 20 31 0 1275

12.5 96.1 SM 12 6 5 3 5 5 4 10 0 1583
15 93.6 SM 12 19 16 12 17 17 13 22 0 1913

17.5 91.1 SP-SM 8.5 33 28 22 26 26 20 30 0 2283
20 88.6 SM 12 27 26 20 22 22 17 28 0 2633

22.5 86.1 SM 12 16 15 13 13 14 11 19 156 2822
25 83.6 SM 12 80 76 58 62 62 47 67 312 3048

27.5 81.1 SM 12 69 66 50 51 51 39 56 468 3282
30 78.6 SP-SM 6 66 66 51 50 50 38 51 624 3529

32.5 76.1 SM 12 95/10 95/10 95/10 73 73 73 78 780 3765
35 73.6 SP-SM 8.5 72 72 55 51 51 39 55 936 4012

37.5 71.1 SP-SM 8.5 81/11.5 81/11.5 81/11.5 69 69 69 73 1092 4261
40 68.6 SP-SM 8.5 50/4.5 50/4.5 50/4.5 67 67 67 71 1248 4510

42.5 66.1 SP-SM 8.5 50/4.5 50/4.5 50/4.5 65 65 65 69 1404 4759
45 63.6 SP-SM 8.5 50/3 50/3 50/3 63 63 63 67 1560 5008 0.44

47.5 61.1 SP 3 31 31 26 19 21 16 21 1716 5232 0.42
50 58.6 SP 0 67 67 52 40 40 31 40 1872 5476 0.35

52.5 56.1 SP 0 20 20 17 12 13 10 13 2028 5687 0.27
55 53.6 SP-SM 8.5 10 10 9 6 6 5 10 2184 5854 0.23

57.5 51.1 SM 12 3 3 3 2 2 1 7 2340 5950 0.17
60 48.6 SM 29 1 1 1 1 1 0 8 2496 6022 0.17

62.5 46.1 SM 12 2 2 2 1 1 1 6 2652 6091 0.15
65 43.6 SM 12 WH WH WH 0 0 0 5 2808 6147 0.15

67.5 41.1 SM 12 9 9 8 5 6 4 11 2964 6264 0.17
70 38.6 SM 12 10 10 9 6 6 5 11 3120 6405 0.20

72.5 36.1 SM 12 9 9 8 5 6 4 11 3276 6537 0.16
75 33.6 SM 12 8 8 7 4 5 4 10 3432 6653 0.21

77.5 31.1 SM 12 10 10 9 5 6 5 11 3588 6780 0.20
80 28.6 SM 12 10 10 9 5 6 5 11 3744 6909 0.25

82.5 26.1 SM 12 23 23 20 12 14 10 19 3900 7075 0.32
85 23.6 SM 27 14 14 12 7 8 6 15 4056 7237 0.37

87.5 21.1 SM 12 17 17 15 9 10 8 15 4212 7408 0.41
92.5 16.1 SM 12 25 25 21 13 14 11 19 4524 7726 0.40
95 13.6 SM 12 28 28 24 14 16 12 21 4680 7915 0.53

97.5 11.1 SM 12 24 24 21 12 13 10 18 4836 8092 0.64
100 8.6 SM 12 28 28 24 14 15 12 20 4992 8278 0.50

102.5 6.1 SM 12 21 21 18 10 11 9 17 5148 8455 0.49
105 3.6 SM 26 14 14 12 7 7 6 14 5304 8616 0.43

107.5 1.1 SM 12 21 21 18 10 11 9 16 5460 8788 0.41
110 -1.4 SM 12 20 20 17 9 10 8 16 5616 8962 0.43

112.5 -3.9 TSWLS 15 15 13 7 8 6 8 5772 9173 0.41
115 -6.4 TWL 11 11 9 5 6 4 6 5928 9380 0.39

117.5 -8.9 TWL 6 6 5 3 3 2 3 6084 9559
120 -11.4 TWL 50/3 50/3 50/3 45 45 45 45 6240 9833

122.5 -13.9 TWL 12 12 10 5 6 5 6 6396 10052
125 -16.4 TWL 12 12 10 5 6 5 6 6552 10256

127.5 -18.9 TWL 38 38 32 17 18 14 18 6708 10497
130 -21.4 TWL 50/2 50/2 50/2 43 43 43 43 6864 10771
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 108.6

1.5 107.1 SP-SM Contractive 32% 31 30 28
3.5 105.1 SP-SM Intermediate 55% 39 37 30
5.5 103.1 SP-SM Dilative 96% 50 49 36
7.5 101.1 SP-SM Dilative 116% 54 55 42
9.5 99.1 SM Dilative 65% 43 40 33

12.5 96.1 SM Contractive 29% 28 29 28
15 93.6 SM Intermediate 52% 39 36 32

17.5 91.1 SP-SM Dilative 66% 43 40 35
20 88.6 SM Intermediate 61% 41 39 34

22.5 86.1 SM Contractive 46% 36 35 32
25 83.6 SM Dilative 101% 50 51 47

27.5 81.1 SM Dilative 92% 49 48 44
30 78.6 SP-SM Dilative 91% 48 48 45

32.5 76.1 SM Dilative 110% 52 58 52
35 73.6 SP-SM Dilative 92% 48 48 46

37.5 71.1 SP-SM Dilative 107% 51 57 52
40 68.6 SP-SM Dilative 105% 50 56 52

42.5 66.1 SP-SM Dilative 104% 50 56 52
45 63.6 SP-SM 0.44 Dilative 103% 49 56 52

47.5 61.1 SP 0.42 Intermediate 57% 38 38 36
50 58.6 SP 0.35 Dilative 82% 45 45 45

52.5 56.1 SP 0.27 Contractive 44% 33 34 33
55 53.6 SP-SM 0.23 Contractive 31% 27 30 30

57.5 51.1 SM 0.17 Contractive 17% 19 25 28
60 48.6 SM 0.17 Contractive 10% 13 23 27

62.5 46.1 SM 0.15 Contractive 14% 16 24 28
65 43.6 SM 0.15 Contractive 0% 0 20 27

67.5 41.1 SM 0.17 Contractive 29% 26 29 30
70 38.6 SM 0.20 Contractive 31% 27 30 30

72.5 36.1 SM 0.16 Contractive 29% 26 29 30
75 33.6 SM 0.21 Contractive 27% 25 29 29

77.5 31.1 SM 0.20 Contractive 30% 26 30 30
80 28.6 SM 0.25 Contractive 30% 26 30 30

82.5 26.1 SM 0.32 Contractive 45% 33 34 34
85 23.6 SM 0.37 Contractive 35% 28 31 31

87.5 21.1 SM 0.41 Contractive 38% 30 32 32
92.5 16.1 SM 0.40 Contractive 46% 33 35 34
95 13.6 SM 0.53 Intermediate 48% 34 36 35

97.5 11.1 SM 0.64 Contractive 45% 32 34 34
100 8.6 SM 0.50 Intermediate 48% 33 35 35

102.5 6.1 SM 0.49 Contractive 41% 31 33 33
105 3.6 SM 0.43 Contractive 34% 27 31 31

107.5 1.1 SM 0.41 Contractive 41% 30 33 33
110 -1.4 SM 0.43 Contractive 40% 30 33 33

112.5 -3.9 TSWLS 0.41 Contractive
115 -6.4 TWL 0.39 Contractive

117.5 -8.9 TWL Contractive
120 -11.4 TWL Dilative

122.5 -13.9 TWL Contractive
125 -16.4 TWL Contractive

127.5 -18.9 TWL Contractive
130 -21.4 TWL Dilative
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B.2.1.3.  SPT B-41 (P8P4, Ramp CA) 

 

Depth Elevation USCS FC B-41 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 90.2
1.5 88.7 SP 0 HA 0 174
3.5 86.7 SP-SM 8.5 HA 0 409
5.5 84.7 SP-SM 8.5 HA 50 616
7.5 82.7 SP-SM 8.5 22 17 13 27 27 21 31 175 745
9.5 80.7 SP-SM 8.5 46 35 27 52 52 40 56 300 884
12.5 77.7 SP-SM 8.5 59 44 34 60 60 46 64 487 1102
15 75.2 SP-SM 8.5 50/5.5 50/5.5 50/5.5 106 106 106 110 643 1283
17.5 72.7 SP-SM 8.5 69 59 45 69 69 53 73 799 1465
20 70.2 SP-SM 9 51 48 37 53 53 41 57 955 1646 0.03
22.5 67.7 SP-SM 8.5 13 12 11 13 14 11 18 1111 1798 0.27
25 65.2 SP-SM 8.5 12 11 10 12 13 10 17 1267 1942 0.30
27.5 62.7 SP-SM 8.5 9 9 7 8 9 7 13 1423 2066 0.29
30 60.2 SP-SM 8.5 13 13 11 12 14 11 18 1579 2195 0.33
32.5 57.7 SP 0 23 23 18 21 21 16 21 1735 2346 0.31
35 55.2 SP 0 6 6 5 5 6 5 6 1891 2463 0.27
37.5 52.7 SP-SM 8.5 4 4 4 4 4 4 8 2047 2549 0.17
40 50.2 SM 12 2 2 2 2 2 1 7 2203 2601 0.16
42.5 47.7 SM 32 2 2 2 2 2 2 9 2359 2645 0.13
45 45.2 SM 12 2 2 2 2 2 1 7 2515 2689 0.15
47.5 42.7 SM 12 1 1 1 1 1 1 6 2671 2723 0.18
50 40.2 SM 12 WR WR WR 0 0 0 5 2827 2744 0.21
52.5 37.7 SM 12 10 10 9 8 9 7 15 2983 2833 0.20
55 35.2 SM 12 7 7 6 6 6 5 12 3139 2930 0.20
57.5 32.7 SM 12 8 8 7 6 7 6 12 3295 3034 0.21
60 30.2 SM 12 12 12 10 10 11 8 16 3451 3150 0.27
65 25.2 SM 12 16 16 14 12 14 11 19 3763 3388 0.64
67.5 22.7 SM 50 17 17 15 13 14 11 23 3919 3517 0.66
70 20.2 SM 50 17 17 15 13 14 11 23 4075 3649 0.83
72.5 17.7 SM 12 20 20 17 15 16 12 21 4231 3780 0.90
75 15.2 SM 12 22 22 19 16 17 13 23 4387 3912 0.57
77.5 12.7 SM 12 26 26 22 18 20 16 26 4543 4043 0.29
80 10.2 SM 12 24 24 21 17 18 14 24 4699 4175 0.75
82.5 7.7 SM 12 22 22 19 15 17 13 22 4855 4306 0.44
85 5.2 SM 60 18 18 15 12 13 10 23 5011 4428 0.43
87.5 2.7 SM 12 14 14 12 9 10 8 16 5167 4547 0.41
90 0.2 SM 12 19 19 16 12 14 11 19 5323 4676 0.44
92.5 -2.3 SM 12 19 19 16 12 14 10 19 5479 4797 0.37
95 -4.8 TSWL 56 56 43 35 35 27 35 5635 4986
97.5 -7.3 TWL 13 13 11 8 9 7 9 5791 5163
100 -9.8 TSWL 24 24 21 15 16 13 16 5947 5342
102.5 -12.3 TSWL 20 20 17 12 13 10 13 6103 5513
105 -14.8 TSWL 56 56 43 33 33 26 33 6259 5702
107.5 -17.3 TSWL 11 11 9 6 7 5 7 6415 5866
110 -19.8 TWL 12 12 10 7 8 6 8 6571 6023
112.5 -22.3 TSWL 24 24 21 14 15 12 15 6727 6199
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 90.2
1.5 88.7 SP Contractive
3.5 86.7 SP-SM Contractive
5.5 84.7 SP-SM Contractive
7.5 82.7 SP-SM Dilative 67% 43 40 32
9.5 80.7 SP-SM Dilative 93% 50 48 37
12.5 77.7 SP-SM Dilative 100% 51 50 39
15 75.2 SP-SM Dilative 133% 58 66 52
17.5 72.7 SP-SM Dilative 107% 52 52 43
20 70.2 SP-SM 0.03 Dilative 94% 50 49 40
22.5 67.7 SP-SM 0.27 Contractive 47% 36 35 31
25 65.2 SP-SM 0.30 Contractive 44% 35 34 30
27.5 62.7 SP-SM 0.29 Contractive 37% 32 32 30
30 60.2 SP-SM 0.33 Contractive 45% 36 35 31
32.5 57.7 SP 0.31 Intermediate 59% 41 38 34
35 55.2 SP 0.27 Contractive 30% 28 30 29
37.5 52.7 SP-SM 0.17 Contractive 24% 25 29 28
40 50.2 SM 0.16 Contractive 17% 20 25 28
42.5 47.7 SM 0.13 Contractive 17% 20 26 28
45 45.2 SM 0.15 Contractive 17% 20 25 28
47.5 42.7 SM 0.18 Contractive 12% 16 24 27
50 40.2 SM 0.21 Contractive 0% 0 20 27
52.5 37.7 SM 0.20 Contractive 37% 32 32 30
55 35.2 SM 0.20 Contractive 31% 29 30 29
57.5 32.7 SM 0.21 Contractive 33% 29 31 29
60 30.2 SM 0.27 Contractive 40% 33 33 31
65 25.2 SM 0.64 Contractive 45% 35 34 32
67.5 22.7 SM 0.66 Intermediate 46% 35 35 32
70 20.2 SM 0.83 Intermediate 46% 35 35 32
72.5 17.7 SM 0.90 Intermediate 49% 36 36 33
75 15.2 SM 0.57 Intermediate 51% 37 36 33
77.5 12.7 SM 0.29 Intermediate 55% 38 38 35
80 10.2 SM 0.75 Intermediate 53% 37 37 34
82.5 7.7 SM 0.44 Intermediate 50% 36 36 33
85 5.2 SM 0.43 Intermediate 45% 34 34 32
87.5 2.7 SM 0.41 Contractive 39% 32 33 31
90 0.2 SM 0.44 Contractive 46% 34 35 33
92.5 -2.3 SM 0.37 Contractive 45% 34 34 33
95 -4.8 TSWL Dilative
97.5 -7.3 TWL Contractive
100 -9.8 TSWL Contractive
102.5 -12.3 TSWL Contractive
105 -14.8 TSWL Dilative
107.5 -17.3 TSWL Contractive
110 -19.8 TWL Contractive
112.5 -22.3 TSWL Contractive
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B.2.1.4.  SPT B-46 (P2P8, Ramp D2) 

 

Depth Elevation USCS FC B-46 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 91.8
1.5 90.3 SP-SM 8.5 HA 5 4 10 10 8 14 0 158
3.5 88.3 SP-SM 8.5 HA 5 4 10 10 8 14 0 420
5.5 86.3 SM 12 HA 5 4 9 10 8 15 56 636
7.5 84.3 SM 12 6 5 4 7 8 6 13 181 777
9.5 82.3 SM 17 12 9 8 13 15 11 20 306 934
12.5 79.3 SM 12 12 9 8 12 13 10 18 493 1135
15 76.8 SM 12 10 10 9 12 14 11 19 649 1309
17.5 74.3 SM 12 10 10 9 12 13 10 18 805 1483
20 71.8 SM 29 8 8 6 8 9 7 16 961 1644
22.5 69.3 SP 5 17 16 14 17 19 14 19 1117 1853
25 66.8 SP 5 20 19 16 19 21 16 21 1273 2072
27.5 64.3 SP 5 25 24 18 22 22 17 22 1429 2291
30 61.8 SP 5 29 29 22 26 26 20 26 1585 2523
32.5 59.3 SP 5 28 28 22 24 24 18 24 1741 2744
35 56.8 SP-SM 8.5 10 10 9 8 9 7 13 1897 2926
37.5 54.3 SP-SM 8.5 23 23 20 18 20 16 24 2053 3125
40 51.8 SP-SM 8 16 16 14 12 14 11 17 2209 3316
42.5 49.3 SP-SM 8.5 12 12 10 9 10 8 14 2365 3505
45 46.8 SP-SM 8.5 16 16 14 12 13 10 17 2521 3694
47.5 44.3 SP-SM 8.5 31 31 24 22 22 17 26 2677 3896 -0.10
50 41.8 SP-SM 8.5 51 51 39 36 36 27 40 2833 4125 0.27
52.5 39.3 ML 73 3 3 3 2 - - - 2989 4234 0.23
55 36.8 SM 12 18 18 15 12 13 10 19 3145 4393 0.26
57.5 34.3 SM 12 18 18 15 12 13 10 18 3301 4567 0.31
60 31.8 SC 44 6 6 5 4 4 3 13 3457 4691 0.25
62.5 29.3 SM 12 14 14 12 9 10 8 15 3613 4855 0.31
65 26.8 SM 12 9 9 8 6 6 5 12 3769 5004 0.22
67.5 24.3 SM 12 13 13 11 8 9 7 14 3925 5160 0.31
70 21.8 SM 12 13 13 11 8 9 7 14 4081 5319 0.42
72.5 19.3 SM 12 11 11 9 7 7 6 13 4237 5478 0.33
75 16.8 SM 12 16 16 14 10 11 8 16 4393 5650 0.59
77.5 14.3 SM 12 24 24 21 14 16 12 21 4549 5836 0.71
80 11.8 SM 12 50 50 38 29 29 22 34 4705 6038 0.88
82.5 9.3 SM 12 21 21 18 12 13 10 18 4861 6217 0.74
85 6.8 SM 37 19 19 16 11 12 9 20 5017 6391 0.88
87.5 4.3 SM 12 13 13 11 7 8 6 13 5173 6552 0.86
90 1.8 SM 12 12 12 10 7 7 6 12 5329 6711 0.65
92.5 -0.7 SM 12 22 22 19 12 13 10 18 5485 6883
95 -3.2 SM 12 16 16 14 9 9 7 15 5641 7057
97.5 -5.7 SM 12 50/2 100 77 52 52 40 58 5797 7281
100 -8.2 TSWL 53/6 100 77 51 51 40 51 5953 7565
102.5 -10.7 TSWL 50/2.5 100 77 50 50 39 50 6109 7859
105 -13.2 TSWL 26 26 22 13 14 11 14 6265 8103
107.5 -15.7 TSWL 25 25 21 12 14 10 14 6421 8337
110 -18.2 TSWL 17 17 15 8 9 7 9 6577 8571
112.5 -20.7 TSWL 50 50 38 24 24 18 24 6733 8817
115 -23.2 TSWL 18 18 15 8 9 7 9 6889 9054
117.5 -25.7 TWL 14 14 12 7 7 6 7 7045 9275
120 -28.2 TWL 16 16 14 7 8 6 8 7201 9494
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 91.8
1.5 90.3 SP-SM Contractive 41% 35 32 29
3.5 88.3 SP-SM Contractive 41% 34 32 29
5.5 86.3 SM Contractive 38% 33 32 29
7.5 84.3 SM Contractive 35% 31 31 28
9.5 82.3 SM Intermediate 47% 37 35 30
12.5 79.3 SM Contractive 45% 36 34 30
15 76.8 SM Contractive 45% 36 35 30
17.5 74.3 SM Contractive 44% 35 34 30
20 71.8 SM Contractive 37% 32 32 29
22.5 69.3 SP Contractive 53% 39 37 32
25 66.8 SP Intermediate 56% 40 38 33
27.5 64.3 SP Intermediate 61% 41 38 34
30 61.8 SP Intermediate 66% 42 40 35
32.5 59.3 SP Intermediate 63% 42 39 35
35 56.8 SP-SM Contractive 37% 32 32 30
37.5 54.3 SP-SM Intermediate 55% 39 38 34
40 51.8 SP-SM Contractive 46% 35 35 32
42.5 49.3 SP-SM Contractive 39% 32 32 31
45 46.8 SP-SM Contractive 44% 34 34 32
47.5 44.3 SP-SM -0.10 Intermediate 61% 40 38 36
50 41.8 SP-SM 0.27 Dilative 77% 44 43 41
52.5 39.3 ML 0.23 - 1.233 247 246 515
55 36.8 SM 0.26 Contractive 45% 34 34 32
57.5 34.3 SM 0.31 Contractive 45% 34 34 32
60 31.8 SC 0.25 Contractive 26% 25 28 29
62.5 29.3 SM 0.31 Contractive 39% 31 32 31
65 26.8 SM 0.22 Contractive 31% 27 30 30
67.5 24.3 SM 0.31 Contractive 37% 30 32 31
70 21.8 SM 0.42 Contractive 36% 30 32 31
72.5 19.3 SM 0.33 Contractive 33% 28 31 30
75 16.8 SM 0.59 Contractive 40% 31 33 32
77.5 14.3 SM 0.71 Intermediate 48% 35 35 34
80 11.8 SM 0.88 Dilative 69% 41 41 41
82.5 9.3 SM 0.74 Contractive 45% 33 34 33
85 6.8 SM 0.88 Contractive 42% 32 33 33
87.5 4.3 SM 0.86 Contractive 35% 28 31 31
90 1.8 SM 0.65 Contractive 33% 28 31 31
92.5 -0.7 SM Contractive 44% 33 34 33
95 -3.2 SM Contractive 38% 30 32 32
97.5 -5.7 SM Dilative 93% 46 48 52
100 -8.2 TSWL Dilative
102.5 -10.7 TSWL Dilative
105 -13.2 TSWL Contractive
107.5 -15.7 TSWL Contractive
110 -18.2 TSWL Contractive
112.5 -20.7 TSWL Intermediate
115 -23.2 TSWL Contractive
117.5 -25.7 TWL Contractive
120 -28.2 TWL Contractive
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  SR-417 and International Parkway B.2.2.

B.2.2.1.  SPT B-1 (EB1P14) 

 

Depth Elevation USCS FC B-1 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 72.3 - - - - -
1.5 70.8 SP 0 20 15 12 30 30 23 30 0 173
3.5 68.8 SP 0 29 22 17 44 44 33 44 0 418
5.5 66.8 SP 0 39 29 22 51 51 39 51 0 668 0.00
7.5 64.8 SP 0 23 17 13 26 26 20 26 0 903 0.32
9.5 62.8 SC 12 11 8 7 11 11 9 16 0 1110 0.33
12.5 59.8 SM 12 7 5 4 6 7 5 12 137 1273 0.14
15.0 57.3 SP-SM 8.5 13 11 9 13 14 11 18 293 1407 0.26
17.5 54.8 SP-SM 8.5 17 14 12 16 18 14 22 449 1551 0.33
20.0 52.3 SP-SM 8.5 30 29 22 30 30 23 34 605 1705 0.38
22.5 49.8 CH 50 13 12 11 12 - - - 761 1871 0.32
25.0 47.3 SP-SM 8.5 13 12 11 12 13 10 17 917 2010 0.26
27.5 44.8 SP-SM 8.5 33 31 24 29 29 22 33 1073 2162 0.25
30.0 42.3 SP-SM 8.5 14 14 12 13 14 11 18 1229 2308 0.32
32.5 39.8 CH 50 8 8 7 7 - - - 1385 2452 0.35
35.0 37.3 CH 50 26 26 20 22 - - - 1541 2616 0.33
37.5 34.8 SP-SM 8.5 13 13 11 11 12 9 16 1697 2755 0.23
40.0 32.3 SP-SM 8.5 10 10 9 8 9 7 13 1853 2877 0.20
42.5 29.8 SM 12 7 7 6 6 7 5 12 2009 2976 0.14
45.0 27.3 SM 12 WH WH WH 0 0 0 5 2165 3010 0.14
47.5 24.8 SM 12 3 3 3 2 2 2 7 2321 3049 0.15
50.0 22.3 SM 12 4 4 3 3 3 3 9 2477 3103 0.21
52.5 19.8 SM 12 4 4 3 3 3 3 9 2633 3159 0.23
55.0 17.3 SP-SM 8.5 25 25 21 18 20 15 24 2789 3286 0.18
57.5 14.8 SP-SM 8.5 13 13 11 9 10 8 14 2945 3420 0.16
60.0 12.3 SM 12 4 4 3 3 3 3 9 3101 3491 0.16
62.5 9.8 CH 50 7 7 6 5 - - - 3257 3608 0.13
65.0 7.3 CH 50 4 4 3 3 - - - 3413 3739 0.13
67.5 4.8 CH 50 3 3 3 2 - - - 3569 3861 0.15
70.0 2.3 ML 50 34 34 26 22 - - - 3725 3990 0.22
72.5 -0.2 ML 50 36 36 28 23 - - - 3881 4131
75.0 -2.7 ML 50 50/2 50/2 50/2 64 - - - 4037 4295
77.5 -5.2 ML 50 50/0 50/0 50/0 63 - - - 4193 4464
80.0 -7.7 SP 0 63/10 63/10 63/10 62 69 62 69 4349 4643
82.5 -10.2 SP 0 50/0 50/0 50/0 61 68 61 68 4505 4825
85.0 -12.7 ML 50 50/3 50/3 50/3 60 - - - 4661 4996
87.5 -15.2 ML 50 50/3 50/3 50/3 59 - - - 4817 5165
90.0 -17.7 SP 0 50/5 50/5 50/5 58 64 58 64 4973 5344
92.5 -20.2 ML 50 50/6 50/6 50/6 57 - - - 5129 5516
95.0 -22.7 ML 50 50/1 50/1 50/1 56 - - - 5285 5685
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 72.3 -
1.5 70.8 SP Intermediate 71% 46 41 31
3.5 68.8 SP Dilative 85% 48 46 33
5.5 66.8 SP 0.00 Dilative 92% 49 48 35
7.5 64.8 SP 0.32 Intermediate 66% 43 40 32
9.5 62.8 SC 0.33 Contractive 43% 35 34 30
12.5 59.8 SM 0.14 Contractive 32% 30 30 29
15.0 57.3 SP-SM 0.26 Contractive 47% 37 35 30
17.5 54.8 SP-SM 0.33 Intermediate 52% 39 37 31
20.0 52.3 SP-SM 0.38 Dilative 71% 45 41 35
22.5 49.8 CH 0.32 - 5.739 683 1013 3000
25.0 47.3 SP-SM 0.26 Contractive 45% 36 34 31
27.5 44.8 SP-SM 0.25 Dilative 70% 44 41 36
30.0 42.3 SP-SM 0.32 Contractive 47% 36 35 31
32.5 39.8 CH 0.35 - 3.532 500 656 1750
35.0 37.3 CH 0.33 - 7.609 1082 2132 5500
37.5 34.8 SP-SM 0.23 Contractive 43% 34 34 31
40.0 32.3 SP-SM 0.20 Contractive 37% 32 32 30
42.5 29.8 SM 0.14 Contractive 32% 28 30 29
45.0 27.3 SM 0.14 Contractive 0% 0 20 27
47.5 24.8 SM 0.15 Contractive 18% 22 26 28
50.0 22.3 SM 0.21 Contractive 22% 24 27 28
52.5 19.8 SM 0.23 Contractive 22% 24 27 28
55.0 17.3 SP-SM 0.18 Intermediate 55% 39 38 34
57.5 14.8 SP-SM 0.16 Contractive 39% 33 32 31
60.0 12.3 SM 0.16 Contractive 22% 23 27 28
62.5 9.8 CH 0.13 - 2.469 454 574 1250
65.0 7.3 CH 0.13 - 1.638 303 328 750
67.5 4.8 CH 0.15 - 1.314 247 246 500
70.0 2.3 ML 0.22 - 6.844 1312 2788 5500
72.5 -0.2 ML - 6.950 1368 2952 5750
75.0 -2.7 ML - 13.679 3447 8200 16000
77.5 -5.2 ML - 13.320 3447 8200 15750
80.0 -7.7 SP Dilative 102% 50 55 52
82.5 -10.2 SP Dilative 101% 50 55 52
85.0 -12.7 ML - 12.326 3447 8200 15000
87.5 -15.2 ML - 12.047 3447 8200 14750
90.0 -17.7 SP Dilative 98% 49 54 52
92.5 -20.2 ML - 11.514 3447 8200 14250
95.0 -22.7 ML - 11.277 3447 8200 14000
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B.2.2.2.  SPT B-2 (EB2P5) 

 

Depth Elevation USCS FC B-2 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 72.3 - - - - -
1.5 70.8 SP-SM 8.5 10 9 7 15 15 12 19 0 158
3.5 68.8 SP-SM 8.5 13 12 9 20 20 15 24 0 375
5.5 66.8 SP-SM 8.5 15 14 11 21 21 16 25 0 595
7.5 64.8 SM 12 11 10 8 13 13 10 18 0 808
9.5 62.8 SM 12 7 6 5 7 7 6 13 6 996

12.5 59.8 SP-SM 8.5 12 11 9 12 13 10 17 193 1144
15.0 57.3 SP-SM 8.5 18 18 15 19 21 16 25 349 1286
17.5 54.8 SM 12 22 22 17 22 22 17 27 505 1430
20.0 52.3 CH 50 17 19 16 18 - - - 661 1594
22.5 49.8 SM 12 20 23 18 20 20 16 26 817 1733 0.34
25.0 47.3 CH 50 13 15 13 13 - - - 973 1894 0.04
27.5 44.8 SM 12 24 27 21 23 23 17 28 1129 2033 0.23
30.0 42.3 SP-SM 8.5 32 38 29 31 31 24 35 1285 2185 0.27
32.5 39.8 SC 12 19 23 20 18 20 15 25 1441 2321 0.35
35.0 37.3 SP-SM 8.5 24 29 22 22 22 17 26 1597 2473 0.33
37.5 34.8 SM 12 3 4 3 3 3 2 8 1753 2549 0.15
40.0 32.3 SM 12 3 4 3 3 3 2 8 1909 2606 0.14
42.5 29.8 SM 12 3 4 3 3 3 2 8 2065 2662 0.10
45.0 27.3 SM 12 2 2 2 2 2 1 7 2221 2709 0.09
47.5 24.8 SM 12 18 22 19 15 17 13 22 2377 2823 0.15
50.0 22.3 SM 12 8 10 9 7 7 6 13 2533 2934 0.23
52.5 19.8 SP-SM 8.5 3 4 3 2 3 2 7 2689 3006 0.14
55.0 17.3 SM 12 5 6 5 4 4 3 10 2845 3073 0.14
57.5 14.8 CH 50 4 5 4 3 - - - 3001 3192 0.18
60.0 12.3 ML 50 8 10 9 6 - - - 3157 3294 0.20
62.5 9.8 CH 50 10 12 10 8 - - - 3313 3428 0.19
65.0 7.3 SM 12 24 29 25 18 20 15 25 3469 3562 0.30
67.5 4.8 SM 12 19 23 20 14 16 12 21 3625 3693 0.46
70.0 2.3 ML 50 50/5 50/5 50/5 72 - - - 3781 3855 0.43
72.5 -0.2 ML 50 50/4 50/4 50/4 71 - - - 3937 4024 0.26
75.0 -2.7 ML 50 50/0 50/0 50/0 69 - - - 4093 4193
77.5 -5.2 ML 50 50/1 50/1 50/1 68 - - - 4249 4362
80.0 -7.7 ML 50 50/0 50/0 50/0 66 - - - 4405 4531
82.5 -10.2 ML 50 50/3 50/3 50/3 65 - - - 4561 4700
85.0 -12.7 ML 50 65 78 65 42 - - - 4717 4859
87.5 -15.2 ML 50 50/1 50/1 50/1 63 - - - 4873 5025
90.0 -17.7 ML 50 66/11 66/11 66/11 62 - - - 5029 5194
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 72.3 -
1.5 70.8 SP-SM Contractive 50% 41 35 30
3.5 68.8 SP-SM Intermediate 57% 42 37 31
5.5 66.8 SP-SM Intermediate 59% 42 38 31
7.5 64.8 SM Contractive 47% 38 34 30
9.5 62.8 SM Contractive 35% 33 31 29

12.5 59.8 SP-SM Contractive 45% 38 34 30
15.0 57.3 SP-SM Intermediate 56% 42 38 32
17.5 54.8 SM Intermediate 61% 43 38 33
20.0 52.3 CH - 8.626 931 1558 4523.174
22.5 49.8 SM 0.34 Intermediate 58% 42 38 34
25.0 47.3 CH 0.04 - 6.507 785 1230 3172.671
27.5 44.8 SM 0.23 Intermediate 61% 43 39 35
30.0 42.3 SP-SM 0.27 Dilative 71% 46 42 38
32.5 39.8 SC 0.35 Intermediate 54% 41 37 34
35.0 37.3 SP-SM 0.33 Intermediate 60% 43 38 35
37.5 34.8 SM 0.15 Contractive 21% 25 27 28
40.0 32.3 SM 0.14 Contractive 21% 25 27 28
42.5 29.8 SM 0.10 Contractive 21% 25 27 28
45.0 27.3 SM 0.09 Contractive 17% 20 25 28
47.5 24.8 SM 0.15 Intermediate 50% 39 36 33
50.0 22.3 SM 0.23 Contractive 33% 32 31 30
52.5 19.8 SP-SM 0.14 Contractive 20% 24 26 28
55.0 17.3 SM 0.14 Contractive 26% 27 28 29
57.5 14.8 CH 0.18 - 2.130 356 410 791.521
60.0 12.3 ML 0.20 - 30 3.361
62.5 9.8 CH 0.19 - 3.708 669 984 1909.619
65.0 7.3 SM 0.30 Intermediate 55% 40 38 35
67.5 4.8 SM 0.46 Intermediate 48% 38 35 34
70.0 2.3 ML 0.43 - 14.738 3447 8200 25000
72.5 -0.2 ML 0.26 - 14.308 3447 8200 25000
75.0 -2.7 ML - 13.908 3447 8200 25000
77.5 -5.2 ML - 13.535 3447 8200 25000
80.0 -7.7 ML - 13.185 3447 8200 25000
82.5 -10.2 ML - 12.856 3447 8200 25000
85.0 -12.7 ML - 12.565 3447 8200 25000
87.5 -15.2 ML - 12.277 3447 8200 25000
90.0 -17.7 ML - 12.000 3447 8200 25000
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  SR-50 and SR-436 B.2.3.

B.2.3.1.  SPT TH-4B (EB4P10) 

 

Depth Elevation USCS FC TH-4B SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 99.0 -
7.0 92.0 SM 12 11 8 7 15 17 13 22 219 586
8.5 90.5 SM 12 11 8 7 14 16 12 21 313 665

10.0 89.0 SP 0 27 20 15 32 32 25 32 406 759
11.5 87.5 SP 0 34 26 20 40 40 31 40 500 865
13.0 86.0 SP-SM 8 17 14 11 20 20 15 23 594 959
15.0 84.0 SP-SM 8 17 14 12 19 21 16 24 719 1074
17.0 82.0 SM 12 15 13 11 17 19 15 24 844 1181
19.5 79.5 SP 0 18 15 13 18 20 15 20 1000 1333
22.0 77.0 SP 0 20 19 15 22 22 17 22 1156 1489
24.5 74.5 SP 0 24 23 18 25 25 19 25 1313 1655
27.0 72.0 SP 0 16 15 13 16 18 14 18 1469 1814 -0.79
29.5 69.5 SP 0 52 49 38 49 49 38 49 1625 2000 -0.65
32.0 67.0 SP 0 31 31 24 30 30 23 30 1781 2174 -0.32
34.5 64.5 SP 7 26 26 20 24 24 18 26 1938 2333 -0.24
37.0 62.0 SP 0 20 20 17 18 20 15 20 2094 2489 -0.82
39.5 59.5 SP 0 27 27 21 23 23 18 23 2250 2645 -0.26
42.0 57.0 SM 12 12 12 10 10 11 9 16 2406 2771 -0.07
44.5 54.5 SP 0 28 28 22 23 23 18 23 2563 2920 0.02
47.0 52.0 SM 12 26 26 20 21 21 16 26 2719 3056 0.10
49.5 49.5 SM 12 14 14 12 11 12 9 17 2875 3178 0.07
52.0 47.0 SM 12 15 15 13 12 13 10 19 3031 3296 0.13
54.5 44.5 CH 50 15 15 13 11 - - - 3188 3445 0.13
57.0 42.0 CH 50 9 9 8 7 - - - 3344 3591 0.15
59.5 39.5 SM 12 6 6 5 4 4 3 10 3500 3675 0.06
62.0 37.0 SP 0 8 8 7 6 7 5 7 3656 3784 0.13
64.5 34.5 SM 12 3 3 3 2 2 2 7 3813 3843 0.18
67.0 32.0 SM 12 4 4 3 3 3 3 9 3969 3896 0.22
69.5 29.5 SM 12 7 7 6 5 6 4 11 4125 3973 0.23
72.0 27.0 CH 50 3 3 3 2 - - - 4281 4074 0.27
74.5 24.5 CH 50 6 6 5 4 - - - 4438 4200 0.29
77.0 22.0 CH 50 7 7 6 5 - - - 4594 4331 0.24
79.5 19.5 CH 50 50/3 50/3 50/3 67 - - - 4750 4493
82.0 17.0 CH 50 50/4 50/4 50/4 66 - - - 4906 4661
84.5 14.5 CH 50 50/5.5 50/5.5 50/5.5 64 - - - 5063 4830
87.0 12.0 CH 50 50/3 50/3 50/3 63 - - - 5219 4999
89.5 9.5 CH 50 50/5 50/5 50/5 62 - - - 5375 5168
92.0 7.0 CH 50 50/1 50/1 50/1 61 - - - 5531 5336
94.5 4.5 CH 50 50/4 50/4 50/4 60 - - - 5688 5505
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 99.0 -
7.0 92.0 SM Intermediate
8.5 90.5 SM Intermediate

10.0 89.0 SP Dilative
11.5 87.5 SP Dilative 82% 47 45 35
13.0 86.0 SP-SM Intermediate 58% 41 38 31
15.0 84.0 SP-SM Intermediate 56% 40 38 31
17.0 82.0 SM Intermediate 53% 39 37 31
19.5 79.5 SP Contractive 55% 40 38 31
22.0 77.0 SP Intermediate 61% 41 38 33
24.5 74.5 SP Intermediate 65% 43 40 34
27.0 72.0 SP -0.79 Contractive 52% 38 37 31
29.5 69.5 SP -0.65 Dilative 90% 49 47 41
32.0 67.0 SP -0.32 Intermediate 71% 44 41 36
34.5 64.5 SP -0.24 Intermediate 63% 42 39 35
37.0 62.0 SP -0.82 Contractive 55% 39 38 33
39.5 59.5 SP -0.26 Intermediate 62% 41 39 35
42.0 57.0 SM -0.07 Contractive 41% 34 33 31
44.5 54.5 SP 0.02 Intermediate 62% 41 39 35
47.0 52.0 SM 0.10 Intermediate 59% 40 38 35
49.5 49.5 SM 0.07 Contractive 43% 34 34 31
52.0 47.0 SM 0.13 Contractive 45% 34 34 31
54.5 44.5 CH 0.13 - 4.309 785 1230 2750
57.0 42.0 CH 0.15 - 2.945 544 738 1750
59.5 39.5 SM 0.06 Contractive 26% 26 28 29
62.0 37.0 SP 0.13 Contractive 32% 28 30 29
64.5 34.5 SM 0.18 Contractive 18% 21 26 28
67.0 32.0 SM 0.22 Contractive 22% 23 27 28
69.5 29.5 SM 0.23 Contractive 29% 27 29 29
72.0 27.0 CH 0.27 - 1.267 247 246 500
74.5 24.5 CH 0.29 - 1.999 406 492 1000
77.0 22.0 CH 0.24 - 2.177 454 574 1250
79.5 19.5 CH - 13.262 3447 8200 16750
82.0 17.0 CH - 12.930 3447 8200 16500
84.5 14.5 CH - 12.617 3447 8200 16000
87.0 12.0 CH - 12.322 3447 8200 15750
89.5 9.5 CH - 12.043 3447 8200 15500
92.0 7.0 CH - 11.779 3447 8200 15250
94.5 4.5 CH - 11.529 3447 8200 15000
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B.2.3.2.  SPT TH-3B (P3P10, EB) 

 

Depth Elevation USCS FC TH-3B SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 98.0 -
7.0 91.0 SP 0 7 5 4 9 10 8 10 193 682
8.5 89.5 SP 0 7 5 4 8 9 7 9 287 775
10.0 88.0 SP 0 14 11 9 16 18 14 18 381 874
11.5 86.5 SP 0 15 11 10 16 18 14 18 474 976
13.0 85.0 SP 0 26 22 17 30 30 23 30 568 1078
15.0 83.0 SP 0 18 15 12 20 20 15 20 693 1214
17.0 81.0 SP-SM 6 12 10 9 12 13 10 14 817 1349
19.5 78.5 SP-SM 8.5 19 16 14 19 21 16 25 973 1519
22.0 76.0 SP 0 25 24 18 26 26 20 26 1129 1695
24.5 73.5 SP 0 34 32 25 33 33 25 33 1285 1872
27.0 71.0 SP 0 38 36 28 36 36 28 36 1441 2049
29.5 68.5 SP 0 44 42 32 40 40 31 40 1597 2227
32.0 66.0 SP 0 33 33 25 30 30 23 30 1753 2404
34.5 63.5 SP 0 30 30 23 26 26 20 26 1909 2579
37.0 61.0 SM 12 9 9 8 8 9 7 14 2065 2745 0.00
39.5 58.5 SM/SC 14 7 7 6 6 7 5 12 2221 2900 0.00
42.0 56.0 SP 0 14 14 12 11 12 9 12 2377 3065 0.02
44.5 53.5 SP 0 13 13 11 10 11 9 11 2533 3234 0.09
47.0 51.0 SP 0 26 26 20 20 20 15 20 2689 3407 0.14
49.5 48.5 SP-SM 8.5 23 23 20 17 19 15 23 2845 3581 0.09
52.0 46.0 SP-SM 8.5 22 22 19 16 18 14 22 3001 3755 0.23
54.5 43.5 SP-SM 8.5 55 55 42 39 39 30 43 3157 3940 0.27
57.0 41.0 SP-SM 8.5 8 8 7 6 7 5 11 3313 4107 0.21
59.5 38.5 SC 12 7 7 6 5 6 4 11 3469 4259 0.24
62.0 36.0 SP-SM 8.5 8 8 7 5 6 4 10 3625 4418 0.20
64.5 33.5 SP-SM 8.5 12 12 10 8 9 7 13 3781 4585 0.25
67.0 31.0 CH 50 5 5 4 3 - - - 3937 4678 0.29
69.5 28.5 CH 50 6 6 5 4 - - - 4093 4758 0.22
72.0 26.0 CH 50 51 51 39 33 - - - 4249 4900 0.27
74.5 23.5 CH 50 71 71 55 45 - - - 4405 5056 0.35
77.0 21.0 CH 50 60 60 46 37 - - - 4561 5213 0.30
79.5 18.5 CH 50 50/4 50/4 50/4 61 - - - 4717 5369
82.0 16.0 CH 50 50/1 50/1 50/1 60 - - - 4873 5526
84.5 13.5 SST 50 50/0 50/0 50/0 59 59 59 68 5029 5732
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 98.0 -
7.0 91.0 SP Contractive
8.5 89.5 SP Contractive
10.0 88.0 SP Contractive
11.5 86.5 SP Contractive 52% 38 37 30
13.0 85.0 SP Intermediate 71% 45 41 33
15.0 83.0 SP Contractive 58% 40 38 32
17.0 81.0 SP-SM Contractive 45% 36 34 30
19.5 78.5 SP-SM Intermediate 56% 40 38 32
22.0 76.0 SP Intermediate 66% 43 40 34
24.5 73.5 SP Dilative 74% 45 43 36
27.0 71.0 SP Dilative 77% 46 44 37
29.5 68.5 SP Dilative 82% 47 45 39
32.0 66.0 SP Intermediate 71% 44 41 36
34.5 63.5 SP Intermediate 66% 43 40 36
37.0 61.0 SM 0.00 Contractive 37% 31 32 30
39.5 58.5 SM/SC 0.00 Contractive 32% 29 30 29
42.0 56.0 SP 0.02 Contractive 43% 34 34 31
44.5 53.5 SP 0.09 Contractive 41% 33 33 31
47.0 51.0 SP 0.14 Contractive 58% 39 38 35
49.5 48.5 SP-SM 0.09 Intermediate 53% 38 37 34
52.0 46.0 SP-SM 0.23 Intermediate 52% 37 37 33
54.5 43.5 SP-SM 0.27 Dilative 81% 46 44 42
57.0 41.0 SP-SM 0.21 Contractive 32% 28 30 29
59.5 38.5 SC 0.24 Contractive 29% 26 29 29
62.0 36.0 SP-SM 0.20 Contractive 29% 27 29 29
64.5 33.5 SP-SM 0.25 Contractive 37% 30 32 31
67.0 31.0 CH 0.29 - 1.637 356 410 750
69.5 28.5 CH 0.22 - 1.835 406 492 1000
72.0 26.0 CH 0.27 - 7.856 1757 4182 8250
74.5 23.5 CH 0.35 - 9.655 2230 5822 11250
77.0 21.0 CH 0.30 - 8.419 1976 4920 9250
79.5 18.5 CH - 11.730 3447 8200 15250
82.0 16.0 CH - 11.500 3447 8200 15000
84.5 13.5 SST Dilative



 

 
 

318 

 Heritage Parkway B.2.4.

B.2.4.1.  SPT TH-5 (EB1P1) 

 

Depth Elevation USCS FC TH-5 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 25.0 - - - - -
1.0 24.0 SC 12 5 4 3 8 8 6 13 0 95
2.5 22.5 SP 0 12 9 7 18 18 14 18 0 253
4.0 21.0 SP 0 13 10 7 20 20 15 20 0 423
5.5 19.5 SC 12 16 12 9 22 22 17 27 0 585
7.0 18.0 SC 12 17 13 10 21 21 16 26 0 743
8.5 16.5 SC 12 20 15 12 22 22 17 27 0 900

10.0 15.0 SP 0 18 14 10 18 18 14 18 0 1068
14.5 10.5 SC 12 9 9 8 10 11 9 16 0 1525
19.5 5.5 SP 0 33 34 26 35 35 27 35 281 1902
24.5 0.5 SM 12 6 7 6 7 8 6 13 593 2130 0.45
29.5 -4.5 CH 50 WH WH WH 0 - - - 905 2320 0.00
34.5 -9.5 SM 12 5 6 5 5 6 4 11 1217 2486 0.00
39.5 -14.5 SC 12 5 6 5 5 6 4 11 1529 2649 0.01
44.5 -19.5 SC 12 15 18 15 15 17 13 22 1841 2902 0.42
49.5 -24.5 SP-SM 9 20 24 21 19 21 16 25 2153 3187 0.38
54.5 -29.5 SP-SM 8.5 20 24 21 18 20 15 24 2465 3475 0.58
59.5 -34.5 CH 50 2 3 3 2 - - - 2777 3718 0.28
64.5 -39.5 CH 76 2 3 3 2 - - - 3089 3956 0.15
69.5 -44.5 CH 50 5 6 5 4 - - - 3401 4217 0.17
74.5 -49.5 SM/SC 12 9 11 9 7 8 6 13 3713 4435 0.23
79.5 -54.5 SM/SC 12 11 14 12 9 10 8 15 4025 4670 0.34
84.5 -59.5 SM/SC 12 20 24 21 15 17 13 22 4337 4931 0.29
89.5 -64.5 SM/SC 12 16 20 17 12 13 10 19 4649 5171 0.29
94.5 -69.5 SM/SC 12 14 17 14 10 11 9 16 4961 5409 0.29
99.5 -74.5 SM/SC 12 10 12 10 7 8 6 13 5273 5625 0.23
104.5 -79.5 SM/SC 12 5 6 5 4 4 3 10 5585 5748 0.29
109.5 -84.5 SM/SC 12 17 21 18 12 13 10 19 5897 5973 0.21
114.5 -89.5 MH 87 31 38 29 21 - - - 6209 6234 0.28
119.5 -94.5 MH 50 9 11 9 6 - - - 6521 6429
124.5 -99.5 MH 50 7 9 8 5 - - - 6833 6595
129.5 -104.5 SC 12 10 12 10 7 8 6 13 7145 6803
134.5 -109.5 SC 12 10 12 10 6 7 5 12 7457 6993
139.5 -114.5 SC 12 12 15 13 8 9 7 14 7769 7204
144.5 -119.5 SC 12 24 29 24 15 17 13 22 8081 7462
149.5 -124.5 SC 12 20 24 21 12 13 10 19 8393 7702
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 25.0 -
1.0 24.0 SC Contractive 35% 33 31 28
2.5 22.5 SP Contractive 55% 40 37 30
4.0 21.0 SP Contractive 57% 40 37 30
5.5 19.5 SC Intermediate 61% 41 38 31
7.0 18.0 SC Intermediate 59% 41 38 31
8.5 16.5 SC Intermediate 61% 42 38 31

10.0 15.0 SP Contractive 55% 40 37 31
14.5 10.5 SC Contractive 41% 34 33 30
19.5 5.5 SP Dilative 76% 46 43 37
24.5 0.5 SM 0.45 Contractive 34% 30 31 29
29.5 -4.5 CH 0.00 - NA NA NA NA
34.5 -9.5 SM 0.00 Contractive 29% 28 29 29
39.5 -14.5 SC 0.01 Contractive 29% 28 29 29
44.5 -19.5 SC 0.42 Intermediate 50% 37 36 32
49.5 -24.5 SP-SM 0.38 Intermediate 56% 39 38 34
54.5 -29.5 SP-SM 0.58 Intermediate 55% 38 38 34 5.921 1102 1968 4500
59.5 -34.5 CH 0.28 - 1.349 247 246 500
64.5 -39.5 CH 0.15 - 1.292 247 246 500
69.5 -44.5 CH 0.17 - 1.994 406 492 1000
74.5 -49.5 SM/SC 0.23 Contractive 34% 29 31 30
79.5 -54.5 SM/SC 0.34 Contractive 39% 31 32 31
84.5 -59.5 SM/SC 0.29 Intermediate 50% 36 36 34
89.5 -64.5 SM/SC 0.29 Contractive 45% 34 34 33
94.5 -69.5 SM/SC 0.29 Contractive 41% 32 33 32
99.5 -74.5 SM/SC 0.23 Contractive 34% 29 31 31
104.5 -79.5 SM/SC 0.29 Contractive 26% 23 28 29
109.5 -84.5 SM/SC 0.21 Contractive 45% 33 34 33
114.5 -89.5 MH 0.28 - 5.384 1408 3075 5250
119.5 -94.5 MH - 2.193 608 861 1500
124.5 -99.5 MH - 1.937 544 738 1250
129.5 -104.5 SC Contractive 34% 28 31 31
134.5 -109.5 SC Contractive 32% 27 30 31
139.5 -114.5 SC Contractive 37% 29 32 31
144.5 -119.5 SC Intermediate 50% 34 36 35
149.5 -124.5 SC Contractive 45% 33 34 34
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B.2.4.2.  SPT FDOT (B3P1) 

 

 

Depth Elevation USCS FC FDOT SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 17.16 - - - - -
6 11.16 SC 23.17 15 14 11 25 25 19 31 0 1466
11 6.16 SC 23.17 11 10 9 15 17 13 23 240 1686
16 1.16 SM 15.73 16 17 13 22 22 17 28 552 1967
21 -3.84 SM 35.95 4 4 3 5 6 4 13 864 2232
26 -8.84 SM 35.95 6 7 6 8 9 7 16 1176 2518 0.01
31 -13.84 SC 27.85 4 5 4 5 6 4 12 1488 2806 0.00
36 -18.84 SM 24.01 27 33 25 33 33 25 39 1800 3094 0.36
41 -23.84 SM 24.01 25 30 23 28 28 22 34 2112 3269 0.40
46 -28.84 - 6 8 7 7 8 6 8 2424 3387 0.29
51 -33.84 SP-SM 8.59 9 11 9 9 10 8 14 2736 3478 0.17
56 -38.84 CL 84.7 1 2 2 2 - - - 3048 3633 0.21
61 -43.84 CL 84.7 7 9 8 7 - - - 3360 3792 0.13
65 -47.84 SM 29.98 10 12 10 9 10 8 17 3609 4053 0.19
71 -53.84 SM 29.98 11 14 12 10 11 9 18 3984 4165 0.24
76 -58.84 SM 22.24 14 17 15 12 13 10 20 4296 4273 0.25
81 -63.84 SM 22.24 14 17 15 12 13 10 20 4608 4431 0.18
86 -68.84 SM 22.24 16 20 17 13 14 11 21 4920 4606 0.22

Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 17.16 -
6 11.16 SC Dilative 65% 39 40 31
11 6.16 SC Intermediate 50% 35 36 30
16 1.16 SM Intermediate 61% 39 38 32
21 -3.84 SM Contractive 29% 26 29 28
26 -8.84 SM 0.01 Contractive 37% 29 32 29
31 -13.84 SC 0.00 Contractive 29% 26 29 29
36 -18.84 SM 0.36 Dilative 74% 42 43 36
41 -23.84 SM 0.40 Dilative 68% 41 41 36
46 -28.84 - 0.29 Contractive 34% 29 31 29
51 -33.84 SP-SM 0.17 Contractive 39% 31 32 30
56 -38.84 CL 0.21 - 1.036 184 164 500
61 -43.84 CL 0.13 - 2.837 544 738 1750
65 -47.84 SM 0.19 Contractive 39% 31 32 31
71 -53.84 SM 0.24 Contractive 41% 32 33 31
76 -58.84 SM 0.25 Contractive 45% 34 34 32
81 -63.84 SM 0.18 Contractive 45% 34 34 32
86 -68.84 SM 0.22 Intermediate 47% 35 35 33
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B.2.4.3.  SPT TH-6 (EB5P1) 

 

Depth Elevation USCS FC TH-6 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 20 SC 12 - - -
1 19 SC 12 7 5 4 11 11 8 16 0 100

2.5 17.5 SC 12 16 12 9 24 24 18 29 0 255
4 16 SC 12 22 17 13 33 33 25 38 0 418

5.5 14.5 SC 12 24 18 14 33 33 26 39 0 583
7 13 SC 12 16 12 10 20 22 17 27 0 743

8.5 11.5 SC 12 23 17 13 26 26 20 31 0 900
10 10 SC 12 22 17 13 23 23 17 28 0 1058

14.5 5.5 SP 0 40 41 31 49 49 38 49 281 1389
19.5 0.5 SP-SM 8.5 10 10 9 11 12 10 16 593 1665
24.5 -4.5 CH 67 2 3 2 3 - - - 905 1928 0.01
29.5 -9.5 SM 14 6 7 6 7 8 6 13 1217 2146 0.23
34.5 -14.5 SC 12 5 6 5 6 6 5 11 1529 2336 0.00
39.5 -19.5 SC 12 20 24 18 21 21 16 26 1841 2592 0.62
44.5 -24.5 SC 14 12 15 13 13 14 11 19 2153 2855 0.39
49.5 -29.5 SC 12 46 56 43 44 44 34 49 2465 3163 0.47
54.5 -34.5 CH 50 2 3 3 2 - - - 2777 3408 0.15
59.5 -39.5 CH 50 5 6 5 4 - - - 3089 3669 0.16
64.5 -44.5 CH 50 4 5 4 3 - - - 3401 3932 0.15
69.5 -49.5 SM/SC 12 11 14 12 9 10 8 16 3713 4172 0.18
74.5 -54.5 SM/SC 12 16 20 17 13 15 11 20 4025 4433 0.19
79.5 -59.5 SM/SC 12 20 24 21 16 17 13 23 4337 4696 0.26
84.5 -64.5 SM 12 12 15 13 10 11 8 16 4649 4936 0.25
89.5 -69.5 SP-SM 8.5 22 27 23 17 19 14 23 4961 5219 0.27
94.5 -74.5 SC 12 12 15 13 9 10 8 15 5273 5462 0.17
99.5 -79.5 SC 12 17 21 18 12 14 11 19 5585 5700 0.18
104.5 -84.5 SC 12 6 8 6 4 5 4 10 5897 5848
109.5 -89.5 SC 12 52 63 48 36 36 28 41 6209 6144
114.5 -94.5 MH 97 6 8 6 4 - - - 6521 6299
119.5 -99.5 MH 50 10 12 10 7 - - - 6833 6505
124.5 -104.5 MH 50 10 12 10 7 - - - 7145 6718
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 20 SC
1 19 SC Contractive 42% 36 33 29 23.954 342 431 2625

2.5 17.5 SC Intermediate 63% 43 39 31 22.214 620 984 6000
4 16 SC Dilative 74% 45 43 32 19.697 780 1353 8250

5.5 14.5 SC Dilative 75% 45 43 32 16.626 830 1476 8338
7 13 SC Intermediate 57% 40 38 31 10.637 669 984 4924

8.5 11.5 SC Dilative 65% 43 40 32 11.963 805 1415 6429
10 10 SC Intermediate 61% 42 39 32 10.382 780 1353 5673

14.5 5.5 SP Dilative 90% 49 47 38
19.5 0.5 SP-SM Contractive 43% 35 34 30
24.5 -4.5 CH 0.01 - 2.047 238 234 726
29.5 -9.5 SM 0.23 Contractive 34% 30 31 29
34.5 -14.5 SC 0.00 Contractive 30% 29 30 29 2.995 406 492 1388
39.5 -19.5 SC 0.62 Intermediate 59% ` 38 34 7.247 1021 1968 5271
44.5 -24.5 SC 0.39 Contractive 46% 35 35 31 4.905 785 1230 3139
49.5 -29.5 SC 0.47 Dilative 86% 47 46 42 11.258 1868 4551 11034
54.5 -34.5 CH 0.15 - 1.432 247 246 575
59.5 -39.5 CH 0.16 - 2.195 406 492 1108
64.5 -44.5 CH 0.15 - 1.716 330 369 802
69.5 -49.5 SM/SC 0.18 Contractive 39% 32 33 31
74.5 -54.5 SM/SC 0.19 Contractive 47% 35 35 33
79.5 -59.5 SM/SC 0.26 Intermediate 51% 36 36 34
84.5 -64.5 SM 0.25 Contractive 40% 32 33 31
89.5 -69.5 SP-SM 0.27 Intermediate 53% 37 37 35
94.5 -74.5 SC 0.17 Contractive 39% 31 32 31 3.137 785 1230 2269
99.5 -79.5 SC 0.18 Contractive 46% 34 35 33 3.840 1001 1722 3110
104.5 -84.5 SC Contractive 27% 25 29 29 1.856 477 615 1096
109.5 -89.5 SC Dilative 77% 43 44 44 7.775 2046 5166 8986
114.5 -94.5 MH - 1.764 477 615 1057
119.5 -99.5 MH - 2.385 669 984 1663
124.5 -104.5 MH - 2.332 669 984 1637
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 Anderson Street Overpass B.2.5.

B.2.5.1. SPT P6-4 (P6P5) 

 

Depth Elevation USCS FC P6-4 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 102.88 - - - - -
16 86.88 SP 3.7 8 8 7 10 11 8 11 351 1466 0.26
20 82.88 SP-SM 5.9 5 6 5 6 7 5 8 663 1686 0.22
26 76.88 SP-SM 10.7 17 19 17 20 22 17 27 975 1967 0.23
31 71.88 SP-SM 6.2 11 13 11 12 14 11 15 1287 2232 0.18
36 66.88 SP-SM 9.5 12 14 12 13 14 11 19 1599 2518 0.22
41 61.88 SP-SM 8.90 14 17 14 14 16 12 20 1911 2806 0.17
46 56.88 SP-SM 7.5 18 22 18 17 19 15 22 2223 3094 0.59
51 51.88 SM 46 5 6 5 5 5 4 14 2535 3269 0.04
56 46.88 SM 29.2 3 4 3 3 3 2 10 2847 3387 0.06
61 41.88 SM 14 2 2 2 2 2 2 7 3159 3478 0.21
66 36.88 SP-SM 9.4 4 5 4 4 4 3 8 3471 3633 0.01

69.5 33.38 SM 15.1 13 16 13 11 13 10 18 3689 3792 0.04
74.5 28.38 SM 17.1 17 20 17 14 16 12 22 4001 4053 0.26
76.5 26.38 SM 16.8 33 40 30 27 27 21 33 4126 4165 0.25
78.5 24.38 SM 15.2 28 34 26 23 23 18 29 4251 4273 0.22
81.5 21.38 SM 15.5 16 19 16 13 14 11 20 4438 4431 0.26
85.5 17.38 SM 15.9 9 11 9 7 8 6 13 4687 4606 0.25
87.5 15.38 SP-SM 11.3 10 12 10 8 9 7 14 4812 4699 0.66
89.5 13.38 SM 25.5 59 71 54 46 46 35 52 4937 4824 0.91
91.5 11.38 SM 22.9 28 34 26 21 21 16 28 5062 4937 1.06
93.5 9.38 SM 40.9 65 78 60 49 49 38 57 5187 5065 1.25
95.5 7.38 SM 31.3 33 40 30 25 25 19 32 5311 5185
97.5 5.38 SM 32.8 33 40 30 24 24 19 32 5436 5292
99.5 3.38 CL 50 24 29 25 17 - - - 5561 5420
101.5 1.38 SM 26.3 39 47 36 28 28 22 35 5686 5540
103.5 -0.62 SC 42.6 21 25 22 15 17 13 25 5811 5648
105.5 -2.62 SM 39.7 30 36 28 21 21 16 29 5935 5753
107.5 -4.62 MH 74.1 13 16 13 9 - - - 6060 5851
109.5 -6.62 SM 25.6 27 32 28 19 21 16 27 6185 5954
111.5 -8.62 SM 27.6 24 29 25 17 18 14 25 6310 6059
113.5 -10.62 SM 31.2 40 48 37 27 27 21 34 6435 6172
115.5 -12.62 SM 21 28 34 29 19 21 16 27 6559 6279
117.5 -14.62 SM 38.6 35 42 32 24 24 18 31 6684 6384
119.5 -16.62 SM 32.1 9 11 9 6 7 5 14 6809 6467
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 102.88 -
16 86.88 SP 0.26 Contractive 40% 34 33 30
20 82.88 SP-SM 0.22 Contractive 32% 30 30 29
26 76.88 SP-SM 0.23 Intermediate 57% 40 38 33
31 71.88 SP-SM 0.18 Contractive 46% 36 35 31
36 66.88 SP-SM 0.22 Contractive 46% 36 35 31
41 61.88 SP-SM 0.17 Contractive 49% 37 36 32
46 56.88 SP-SM 0.59 Intermediate 54% 38 37 33
51 51.88 SM 0.04 Contractive 28% 27 29 29
56 46.88 SM 0.06 Contractive 21% 23 27 28
61 41.88 SM 0.21 Contractive 17% 20 26 28
66 36.88 SP-SM 0.01 Contractive 24% 24 28 29

69.5 33.38 SM 0.04 Contractive 43% 34 34 32
74.5 28.38 SM 0.26 Intermediate 49% 36 36 33
76.5 26.38 SM 0.25 Dilative 68% 42 41 38
78.5 24.38 SM 0.22 Intermediate 62% 40 39 37
81.5 21.38 SM 0.26 Contractive 46% 35 35 33
85.5 17.38 SM 0.25 Contractive 34% 29 31 30
87.5 15.38 SP-SM 0.66 Contractive 36% 30 32 31
89.5 13.38 SM 0.91 Dilative 87% 46 46 46
91.5 11.38 SM 1.06 Intermediate 60% 39 38 37
93.5 9.38 SM 1.25 Dilative 90% 47 47 47
95.5 7.38 SM Dilative 64% 40 39 38
97.5 5.38 SM Dilative 64% 40 39 38
99.5 3.38 CL - 4.943 1256 2362 4374
101.5 1.38 SM Dilative 68% 41 41 40
103.5 -0.62 SC Intermediate 50% 35 36 34
105.5 -2.62 SM Intermediate 59% 38 38 37
107.5 -4.62 MH - 3.073 808 1279 2280
109.5 -6.62 SM Intermediate 56% 37 38 36
111.5 -8.62 SM Intermediate 53% 36 37 35
113.5 -10.62 SM Dilative 67% 41 41 40
115.5 -12.62 SM Intermediate 56% 37 38 37
117.5 -14.62 SM Dilative 63% 39 39 39
119.5 -16.62 SM Contractive 32% 27 30 30
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B.2.5.2. B.5.2. SPT P6-4 (P6P6) 

 

Depth Elevation USCS FC P6-4 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 102.88 - - - - -
16 86.88 SP 3.7 8 8 7 10 11 8 11 351 1466
20 82.88 SP-SM 5.9 5 6 5 6 7 5 8 663 1686
26 76.88 SP-SM 10.7 17 19 17 20 22 17 27 975 1967 0.10
31 71.88 SP-SM 6.2 11 13 11 12 14 11 15 1287 2232 0.21
36 66.88 SP-SM 9.5 12 14 12 13 14 11 19 1599 2518 0.17
41 61.88 SP-SM 8.90 14 17 14 14 16 12 20 1911 2806 0.24
46 56.88 SP-SM 7.5 18 22 18 17 19 15 22 2223 3094 -0.57
51 51.88 SM 46 5 6 5 5 5 4 14 2535 3269 0.21
56 46.88 SM 29.2 3 4 3 3 3 2 10 2847 3387 -0.07
61 41.88 SM 14 2 2 2 2 2 2 7 3159 3478 0.09
66 36.88 SP-SM 9.4 4 5 4 4 4 3 8 3471 3633 0.25

69.5 33.38 SM 15.1 13 16 13 11 13 10 18 3689 3792 0.08
74.5 28.38 SM 17.1 17 20 17 14 16 12 22 4001 4053 0.17
76.5 26.38 SM 16.8 33 40 30 27 27 21 33 4126 4165 0.19
78.5 24.38 SM 15.2 28 34 26 23 23 18 29 4251 4273 0.19
81.5 21.38 SM 15.5 16 19 16 13 14 11 20 4438 4431 0.19
85.5 17.38 SM 15.9 9 11 9 7 8 6 13 4687 4606 0.22
87.5 15.38 SP-SM 11.3 10 12 10 8 9 7 14 4812 4699 0.32
89.5 13.38 SM 25.5 59 71 54 46 46 35 52 4937 4824 0.64
91.5 11.38 SM 22.9 28 34 26 21 21 16 28 5062 4937 0.50
93.5 9.38 SM 40.9 65 78 60 49 49 38 57 5187 5065 0.73
95.5 7.38 SM 31.3 33 40 30 25 25 19 32 5311 5185 0.96
97.5 5.38 SM 32.8 33 40 30 24 24 19 32 5436 5292 1.05
99.5 3.38 CL 50 24 29 25 17 - - - 5561 5420 0.92
101.5 1.38 SM 26.3 39 47 36 28 28 22 35 5686 5540 0.82
103.5 -0.62 SC 42.6 21 25 22 15 17 13 25 5811 5648 0.87
105.5 -2.62 SM 39.7 30 36 28 21 21 16 29 5935 5753 0.70
107.5 -4.62 MH 74.1 13 16 13 9 - - - 6060 5851
109.5 -6.62 SM 25.6 27 32 28 19 21 16 27 6185 5954
111.5 -8.62 SM 27.6 24 29 25 17 18 14 25 6310 6059
113.5 -10.62 SM 31.2 40 48 37 27 27 21 34 6435 6172
115.5 -12.62 SM 21 28 34 29 19 21 16 27 6559 6279
117.5 -14.62 SM 38.6 35 42 32 24 24 18 31 6684 6384
119.5 -16.62 SM 32.1 9 11 9 6 7 5 14 6809 6467
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 102.88 -
16 86.88 SP Contractive 40% 34 33 30
20 82.88 SP-SM Contractive 32% 30 30 29
26 76.88 SP-SM 0.10 Intermediate 57% 40 38 33
31 71.88 SP-SM 0.21 Contractive 46% 36 35 31
36 66.88 SP-SM 0.17 Contractive 46% 36 35 31
41 61.88 SP-SM 0.24 Contractive 49% 37 36 32
46 56.88 SP-SM -0.57 Intermediate 54% 38 37 33
51 51.88 SM 0.21 Contractive 28% 27 29 29
56 46.88 SM -0.07 Contractive 21% 23 27 28
61 41.88 SM 0.09 Contractive 17% 20 26 28
66 36.88 SP-SM 0.25 Contractive 24% 24 28 29

69.5 33.38 SM 0.08 Contractive 43% 34 34 32
74.5 28.38 SM 0.17 Intermediate 49% 36 36 33
76.5 26.38 SM 0.19 Dilative 68% 42 41 38
78.5 24.38 SM 0.19 Intermediate 62% 40 39 37
81.5 21.38 SM 0.19 Contractive 46% 35 35 33
85.5 17.38 SM 0.22 Contractive 34% 29 31 30
87.5 15.38 SP-SM 0.32 Contractive 36% 30 32 31
89.5 13.38 SM 0.64 Dilative 87% 46 46 46
91.5 11.38 SM 0.50 Intermediate 60% 39 38 37
93.5 9.38 SM 0.73 Dilative 90% 47 47 47
95.5 7.38 SM 0.96 Dilative 64% 40 39 38
97.5 5.38 SM 1.05 Dilative 64% 40 39 38
99.5 3.38 CL 0.92 - 4.943 1256 2362 4374
101.5 1.38 SM 0.82 Dilative 68% 41 41 40
103.5 -0.62 SC 0.87 Intermediate 50% 35 36 34
105.5 -2.62 SM 0.70 Intermediate 59% 38 38 37
107.5 -4.62 MH - 3.073 808 1279 2280
109.5 -6.62 SM Intermediate 56% 37 38 36
111.5 -8.62 SM Intermediate 53% 36 37 35
113.5 -10.62 SM Dilative 67% 41 41 40
115.5 -12.62 SM Intermediate 56% 37 38 37
117.5 -14.62 SM Dilative 63% 39 39 39
119.5 -16.62 SM Contractive 32% 27 30 30
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 I-4 Widening Daytona B.2.6.

B.2.6.1. SPT DC-1 (EB3-1, P5) 

 

Depth Elevation USCS FC DC-1 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 42.0 - - - - -
1.0 41.0 SP X SP-SM 5 7 8 6 16 16 12 16 0 108
3.0 39.0 SP X SP-SM 5 10 11 8 23 23 17 23 12 314
5.0 37.0 SP X SP-SM 5 15 17 13 34 34 26 34 137 431
7.0 35.0 SP X SP-SM 5 19 21 16 40 40 31 40 262 564
9.0 33.0 SP X SP-SM 5 20 23 18 38 38 29 38 387 699

12.0 30.0 SP X SP-SM 5 29 33 25 48 48 37 48 574 915
14.5 27.5 SP X SP-SM 5 25 32 25 43 43 33 43 730 1086
17.0 25.0 SP X SP-SM 5 12 15 13 19 22 17 22 886 1235
19.5 22.5 SP X SP-SM 7 10 13 11 15 17 13 19 1042 1379
22.0 20.0 SP X SP-SM 5 14 20 15 23 23 18 23 1198 1523
24.5 17.5 SP X SP-SM 5 19 27 21 30 30 23 30 1354 1677
27.0 15.0 SP X SP-SM 5 26 37 28 39 39 30 39 1510 1844
29.5 12.5 SP X SP-SM 5 30 43 33 43 43 33 43 1666 2013
32.0 10.0 SP X SP-SM 5 8 12 10 12 13 10 13 1822 2152
34.5 7.5 SP X SP-SM 5 8 12 10 11 12 10 12 1978 2283 0.11
37.0 5.0 SP X SP-SM 5 7 11 9 10 11 8 11 2134 2415 0.27
39.5 2.5 SP X SP-SM 5 5 8 7 7 7 6 7 2290 2536 0.24
42.0 0.0 SP X SP-SM 5 9 14 12 12 13 10 13 2446 2665 0.24
44.5 -2.5 SP X SP-SM 5 12 18 15 15 17 13 17 2602 2807 0.28
47.0 -5.0 SP X SP-SM 5 9 14 12 11 12 10 12 2758 2941 0.28
49.5 -7.5 SP X SP-SM 5 8 12 10 10 11 8 11 2914 3072 0.29
52.0 -10.0 SM 12 4 6 5 5 5 4 11 3070 3164 0.21
54.5 -12.5 SM 12 8 12 10 9 10 8 16 3226 3275 0.23
57.0 -15.0 SM 40 WH WH WH 0 0 0 8 3382 3314 0.20
59.5 -17.5 SM 12 4 6 5 5 5 4 10 3538 3383 0.15
62.0 -20.0 SM 12 5 8 7 6 6 5 12 3694 3475 0.15
64.5 -22.5 SM 12 5 8 7 6 6 5 11 3850 3569 0.15
67.0 -25.0 SC 12 10 15 13 11 12 9 17 4006 3683 0.13
69.5 -27.5 SP-SM 8.5 28 42 32 30 30 23 34 4162 3832 0.28
72.0 -30.0 SP-SM 8.5 52 78 60 55 55 42 59 4318 4008 0.43
74.5 -32.5 SP-SM 8.5 34 51 39 35 35 27 39 4474 4180 0.42
77.0 -35.0 SM 12 20 30 23 20 20 16 26 4630 4319 0.35
79.5 -37.5 SM 12 13 20 17 13 15 11 20 4786 4450 0.28
82.0 -40.0 SM 16 11 17 15 11 12 9 18 4942 4572 0.17
84.5 -42.5 SM 12 17 26 22 17 18 14 24 5098 4701 0.17
87.0 -45.0 SM 12 11 17 15 11 12 9 17 5254 4822 0.23
89.5 -47.5 LBWLS 50/6 50/6 50/6 63 63 63 63 5410 5021 0.27
92.0 -50.0 LBWLS 14 21 18 13 14 11 14 5566 5200 0.28
94.5 -52.5 LBWLS 50/1 50/1 50/1 61 61 61 61 5722 5409
97 -55 LBWLS 50/0 50/0 50/0 60 60 60 60 5878 5628

99.5 -57.5 LBWLS 50/1 50/1 50/1 58 58 58 58 6034 5847
102 -60 LBWLS 50/0 50/0 50/0 57 57 57 57 6190 6066

104.5 -62.5 LBWLS 7 11 9 6 7 5 7 6346 6225
107 -65 LBWLS 50/1 50/1 50/1 56 56 56 56 6502 6429

109.5 -67.5 LBWLS 30 45 35 25 25 19 25 6658 6628
112 -70 LBWLS 50/1 50/1 50/1 54 54 54 54 6814 6842

114.5 -72.5 LBWLS 50/1 50/1 50/1 53 53 53 53 6970 7061
117 -75 LBWLS 33 50 38 26 26 20 26 7126 7260
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 42.0 -
1.0 41.0 SP X SP-SM Contractive 51% 40 36 29
3.0 39.0 SP X SP-SM Intermediate 61% 42 39 30
5.0 37.0 SP X SP-SM Dilative 75% 45 43 32
7.0 35.0 SP X SP-SM Dilative 82% 47 45 33
9.0 33.0 SP X SP-SM Dilative 80% 47 44 34

12.0 30.0 SP X SP-SM Dilative 90% 49 47 36
14.5 27.5 SP X SP-SM Dilative 85% 48 46 36
17.0 25.0 SP X SP-SM Intermediate 57% 40 38 31
19.5 22.5 SP X SP-SM Contractive 51% 38 36 31
22.0 20.0 SP X SP-SM Intermediate 62% 42 39 33
24.5 17.5 SP X SP-SM Intermediate 70% 44 41 35
27.0 15.0 SP X SP-SM Dilative 80% 47 44 37
29.5 12.5 SP X SP-SM Dilative 84% 48 46 39
32.0 10.0 SP X SP-SM Contractive 44% 35 34 31
34.5 7.5 SP X SP-SM 0.11 Contractive 43% 35 34 31
37.0 5.0 SP X SP-SM 0.27 Contractive 40% 34 33 30
39.5 2.5 SP X SP-SM 0.24 Contractive 33% 31 31 29
42.0 0.0 SP X SP-SM 0.24 Contractive 44% 35 34 31
44.5 -2.5 SP X SP-SM 0.28 Contractive 50% 37 36 32
47.0 -5.0 SP X SP-SM 0.28 Contractive 43% 35 34 31
49.5 -7.5 SP X SP-SM 0.29 Contractive 40% 33 33 31
52.0 -10.0 SM 0.21 Contractive 28% 27 29 29
54.5 -12.5 SM 0.23 Contractive 40% 32 33 31
57.0 -15.0 SM 0.20 Contractive 0% 0 20 27
59.5 -17.5 SM 0.15 Contractive 28% 26 29 29
62.0 -20.0 SM 0.15 Contractive 31% 29 30 29
64.5 -22.5 SM 0.15 Contractive 31% 28 30 29
67.0 -25.0 SC 0.13 Contractive 43% 34 34 31
69.5 -27.5 SP-SM 0.28 Dilative 71% 43 42 39
72.0 -30.0 SP-SM 0.43 Dilative 96% 49 49 47
74.5 -32.5 SP-SM 0.42 Dilative 77% 44 43 41
77.0 -35.0 SM 0.35 Intermediate 58% 39 38 36
79.5 -37.5 SM 0.28 Contractive 47% 35 35 33
82.0 -40.0 SM 0.17 Contractive 43% 33 34 32
84.5 -42.5 SM 0.17 Intermediate 53% 37 37 35
87.0 -45.0 SM 0.23 Contractive 42% 33 33 32
89.5 -47.5 LBWLS 0.27 Dilative
92.0 -50.0 LBWLS 0.28 Contractive
94.5 -52.5 LBWLS Dilative
97 -55 LBWLS Dilative

99.5 -57.5 LBWLS Dilative
102 -60 LBWLS Dilative

104.5 -62.5 LBWLS Contractive
107 -65 LBWLS Dilative

109.5 -67.5 LBWLS Intermediate
112 -70 LBWLS Dilative

114.5 -72.5 LBWLS Dilative
117 -75 LBWLS Intermediate
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 SR-83 over Ramsey Branch B.2.7.

B.2.7.1. SPT B-1 (EB1P1) 

 

Depth Elevation USCS FC B-1 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound Liquefaction
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch Soil Response
0 3.5

0.5 3 SP 0 2 2 2 5 5 3 5 0 48 Contractive
2 1.5 SC 12 5 5 4 9 9 8 9 31 174 Contractive

3.5 0 PT 2 2 2 - - - - 125 230 -
5 -1.5 PT 6.4 1 1 1 - - - - 218 264 -

6.5 -3 PT WH WH WH - - - - 312 281 -
8 -4.5 PT WH WH WH - - - - 406 292 -

9.5 -6 SP-SM 8.5 2 2 2 5 5 4 9 499 333 Contractive
12 -8.5 SC 12 WH WH WH 0 0 0 5 655 367 Contractive

14.5 -11 SC 16.6 WH WH WH 0 0 0 6 811 386 Contractive
17 -13.5 SC 12 WH WH WH 0 0 0 5 967 405 Contractive

19.5 -16 SC 12 WH WH WH 0 0 0 5 1123 424 Contractive
22 -18.5 SC 12 WH WH WH 0 0 0 5 1279 443 Contractive

24.5 -21 SC 12 WH WH WH 0 0 0 5 1435 462 Contractive
27 -23.5 SM 31.3 2 3 2 5 6 5 13 1591 541 Contractive

29.5 -26 SC 12 7 9 7 15 16 13 22 1747 665 Intermediate
32 -28.5 SC 12 11 14 10 21 21 16 27 1903 797 Intermediate

34.5 -31 SC 12 6 8 6 11 12 9 17 2059 918 Contractive
37 -33.5 SC 12 10 12 10 17 18 14 24 2215 1047 Intermediate

39.5 -36 SC 12 10 12 10 16 17 13 23 2371 1179 Intermediate
42 -38.5 SC 12 7 9 8 11 12 10 18 2527 1300 Contractive

44.5 -41 SC 12 7 9 8 11 12 9 17 2683 1419 Contractive
47 -43.5 SC 30.7 6 8 6 9 10 7 17 2839 1538 Contractive

49.5 -46 SC 12 6 8 6 8 9 7 14 2995 1657 Contractive
52 -48.5 SC 12 6 8 6 8 9 7 14 3151 1766 0.27 Contractive

54.5 -51 SC 12 6 8 6 8 9 7 14 3307 1873 0.32 Contractive
57 -53.5 SC 12 6 8 6 8 8 6 14 3463 1979 0.41 Contractive

59.5 -56 SC 12 6 8 6 7 8 6 13 3619 2086 0.62 Contractive
62 -58.5 SC 12 7 9 8 9 10 7 15 3775 2202 0.72 Contractive

64.5 -61 SC 12 16 20 17 18 20 15 25 3931 2331 0.68 Intermediate
67 -63.5 SC 12 16 20 17 18 20 15 25 4087 2463 0.83 Intermediate

69.5 -66 SP 0 12 15 13 13 15 11 15 4243 2614 0.59 Contractive
72 -68.5 SC 12 15 18 15 15 17 13 22 4399 2751 0.42 Intermediate

74.5 -71 SM 12 7 9 8 8 8 6 14 4555 2862 0.30 Contractive
77 -73.5 SM 12 5 6 5 5 5 4 11 4711 2949 0.22 Contractive

79.5 -76 SM 13.4 6 8 6 6 7 5 12 4867 3040 0.30 Contractive
82 -78.5 SM 12 68 83 63 65 65 50 70 5023 3194 0.39 Dilative

84.5 -81 SM 12 25 30 23 23 23 18 28 5179 3333 0.40 Intermediate
87 -83.5 SM 12 5 6 5 5 5 4 10 5335 3425 Contractive

89.5 -86 SM 12 6 8 6 6 6 5 11 5491 3516 Contractive
92 -88.5 SC 12 10 12 10 9 10 8 15 5647 3630 Contractive

94.5 -91 SC 12 6 8 6 5 6 5 11 5803 3729 Contractive
97 -93.5 SP 0 7 9 8 6 7 6 7 5959 3853 Contractive

99.5 -96 SP 0 9 11 9 7 8 6 8 6115 3985 Contractive
102 -98.5 SP 0 9 11 9 7 8 6 8 6271 4116 Contractive

104.5 -101 SP 0 7 9 8 6 7 5 7 6427 4238 Contractive
107 -103.5 SP 0 9 11 9 7 8 6 8 6583 4367 Contractive

109.5 -106 SP 0 15 18 15 12 13 10 13 6739 4508 Contractive
112 -108.5 SM 12 11 14 12 9 10 8 15 6895 4632 Contractive

114.5 -111 SM 21.2 11 14 12 9 10 7 16 7051 4751 Contractive
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 3.5

0.5 3 SP Contractive 27% 29 28 28
2 1.5 SC Contractive 39% 34 32 28

3.5 0 PT -
5 -1.5 PT -

6.5 -3 PT -
8 -4.5 PT -

9.5 -6 SP-SM Contractive 27% 27 29 28
12 -8.5 SC Contractive 0% 0 20 27

14.5 -11 SC Contractive 0% 0 20 27
17 -13.5 SC Contractive 0% 0 20 27

19.5 -16 SC Contractive 0% 0 20 27
22 -18.5 SC Contractive 0% 0 20 27

24.5 -21 SC Contractive 0% 0 20 27
27 -23.5 SM Contractive 30% 28 30 28

29.5 -26 SC Intermediate 50% 37 36 30
32 -28.5 SC Intermediate 60% 41 38 31

34.5 -31 SC Contractive 43% 35 34 29
37 -33.5 SC Intermediate 53% 39 37 31

39.5 -36 SC Intermediate 51% 38 36 31
42 -38.5 SC Contractive 43% 35 34 30

44.5 -41 SC Contractive 42% 35 34 30
47 -43.5 SC Contractive 38% 33 32 29

49.5 -46 SC Contractive 37% 32 32 29
52 -48.5 SC 0.27 Contractive 36% 32 32 29

54.5 -51 SC 0.32 Contractive 36% 32 32 29
57 -53.5 SC 0.41 Contractive 35% 31 31 29

59.5 -56 SC 0.62 Contractive 35% 31 31 29
62 -58.5 SC 0.72 Contractive 38% 32 32 30

64.5 -61 SC 0.68 Intermediate 55% 39 38 33
67 -63.5 SC 0.83 Intermediate 54% 39 37 33

69.5 -66 SP 0.59 Contractive 47% 36 35 31
72 -68.5 SC 0.42 Intermediate 51% 37 36 32

74.5 -71 SM 0.30 Contractive 35% 31 31 30
77 -73.5 SM 0.22 Contractive 29% 27 29 29

79.5 -76 SM 0.30 Contractive 32% 29 30 29
82 -78.5 SM 0.39 Dilative 104% 51 52 48

84.5 -81 SM 0.40 Intermediate 62% 41 39 36
87 -83.5 SM Contractive 28% 26 29 29

89.5 -86 SM Contractive 31% 28 30 29
92 -88.5 SC Contractive 39% 32 32 31

94.5 -91 SC Contractive 30% 28 30 29
97 -93.5 SP Contractive 33% 29 31 30

99.5 -96 SP Contractive 35% 30 31 30
102 -98.5 SP Contractive 35% 30 31 30

104.5 -101 SP Contractive 32% 28 30 30
107 -103.5 SP Contractive 34% 29 31 30

109.5 -106 SP Contractive 45% 34 34 32
112 -108.5 SM Contractive 38% 31 32 31

114.5 -111 SM Contractive 38% 31 32 31
117 -113.5 SM Contractive 44% 33 34 32

119.5 -116 SP Dilative 102% 49 55 52
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B.2.7.2. B.7.2. SPT B-2 (P4P5) 

 

Depth Elevation USCS FC B-2 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 1
0.5 0.5 SP-SM 8.5 5 5 4 9 9 7 9 0 51
2 -1 SP 0 12 11 8 23 23 17 27 62 165
3.5 -2.5 SP 0 4 3 3 7 8 6 8 156 249
5 -4 SC 12 6 6 5 11 13 10 18 250 323
6.5 -5.5 SP-SC 8.5 7 7 6 14 15 12 19 343 404
8 -7 SP-SC 8.5 11 10 8 20 20 16 24 437 491
9.5 -8.5 SP-SC 8.5 1 1 1 2 2 2 6 530 545
12 -11 SP-SC 8.7 4 3 3 6 7 5 11 686 642
14.5 -13.5 SP-SC 8.5 WH WH WH 0 0 0 4 842 694
17 -16 SP-SC 8.5 WH WH WH 0 0 0 4 998 732
19.5 -18.5 SP-SC 8.5 WH WH WH 0 0 0 4 1154 769
22 -21 SC 12 5 6 5 9 10 7 15 1310 872
24.5 -23.5 SC 12 6 7 6 10 11 9 16 1466 991 1.04
27 -26 SC 12 12 14 12 19 21 16 26 1622 1120 1.19
29.5 -28.5 SP-SM 8.5 17 20 15 25 25 19 29 1778 1272 1.44
32 -31 SC 12 31 38 29 44 44 34 50 1934 1428 0.78
34.5 -33.5 SC 12 9 11 9 12 13 10 18 2090 1555 1.03
37 -36 SC 12 9 11 9 11 13 10 18 2246 1674 0.97
39.5 -38.5 SC 28 7 9 8 10 11 8 17 2402 1793 1.13
42 -41 SC 12 10 12 10 12 14 10 19 2558 1912 1.11
44.5 -43.5 SC 12 10 12 10 12 13 10 18 2714 2031 0.98
47 -46 SC 12 6 8 7 7 8 6 13 2870 2140 1.01
49.5 -48.5 SC 12 7 9 8 8 9 7 15 3026 2246 1.08
52 -51 SC 12 6 8 7 7 8 6 13 3182 2353 0.45
54.5 -53.5 SC 12 6 8 7 7 8 6 13 3338 2459 1.03
57 -56 SC 12 7 9 8 8 9 7 14 3494 2566 1.36
59.5 -58.5 SC 12 6 8 7 7 7 6 12 3650 2662 1.04
62 -61 SC 12 7 9 8 8 9 7 14 3806 2766 0.94
64.5 -63.5 SC 12 7 9 8 8 8 6 14 3962 2873 0.48
67 -66 SC 12 19 23 20 18 20 16 26 4118 2999 0.49
69.5 -68.5 SC 12 9 11 9 8 9 7 15 4274 3111 0.29
72 -71 SC 12 14 17 15 13 14 11 20 4430 3237 0.25
74.5 -73.5 SC 12 9 11 9 8 9 7 14 4586 3349 0.29
77 -76 SC 12 53 65 50 49 49 37 54 4742 3505 0.35
79.5 -78.5 SC 12 9 11 9 8 9 7 14 4898 3624 0.39
82 -81 SC 17 7 9 8 7 7 6 13 5054 3731 0.36
84.5 -83.5 SC 12 30 36 28 26 26 20 31 5210 3867 0.34
87 -86 SC 12 16 20 17 14 15 12 21 5366 4001 0.28
89.5 -88.5 SC 12 19 23 20 16 17 13 23 5522 4133 0.28
92 -91 SC 12 4 5 4 3 3 3 9 5678 4204 0.31
94.5 -93.5 SP 0 12 15 13 10 11 9 11 5834 4331 0.32
97 -96 SP 0 11 14 12 9 10 8 10 5990 4475 0.32
99.5 -98.5 SP 0 6 8 7 5 6 4 6 6146 4589 0.33
102 -101 SC 12 6 8 7 5 5 4 11 6302 4675 0.34
104.5 -103.5 SC 12 5 6 5 4 4 3 10 6458 4747 0.29
107 -106 SC 12 6 8 7 5 5 4 11 6614 4826 0.20
109.5 -108.5 SC 12 5 6 5 4 4 3 9 6770 4897
112 -111 SP 0 16 20 17 12 14 11 14 6926 5026
114.5 -113.5 SP 0 14 17 15 10 11 9 11 7082 5170
117 -116 SP 0 11 14 12 8 9 7 9 7238 5314
119.5 -118.5 SC 12 10 12 10 7 8 6 13 7394 5428
122 -121 SC 12 16 20 17 12 13 10 18 7550 5545
124.5 -123.5 SC 14.3 50/6 50/6 50/6 59 59 59 65 7706 5704
127 -126 SC 12 50/6 50/6 50/6 58 58 58 64 7862 5873
129.5 -128.5 SC 12 50/5.5 50/5.5 50/5.5 58 58 58 63 8018 6042
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 1
0.5 0.5 SP-SM Contractive 39% 36 32 29
2 -1 SP Intermediate 61% 43 39 30
3.5 -2.5 SP Contractive 34% 30 31 28
5 -4 SC Contractive 43% 36 34 29
6.5 -5.5 SP-SC Contractive 47% 37 35 29
8 -7 SP-SC Intermediate 58% 40 38 30
9.5 -8.5 SP-SC Contractive 19% 21 26 27
12 -11 SP-SC Contractive 32% 0 30 27
14.5 -13.5 SP-SC Contractive 0% 0 20 27
17 -16 SP-SC Contractive 0% 0 20 27
19.5 -18.5 SP-SC Contractive 0% 0 20 27
22 -21 SC Contractive 38% 0 32 27
24.5 -23.5 SC 1.04 Contractive 41% 0 33 27
27 -26 SC 1.19 Intermediate 56% 40 38 31
29.5 -28.5 SP-SM 1.44 Intermediate 65% 43 40 33
32 -31 SC 0.78 Dilative 86% 48 46 38
34.5 -33.5 SC 1.03 Contractive 45% 36 34 30
37 -36 SC 0.97 Contractive 44% 36 34 30
39.5 -38.5 SC 1.13 Contractive 40% 33 33 30
42 -41 SC 1.11 Contractive 45% 36 34 31
44.5 -43.5 SC 0.98 Contractive 45% 35 34 31
47 -46 SC 1.01 Contractive 35% 31 31 29
49.5 -48.5 SC 1.08 Contractive 38% 32 32 30
52 -51 SC 0.45 Contractive 34% 31 31 29
54.5 -53.5 SC 1.03 Contractive 34% 31 31 29
57 -56 SC 1.36 Contractive 36% 31 32 30
59.5 -58.5 SC 1.04 Contractive 33% 30 31 29
62 -61 SC 0.94 Contractive 36% 31 31 30
64.5 -63.5 SC 0.48 Contractive 35% 31 31 30
67 -66 SC 0.49 Intermediate 55% 39 38 34
69.5 -68.5 SC 0.29 Contractive 37% 32 32 30
72 -71 SC 0.25 Contractive 46% 36 35 32
74.5 -73.5 SC 0.29 Contractive 37% 32 32 30
77 -76 SC 0.35 Dilative 90% 48 47 44
79.5 -78.5 SC 0.39 Contractive 36% 31 32 30
82 -81 SC 0.36 Contractive 33% 29 31 30
84.5 -83.5 SC 0.34 Dilative 66% 42 40 37
87 -86 SC 0.28 Intermediate 48% 36 35 33
89.5 -88.5 SC 0.28 Intermediate 51% 37 36 34
92 -91 SC 0.31 Contractive 23% 24 27 29
94.5 -93.5 SP 0.32 Contractive 41% 33 33 31
97 -96 SP 0.32 Contractive 39% 32 32 31
99.5 -98.5 SP 0.33 Contractive 29% 27 29 29
102 -101 SC 0.34 Contractive 29% 27 29 29
104.5 -103.5 SC 0.29 Contractive 25% 25 28 29
107 -106 SC 0.20 Contractive 28% 27 29 29
109.5 -108.5 SC Contractive 25% 24 28 29
112 -111 SP Contractive 45% 34 35 33
114.5 -113.5 SP Contractive 41% 32 33 32
117 -116 SP Contractive 37% 31 32 31
119.5 -118.5 SC Contractive 35% 49 31 52
122 -121 SC Contractive 44% 49 34 52
124.5 -123.5 SC Dilative 99% 48 54 52
127 -126 SC Dilative 99% 48 54 52
129.5 -128.5 SC Dilative 98% 48 54 52
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B.2.7.3. B.7.3. SPT FDOT (EB5P2) 

 

Depth Elevation USCS FC FDOT SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 9.3
1 8.3 SM 13 10 9 7 18 18 14 18 0 125
3 6.3 SM 13.4 21 19 15 38 38 29 44 0 375
5 4.3 SM 13.4 14 12 10 24 24 18 29 62 548
7 2.3 SM 19.5 6 6 5 10 11 8 17 187 645
9 0.3 SM 19.5 5 5 4 7 8 6 14 312 733
12 -2.7 SM 29.1 WH WH WH 0 0 0 7 499 773

14.5 -5.2 SM 29.1 2 3 2 4 4 3 11 655 832
17 -7.7 SM 10.9 WH WH WH 0 0 0 5 811 861

19.5 -10.2 SM 10.9 WH WH WH 0 0 0 5 967 880
22 -12.7 SP-SM 10.3 WH WH WH 0 0 0 5 1123 919

24.5 -15.2 SM 21.6 2 3 2 4 5 3 11 1279 983
27 -17.7 SM 21.6 5 6 5 8 9 7 15 1435 1082

29.5 -20.2 SM 29.6 20 23 18 29 29 22 36 1591 1219
32 -22.7 SM 29.6 19 23 17 27 27 21 34 1747 1363 0.89

34.5 -25.2 SM 32.4 52 63 48 72 72 55 79 1903 1527 0.30
37 -27.7 SM 40.4 21 26 20 28 28 21 36 2059 1676 0.00

39.5 -30.2 SM 40.4 14 17 14 17 19 15 27 2215 1810 0.11
42 -32.7 SM 37 10 12 10 12 14 10 21 2371 1931 0.42

44.5 -35.2 SM 37 16 20 17 19 21 16 29 2527 2060 0.24
47 -37.7 SM 42.7 9 11 9 10 11 9 19 2683 2182 0.36

49.5 -40.2 SM 42.7 7 9 8 8 9 7 18 2839 2301 0.37
52 -42.7 SM 43.9 9 11 9 10 11 8 19 2995 2420 0.20

54.5 -45.2 SM 43.9 6 8 6 7 7 6 16 3151 2529 0.25
57 -47.7 SM 36.6 6 8 6 7 7 6 15 3307 2635 0.78

59.5 -50.2 SM 36.6 9 11 9 9 10 8 18 3463 2752 0.97
62 -52.7 SM 36.5 10 12 10 10 11 9 19 3619 2871 1.30

64.5 -55.2 SM 36.5 7 9 8 7 8 6 16 3775 2980 1.11
67 -57.7 SM 37.8 11 14 12 11 12 9 20 3931 3096 0.99

69.5 -60.2 SM 37.8 14 17 14 13 14 11 22 4087 3225 0.60
72 -62.7 SM 38.9 21 26 22 20 22 17 30 4243 3357 0.83

74.5 -65.2 SM 38.9 16 20 17 15 16 13 24 4399 3488 0.74
77 -67.7 SM 29.2 62 75 58 56 56 43 62 4555 3650 0.43

79.5 -70.2 SM 29.2 11 14 12 10 11 8 18 4711 3779 0.21
82 -72.7 SM 17.9 76 92 70 65 65 50 71 4867 3938 0.14

84.5 -75.2 SM 17.9 27 33 25 23 23 18 29 5023 4077 0.26
87 -77.7 SM 32 15 18 15 12 14 11 21 5179 4198 0.33

89.5 -80.2 SM 32 14 17 14 11 12 10 20 5335 4317
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 9.3
1 8.3 SM Contractive 55% 41 37 30
3 6.3 SM Dilative 80% 47 44 33
5 4.3 SM Intermediate 63% 41 39 31
7 2.3 SM Contractive 41% 34 33 29
9 0.3 SM Contractive 35% 31 31 28
12 -2.7 SM Contractive 0% 0 20 27

14.5 -5.2 SM Contractive 26% 26 28 28
17 -7.7 SM Contractive 0% 0 20 27

19.5 -10.2 SM Contractive 0% 0 20 27
22 -12.7 SP-SM Contractive 0% 0 20 27

24.5 -15.2 SM Contractive 26% 0 28 27
27 -17.7 SM Contractive 36% 0 32 27

29.5 -20.2 SM Dilative 70% 0 41 27
32 -22.7 SM 0.89 Dilative 67% 44 40 34

34.5 -25.2 SM 0.30 Dilative 110% 53 53 44
37 -27.7 SM 0.00 Dilative 68% 44 41 34

39.5 -30.2 SM 0.11 Intermediate 54% 39 37 32
42 -32.7 SM 0.42 Intermediate 45% 36 34 31

44.5 -35.2 SM 0.24 Intermediate 57% 40 38 33
47 -37.7 SM 0.36 Contractive 41% 34 33 30

49.5 -40.2 SM 0.37 Contractive 37% 32 32 30
52 -42.7 SM 0.20 Contractive 40% 33 33 30

54.5 -45.2 SM 0.25 Contractive 33% 30 31 29
57 -47.7 SM 0.78 Contractive 33% 30 31 29

59.5 -50.2 SM 0.97 Contractive 39% 32 32 30
62 -52.7 SM 1.30 Contractive 41% 33 33 31

64.5 -55.2 SM 1.11 Contractive 35% 31 31 30
67 -57.7 SM 0.99 Contractive 43% 34 34 31

69.5 -60.2 SM 0.60 Intermediate 47% 35 35 32
72 -62.7 SM 0.83 Intermediate 57% 39 38 34

74.5 -65.2 SM 0.74 Intermediate 50% 36 36 33
77 -67.7 SM 0.43 Dilative 96% 49 49 47

79.5 -70.2 SM 0.21 Contractive 40% 33 33 31
82 -72.7 SM 0.14 Dilative 104% 50 52 50

84.5 -75.2 SM 0.26 Intermediate 62% 40 39 36
87 -77.7 SM 0.33 Intermediate 46% 34 35 32

89.5 -80.2 SM Contractive 43% 33 34 32
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 SR-528 over Indian River B.2.8.

B.2.8.1. SPT TB-4 (P4P7) 

 

Depth Elevation USCS FC TB-4 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 4
7 -3 SP 0 5 4 3 7 8 6 8 250 525

8.5 -4.5 SP 0 2 2 1 3 3 2 3 343 589
12 -8 SM 12 3 2 2 4 4 3 9 562 691

14.5 -10.5 CL 50 2 2 1 3 - - - 718 810
17 -13 CL 50 4 3 3 5 - - - 874 941

19.5 -15.5 SP 0 20 17 13 23 23 18 23 1030 1093
22 -18 SP 0 23 22 17 28 28 21 28 1186 1259

24.5 -20.5 SP 0 22 21 16 25 25 19 25 1342 1428 0.50
27 -23 SP 0 25 24 18 27 27 20 27 1498 1597 0.53

29.5 -25.5 SP-SM 8.5 10 10 8 10 11 9 15 1654 1736 0.51
32 -28 SP-SM 8.5 10 10 9 10 11 9 15 1810 1868 0.54

34.5 -30.5 SP-SM 8.5 12 12 10 12 13 10 17 1966 1999 0.53
37 -33 SP-SM 8.5 10 10 9 10 11 8 15 2122 2131 0.63

39.5 -35.5 SP-SM 8.5 14 14 12 13 15 11 19 2278 2272 0.52
42 -38 SP-SM 8.5 28 28 22 25 25 20 29 2434 2426 0.35

44.5 -40.5 SC 12 4 4 3 4 4 3 9 2590 2513 0.49
47 -43 SC 12 5 5 4 4 5 4 10 2746 2582 0.58

49.5 -45.5 SP 0 55 55 42 47 47 36 47 2902 2751 0.51
52 -48 SP 0 60 60 46 49 49 38 49 3058 2945 0.20

54.5 -50.5 SM 12 6 6 5 5 5 4 11 3214 3049 0.19
57 -53 SM 12 6 6 5 5 5 4 11 3370 3130 0.20

59.5 -55.5 SM 12 5 5 4 4 4 3 10 3526 3202 0.22
62 -58 SM 12 6 6 5 5 5 4 10 3682 3281 0.19

64.5 -60.5 SM 12 15 15 13 12 13 10 18 3838 3392 0.22
67 -63 SM 12 15 15 13 11 13 10 18 3994 3511 0.32

69.5 -65.5 SM 12 20 20 17 15 16 13 22 4150 3640 0.48
72 -68 SM 12 22 22 19 16 18 14 23 4306 3772 0.51

74.5 -70.5 SM 12 24 24 21 17 19 15 24 4462 3903 0.47
77 -73 SM 12 26 26 22 18 20 16 26 4618 4035 0.50

79.5 -75.5 SM 12 31 31 24 21 21 17 27 4774 4166 0.53
82 -78 SM 12 38 38 29 26 26 20 31 4930 4308 0.46

84.5 -80.5 SM 12 12 12 10 8 9 7 14 5086 4422 0.53
87 -83 SM 12 15 15 13 10 11 9 16 5242 4538 0.71

89.5 -85.5 SM 12 31 31 24 20 20 16 25 5398 4667 0.75
92 -88 SM 12 36 36 28 23 23 18 28 5554 4799 0.81

94.5 -90.5 SC 12 7 7 6 4 5 4 10 5710 4890 0.78
97 -93 SC 12 7 7 6 4 5 4 10 5866 4962 0.78

99.5 -95.5 SC 12 9 9 8 6 6 5 11 6022 5051 0.70
102 -98 SC 12 9 9 8 6 6 5 11 6178 5145 0.52

104.5 -100.5 SM 12 45 45 35 28 28 21 33 6334 5279 0.64
107 -103 SM 12 73 73 56 44 44 34 49 6490 5443 0.76

109.5 -105.5 SM 12 50/1 100 77 60 60 46 65 6646 5612
112 -108 CH 50 50/2 100 77 59 - - - 6802 5781

114.5 -110.5 CH 92 50/2 100 77 58 - - - 6958 5950
117 -113 LBSL 50/1 100 77 57 57 44 57 7114 6159

119.5 -115.5 LBSL 50/0 100 77 56 56 43 56 7270 6378
122 -118 LBSL 50/0 100 77 55 55 42 55 7426 6597

124.5 -120.5 LBSL 50/1 100 77 54 54 42 54 7582 6816
127 -123 LBSL 50/0 100 77 53 53 41 53 7738 7035

129.5 -125.5 LBSL 50/1 100 77 53 53 40 53 7894 7254
132 -128 LBSL 50/1 100 77 52 52 40 52 8050 7473

134.5 -130.5 LBSL 50/0 100 77 51 51 39 51 8206 7692
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 4
7 -3 SP Contractive 35% 31 31 28

8.5 -4.5 SP Contractive 21% 23 27 28
12 -8 SM Contractive 25% 26 28 28

14.5 -10.5 CL - 2.606 164 139 667.8643
17 -13 CL - 3.788 270 279 1238.93

19.5 -15.5 SP Intermediate 62% 42 39 32
22 -18 SP Intermediate 68% 44 41 33

24.5 -20.5 SP 0.50 Intermediate 64% 0 40 27
27 -23 SP 0.53 Intermediate 67% 0 40 27

29.5 -25.5 SP-SM 0.51 Contractive 41% 0 33 27
32 -28 SP-SM 0.54 Contractive 42% 0 33 27

34.5 -30.5 SP-SM 0.53 Contractive 45% 0 34 27
37 -33 SP-SM 0.63 Contractive 40% 0 33 27

39.5 -35.5 SP-SM 0.52 Contractive 47% 36 35 31
42 -38 SP-SM 0.35 Intermediate 65% 42 40 35

44.5 -40.5 SC 0.49 Contractive 24% 25 28 28
47 -43 SC 0.58 Contractive 27% 27 29 29

49.5 -45.5 SP 0.51 Dilative 88% 48 47 42
52 -48 SP 0.20 Dilative 91% 48 48 43

54.5 -50.5 SM 0.19 Contractive 28% 27 29 29
57 -53 SM 0.20 Contractive 28% 27 29 29

59.5 -55.5 SM 0.22 Contractive 26% 25 28 29
62 -58 SM 0.19 Contractive 28% 27 29 29

64.5 -60.5 SM 0.22 Contractive 44% 34 34 31
67 -63 SM 0.32 Contractive 43% 34 34 31

69.5 -65.5 SM 0.48 Intermediate 50% 36 36 33
72 -68 SM 0.51 Intermediate 52% 37 37 33

74.5 -70.5 SM 0.47 Intermediate 54% 38 37 34
77 -73 SM 0.50 Intermediate 55% 38 38 35

79.5 -75.5 SM 0.53 Intermediate 60% 40 38 36
82 -78 SM 0.46 Dilative 66% 41 40 38

84.5 -80.5 SM 0.53 Contractive 37% 30 32 31
87 -83 SM 0.71 Contractive 41% 32 33 31

89.5 -85.5 SM 0.75 Intermediate 58% 39 38 36
92 -88 SM 0.81 Intermediate 62% 40 39 37

94.5 -90.5 SC 0.78 Contractive 27% 25 29 29
97 -93 SC 0.78 Contractive 27% 25 29 29

99.5 -95.5 SC 0.70 Contractive 31% 27 30 30
102 -98 SC 0.52 Contractive 31% 27 30 30

104.5 -100.5 SM 0.64 Dilative 68% 41 41 40
107 -103 SM 0.76 Dilative 86% 46 46 46

109.5 -105.5 SM Dilative 100% 49 50 52
112 -108 CH - 11.147 2854 8200 14704.74

114.5 -110.5 CH - 10.928 2854 8200 14494.4
117 -113 LBSL Dilative

119.5 -115.5 LBSL Dilative
122 -118 LBSL Dilative

124.5 -120.5 LBSL Dilative
127 -123 LBSL Dilative

129.5 -125.5 LBSL Dilative
132 -128 LBSL Dilative

134.5 -130.5 LBSL Dilative
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B.2.8.2. B.8.2. SPT TB-5 (P9P3) 

 

Depth Elevation USCS FC TB-5 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 -7.5
1 -8.5 SP 0 4 3 3 6 7 5 7 534 47

2.5 -10 SP 0 5 4 3 8 8 6 8 629 123
4 -11.5 SP 0 3 2 2 5 5 4 5 723 191

5.5 -13 SP 0 2 2 1 3 4 3 4 817 249
7 -14.5 SM 12 2 2 1 3 4 3 9 911 290

9.5 -17 SM 42 WR WR WR 0 0 0 8 1068 315
12 -19.5 SP 0 30 26 20 51 51 39 51 1226 473

14.5 -22 SP 0 38 36 28 63 63 48 63 1383 666
17 -24.5 SP 0 17 16 12 25 25 19 25 1540 839

19.5 -27 SP 0 14 13 11 19 21 16 21 1697 997
22 -29.5 SP-SM 8.5 7 7 6 9 10 8 14 1854 1132

24.5 -32 SM 12 4 4 3 5 6 4 11 2011 1223
27 -34.5 SM 12 3 3 3 4 4 3 9 2168 1293 0.20

29.5 -37 SM 12 4 4 3 5 5 4 11 2325 1371 0.22
32 -39.5 SM 12 7 7 6 8 9 7 14 2483 1471 0.16

34.5 -42 SM 12 11 11 9 12 14 11 19 2640 1587 0.12
37 -44.5 SM 12 18 18 15 19 22 17 27 2797 1715 0.23

39.5 -47 SM 12 5 5 4 5 6 4 11 2954 1805 0.12
42 -49.5 SM 12 4 4 3 4 5 4 10 3111 1875 0.02

44.5 -52 SM 12 11 11 9 11 12 9 17 3268 1983 0.14
47 -54.5 SM 12 7 7 6 7 8 6 13 3425 2091 0.16

49.5 -57 SM 12 7 7 6 7 7 6 13 3582 2196 0.23
52 -59.5 SM 12 7 7 6 7 7 6 12 3740 2302 0.24

54.5 -62 SM 12 85 85 65 77 77 59 82 3897 2457 0.33
57 -64.5 SM 12 41 41 32 36 36 28 41 4054 2615 0.39

59.5 -67 SM 12 24 24 18 20 20 16 26 4211 2750 0.48
62 -69.5 SM 12 22 22 19 18 20 16 26 4368 2881 0.51

64.5 -72 SM 12 19 19 16 15 17 13 22 4525 3011 0.42
67 -74.5 SM 12 10 10 9 8 9 7 14 4682 3122 0.38

69.5 -77 SM 12 10 10 9 8 9 7 14 4839 3227 0.33
72 -79.5 SM 12 3 3 3 2 3 2 8 4997 3282 0.30

74.5 -82 SM 38 4 4 3 3 3 3 11 5154 3335 0.34
77 -84.5 SC 12 4 4 3 3 3 3 9 5311 3391 0.29

79.5 -87 SC 41 3 3 3 2 3 2 11 5468 3436 0.23
82 -89.5 SC 12 5 5 4 4 4 3 9 5625 3499 0.26

84.5 -92 SC 12 6 6 5 4 5 4 10 5782 3567 0.28
87 -94.5 SC 41 7 7 6 5 6 4 14 5939 3645 0.51

89.5 -97 SM 12 61 61 47 44 44 34 50 6096 3785 0.72
92 -99.5 SM 12 80 80 62 57 57 44 62 6254 3950 0.76

94.5 -102 SM 12 69 69 53 48 48 37 53 6411 4118
97 -104.5 SC 12 36 36 28 25 25 19 30 6568 4266

99.5 -107 SC 12 24 24 21 16 18 14 23 6725 4399
102 -109.5 SC 12 28 28 24 19 21 16 26 6882 4529

104.5 -112 LBSL 50/0 50/0 50/0 65 65 65 65 7039 4730
107 -114.5 LBSL 50/0 50/0 50/0 64 64 64 64 7196 4948

109.5 -117 LBSL 50/1 50/1 50/1 62 62 62 62 7353 5165
112 -119.5 LBSL 50/1 50/1 50/1 61 61 61 61 7511 5383

114.5 -122 LBSL 50/1 50/1 50/1 60 60 60 60 7668 5601
117 -124.5 LBSL 50/2 50/2 50/2 59 59 59 59 7825 5819

119.5 -127 LBSL 50/1 50/1 50/1 58 58 58 58 7982 6037
122 -129.5 LBSL 50/0 50/0 50/0 57 57 57 57 8139 6255

124.5 -132 LBSL 50/0 50/0 50/0 56 56 56 56 8296 6473
127 -134.5 LBSL 50/1 50/1 50/1 55 55 55 55 8453 6691

129.5 -137 LBSL 50/4 50/4 50/4 54 54 54 54 8610 6908
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 -7.5
1 -8.5 SP Contractive 32% 31 30 28

2.5 -10 SP Contractive 35% 33 31 28
4 -11.5 SP Contractive 27% 28 29 28

5.5 -13 SP Contractive 24% 26 28 28
7 -14.5 SM Contractive 24% 25 28 28

9.5 -17 SM Contractive 0% 0 20 27
12 -19.5 SP Dilative 92% 49 48 34

14.5 -22 SP Dilative 102% 51 51 37
17 -24.5 SP Intermediate 64% 43 40 32

19.5 -27 SP Intermediate 56% 40 38 31
22 -29.5 SP-SM Contractive 38% 33 32 29

24.5 -32 SM Contractive 29% 28 29 28
27 -34.5 SM 0.20 Contractive 25% 26 28 28

29.5 -37 SM 0.22 Contractive 28% 28 29 28
32 -39.5 SM 0.16 Contractive 37% 32 32 29

34.5 -42 SM 0.12 Contractive 45% 36 35 30
37 -44.5 SM 0.23 Intermediate 57% 40 38 32

39.5 -47 SM 0.12 Contractive 30% 28 29 29
42 -49.5 SM 0.02 Contractive 26% 26 28 28

44.5 -52 SM 0.14 Contractive 43% 35 34 30
47 -54.5 SM 0.16 Contractive 34% 30 31 29

49.5 -57 SM 0.23 Contractive 33% 30 31 29
52 -59.5 SM 0.24 Contractive 33% 30 31 29

54.5 -62 SM 0.33 Dilative 113% 53 54 49
57 -64.5 SM 0.39 Dilative 77% 46 43 38

59.5 -67 SM 0.48 Intermediate 58% 40 38 34
62 -69.5 SM 0.51 Intermediate 55% 39 38 33

64.5 -72 SM 0.42 Intermediate 51% 37 36 33
67 -74.5 SM 0.38 Contractive 37% 31 32 30

69.5 -77 SM 0.33 Contractive 36% 31 32 30
72 -79.5 SM 0.30 Contractive 20% 22 26 28

74.5 -82 SM 0.34 Contractive 23% 24 27 28
77 -84.5 SC 0.29 Contractive 23% 23 27 28

79.5 -87 SC 0.23 Contractive 20% 21 26 28
82 -89.5 SC 0.26 Contractive 25% 25 28 29

84.5 -92 SC 0.28 Contractive 27% 26 29 29
87 -94.5 SC 0.51 Contractive 29% 27 29 29

89.5 -97 SM 0.72 Dilative 86% 47 46 43
92 -99.5 SM 0.76 Dilative 97% 49 50 48

94.5 -102 SM Dilative 90% 47 47 45
97 -104.5 SC Intermediate 64% 41 39 37

99.5 -107 SC Intermediate 52% 37 37 34
102 -109.5 SC Intermediate 56% 38 38 35

104.5 -112 LBSL Dilative
107 -114.5 LBSL Dilative

109.5 -117 LBSL Dilative
112 -119.5 LBSL Dilative

114.5 -122 LBSL Dilative
117 -124.5 LBSL Dilative

119.5 -127 LBSL Dilative
122 -129.5 LBSL Dilative

124.5 -132 LBSL Dilative
127 -134.5 LBSL Dilative

129.5 -137 LBSL Dilative
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B.2.8.3. B.8.3. SPT TB-11 (P20P6) 

 

Depth Elevation USCS FC TB-11 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 -8
1 -9 SM 12 9 7 6 14 15 12 15 566 52

2.5 -10.5 SM 12 7 5 4 11 12 9 17 660 125
4 -12 SM 12 3 2 2 5 5 4 10 754 181

5.5 -13.5 SM 42 3 2 2 5 5 4 13 848 229
9 -17 CH 50 9 7 6 14 - - - 1068 447

11.5 -19.5 SM 12 11 8 7 15 17 13 22 1226 585
14 -22 CH 50 3 3 2 4 - - - 1383 715

16.5 -24.5 OL 50 3 3 2 4 - - - 1540 795
19 -27 SM 20 14 12 10 18 20 15 26 1697 913 -0.03

21.5 -29.5 SM 12 11 10 9 14 16 12 21 1854 1044 -7.58
24 -32 ML 50 11 10 9 14 - - - 2011 1174 -3.44

26.5 -34.5 SM 12 9 9 7 11 12 9 17 2168 1294 -1.39
29 -37 SM 18 7 7 6 8 9 7 15 2325 1402 0.20

31.5 -39.5 SM 13 10 10 9 11 13 10 18 2483 1518 0.47
34 -42 SM 12 8 8 7 9 10 8 15 2640 1636 -0.37

36.5 -44.5 SM 12 12 12 10 13 14 11 19 2797 1763 -0.56
39 -47 SM 12 18 18 15 18 21 16 26 2954 1894 0.26

41.5 -49.5 SM 12 11 11 9 11 12 9 17 3111 2014 -0.52
44 -52 SM 12 9 9 8 9 10 7 15 3268 2132 -0.23

46.5 -54.5 SM 12 7 7 6 7 7 6 13 3425 2240 -0.07
49 -57 SM 12 6 6 5 6 6 5 11 3582 2335 -0.11

51.5 -59.5 SM 12 6 6 5 5 6 5 11 3740 2418 0.11
54 -62 SM 12 73 73 56 64 64 50 70 3897 2569 0.17

56.5 -64.5 SM 12 51 51 39 44 44 34 49 4054 2726 0.29
59 -67 SM 12 21 21 18 18 20 15 25 4211 2862 0.52

61.5 -69.5 SM 12 9 9 8 7 8 6 13 4368 2972 0.78
64 -72 SM 12 13 13 11 10 12 9 17 4525 3088 0.46

66.5 -74.5 SM 12 20 20 17 16 18 14 23 4682 3205 0.48
69 -77 SM 12 10 10 9 8 9 7 14 4839 3313 0.79

71.5 -79.5 SM 12 10 10 9 8 8 7 14 4997 3419 0.70
74 -82 SM 12 5 5 4 4 4 3 9 5154 3494 0.49

76.5 -84.5 SM 12 12 12 10 9 10 8 15 5311 3602 0.51
79 -87 SM 12 10 10 9 7 8 6 13 5468 3710 0.55

81.5 -89.5 SM 38 5 5 4 4 4 3 12 5625 3785 0.62
84 -92 SM 12 4 4 3 3 3 2 8 5782 3843 0.59

86.5 -94.5 SM 12 5 5 4 4 4 3 9 5939 3908 0.32
89 -97 SM 12 6 6 5 4 5 4 10 6096 3976 0.43

91.5 -99.5 SM 12 22 22 19 15 17 13 22 6254 4094 0.80
94 -102 SM 12 29 29 25 20 22 17 27 6411 4225 0.98

96.5 -104.5 CL 50 34 34 26 23 - - - 6568 4385
99 -107 CL 50 33 33 25 22 - - - 6725 4553

101.5 -109.5 SC 12 50/5 50/5 50/5 65 65 65 70 6882 4721
104 -112 SC 12 50/6 50/6 50/6 64 64 64 69 7039 4889

106.5 -114.5 SC 32 50/5 50/5 50/5 63 63 63 70 7196 5056
109 -117 SC 12 50/4 50/4 50/4 62 62 62 67 7353 5224

111.5 -119.5 LS 70 70 54 43 43 33 43 7511 5422
114 -122 LS 50/5 50/5 50/5 60 60 60 60 7668 5638

116.5 -124.5 LS 50/0 50/0 50/0 58 58 58 58 7825 5855
119 -127 LS 50/1 50/1 50/1 57 57 57 57 7982 6073

121.5 -129.5 LS 50/2 50/2 50/2 56 56 56 56 8139 6291
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 -8
1 -9 SM Contractive 47% 39 35 29

2.5 -10.5 SM Contractive 42% 36 33 29
4 -12 SM Contractive 27% 28 29 28

5.5 -13.5 SM Contractive 27% 28 29 28
9 -17 CH - 10.153 442 554 3375

11.5 -19.5 SM Intermediate 50% 37 36 30
14 -22 CH - 3.755 219 209 1066

16.5 -24.5 OL - 3.489 219 209 1011
19 -27 SM -0.03 Intermediate 54% 39 37 31

21.5 -29.5 SM -7.58 Intermediate 49% 37 36 30
24 -32 ML -3.44 - 7.052 606 857 3410

26.5 -34.5 SM -1.39 Contractive 42% 35 33 30
29 -37 SM 0.20 Contractive 36% 32 32 29

31.5 -39.5 SM 0.47 Contractive 44% 35 34 30
34 -42 SM -0.37 Contractive 38% 33 32 29

36.5 -44.5 SM -0.56 Contractive 46% 36 35 31
39 -47 SM 0.26 Intermediate 56% 40 38 32

41.5 -49.5 SM -0.52 Contractive 43% 35 34 30
44 -52 SM -0.23 Contractive 38% 33 32 30

46.5 -54.5 SM -0.07 Contractive 33% 30 31 29
49 -57 SM -0.11 Contractive 30% 29 30 29

51.5 -59.5 SM 0.11 Contractive 30% 28 30 29
54 -62 SM 0.17 Dilative 104% 51 51 46

56.5 -64.5 SM 0.29 Dilative 85% 47 46 41
59 -67 SM 0.52 Intermediate 54% 38 37 33

61.5 -69.5 SM 0.78 Contractive 35% 31 31 30
64 -72 SM 0.46 Contractive 42% 34 33 31

66.5 -74.5 SM 0.48 Intermediate 51% 37 36 33
69 -77 SM 0.79 Contractive 36% 31 32 30

71.5 -79.5 SM 0.70 Contractive 36% 31 31 30
74 -82 SM 0.49 Contractive 25% 25 28 29

76.5 -84.5 SM 0.51 Contractive 39% 32 32 31
79 -87 SM 0.55 Contractive 35% 30 31 30

81.5 -89.5 SM 0.62 Contractive 25% 24 28 29
84 -92 SM 0.59 Contractive 22% 23 27 28

86.5 -94.5 SM 0.32 Contractive 24% 24 28 29
89 -97 SM 0.43 Contractive 27% 26 29 29

91.5 -99.5 SM 0.80 Intermediate 51% 36 36 33
94 -102 SM 0.98 Intermediate 58% 39 38 35

96.5 -104.5 CL - 6.413 1312 2788 5741
99 -107 CL - 6.122 1285 2706 5468

101.5 -109.5 SC Dilative 104% 50 56 52
104 -112 SC Dilative 103% 50 56 52

106.5 -114.5 SC Dilative 102% 49 55 52
109 -117 SC Dilative 102% 49 55 52

111.5 -119.5 LS Dilative 84% 49 46 52
114 -122 LS Dilative 100% 49 55 52

116.5 -124.5 LS Dilative 99% 48 54 52
119 -127 LS Dilative 98% 48 54 52

121.5 -129.5 LS Dilative 97% 48 54 52
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 I-10 and Chaffee Road Overpass B.2.9.

B.2.9.1. SPT B-2 (P2P9) 

 

Depth Elevation USCS FC B-2 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 63.08 - - -
1 62.08 SP-SM 10 13 10 7 18 18 14 18 0 581

2.5 60.58 SM 12 7 5 4 9 9 7 14 0 736
5 58.08 SP-SM 8.5 13 10 7 14 14 11 18 0 996
7 56.08 WOOD 33 25 19 35 35 27 35 107 1017

9.5 53.58 SP-SM 8.5 43 32 25 43 43 33 47 263 1146
12 51.08 SP-SM 8.5 64 64 49 59 59 45 63 419 1325

14.5 48.58 SP-SM 8.5 60 51 39 59 59 45 63 575 1506
17 46.08 SP-SM 8.5 51 43 33 47 47 36 51 731 1688

19.5 43.58 SP-SM 8.5 86/10.5 86/10.5 86/10.5 103 103 103 107 887 1869
22 41.08 SP-SM 8.5 43 41 31 40 40 31 44 1043 2041

24.5 38.58 SP 0 20 19 16 18 20 15 20 1199 2200
27 36.08 SP 0 18 17 15 16 18 13 18 1355 2356

29.5 33.58 SP 0 26 25 19 22 22 17 22 1511 2513
32 31.08 SP 0 42 42 32 36 36 28 36 1667 2689 0.19

34.5 28.58 SP 0 25 25 19 21 21 16 21 1823 2851 -0.13
37 26.08 SP-SC 8.5 12 12 10 10 11 8 15 1979 2987 0.45

39.5 23.58 SP-SC 8.5 43 43 33 34 34 26 38 2135 3139 -0.01
42 21.08 SC 12 18 18 15 14 16 12 21 2291 3275 -1.14

44.5 18.58 SC 12 3 3 3 2 3 2 8 2447 3337 0.42
47 16.08 CH 50 2 2 2 2 - - - 2603 3441 1.15

49.5 13.58 CH 94 3 3 3 2 - - - 2759 3560 1.30
52 11.08 CH 50 3 3 3 2 - - - 2915 3679 1.33

54.5 8.58 CH 50 3 3 3 2 - - - 3071 3798 1.56
57 6.08 SC 12 4 4 3 3 3 2 8 3227 3867 2.00

59.5 3.58 CH 50 3 3 3 2 - - - 3383 3973 1.85
62 1.08 SC 12 6 6 5 4 5 4 10 3539 4052 2.11

64.5 -1.42 SP-SC 8.5 6 6 5 4 5 4 9 3695 4131 0.66
67 -3.92 SP-SC 8.5 10 10 9 7 8 6 12 3851 4243 0.04

69.5 -6.42 SC 12 22 22 19 15 17 13 22 4007 4372 0.99
72 -8.92 SC 12 16 16 14 11 12 9 17 4163 4493 0.39

74.5 -11.42 SC 12 15 15 13 10 11 8 16 4319 4612 0.51
77 -13.92 SP-SC 8.5 47 47 36 30 30 23 34 4475 4761 0.41

79.5 -16.42 SP-SC 8.5 34 34 26 22 22 17 26 4631 4908 0.48
82 -18.92 SP-SC 8.5 26 26 22 16 18 14 22 4787 5052

84.5 -21.42 SP-SC 8.5 20 20 17 12 14 11 18 4943 5186
87 -23.92 SP-SC 8.5 26 26 22 16 18 14 22 5099 5327

89.5 -26.42 SC 12 8 8 7 5 5 4 11 5255 5421
92 -28.92 SC 12 10 10 9 6 7 5 12 5411 5513

94.5 -31.42 SC 12 12 12 10 7 8 6 13 5567 5617
97 -33.92 SC 12 7 7 6 4 5 4 10 5723 5693

99.5 -36.42 SC 12 26 26 22 15 17 13 22 5879 5812
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 63.08
1 62.08 SP-SM Contractive 55% 39 37 30

2.5 60.58 SM Contractive 38% 33 32 29
5 58.08 SP-SM Contractive 48% 37 35 30
7 56.08 WOOD Dilative 76% 46 43 34

9.5 53.58 SP-SM Dilative 84% 48 46 36
12 51.08 SP-SM Dilative 99% 54 50 44

14.5 48.58 SP-SM Dilative 99% 51 50 41
17 46.08 SP-SM Dilative 89% 49 47 39

19.5 43.58 SP-SM Dilative 131% 56 65 52
22 41.08 SP-SM Dilative 82% 47 45 38

24.5 38.58 SP Intermediate 55% 39 38 33
27 36.08 SP Contractive 51% 38 36 32

29.5 33.58 SP Intermediate 61% ` 38 34
32 31.08 SP 0.19 Dilative 78% 46 44 39

34.5 28.58 SP -0.13 Intermediate 59% 40 38 34
37 26.08 SP-SC 0.45 Contractive 40% 33 33 31

39.5 23.58 SP-SC -0.01 Dilative 76% 45 43 39
42 21.08 SC -1.14 Intermediate 48% 36 36 32

44.5 18.58 SC 0.42 Contractive 20% 22 26 28
47 16.08 CH 1.15 - 1.076 184 164 381

49.5 13.58 CH 1.30 - 1.390 247 246 562
52 11.08 CH 1.33 - 1.359 247 246 553

54.5 8.58 CH 1.56 - 1.329 247 246 544
57 6.08 SC 2.00 Contractive 22% 23 27 28

59.5 3.58 CH 1.85 - 1.289 247 246 532
62 1.08 SC 2.11 Contractive 27% 25 28 29

64.5 -1.42 SP-SC 0.66 Contractive 26% 25 28 29
67 -3.92 SP-SC 0.04 Contractive 34% 29 31 30

69.5 -6.42 SC 0.99 Intermediate 50% 36 36 33
72 -8.92 SC 0.39 Contractive 42% 33 34 32

74.5 -11.42 SC 0.51 Contractive 41% 32 33 31
77 -13.92 SP-SC 0.41 Dilative 71% 43 42 40

79.5 -16.42 SP-SC 0.48 Intermediate 60% 39 38 37
82 -18.92 SP-SC Intermediate 52% 36 37 35

84.5 -21.42 SP-SC Contractive 45% 34 35 33
87 -23.92 SP-SC Intermediate 52% 36 37 35

89.5 -26.42 SC Contractive 28% 26 29 29
92 -28.92 SC Contractive 32% 28 30 30

94.5 -31.42 SC Contractive 35% 29 31 31
97 -33.92 SC Contractive 26% 25 28 29

99.5 -36.42 SC Intermediate 50% 35 36 35
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 I-4 and John Young Parkway B.2.10.

B.2.10.1. SPT FB-11 (P2P1, Ramp A) 

 

Depth Elevation USCS FC FB-11 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 93
2 91 PT 99 WH WH WH 0 0 0 0 125 35
4 89 SP-SM 8.5 8 6 5 12 13 10 27 250 123
6 87 SP-SM 8.5 6 5 4 9 10 8 14 374 228
8 85 SM 12 6 5 4 9 10 8 15 499 326
10 83 SM 12 10 8 6 15 17 13 22 624 429

12.5 80.5 SC 12 6 5 4 9 10 7 15 780 540
15 78 SP-SM 8.5 8 7 6 12 13 10 17 936 667

17.5 75.5 SP-SM 8.5 7 6 5 9 10 8 14 1092 798 -0.80
20 73 SP-SM 8.5 9 9 7 13 14 11 18 1248 930 0.36

22.5 70.5 SM 12 9 9 7 12 13 10 18 1404 1051 1.13
25 68 SM 15 16 15 13 20 22 17 27 1560 1180 1.60

27.5 65.5 CH 50 6 6 5 7 - - - 1716 1322 0.80
30 63 CH 50 5 5 4 6 - - - 1872 1466 0.34

32.5 60.5 SC 12 5 5 4 6 6 5 11 2028 1570 -0.45
35 58 SP-SM 8.5 6 6 5 7 7 6 11 2184 1664 0.14

37.5 55.5 SC 12 3 3 3 3 4 3 9 2340 1728 0.93
40 53 SM 12 3 3 3 3 4 3 9 2496 1784 0.99

42.5 50.5 SC 12 2 2 2 2 2 2 8 2652 1831 0.86
45 48 SC 12 2 2 2 2 2 2 7 2808 1875 -1.29

47.5 45.5 SM 12 2 2 2 2 2 2 7 2964 1919 -0.98
50 43 SM 12 7 7 6 7 8 6 13 3120 2013 -0.07

52.5 40.5 SM 12 6 6 5 6 6 5 12 3276 2109 -0.33
55 38 SM 12 4 4 3 4 4 3 9 3432 2183 -0.26

57.5 35.5 SM 12 5 5 4 5 5 4 10 3588 2262 -0.01
60 33 SM 12 3 3 3 3 3 2 8 3744 2324 -0.11

62.5 30.5 SP-SM 8.5 4 4 3 4 4 3 8 3900 2400 0.60
65 28 SP-SM 6 3 3 3 3 3 2 4 4056 2477 0.85

67.5 25.5 SM 12 32 32 25 28 28 22 33 4212 2607 0.18
70 23 SM 12 50/.5 50/.5 50/.5 85 85 85 90 4368 2771 0.75

72.5 20.5 SC 12 77/9 77/9 77/9 82 82 82 88 4524 2940 0.96
75 18 SC 12 81/10 81/10 81/10 80 80 80 85 4680 3109

77.5 15.5 SC 12 81/11 81/11 81/11 78 78 78 83 4836 3278
80 13 SC 12 50/5.5 50/5.5 50/5.5 76 76 76 81 4992 3447

82.5 10.5 SC 12 91/11 91/11 91/11 74 74 74 80 5148 3616
85 8 SC 12 62 4 3 45 45 35 50 5304 3785
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 93
2 91 PT Contractive 0% 0 20 27
4 89 SP-SM Intermediate 45% 37 34 29
6 87 SP-SM Contractive 39% 34 32 28
8 85 SM Contractive 39% 33 32 28
10 83 SM Intermediate 50% 37 36 29

12.5 80.5 SC Contractive 38% 32 32 28
15 78 SP-SM Contractive 44% 35 34 29

17.5 75.5 SP-SM -0.80 Contractive 40% 33 33 29
20 73 SP-SM 0.36 Contractive 46% 36 35 30

22.5 70.5 SM 1.13 Contractive 44% 36 34 30
25 68 SM 1.60 Intermediate 57% 40 38 32

27.5 65.5 CH 0.80 - 4.281 391 467 1753
30 63 CH 0.34 - 3.643 356 410 1460

32.5 60.5 SC -0.45 Contractive 31% 29 30 29
35 58 SP-SM 0.14 Contractive 33% 30 31 29

37.5 55.5 SC 0.93 Contractive 23% 25 27 28
40 53 SM 0.99 Contractive 23% 24 27 28

42.5 50.5 SC 0.86 Contractive 19% 22 26 28
45 48 SC -1.29 Contractive 19% 21 26 28

47.5 45.5 SM -0.98 Contractive 18% 21 26 28
50 43 SM -0.07 Contractive 34% 31 31 29

52.5 40.5 SM -0.33 Contractive 31% 29 30 29
55 38 SM -0.26 Contractive 25% 26 28 28

57.5 35.5 SM -0.01 Contractive 28% 27 29 29
60 33 SM -0.11 Contractive 22% 23 27 28

62.5 30.5 SP-SM 0.60 Contractive 25% 25 28 28
65 28 SP-SM 0.85 Contractive 21% 23 27 28

67.5 25.5 SM 0.18 Dilative 68% 43 41 36
70 23 SM 0.75 Dilative 119% 54 61 52

72.5 20.5 SC 0.96 Dilative 117% 53 61 52
75 18 SC Dilative 116% 53 60 52

77.5 15.5 SC Dilative 114% 53 60 52
80 13 SC Dilative 113% 52 59 52

82.5 10.5 SC Dilative 111% 52 59 52
85 8 SC Dilative 87% 23 46 28
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B.2.10.2. B.10.2. SPT FB-3 (P9P12, Ramp A) 

 

Depth Elevation USCS FC FB-3 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 95.82 -
1 94.32 PT 20 HA 0 120

2.5 92.82 PT HA 0 240
4 91.32 SP-SM 8.5 HA 80 301

5.5 89.82 SM 12 HA 173 354
7 88.32 SM 12 6 5 4 9 10 8 15 267 418

8.5 86.82 SP-SM 8.5 12 9 8 18 20 15 24 361 500
10 85.32 SP-SM 8.5 12 9 8 17 18 14 22 454 586

12.5 82.82 SM 12 15 13 10 21 21 16 26 610 720
15 80.32 SM 17 19 16 12 25 25 19 30 766 852

17.5 77.82 SP-SM 8.5 16 14 12 19 21 16 25 922 993 -2.28
20 75.32 SM 12 9 9 7 11 13 10 18 1078 1117 0.07

22.5 72.82 SM 12 6 6 5 7 8 6 13 1234 1226 -0.14
25 70.32 SC 12 9 9 7 10 12 9 17 1390 1343 -0.31

27.5 67.82 CH 50 5 5 4 6 - - - 1546 1472 -1.41
30 65.32 SM 12 5 5 4 6 6 5 11 1702 1573 -1.44

32.5 62.82 CH 50 10 10 9 11 - - - 1858 1717 0.74
35 60.32 CH 69 11 11 9 11 - - - 2014 1874 0.43

37.5 57.82 SC 12 15 15 13 15 17 13 22 2170 2010 -0.03
40 55.32 SM 12 2 2 2 2 2 2 7 2326 2072 0.93

42.5 52.82 SM 12 3 3 3 3 3 2 8 2482 2126 0.11
45 50.32 SM 12 2 2 2 2 2 2 7 2638 2172 0.08

47.5 47.82 CL 50 4 4 3 4 - - - 2794 2286 -0.45
50 45.32 SM 12 3 3 3 3 3 2 8 2950 2358 -0.81

52.5 42.82 SM 12 2 2 2 2 2 2 7 3106 2404 -0.51
55 40.32 SM 12 3 3 3 3 3 2 8 3262 2458 -0.28

57.5 37.82 SM 12 3 3 3 3 3 2 8 3418 2515 -0.10
60 35.32 SM 12 2 2 2 2 2 2 7 3574 2561 -1.02

62.5 32.82 SM 12 6 6 5 5 6 4 11 3730 2635 0.17
65 30.32 SC 12 4 4 3 3 4 3 9 3886 2697 0.19

67.5 27.82 SC 12 6 6 5 5 6 4 11 4042 2773 0.02
70 25.32 SM 12 11 11 9 9 10 8 15 4198 2885 0.14

72.5 22.82 SM 12 72/11 72/11 72/11 81 81 81 86 4354 3044 0.70
75 20.32 SM 12 86/11 86/11 86/11 79 79 79 84 4510 3213 0.95

77.5 17.82 SM 12 50/5 50/5 50/5 77 77 77 82 4666 3382
80 15.32 SM 12 50/5.5 50/5.5 50/5.5 75 75 75 80 4822 3551

82.5 12.82 SM 12 50/5 50/5 50/5 73 73 73 79 4978 3720
85 10.32 SM 49 50/4 50/4 50/4 72 72 72 81 5134 3889

87.5 7.82 SM 12 50/3 50/3 50/3 70 70 70 75 5290 4058
90 5.32 SM 12 50/2 50/2 50/2 69 69 69 74 5446 4227

92.5 2.82 SM 12 36 36 28 24 24 19 30 5602 4366
95 0.82 SM 12 50/1 50/1 50/1 67 67 67 72 5727 4493
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 95.82 -
1 94.32 PT

2.5 92.82 PT
4 91.32 SP-SM

5.5 89.82 SM
7 88.32 SM Contractive 39% 33 32 28

8.5 86.82 SP-SM Intermediate 55% 39 38 30
10 85.32 SP-SM Intermediate 53% 38 37 30

12.5 82.82 SM Intermediate 60% 41 38 31
15 80.32 SM Dilative 64% 43 40 32

17.5 77.82 SP-SM -2.28 Intermediate 57% 40 38 31
20 75.32 SM 0.07 Contractive 44% 35 34 30

22.5 72.82 SM -0.14 Contractive 35% 31 31 29
25 70.32 SC -0.31 Contractive 42% 34 33 30

27.5 67.82 CH -1.41 - 3.506 343 390 1384
30 65.32 SM -1.44 Contractive 31% 29 30 29

32.5 62.82 CH 0.74 - 5.265 587 820 2698
35 60.32 CH 0.43 - 5.294 628 902 2841

37.5 57.82 SC -0.03 Intermediate 50% 38 36 31
40 55.32 SM 0.93 Contractive 18% 21 26 28

42.5 52.82 SM 0.11 Contractive 22% 24 27 28
45 50.32 SM 0.08 Contractive 18% 21 26 28

47.5 47.82 CL -0.45 - 2.299 303 328 935
50 45.32 SM -0.81 Contractive 21% 23 27 28

52.5 42.82 SM -0.51 Contractive 17% 20 26 28
55 40.32 SM -0.28 Contractive 21% 23 27 28

57.5 37.82 SM -0.10 Contractive 21% 23 27 28
60 35.32 SM -1.02 Contractive 17% 20 25 28

62.5 32.82 SM 0.17 Contractive 30% 28 29 29
65 30.32 SC 0.19 Contractive 24% 25 28 28

67.5 27.82 SC 0.02 Contractive 29% 28 29 29
70 25.32 SM 0.14 Contractive 39% 32 33 30

72.5 22.82 SM 0.70 Dilative 116% 53 60 52
75 20.32 SM 0.95 Dilative 115% 53 60 52

77.5 17.82 SM Dilative 113% 52 59 52
80 15.32 SM Dilative 112% 52 59 52

82.5 12.82 SM Dilative 111% 52 58 52
85 10.32 SM Dilative 109% 51 58 52

87.5 7.82 SM Dilative 108% 51 57 52
90 5.32 SM Dilative 107% 51 57 52

92.5 2.82 SM Intermediate 64% 41 39 37
95 0.82 SM Dilative 105% 50 57 52
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B.2.10.3. B.10.3. SPT FB-4 (P10P14, Ramp A) 

 

Depth Elevation USCS FC B-27 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0 95.9
1 94.9 SP-SM HA 0 105

2.5 93.4 SP-SM HA 0 261
4 91.9 SM HA 81 354

5.5 90.4 SM HA 175 444
7 88.9 SP-SM 8.5 8 6 5 12 13 10 17 268 526

8.5 87.4 SP-SM 5 13 10 8 18 20 15 20 362 610
10 85.9 SP-SM 8.5 16 12 9 20 20 16 24 456 696

12.5 83.4 SP 0 24 18 14 27 27 21 27 612 860
15 80.9 SM 12 18 15 12 22 22 17 27 768 999

17.5 78.4 SM 12 18 15 12 20 20 16 26 924 1131 -0.80
20 75.9 SM 15 27 26 20 32 32 25 38 1080 1272 -1.13

22.5 73.4 SM 12 38 36 28 43 43 33 48 1236 1426 -0.08
25 70.9 SM 12 13 12 11 14 16 12 21 1392 1563 1.75

27.5 68.4 SM 12 6 6 5 6 7 5 12 1548 1664 0.31
30 65.9 SM 24 3 3 3 3 4 3 10 1704 1728 0.47

32.5 63.4 SM 12 4 4 3 4 5 4 10 1860 1795 0.36
35 60.9 CH 50 6 6 5 6 - - - 2016 1924 0.07

37.5 58.4 SC 12 6 6 5 6 7 5 12 2172 2028 1.15
40 55.9 SC 30 6 6 5 6 6 5 13 2328 2122 0.39

42.5 53.4 SC 12 4 4 3 4 4 3 9 2484 2196 -1.03
45 50.9 SM 12 4 4 3 4 4 3 9 2640 2265 -1.00

47.5 48.4 SM 12 2 2 2 2 2 2 7 2796 2314 -0.24
50 45.9 CL 54 5 5 4 5 - - - 2952 2428 -0.46

52.5 43.4 SM 12 6 6 5 5 6 5 11 3108 2519 -0.95
55 40.9 SM 12 5 5 4 4 5 4 10 3264 2591 -0.17

57.5 38.4 SM 12 3 3 3 3 3 2 8 3420 2650 0.25
60 35.9 SM 16 5 5 4 4 5 4 10 3576 2716 0.56

62.5 33.4 SM 12 5 5 4 4 5 4 10 3732 2785 -0.70
65 30.9 SM 12 2 2 2 2 2 1 7 3888 2834 0.09

67.5 28.4 CL 50 5 5 4 4 - - - 4044 2948 0.66
70 25.9 SM 12 4 4 3 3 4 3 9 4200 3020 1.05

72.5 23.4 SM 12 6 6 5 5 5 4 11 4356 3096 0.46
75 20.9 SM 15 4 4 3 3 4 3 9 4512 3158 0.53

77.5 18.4 SM 12 17 17 15 13 15 11 20 4668 3274 1.18
80 15.9 SM 12 82/9 82/9 82/9 76 76 76 81 4824 3436 1.16

82.5 13.4 SM 12 50/5 50/5 50/5 74 74 74 80 4980 3605 0.71
85 10.9 SM 12 90/11 90/11 90/11 73 73 73 78 5136 3774 0.75

87.5 8.4 SM 12 50/5 50/5 50/5 71 71 71 76 5292 3943 0.59
90 5.9 SM 12 57 57 57 40 40 40 45 5448 4102 0.84

92.5 3.4 SM 12 57 57 44 39 39 30 44 5604 4258 0.56
95 0.9 SM 12 65 65 65 44 44 44 49 5760 4415

97.5 -1.6 SM 12 50/5 50/5 50/5 66 66 66 71 5916 4581
100 -4.1 SM 12 50/0 50/0 50/0 65 65 65 70 6072 4750
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0 95.9
1 94.9 SP-SM

2.5 93.4 SP-SM
4 91.9 SM

5.5 90.4 SM
7 88.9 SP-SM Contractive 44% 35 34 29

8.5 87.4 SP-SM Contractive 54% 39 37 30
10 85.9 SP-SM Intermediate 58% 40 38 31

12.5 83.4 SP Intermediate 68% 44 41 32
15 80.9 SM Intermediate 60% 41 38 32

17.5 78.4 SM -0.80 Intermediate 58% 41 38 32
20 75.9 SM -1.13 Dilative 73% 45 42 34

22.5 73.4 SM -0.08 Dilative 84% 48 46 37
25 70.9 SM 1.75 Intermediate 48% 37 35 31

27.5 68.4 SM 0.31 Contractive 32% 30 30 29
30 65.9 SM 0.47 Contractive 23% 25 27 28

32.5 63.4 SM 0.36 Contractive 27% 27 28 28
35 60.9 CH 0.07 - 3.424 406 492 1529

37.5 58.4 SC 1.15 Contractive 32% 29 30 29
40 55.9 SC 0.39 Contractive 31% 29 30 29

42.5 53.4 SC -1.03 Contractive 25% 26 28 28
45 50.9 SM -1.00 Contractive 25% 26 28 28

47.5 48.4 SM -0.24 Contractive 18% 21 26 28
50 45.9 CL -0.46 - 2.572 356 410 1134

52.5 43.4 SM -0.95 Contractive 30% 28 30 29
55 40.9 SM -0.17 Contractive 27% 27 29 29

57.5 38.4 SM 0.25 Contractive 21% 23 27 28
60 35.9 SM 0.56 Contractive 27% 26 29 29

62.5 33.4 SM -0.70 Contractive 27% 26 29 29
65 30.9 SM 0.09 Contractive 17% 20 25 28

67.5 28.4 CL 0.66 - 2.250 356 410 1029
70 25.9 SM 1.05 Contractive 23% 24 27 28

72.5 23.4 SM 0.46 Contractive 28% 27 29 29
75 20.9 SM 0.53 Contractive 23% 24 27 28

77.5 18.4 SM 1.18 Contractive 47% 36 35 32
80 15.9 SM 1.16 Dilative 113% 52 59 52

82.5 13.4 SM 0.71 Dilative 111% 52 59 52
85 10.9 SM 0.75 Dilative 110% 52 58 52

87.5 8.4 SM 0.59 Dilative 109% 51 58 52
90 5.9 SM 0.84 Dilative 81% 46 48 42

92.5 3.4 SM 0.56 Dilative 81% 45 45 42
95 0.9 SM Dilative 85% 46 50 44

97.5 -1.6 SM Dilative 105% 50 56 52
100 -4.1 SM Dilative 104% 50 56 52
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 I-4 and SR-408 Intersection B.2.11.

B.2.11.1. SPT B-110 (P2P5, Ramp B5) 

 

Depth Elevation USCS FC B-110 SPT SPT SPT SPT SPT SPT u σ'vo (avg) Rebound
(ft) (ft) actual/estimate Nsafe N60 Ntrip (N1)60 (N1)60t (N1)trip (N1)60ta psf psf inch
0.0 103.3 SC 12
2.0 101.3 SP-SM 8.5 5 4 3 8 8 6 12 0 200
3.5 99.8 SP-SM 8.5 4 3 2 6 6 5 10 0 345
8.5 94.8 SC 12 2 2 1 3 3 2 8 0 708 0.13

10.0 93.3 SC 12 6 5 4 7 8 6 13 87 760 0.12
11.5 91.8 SP-SC 8.5 4 3 3 5 5 4 9 181 819 0.12
13.0 90.3 SP-SC 8.5 5 4 4 6 7 5 11 275 880 0.12
14.5 88.8 SP-SC 8.5 6 5 4 7 8 6 12 368 949 0.12
17.0 86.3 SP-SC 8.5 7 6 5 8 9 7 13 524 1068 -0.05
19.5 83.8 SP-SC 8.5 6 5 4 7 7 6 11 680 1177 0.07
22.0 81.3 SP-SC 8.5 8 8 6 9 10 8 14 836 1304 0.11
24.5 78.8 SP-SC 8.5 3 3 2 3 4 3 8 992 1385 0.12
27.0 76.3 SP-SC 8.5 3 3 2 3 4 3 8 1148 1454 0.13
29.5 73.8 SC 17 2 2 2 2 2 2 8 1304 1503 0.16
32.0 71.3 SC 12 2 2 2 2 3 2 8 1460 1547 0.18
34.5 68.8 SP 0 10 10 9 11 12 9 12 1616 1671 0.22
37.0 66.3 SP 0 11 11 9 12 13 10 13 1772 1815 0.23
39.5 63.8 SP 0 1 1 1 1 1 1 1 1928 1899 0.24
42.0 61.3 SC 12 7 7 6 7 8 6 13 2084 1998 0.25
44.5 58.8 SC 12 5 5 4 5 5 4 11 2240 2085 0.26
47.0 56.3 SC 22 1 1 1 1 1 1 7 2396 2126 0.23
49.5 53.8 SC 12 1 1 1 1 1 1 6 2552 2158 0.19
52.0 51.3 SC 12 2 2 2 2 2 2 7 2708 2199 0.15
54.5 48.8 SC 12 6 6 5 6 6 5 11 2864 2283 0.17
57.0 46.3 SP-SC 8.5 14 14 12 13 14 11 18 3020 2417 0.17
59.5 43.8 SP-SC 8.5 15 15 13 13 15 11 19 3176 2561 0.16
62.0 41.3 SP-SC 8.5 14 14 12 12 13 10 17 3332 2695 0.17
64.5 38.8 SC 12 9 9 8 8 8 6 14 3488 2807 0.24
67.0 36.3 SC 22 10 10 9 8 9 7 15 3644 2913 0.31
69.5 33.8 SC 12 11 11 9 9 10 8 15 3800 3030 0.39
72.0 31.3 SC 12 12 12 10 10 11 8 16 3956 3139 0.34
74.5 28.8 SC 12 50 50 38 39 39 30 44 4112 3285 0.38
77.0 26.3 SP-SC 8.5 51 51 39 39 39 30 43 4268 3452 0.35
79.5 23.8 SC 12 26 26 22 19 22 17 27 4424 3591 0.33
82.0 21.3 SC 12 26 26 22 19 21 16 26 4580 3722 0.32
84.5 18.8 SC 16 51 51 39 37 37 28 42 4736 3874 0.30
87.0 16.3 SC 12 35 35 27 25 25 19 30 4892 4020 0.29
89.5 13.8 SC 12 13 13 11 9 10 8 15 5048 4144 0.46
92.0 11.3 SC 12 16 16 14 11 12 9 17 5204 4263
94.5 8.8 SC 12 84 84 65 56 56 43 62 5360 4422
97 6.3 SC 12 50/5.5 50/5.5 50/5.5 66 66 66 71 5516 4591

99.5 3.8 SC 12 56 56 43 36 36 28 42 5672 4750
102 1.3 SC 12 53 53 41 34 34 26 39 5828 4897

104.5 -1.2 SC 12 53 53 41 33 33 26 39 5984 5041
107 -3.7 SC 12 20 20 17 12 14 11 19 6140 5165

109.5 -6.2 SC 22 17 17 15 10 12 9 18 6296 5284
112 -8.7 SC 12 18 18 15 11 12 9 17 6452 5403

114.5 -11.2 SC 12 22 22 19 13 15 11 20 6608 5532
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Depth Elevation USCS Rebound Liquefaction Terzaghi Schmertmann Hatanaka Peck Mayne Hera Hettiarachchi CDOT
(ft) (ft) inch Soil Response Dr Φ' Φ' Φ' OCR Cu (psf) Cu (psf) Qu (psf)
0.0 103.3 SC
2.0 101.3 SP-SM High 35% 32 31 28
3.5 99.8 SP-SM Contractive 32% 30 30 28
8.5 94.8 SC 0.13 Contractive 21% 23 26 28

10.0 93.3 SC 0.12 Contractive 35% 31 31 28
11.5 91.8 SP-SC 0.12 Contractive 28% 27 29 28
13.0 90.3 SP-SC 0.12 Contractive 33% 30 30 28
14.5 88.8 SP-SC 0.12 Contractive 35% 31 31 29
17.0 86.3 SP-SC -0.05 Contractive 37% 32 32 29
19.5 83.8 SP-SC 0.07 Contractive 33% 31 31 29
22.0 81.3 SP-SC 0.11 Contractive 40% 34 33 29
24.5 78.8 SP-SC 0.12 Contractive 24% 25 28 28
27.0 76.3 SP-SC 0.13 Contractive 24% 25 28 28
29.5 73.8 SC 0.16 Contractive 19% 22 26 28
32.0 71.3 SC 0.18 Contractive 19% 22 26 28
34.5 68.8 SP 0.22 Contractive 43% 35 34 30
37.0 66.3 SP 0.23 Contractive 44% 35 34 30
39.5 63.8 SP 0.24 Contractive 13% 17 24 27
42.0 61.3 SC 0.25 Contractive 34% 31 31 29
44.5 58.8 SC 0.26 Contractive 29% 28 29 29
47.0 56.3 SC 0.23 Contractive 13% 17 24 27
49.5 53.8 SC 0.19 Contractive 13% 17 24 27
52.0 51.3 SC 0.15 Contractive 18% 21 26 28
54.5 48.8 SC 0.17 Contractive 31% 29 30 29
57.0 46.3 SP-SC 0.17 Contractive 46% 36 35 31
59.5 43.8 SP-SC 0.16 Contractive 47% 36 35 31
62.0 41.3 SP-SC 0.17 Contractive 45% 35 34 31
64.5 38.8 SC 0.24 Contractive 36% 31 31 30
67.0 36.3 SC 0.31 Contractive 37% 32 32 30
69.5 33.8 SC 0.39 Contractive 39% 32 32 30
72.0 31.3 SC 0.34 Contractive 40% 33 33 31
74.5 28.8 SC 0.38 Dilative 81% 46 44 41
77.0 26.3 SP-SC 0.35 Dilative 80% 46 44 41
79.5 23.8 SC 0.33 Intermediate 57% 39 38 35
82.0 21.3 SC 0.32 Intermediate 56% 39 38 35
84.5 18.8 SC 0.30 Dilative 78% 45 44 41
87.0 16.3 SC 0.29 Intermediate 64% 41 39 37
89.5 13.8 SC 0.46 Contractive 39% 32 32 31
92.0 11.3 SC Contractive 43% 33 34 32
94.5 8.8 SC Dilative 97% 49 49 48
97 6.3 SC Dilative 105% 50 56 52

99.5 3.8 SC Dilative 78% 44 44 42
102 1.3 SC Dilative 75% 43 43 41

104.5 -1.2 SC Dilative 75% 43 43 41
107 -3.7 SC Contractive 46% 34 35 33

109.5 -6.2 SC Contractive 42% 32 33 32
112 -8.7 SC Contractive 43% 33 34 32

114.5 -11.2 SC Contractive 47% 34 35 33
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B.3. C. SPT Soil Borings 

 Typical SPT Driving Specifications B.3.1.
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 Typical Engineering Classification B.3.2.
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 Typical Soil Profile Legend B.3.3.
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 SPT Soil Boring Profiles B.3.4.

B.3.4.1. I-4 / US-192 Interchange  

B.3.4.1.1. SPT B-27 (Ramp BD EB1P3) 
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B.3.4.1.2. C.4.1.2. SPT B-40 (Ramp CA P7P10) 
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B.3.4.1.3. C.4.1.3. SPT B-41 (Ramp CA P8P4) 
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B.3.4.1.4. C.4.1.4 SPT B-46 (Ramp D2 P2P8) 
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B.3.4.2. C.4.2. SR-417 and International Parkway  

B.3.4.2.1. C.4.2.1 SPT B-1 (EB1P14) 

 



 

 
 

359 

B.3.4.2.2. C.4.2.2. SPT B-2 (EB2P5) 
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B.3.4.3. C.4.3. SR-50 and SR-436  

B.3.4.3.1. C.4.3.1. SPT TH-4B (EB4P10) 
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B.3.4.3.2. C.4.3.2. SPT TH-3B (P3P10, EB) 
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B.3.4.4. C.4.4. Heritage Parkway  

B.3.4.4.1. C.4.4.1 SPT TH-5 (EB1P1) & SPT TH-6 (EB5P1) 
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B.3.4.4.2. C.4.4.2. SPT FDOT Heritage (P3P1) 
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B.3.4.5. C.4.5. Anderson Street Overpass  

B.3.4.5.1. C.4.5.1. SPT P6-4 (P6P5, P6P6) 
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B.3.4.6. C.4.6. I-4 Widening Daytona  

B.3.4.6.1. C.4.6.1. SPT DC-1 (EB 3-1, P5) 
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B.3.4.7. C.4.7. SR-83 over Ramsey Branch 

B.3.4.7.1. C.4.7.1. SPT B-1 (EB1P1) 
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B.3.4.7.2. C.4.7.2. SPT B-3 (P4P5) 
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B.3.4.7.3. C.4.7.3. SPT FDOT Ramsey (EB5P2) 
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B.3.4.8. C.4.8. SR-528 over Indian River 

B.3.4.8.1. C.4.8.1. SPT TB-4 (P4P7) 
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B.3.4.8.2. C.4.8.2. SPT TB-5 (P9P3) 
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B.3.4.8.3. C.4.8.3. SPT TB-11 (P20P6) 
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B.3.4.9. C.4.9. I-10 and Chaff33 Road Overpass 

B.3.4.9.1. C.4.9.1. SPT B-2 (P2P9) 
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B.3.4.10. C.4.10. I-4 and John Young Parkway 

B.3.4.10.1. C.4.10.1. SPT FB-11 (Ramp A P2P1) 
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B.3.4.10.2. C.4.10.2. SPT FB-3 (Ramp A P9P12) 
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B.3.4.10.3. C.4.10.3. SPT FB-4 (Ramp A P10P14) 
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B.3.4.11. C.4.11. I-4 and SR-408 Intersection 

B.3.4.11.1. C.4.11.1. SPT B-110 (Ramp B5 P2P5) 
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B.4. Test Pile Driving Logs 

 I-4 / US-192 Interchange B.4.1.

B.4.1.1. Test Pile EB1P3 (Ramp BD) 
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B.4.1.2. D.1.2. Test Pile P7P10 (Ramp CA) 
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B.4.1.3. D.1.3. Test Pile P8P4 (Ramp CA) 
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B.4.1.4. D.1.4. Test Pile P2P8 (Ramp D2) 

 



 

 
 

384 

 

  



 

 
 

385 

 SR-417 and International Parkway B.4.2.

B.4.2.1. Test Pile EB1P14 

No Log 

From PDA File: 

Reference Elevation = +81.03 feet 

Estimated from SPT B-1: 

 GSE = 72.30 feet 

B.4.2.2. Test Pile EB2P5 

No Log 

From PDA File: 

 Reference Elevation = +77.45 feet 

Estimated form SPT B-2: 

 GSE = 72.30 feet 
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 SR-50 and SR-436 B.4.3.

B.4.3.1.  Test Pile EB4P10 
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B.4.3.2. D.3.2. Test Pile P3P10 (EB) 
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 Heritage Parkway B.4.4.

B.4.4.1. Test Pile EB1P1 
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B.4.4.2. D.4.2. Test Pile B3P1 
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B.4.4.3. D.4.3. Test Pile EB5P1 
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 Anderson Street Overpass B.4.5.

B.4.5.1.  Test Pile P6P5 
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B.4.5.2. D.5.2. Test Pile P6P6 
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 I-4 Widening Daytona B.4.6.

B.4.6.1. Test Pile EB3-1, P5  
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 SR-83 over Ramsey Branch B.4.7.

B.4.7.1. Test Pile EB1P1 

No Log 

From PDA File: 

 Reference Elevation = +9.47 feet 

Estimated from pre-construction survey:  

 GSE = +1.45 feet 
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B.4.7.2. D.7.2. Test Pile P4P5 
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B.4.7.3. D.7.3. Test Pile EB5P2 
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 SR-528 over Indian River B.4.8.

B.4.8.1. Test Pile P4P7  

No Log 

From PDA File: 

 Reference Elevation = +11.48 feet 

Estimated from pre-construction survey:  

 GSE = +4.50 feet 

B.4.8.2. Test Pile P9P3 

No Log 

From PDA File: 

 Reference Elevation = +5.87 feet 

Estimated from pre-construction survey:  

 GSE = -7.50 feet 

B.4.8.3. Test Pile P20P6 

No Log 

From PDA File: 

 Reference Elevation = +6.23 feet 

Estimated from pre-construction survey:  

 GSE = -8.00 feet 
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 I-10 and Chaffee Road Overpass B.4.9.

B.4.9.1. Test Pile P2P9 
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 I-4 and John Young Parkway B.4.10.

B.4.10.1. Test Pile P2P1 (Ramp A) 
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B.4.10.2. D.10.2. Test Pile P9P12 (Ramp A) 

 

 



 

 
 

416 

 

 

 



 

 
 

417 

B.4.10.3. D.10.3. Test Pile P10P14 (Ramp A) 
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 . I-4 and SR-408 Intersection B.4.11.

B.4.11.1. Test Pile P2P5 (Ramp B5) 

No Log 

From PDA File: 

 Reference Elevation = +9.47 ft 

Estimated from pre-construction survey:  

 GSE = +1.45 feet 
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B.5. FDOT Boring Logs and Lab Testing Data 

 Heritage Parkway B.5.1.

B.5.1.1. FDOT SPT Boring Log (8/26/2014) 
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B.5.1.2. E.1.2. FDOT SPT Lab Data 
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 Anderson Overpass B.5.2.

B.5.2.1. FDOT SPT Boring Log P6-4 
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B.5.2.2. E.2.2. SPT P6-4 Lab Data 
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 SR-83 over Ramsey Branch B.5.3.

B.5.3.1. FDOT SPT Boring Log (6/25/2014) 
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B.5.3.2. E.3.2. FDOT SPT Lab Data 
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B.6. Additional Figures 

 Effective Internal Angle of Friction versus Rebound B.6.1.

 
Figure F.1. Φ' (Peck, 1974) versus rebound  

 

 
Figure F.2. Φ' (Hatanaka and Uchida, 1996) versus rebound 
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 . Cohesion from unconfined compressive strength versus Rebound B.6.2.

 
Figure F.3. qu (Hetttiarachchi and Brown, 2009) versus rebound 

 

 
Figure F.4. qu (CDOT, 2014) versus rebound 
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 Appendix C- Results from Standard Undrained C.
Triaxial Tests 
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Table C-1- Summary of HPR Phase II Sites Tested to Obtain Thin Walled Tube Samples 

 

 Note: High rebound sites or > 0.5 inches rebound are unshaded; 

 Nonrebound sites or < 0.25 inches rebound are shaded 
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C.1. Test results – Cohesionless soils 

Table C-2 Soil classification, percentage sand, silt, clay and fines by weight, and particle size 
distribution for cohesionless rebound and nonrebound soils for all thin walled tube sample 

sites. 
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Table C-3 List of physical properties from triaxial test samples retrieved from cohesionless 
rebound and nonrebound soils for all thin walled tube sample sites. 
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Table C-4 Standard undrained triaxial tests results on cohesionless soils for all thin walled 
tube sample sites 

 

Af = Skempton's pore water coefficient at failure,  !! =  !"#$%#& !"#$%$&;  !! = !"#$%& !"#$%$&;   φ= 
Angle of Friction; φ' = effective friction angle 
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C.2.  Tests results- Cohesive soils 

Table C-5 Soil classification, percent sand, silt, clay and fines by weight, Atterberg limits and 
particle size distribution for rebound and nonrebound cohesive soils for thin walled tube 

sample sites. 

 

USCS=Unified Soil Classification System; AASHTO = American Association of State Highway and 
Transportation Officials; !! = !!"

!!" ;  !! =
!!"^!

!!"×!!"  
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Table C-6 List of physical properties of triaxial test samples retrieved from rebound and 
nonrebound cohesive soils for all thin walled tube sample sites. 

 

 

LL= Liquid Limit; PL =Plastic Limit; PI= Plasticity index;  !"#$%$#& !" ! !"#$ = !"
% !"#$ !"#$%&'() !"## !!!" ! !" 
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Table C-7 Summary of standard undrained triaxial tests results for all cohesion soils retrieved 
from all thin walled tube sample sites 
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 Appendix D- Results from Cyclic Triaxial Tests D.
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D.1. Tests results - Cohesionless soils 

Table D-1 Soil classification, percent, sand, silt, clay and fine by weight, and particle size 
distribution for all rebound and nonrebound cohesionless soils. 
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Table D-2 Cyclic test results for all cohesionless soils from all thin walled tube sample sites 
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Table D-3: Cyclic test results for cohesionless soils from thin walled tube sample sites (cont.) 
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D.2. Tests results- Cohesive soils 

Table D-4 : Soil classification, percent sand, silt, clay and fines by weight, Atterberg limits 
and particle size distribution for all rebound and nonrebound cohesive soils for thin walled 

tube sample sites. 
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Table D-5: List of physical properties from cyclic tests retrieved from all rebound and 
nonrebound cohesive soils for all thin walled tube sample sites. 
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Table D-6 Summary of cyclic triaxial tests results for all cohesion soils retrieved from all 
thin walled tube sample sites 
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Table D-7 Summary of cyclic triaxial tests results for all cohesion soils retrieved from all 

thin walled tube sample sites (cont.) 

 

 

PW
P 

= 
Po

re
 W

at
er

 P
re

ss
ur

e;
 !
"
! 
!"
#$%

=
∆!

!′
°

!
   

 



 

 
 

456 

  E.

 Appendix E- Additional Correlations from Shelby F.
Tube Testing 
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E.1. Physical Properties Analysis: Fine content  

 

Figure F-1: Fine Content (%) Vs. Secant Modulus (psi)- Cohesionless soils (SM) 
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Figure F-2: Fine Content (%) Vs. Elastic Modulus (psi)- Cohesionless soils (SM) 
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Figure F-3: Fine Content (%) Vs. Effective Friction Angle- Cohesionless soils (SM) 

 

 

 


