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FOREWORD 

This report presents a detailed description of a research study on the use of 
geotechnical centrifuge to test model piles and pile groups in clay. Infor
mation presented will be of use to other investigators using the centrifuge as 
a research or engineering design tool. Results presented will be of interest 
to en~ineers designing pile foundations in clay. 

The project was conducted for the Federal Highway Administration, Office of 
Engineering and Highway Operations Research and Development, Washington, D.C., 
under contract DTFH61-81-R-OOO34, "Centrifuge Testing of Model Piles and Pile 
Groups." 

Richard E. Hay, Dire 
Office of Engineeri 

NOTICE 

and Highway Operations 
Research and Development 

This document is disseminated under the sponsorship of the Department of 
Transportation in the interest of information exchange. The United States 
Government assumes no liability for its contents or use thereof. The 
contents of this report reflect the views of the contractor, who is 
responsible for the accuracy of the data presented herein. The contents 
do not necessarily reflect the official policy of the Department of 
Transportation. This report does not constitute a standard, specification, 
or regulation. 
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CHAPTER 1. INTRODUCTION 

Pile foundations have long been used to support structures, particular

ly in areas with poor soil conditions. Despite this long history of usage, 

the behavior of pile foundations remains a subject of great uncertainty. 

Analytical techniques of predicting pile behavior have advanced significant

ly/ in recent decades, but uncertainty still exists to the extent that full 

scale load tests are often still required on today's construction sites to 

verify the adequacy of the installed foundation. 

This uncertainty results from several factors, The most apparent, and 

one coilllllon to most geotechnical problems, is the great variability inherent 

in soil deposits. It is often difficult for the engineer to know what he is 

dealing with. Sampling techniques also contribute to uncertainty, causing 

errors in the determination of properties used to predict behavior. It can 

also be safely stated that the actual mechanics of pile behavior are not 

well understood, a fact substantiated by the vastly different computational 

techniques that have been used. Finally, there is a significant lack of 

data on the performance of pile foundations. It is with this that this 

report is concerned. 

This lack of data can be attributed to the high cost of performing full 

scale tests and to the lack of availability of suitable test,locations. 

Even when a suitable location can be found, only a certain number of tests 

can be performed, often under very limited conditions. 

These shortcomings associated with full scale testing suggest the 

possibility of using small scale models. Some scale model tests have been 

performed under normal gravity (one g) conditions, but the application of 

these types of tests are somewhat limited because the stress field in a 

model tested under earth's gravity is not similar to that in a full scale 

prototype. The alternative is to conduct scale model tests under an arti

ficial gravity induced by a geotechnical centrifuge. The centrifugal accel

eration produced by the rotating centrifuge can produce the artificial gra

vity field necessary to reproduce the gravity-induced stress conditions of 

1 



a full-scale pile load test. Thus, through the use of the centrifuge, 

numerous pile load tests can be performed under a variety of conditions at 

a fraction of the cost of full scale tests. 

The research described by this report consisted of a series of single 

pile and pile group axial and lateral load tests carried o.ut in the centri

fuge at the University of Colorado. These tests were scale models of a full 

scale load test performed on single piles and pile groups on the campus of 

the University of Houston (O'Neill et al., 1980)'. The intent is to demon

strate the value of centrifugal modeling of pile foundations, by proving 

that the obtained field results can be duplicated in the laboratory. 

This report will first give an outline of the pertinent similitude 

relationships and a brief history of the use of the centrifuge in geotech

nical engineering. Then a description will be given of the full _scale pile 

load tests that this research undertook to model. 

A wide variety of equipment and instrumentation was employed during 

the course of this project. This is described in detail in Chapter 3. 

Following this description of equipment, the method of specimen pre

paration is explained and a discussion is provided of the procedure carried 

out in testing a specimen. The testing program is then outlined and the 

results of this program are given. Among the data obtained are load

displacement curves, load transfer functions, and ultimate pile capacity 

vs. undrained shear strength. 

In the analysis, the data obtained are examined in order to verify the 

concepts of similitude. This is done by comparison with the prototype data, 

as well as within the test program, through a concept called modeling of 

models (this concept is explained in Chapter 2). Comparison is also made 

with several available analytical techniques. 
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CHAPTER 2. HISTORY AND CONCEPTS OF GEOTECHNICAL MODELING 

2.1 Theories of Similitude 

In geotechnical engineering, physical modeling involves development of 

a model system that accurately depicts the behavior of a full scale system, 

hereafter referred to as the prototype. In order to do this, the require

ments of similitude must be satisfied. Two systems are said to be physical

ly similar when a unique relationship between all points of the two systems~ 

can be determined and when the physical quantities have a constant relation

ship at corresponding points (Fumagalli, 1973). 

The basic similitude relationship is given by equation 2 .1, which is 

derived from the Buckingham Pi theory (Rocha, 1957; Fumagalli, 1973; Kim, 

1980). Here y is a property of the prototype, y' is the ·corresponding 

model property, and r2 is a scaling factor determined from-the funadmental 

properties of the two systems. 

(2. 1) 

For the work described by this report, the scaling relationships for 

three independent quantities, from which all otner quantities are derived, 

are required. They are tengi:h, stress, and time; and their scaling factors 
'" 

are depicted in equations 2. 2, 2. 3, an,_,:;_ 2 .11. It shoul-:1 lie r.oted that these 

scaling factors must be accurate for derived quantities. 

L = ,L';>,. 

o = o'c 

(2.2) 

(2. 3) 

(2. 4) 

For example, the specific case of strains, as demonstrated by equation 2.5. 

c 6L/L 
~ = 61'/L' 

L'llL 1'61;\. 
6L'L = ;>,. llL'L' "' l (2.5) 
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This requirement can be met easily if the prototype material is used 

in the model. Two assumptions are involved here, however. The first is 

that the grain size of the prototype materials is small enough to be con

sidered a continuum even at the model scale. This assumption is reasonable 

for clays, silts, and some sands if the geometric scaling factor, A, is not 

overly large. For very large values of A, say in the neighborhood of 200, 

problems may be encountered in using many sands as model materials. This is 

not a problem in the case of the work described by this report, as the 

material in question is clay. 

The other assumption that must be considered is that body forces are 

insignificant enough to be negligible. This is clearly not reasonable in 

most geotechnical problems. If we are required to achieve similarity of 

body forces, then equation 2.6 must be satisfied, 

(2 .6) 

where y' and y are the specific weights of the model and prototype, respec

tively. If the same material is to be used, this can only be accomplished 

by inducing a higher gravity in the model than that of the prototype. This 

can only be practically achieved with the use of a centrifuge. 

Since the prototype exists tmder earth's normal _,gravitational accelera

tion g (32 ft/sec 2 or 9.81 m/sec2), the gravitational acceleration to which 

the model must be subjected to satisfy equation 2.6 is given by equation 

2.7. 

(2. 7) 

The centrifugal (radial) acceleration generated by a centrifuge of radius r 

spinning at a constant angular velocity w ~s given in equation 2.8, which 

is a well-known law of physics. 

(2. 8) 

Hence, the angular velocity required for a model with a geometric scaling 

factor A and centrifuge of radius r is given in equation 2.9, which is 
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obtained by substituting equation 2.7 into 2.8 and solving for~. 

w (2.9) 

The scaling relationship for time·(1)-is more.difficult to determine. 

Roscoe (1968) and Croce (1982) have used separate methods and found that 

T = 1. 2 for. pore pressure dissipation problems, given the criteria already 

established. The scaling relationships for the three independent quantities 

as well as derived quantities significant to this report are summarized in 

Table 1. 

Table L Scaling Factors for Various Quantities. 

Length A 

Stress 1 

Time "2 

Strain l 

Force A2 

Area ).2 

Volume >. 3 

Specific Weight 

Gtavitationai Acceleration 

Mass Density 

Mass 

1/A 

1/>. 

l 

,._3 

A limitation of the centrifugal method that should be pointed out is 

that the gravity of the model is not constant with depth, but linearly 

increasing with radius as is apparent from equation 2. 8. Hence the lower 

portions of the model are subjected to. a highe·t level' of gravity than are 

the upper portions. This effect can be minimized by 1 performing high gravity 

tests on a centrifuge with a larger radius. In''this manner the same· average 

centrifugal acceleration can be achieved, with less variation over the depth 

of'the model. 
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Despite this limitation, centrifugal modeling is the only practical. 

method of modeling most geotechnical problems that adhere to the principles 

of similitude. 

2.2 Pile Modeling at 1 g 

V_arious investigators have studied pile group behavior through one g 

models (Whitaker, 1957; Saffery and Tate, 1961; and Sowers et al., 1961). 

These were largely qualitative tests designed to determine the influence of 

spacing on group effect. Results from these investigations generally do 

not compare well with measured field data, 'indicating group factors lower 

than should be expected (Vesic, 1977). 

The chief objection to s.uch studies is that scaling relationships 

between these tests and a prototype may not exist (Rocha, 1957) as is dis

cussed in the previous section. Hence, the data produced by one g tests may 

be of value in a qualitative sense, but it has little or no quantitative 

value since the model cannot positively be related to a prototype. 

2.3 The Centrifuge in Geotechnical Modeling 

The first recorded uses of the centrifuge to model geotechnical systems 

were in the 1930's. It was used in the U.S. to study mining structures 

(Bucky, 1931, 1935, 1938) and in the Soviet Union to study foundation defor

mations (Pokrovsky and Fedorov, 1936). The technique was not widely 

accepted in the U.S. or Western Europe at that time. The work by Pokrovsky 

and Fedorov, however, fostered widespread use of the geotechnical centrifuge 

in the Soviet Union, where it has remained in use up to the present time. 

In the late 1960's, the centrifuge saw a resurgence in popularity with 

western researchers. Cambridge University completed its first centrifuge at 

this time and began extensive research into soil mechanics problems (Roscoe, 

1968). Geotechnical centrifuges were soon in operation in Japan (Mikasa and 

Takada, 1973) and in the U.S. They have been employed to study a variety of 

geotechnical problems too numerous to mention here. An excellent discussion 

of centrifuge testing is provided by Schofield in his 20th Rankine Lecture 

(1980). 
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Research specifically involving behavior of pile foundations has 

begun fairly recently.· Scott (1979) performed research on single piles in 

silt subjected to cyclic lateral loads at the California Institute of Tech

nology. Scott's results were internally consistent and demonstrated the 

feasibility of conducting pile load tests centrifugally. The lack of good 

comparison with the prototype which would verify the similitude relation

s~ips is the only shortcoming. 

Axially loaded piles in sand were investigated by Hougnon (1980) at the 

University of Colorado. Although this ~as largely a feasibility study, some 

useful data regarding the effect of taper and soil density on bearing 

capacity was obtained. Problems encountered with uniform sample preparation 

and the loading apparatus limited the effectiveness of this program. 
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CHAPTER 3 .. ·DISCUSSION OF PROTOTYPE 

3.1 Introduction 

As stated in the introduction (Chapter l), the research described by 

this report was perfonned to model a full scale pile load test perfonned on 

an instrumented 9-pile group and accompanying reference piles. Tnis test 

program was carried out on the campus of the University of Houston, Houston, 

Texas. This chapter provides a brief discussion of this prototype test. 

Particular emphasis is placed on those aspects of the prototype which 

required special attention in modeling. 

3. 2 Test Site 

The two principal geologic formations at the test site are the Beaumont 
-

formation, to a depth of 26 ft (8 m), and the Montgomery ·formation, below 

26 ft. Both deposits consist of fairly stiff clay interspersed 'l'ith sand 

seams. Both deposits have been desiccated and are t_herefore·. somewhat over

consolidated (O'Neill et al., 1980). 

It was decided that the variation of undrained shear strength with depth 

should be the primary consideration in the modeling of this test site~ Mea

surement of this quantity proved difficult, however, as the various methods 
·' 

used did not necessarily agree (see Figure 1). It'was decided to use an 

interpretation of this data that led to a good prediction of. the actual 

behavior exhibited by the test piles. This interpreted pro;Eile is provided 

in Figure 2. -The chosen method -for reproducing\his profile in the labora-
., 

tory is discussed in Chapter 5. 

3.3 Piles and Inst:rumentation 

' The test piles employed were steel pi_pe piles, 10. 75 in (2 73 mm) in 

outside diameter, with a 0.365 in. (9.27 mm) wall thickness. They were 

closed at the bottom by a steel boot plate. Both reference (single) piles 

and the 9-pile group were dr:i,VE!?, to depths of 43 ft (13 m). Spacing in the 

pile group was nominally 33 in (. 85 m) on centers:· Figure 3 is a plan view 

of the test site, with the test piles being numbered 1 through 11. · -The ref-. 

erence piles, numbers 1 and 11, were: tested as single piles. 
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The types and locations of pile instrumentation are provided in Figure 4. 

Of particular interest are the strain gauge stations, which were used to mea

sure load transfer through the length of the pile. This type of instrumen

tation was provided in the modei. All other types of pile instrumentation 

were not feasible (due to the small size of the model piles) or of no value 

(since the model piles were pushed, rather than driven). 

Types and locations of soil instrumentation are provided in Figure 5. 

Of interest are the locations of the various piezometers. 

3.4 Test Program 

Both the single piles and the 9-pile group were loaded by hydraulic 

jacks. All tests were conducted over approximately an 8-hour period, with 

one hour betw.een each load increment application. Instruments were read 

5, 30, and 55 minutes after. each load application. 

The 9-pile group was tested to failure 20, 82, and 110 days after 

driving. Single pile tests were performed approximately 5 days prior to each 

of these group tests. 
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CHAPTER 4. TEST EQUIPMENT 

4.1 Centrifuge 

4.1.1 General Description 

The University of Colorado centrifuge is a Genesco G-Accelerator Model 

1230-5, capable of generating angular velocities as high as 470 rpm. Its 

rated payload capacity is 10 g-tons; that is to say, for example, that it can 

spin a 200 lb (890 kN) package at a centrifugal acceleration of 100 g. The 

major components of the centrifuge are the arms and baskets, which are 

encased in a 9-foot (2.76 rn) diameter, 3-foot (.92 rn) high steel cylinder; 

the drive pump; and the controls. The drive pump and controls are mounted 

separately. The University of Colorado centrifuge has been in operation 

since 1978. Specifications are given in Table 2. 

4.1.2 Drive and Control System 

The centrifuge is driven by a hydraulic system (Figure 6) with oil being 

used as the hydraulic fluid. The oil is pressurized by a 2500 psi (17.2 MPa) 

centrifugal pump, which is powered by a 25 hp electric motor. Flow of oil 

to the drive system is regulated by an adjustable valve. This provides the 

means for controlling centrifuge speed. A solenoid valve is also present 

which can be closed in the event of an emergency to provide a quick shut-down 

of the system. 

Centrifuge operation is controlled from a panel adjacent to the drive 

system (Figure 7). This control panel consists of a toggle switch and start

stop buttons for the electric motor, a toggle switch for the solenoid valve, 

a crank wheel that operates the speed control valve, and a tachometer. Also 

mounted are the terminals for the electric slip rings, 115 volt AC outlets, 

and a circuit breaker for the entire system. 

4.1. 3 Arms 

The configuration of the centrifuge arms and baskets can be seen in 

Figure 8. The arms are made of structural aluminum and rotate about the axis 

in the center of the containment cylinder. The baskets at the ends of the 

arms have floor areas 17.5 in x 18 in (.45 rn x .46 rn). The pivot points 

are 11.5 in (.29 m) above the basket floor. These pivot points allow a 
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Table 2. Centrifuge Specifications. 

Type Genesco G-Accelerator 

Model 1230-5 

Maximum RPM 470 

Size 3 ft ( .92 m) x 9 ft (2. 77 m) dia. 

Pump Capacity 2500 psi (17.2 MPa) 

Motor 25 hp 

Electrical Slip Rings 

Hydraulic Slip Rings 

Package Size 

16 

5 amp/llO v. 

3000 psi (20. 7 MPa) 

17.5" X 18''x 11.511 

(.40 m x .45 m x .3 m) 



Figure 6. Centrifuged • rive system. 
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specimen moi.mted in the basket to swing up and out, keeping the resultant of 

centrifugal acceleration and gravity acting perpendicular to the model ground 

line at all times. The identical baskets allow two tests to be performed at 

once, but normally only one is performed, and the other basket is weighted 

to balance the centrifugal forces felt by the centrifuge axis. 

4.1.4 Slip Rings 

Fifty-six electric.al slip rings are mounted on an extension of the cen

trifuge axis. These slip rings are used to transfer electrical power to 

various devices inside the centrifuge, and to carry signals from instrumenta

tion on the test package back out to the operator. 

A pair of fluid slip rings rated at 3000 psi (20.7 MPa) are also mounted 

on the axis. These can be utilized to pass hydraulic pressure to equipment 

inside the centrifuge. 

4.1.5 Limitations 

A significant limitation for all centrifugal modeling is brought about 

by ,the fact that centrifugal force varies directly with the radius of rota

tion. Hence, the gravity felt by any model increases with depth of the model. 

This is especially true of smaller centrifuges such as that at the University 

of Colorado. For example, consider a model pile 10 in (.25 m) in length 

with its center of mass at a radius of 48 in (1.22 m) spun to 50 g. The 

centrifugal acceleration at the pile top is only 44.8 g, while that at the 

tip is 55.2 g. 

Other limitations already mentioned include those on package size, 

speed, and payload capacity. 

4.1. 6 Container 

The soil container for this project had to serve two purposes. First, 

specimens were prepared by consolidation at 1 g, so the container had to 

function essentially as a one-dimensional consolidometer. Second, the con

tainer had to hold the equipment necessary to perform in-flight testin_g in 

the centrifuge. 

An exploded drawing of the container is given in Figure 9. To·consoli

date specimens, load was applied through the piston which was free to move 
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through the full length of the top piece. Top drainage was provided through 

the pistoni and bottom drainage was provided through the base plate, by sand 

layers. Migration of fines was prevented by layers of filter paper between 

the specimen and sand layers. 0-ring seals were employed to prevent leakage 

between the top and bottom pieces and between the bottom piece and the base 

plate. 

After consolidation, the top piece was removed, and only the base plate 

and the bottom piece were installed in the centrifuge. Drilled and tapped 

holes were provided on the bottom piece to attach necessary equipment. 

Aluminum was chosen for all parts because of its light weight. 

4.1.7 Vane Shear Apparatus 

Vane shear tests were performed on the specimen while in-flight to 

determine the undrained shear strength. The apparatus employed in this pro

cedure is shown in Figure 10. The vane was inserted in the specimen at one 

g. At the desired gravity level (in-flight), torsion was applied to the vane 

by the electric motor. Torsional stress was measured in the shaft of the 

vane through the use of the strain gauges shown in Figure 11. The output of 

the strain gauges was amplified within the centrifuge, read on a digital volt

meter, and recorded. The amount of torque applied could then be ascertained, 

based on the calibration of the apparatus. The apparatus was calibrated 

(applied torque vs. voltage) with the torsional spring of a Wickham-Farrance 

laboratory vane. The undrained shear strength of the soil could then be 

easily computed from the torque requ-ired to produce failure (Sowers, 19 79). 

4.1.8 Model Piles 

As previously stated, the prototype piles were steel pipe piles embedded 

42 ft (12.8 n), with outside diameters of 10.75 in. (27.3 cm). The first 

step in modeling this system is to achieve geometric similarity. For example, 

consider a l/70th scale model. The length of the model can be determined by 

equation 

L = L }.. 
p m 

A = 70 
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Figure 10. Vane shear apparatus, including motor. 
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and L 42 ft 
p 

42 
ft so L 70 = 0.6 m 

or 7.2 in 

The same method yields an outside diameter of 0.154 in (.39 cm). The dimen-
' 

sions of l/45th and 1/l00th scale models are given in Table 3. 

It is also necessary to model the material properties of the prototype. 

If the model and prototype are constructed of the same ~aterial, merely dupli

cating the inside diameter, and thus the wall thickness, as described above 

is sufficient. However, if a different material is to be used in the model, 

the inside diameter of the model need be adjusted so that similarity of the 

material properties exists. 

In this case, using steel in the model at l/70th scale would have neces

sitated a model wall thickness of 0.005 in (.013 cm). It was feared that 

this would prove too delicate to work with, so it was decided that the model 

piles should be constructed of aluminum. Using the product of the elastic 

modulus (or Yotmg's modulus) and the moment of inertia as the critical pro

perty, the required wall thickness of the model can be determined as follows: 

(EI) 
p 

(30 x 10 6 psi)(160.73 in 4
) 

• 4.82 x 10 9 lb-in2 , 

and using equation 2-1 and Table 1, • 

4. 82 X 10 9 

(70) 4 

201 lb-in2 • 

Since aluminum was used in the model, 

so 

E = 10 x 10 6 psi 
m 

1 = 2.01 X 10-5 in4 . 
m 

For an annular cross section, 

I = * [( o~f _ [O~ _ t] 4
] 
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where OD is the outside diameter and tis the wall thickness. 

Given the outside diameter of 0.154 in, Equation 4-1 can be solved: 

t = 0.025 in 

ID = 0 .104 in 

The relevant dimensions and properties of the 1/45th and 1/lOOth scale models 

are given in Table 3. 

It should be noted that this approach models the lateral stiffness (for 

bending) of the pile and not the axial stiffness. Hence, some accuracy in 

modeling axial load transfer is lost. (The axial stiffness is approximately 

20% high,) Emphasis was placed on the lateral stiffness as it is much more 

important to lateral behavior than axial stiffness is to axial behavior. 

This is due to the ratio of pile stiffness to the stiffness of the adjacent 

soil being very high. 

The model piles were machined from stock aluminum rods. First the rods 

were turned down to the desired outside diameter on a lathe. They were then 

waxed into a groove of this size and half of the rod cut away. A radius 

cutter was used to machine the desired inside diameter of the half pile 

remaining. Finally, keyed slots were machined into the contact surface to 

allow secure epoxying to the other pile half. The piles were made in two 

halves to allow installation of strain gauges throughout bheir lengths. An 

exception was the 100 g piles, which were too small to have internal strain 

gauges. 

4.1.9 Driving and Loading Apparatus 

The driving and loading of the piles were performed in-flight with the 

same apparatus. This apparatus is shown in Figure 12. Air pressure applied 

through the hydraulic slip rings to the top of the Bellofram cylinder caused 

downward motion of the piston. Water pressure was used (also supplied through 

the hydraulic slip rings) beneath the piston to hold it in position when not 

in use and to cause upward motion when desired. Water was used because its 

mass density is sufficient to generate enough pressure under gravity to 

counteract the self-weight of the piston, and thus hold the piston in a given 
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position with a minimum of applied pressure. The Bellofram syst.em was 

chosen because it allowed movement of the piston with a minimum of friction. 

Lateral loads were applied with a similar but smaller Bellofram cylinder, 

this one single acting. Air pressure applied to the bottom of the cylinder 

caused upward movement of the piston which applied tension to a small cable. 

This cable was routed through a pulley in such a way that a horizontal load 

was applied to the pile top (or the pile cap in the case of group tests). 

4.2 Instrumentation 

4.2.l Load Cells 

Both axial and lateral loads were measured by load cells instrumented 

with 350 ~ strain gauges wired in full Wheatstone bridges. Both circuits 

were powered by 5-volt power supplies and the outputs were amplified inside 

the centrifuge. 

The axial load cell was a machined hollow aluminum cylinder that 

threaded onto the piston rod of the loading apparatus. It could then contact 

the pile top (or pile cap). 

The lateral load cell was a stainless steel ring, attached in a gap in 

the loading cable in such a way that tension in the cable induced elongation 

in the ring. 

4,2.2 Displacement Measurement 

Displacements during driving and loading of model piles were measured 

by Linear Variable Differential Transformers (LVDT's). Two types were used: 

one with a S-in (12.7 cm) range for installation, and a smaller, more sensi

tive one with a ½-in (l. 27 cm) range for displacements during the load test 

(ba'th axial and lateral). Configurations for both of these types of tests 

can be seen in Figures 13 and 14. All LVDT's were calibrated with dial 

gauges. 

4.2.3 Pore Pressure Transducers 

During early stages of testing pore pressure transducers were utilized 

in an attempt to monitor the effect of centrifuging on pore water pressure 
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Figure 13. Axial load test configuration. 
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Figure 14. Lateral load test configuration. 
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in the specimen. These attempts were largely unsuccessful due to a loss of 

saturation in the piezometer tubes inserted into the specimen. This is attrib

uted to the fact that. 100 percent saturation was not insured in the specimen. 

4.2.4 Instrumentation of Model Piles 

Model piles were manufactured in two halves to allow installation of 

strain gauges. The purpose of this instrumentation was to read axial load 

throughout the length of the pile during axial tests, and bending moment 

throughout the pile during lateral tests. This was accomplished with 120 Q 

strain gauges installed in a half-bridge configuration at 5 evenly spaced 

stations in the pile (see Figure 15). 

A signal conditioning unit with 32-channel capacity amplified the out~ 

puts and provided balancing capability. Switches located on the centrifuge 

control panel were used to alter the positions of the two dummy gauges in 

the Wheatstone bridge, allowing measurement of axial force and bending moment 

(Figures 16 and 17). The instrumented piles were calibrated for both axial 

forces and bending moment with dead weights. Axial load calibration also 

was checked with the axial load cell. 

4.3 Data Acquisition 

4. 3.1 Analog 

Analog recording of data was accomplished with several of the x-y 

recorders and strip-chart recorders available at the University of Colorado 

Civil Engineering Laboratory. The x-y recorders were used to obtain load

displacement curves for pile load tests. The strip-chart recorders were 

used to monitor signals from the instrumented piles as the tests were in 

progress. 

4.3.2 Digital 

A Hewlitt Packard 9825 B data acquisition system was used to obtain a 

digital record of test data. This system as employed had a 20-channel 

capacity and was used only to record signals from the instrumented piles 

(under axial or lateral loads). Load-displacement could _not be recorded with 

this system due to a variable resistor used to zero the LVDT output. This 
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component apparently was not compatible with the HP system. causing it to 

misread the input signals. 

The system was operated at its maximum rate of 400 data points per 

second, so any given channel was read 20 times per second. The data was 

permanently stored on magne~ic tapes from which it could be. retrieved for 

plotting or other manipulation. A variety of plotting software was .available 

and used with this system. 
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CHAPTER 5. SPECIMEN PREPARATION AND TEST PROCEDURE 

5.1 Discussion of Preparation Technique 

The first step i~ arriving at a preparation technique for the model was 

that of choosing a soil. Samples of Beaumont clay from the full size pile 

group test were not available. The decision was made to use Georgia kaolin. 

a dry kaolin commercially.produced in powder form for use in the ceramic 

industry. This decision was based on two facts, the first being that this 

material is readily obtainable in large quantities at moderate cost. Second, 

and most importantly, this material has been used extensively in the geo

technical laboratories at the University of Colorado. Therefore, measure

ments of consolidation properties, permeability, specific gravity, and Atter

berg properties had already been performed, and the data was available for 

use. Geotechnical properties of Georgia kaolin appear in Table 4. 

Several methods were considered as a possible means of reproducing 

the desired undrained shear strength profile discussed in Chapter 3 and shown 

in Figure 2. The greater portion of testing was to be performed at 70 g, so 

this environment was given primary consideration in choosing a preparation 

technique. Hence any analysis performed was done for the 70 g case and then 

adapted to fit other gravitational levels as necessary. 

Initially, consideration was given to preparation by centrifuging the 

specimen until consolidation under its own weight produced the desired shear 

strength. Using Equation 5.1, which was developed by Skempton (1957), a 

relationship between tmdrained shear strength (S) and effective overburden 
u 

stress (o') could be estimated. 0
1 at a given point is given by the product 

V V 
of y', height of soil above that point, and the gravity level if the plastic 

index (PI) was known. 
s 

u 

(J ' V 

= 0.11 + 0.0037 PI (5 .1) 

It should be mentioned that this only applies to a normally consolidated 

clay. This relationship quickly showed that preparation by centrifuging 

under self weight was not feasible as an acceleration of over 400 g would be 

required, 
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Table 4. Geotechnical Properties of Georgia Kaolin.· 

Liquid Limit, 45 

Plastic Limit 25 

Plastic Index 20 

Specific Gravity 2.60 

Activity 0.31 

K/">.. 0.25 
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Consideration was then given to preparation by centrifuging with a 

surcharge load above the specimen. Equation 5.1 remains the means by which 

this concept was evaluated. Given an acceleration of 70 g, it was found that 

almost 4 feet of• overburden was required to produce a profile in the neighbor

hood of that desired. This much space was not available in the centrifuge, 

and the extra weight would have exceeded payload capacity of the available 

centrifuge. 

The only feasible method which remained was consolidation under an 

applied stress at one g, henceforth referred to as static preparation. This 

method involves a more complex stress history, one in which the specimen is 

subjected to and consolidated under a static one g stress much greater in 

magnitude than that induced by self weight while in-flight at 70 gin the 

centrifuge. Hence, a state of overconsolidation can be said to exist in 

the specimen when testing of the model piles takes place. This fact makes 

determination of the necessary preconsolidation stress difficult in that 

Equation 5.1 no longer directly applies. As a means to estimate the precon

solidation stress required to produce the desired undrained shear strength 

at a given point in the soil profile, Equation 5.2 was used in conjunction 

with Equation 5.1. 

where suB 

suA 

OCR 

undrained shear strength in overconsolidated state 

undrained shear strength in nonnally consolidated state 

overconsolidation ratio • 
K

0
B = coefficient of earth pressure at rest, overconsolidated 

(5. 2) 

K
0

A = coefficient of earth pressure at rest, normally consolidated 

K = slope of swelling curve, e vs. log p 

A slope of virgin compression curve, e vs. log p 

This equation, which relates S for any stress state to S for the nonnally u u 
consolidated condition for that soil, was developed by Atkinson and Bransby 

(1978) and is based on the critical state approach to soil behavior. 
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With these two equations the strength in a no.nnally consolidated con

dition (under static pressure) can be predicted using Equation 5. 1. When 

this static pressure is relieved and the specimen is centrifuged, a substan

tially different (lower) stress exists in the specimen, which causes a reduc

tion in the S . This reduction can then be predicted at various points in 
u 

the soil profile by Equation 5.2. 

The preliminary investigation as outlined above predicted that a pre

consolidation stress of 16 ksf (766 kPa) was necessary to produce an undrained 

shear strength profile at 70 gas illustrated in Figure 18. This prediction 

was checked by the SHANSEP (Stress History and Normalized Soil Engineering 

Properties) approach (Ladd and Foott, 1974; Mayne, 1980), and was found to be 

in reasonable agreement. Required consolidation stresses at 50 g and 100 g 

were predicted to be 15. percent high and lower, respectively. 

Specimens were mixed at a water content of 60 percent and then consolidated 

statically in the container described in Chapter 4 using several load steps 

over a four-day period to reach the desired level. Finally, specimens were 

centrifuged for a period of 7 hours at 70 g. This time period was required 

to achieve equilibrium of pore pressure (steady state) in the specimen under 

centrifugal loading. The seven-hour period was arrived at by observations of 

surface deflections measured by LVDT's and proxirneter probes during the ini-

tial 3 tests. Steady state was assumed to exist when indicated on a deflec-

tion vs. log time plot as suggested by Lambe (1954). 

Actual measured shear strengths will be discussed fully in Chapter 6, 

but were generally in the neighborhood of that desired. The variations 
' 

encountered are attributed to unexpected variations in soil properties 

between various shipments of kaolin and inconsistencies in ,degree of consoli-

dation reached. 

5.2 Discussion of Test Sequence 

It was necessary to perfonn a number of tests on each specimen. In

volved in all tests were one or more (as many as six) vane ··shear tests and 

one or·more pile load tests, both axial and lateral. Between various tests, 

it was necessary to stop the centrifuge to set up for the upcoming test, 

which might involve repositioning equipment, installing and testing equipment, 
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or repairing and replacing defective equipment. These tasks (which will be 

further discussed in this chapter) might require anywhere from 15 minutes 

to 24 hours to accomplish. When the task was complete, the problem of 

determining how long to centrifuge the specimen to reachieve steady state 

was encountered. The approach taken in solving this problem was that the 

specimen should be centrifuged for an amount of time equal to that at which 

it remained at one g. The exceptions to this were cases where the specimen 

was at rest for long periods of time. Since seven hours were found to be 

sufficient to achieve steady state during initial centrifuging, any ins.tance 

in which the specimen remained at rest longer than seven hours required seven 

hours of additional centrifuging to restore the previously established steady 

state. 

With this practice in mind, the following "generic test sequence" is 

presented. This is, as its name implies, a basic guideline which was fol

lowed throughout the testing program of 22 tests. Specifics of each test 

will be discussed in Chapter 6. 

Test Sequence 

1. Following static consolidation of specimen in the MTS, install in cen

trifuge with necessary equipment for vane test; insert vane to desired 

depth in desired position. 

2. Centrifuge 7 hours to obtain equilibrium of pore pressure. 

3. Perform vane test; record vane output manually. 

4. Stop centrifuge and reinsert vane for new vane test. 

5. Centrifuge as needed. 

6. Perform vane test, record output. 

7. Repeat steps 4, 5, and 6 until desired amount of vane shear data is 

obtained. Note on later tests; steps 4, 5, and 6 were eliminated as 

one vane test was deemed adequate. 

8. Stop centrifuge; install/adjust pile loading equipment and instrumented 

pile(s). 
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9. Centrifuge as necessary. 

10. Perform pile load test, recording data by analog or digital means as 

necessary. 

11. Repeat steps 8, 9, and 10 as necessary, performing either 2nd axial 

load test (on different pile), lateral load test, or pile group (axial) 

test. 

12. If desired, repeat steps 4, 5, and 6 if vane strength and pile capacity 

seem to be contradictory. 

13. Stop centrifuge; make any one g measurements desired such as one g vane 

testing or water content measurement. 
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CHAPTER 6. TEST PROGRAM AND RESULTS 

6.1 Discussion of Test Program 

6.1.1 Goals of Program 

As stated in the introduction, the aim of the testing described by this 

report was to demonstrate the effectiveness of centrifugal modeling as a 

means of duplicating in the laboratory results obtained in field pile load 

tests. Specific interest was placed on the following subjects. 

1. Duplication of prototype shear strength profile. 

2. Relationship between S and Single Pile Capacity. 
u 

3. Relationship between single pile and pile group capacities (group 

factor). 

4. Relationship between single pile and pile group load transfer. 

5. Comparison of model results from subjects 2, 3, and 4 above to 

prototype. 

6. Comparison of model and prototype load-displacement curve. 

7. Behavi,or of single piles (model) under lateral load. 

8'. Comparison of model results at different scaling factors (modeling 

of models). 

6. 1.2, Format of Program 

The testing program as carried out is Slllllli1arized in Table 5. Because 

exact reproduction of the desired S profile proved to be difficult, the 
u 

first 15 tests were devoted to vane shear tests and single pile. tests (with 

2 trial lateral tests). This established a relationship between S at the 
u 

pile mid-depth and single pile capacity that was used as a standard for 

judging subsequent tests. If the measured S of a parti_cular model was above 
u 

or below that of the prototype, the test was still valuable since these tests 

provided data on the relation between pile capacity and behavior and shear 

strength at the model scale being tested if the axial single pile capacity 

was correspondingly higher or lower. This concept of evaluating data will be 

further discussed in the next section, but here let it suffice to say that 
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Test 
No. 

I 

2 

3 

4-

5 

6 
1 
81 

•:!2-
103 
114 

J::-- 12 VI 

13 
14 5 

15 
16 
17 

1B 

195 

20 

21 
2'2 

Table 5, Summary of Testing Program. 

Ito. of Su at pile '!I level Axial load AKlal load Lalera I load Load trans- load t P-a n s -
vane tests m1ddeplh test (single) test {group) t e:s t fer !single) fer (groupl 

4 
3· 

• 
1 

l 

z 
1 
z 

I 

z 
1 

2 
1 
l 

l 

1 

1 
1 

l 

----- --- ---
Z.l 10 No displacement 
1.6 70 No displacement X 

2.0 10 Good 3/S 

z.o 70 Good 4/5 
2.)5 70 Good 3/S 

l.9 70 Good 4/5 

z.o 70 X 

2.4 70 Good 3/S 

Z. 1 70 
70 X Good 
10 

l.O 70 llo displacement Good 
2.8 10 llo displacement 4/S 

very high 70 

2.35 70 Good Good S/5 
Z.75 50 Good Good 3/5 

2.45 10 No d1splacemt. No dfsplacemt. 3/5 

1. 7 100 Good Good 
very hf,gh 1D 

2.]5 50 Good Good 511 
3.Z 100 liood Good 
LB 70 Good Good 4/5 

A blank space indicates that the particular measurPment in qul"sllon was not attemple·d. 
"No displacement" lndlc1tes that an ultimate load was measured. 
"Good" Indicates that the measure~ent was successfully made 
•r Indicates that the measurement railed due ·to an equlp111ent- malfunction. 
"315" Indicates ihat 3 of 5 strain ~auge signals were successfully recorded. 

l. Specimen No. 8 dried out to such a degree that Its results are deemed useless. 
Z. Specimen No. 9 was devoted to vane testing only 
3. lhe vane apparatus was not aveilable for test No. 10 as 1t was being serviced. 
4. An accident during vane testing prevented further testing on -No. II. 
S. Specimen Nos. 14 and 19 were so stiff that no further testing was performed on them.· 

14/20 

14/24 

Moment •s. depth 
(lateral) 

4/ 5 

3/ 5 

5/7 



it was the reason for the large number of 70 g tests where only single pile 

tests were performed. 

After the pile capacity S relationship was established, testing was 
u 

conducted on 2 each of 50 g, 70 g, and 100 g specimens. The 50 g tests (nos. 

16 and 20) involved single piles loaded both axially and laterally. The 70 g 

tests (nos. 17 and 22) involved single pile and pile group tests. The 100 g 

tests (nos. 18 and 2 l) also involved single pile and pile group tests. Spe

cinen 19 was not tested as the vane strength proved too high to be of any 

value. 

AB can be seen in Table 5, a nunber of tests provided little or no use

ful data, for a variety of reasons. These were numbers 7, 8, 10, 11, 14, and 

19. Also test number 9 was prepared for vane testing only, to resolve prob

lems and doubts with that process, so no pile testing data was obtained from 

it. 

6.2 Discussion of Results 

All results are presented in graphic fom in Appendices 1 through 3. 

All measured data are presented as prototype quantities by applying the 

scaling factors in Table 1. Pertinent parts of these appendices are pre

sented along with this discussion as appropriate. 

6.2.1 Determination of Undrained Shear Strength 

Measurement of Su proved quite successful with the equipment described 

in Chapter 4. Results from each test were internally consistent, and indi

cated a slope of the S profile consistent through all tests. These charac-
u 

teristics are illustrated in Figure 19. Because of these faces, only one 

vane shear test was performed on later specimens, and the previously estab

lished slope was applied to the one measured point. Occasionally an extra 

test was done if there was some question about the accuracy of the first 

measurement. 

6.2.2 S vs. Single Pile Capacity 
u 

As previously stated, exact reproduction of the S profile of the pro
u 

totype proved difficult. The desired S at pile mid-depth was 2.4 ksf (H~, u 
kPa) (O'Neill et al., 1980) but the measured value for the model tests 
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Figure 19. Su profiles for initial tests (l ksf = 47.9 kPa; 
l ft = 0.305 m) 
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generally varied from about 1.9 ksf (91 kPa) to 2.9 ksf (139 kPa). For this 

reason an experimental relationship was established between S at mid-depth u 
and single pile capacity. This is illustrated in Figure 20. It should be 

noted that the prototype constitutes one point on the curve. When the S 
u 

of the model was similar to that of the prototype, the single pile capacity 

also compared quite favorably to that of the prototype. When the S was u 
higher or lower, the single pile capacity conformed closely with the rela-

tionship in Figure 20. This result is thought to establish amply the credi

bility of the centrifugal method for modeling the axial capacity of single 

piles for this prototype. 

6.2.3 Group Capacities and Group Factors 

Four group tests were performed, 2 each at 70 g and 100 g. Table 6 lists 

capacities from each test, both single and group, along with group factor. 

The group factor for the prototype was found to be approximately 0.98 (O'Neill 

et al., 1980). As shown in the table, that,for the four tests,compares well 

with this, with the most variation occurring with test 21 which had a group 

factor of about 1.04. This can probably be explained by the higher degree of 

irregularity incurred during installation of this group. Some degree of geo

metric irregularity was induced during the installation of all groups, but 

that induced in test no. 21 was the most severe. Post test excavation revealed 

that for this test the tips of the piles had wandered horizontally several di

ameters from their driven position and that several piles were touching each 

other at pile tip depth. 

6.2.4 Load Transfer Data 

Axial load transfer data obtained was very consistent through all tests. A 

typical load transfer curve is shown in Figure 21. All piles were essentially 

friction piles with only 10 to 20 percent of the total load being taken by the 

tip. The remaining 80 to 90 percent of the total load was transferred fairly 

uniformly throughout the length of the pile, resulting in the essentially linear 

transfer function shown in Figure 21. 

Load transfer within pile groups was very similar to that measured for 

single piles, which'would be expected as the group factors were very close to 

unity. Measurement of top loads in individual piles during group tests proved 

difficult due to bending stresses incurred during the capping of the group. 
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Table 6. Group Test Data, 

Test No. 17 18 21 22 Prototype 
g Level 70 100 100 70 l 

S1,1. at pile 
mJ.ddepth, 2.45 l. 7 3.2 1.8 2.4 
KSF 

Single pile 
capacity, 176 98 330 104 160 
KIPS 

Pile group 
capacity, 1520 850 

\ 
3100 940 1140 

KIPS 

Group 
0.96 0.96 1.04 1.00 0 .98 

factor 

Conversion factors: 1 ksf = 47.9 kPa, l KIP= 4.45 KN 
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The load-transfer measured in the prototype is very similar, and Figure 

22 is provided for comparison. The only appreciable difference is in the top 

10 ft (3 m) of the pile and is most likely due to the fact that the prototype 

piles were driven into 10 ft deep preaugered holes (O'_Neill et al., 1980). This 

was attempted with the model, but the resulting holes were essentially produced 

by displacement, rather than augering, which doubtlessly affected the load trans

fer characteristics. All load-transfer curves are presented in Appendix 2. 

6.2.5 Load-Displacement Characteristics 

Load-displacement curves are not available for all tests as various problems 

were experienced with the LVDT used to measure displaceme.nts during load testing. 

Curves were obtained successfully, however, in well over half the tests, arid 

several are presented in Figures 23 (single pile) and 24 (pile group) for compari

son with prototype results. On the whole, the comparison seems good, with a 

slight tendency on the part of the model to show a stiffer response in the single 

pile tests. This may be attributed to two factors, the first being the p~eaugered 

holes used in the prototype as already discussed. The other is related to the 

axial stiffness of the model pile being greater than that of the prototype. As 

discussed in Chapter 4, thecmodel piles were dimensioned according to the lateral 

stiffness (EI}, rather than the axial stiffness. An exception to this observed 

behavior is the performance of the 50 g single pile tests. Here, the load dis

placement curves showed a noticably softer response than the prototype, although 

the ultimate capacities compare well. Load-displacement curves for all tests are 

presented in Appendix 3. 

6.2.6 Lateral Load Behavior 

Although no lateral loading data was available from the prototype, lateral 

load tests were performed on 5 model specimens. Load-displacement curves are 

shown in Figure 25 and are fairly consistent with the measured shear strength of 

their respective specimens. Some scatter is caused by the fact that the distance 

above the ground surface at which the load was applied was not very consistent 

between tests. This occurred because axial tests were performed prior to lateral 

tests, and it was not often easy to control the depth of penetration during 

failure of the pile under axial loading. 

A representative moment vs. depth curve was obtained from specimen no. 

20 and this is presented in Figure 26. One can see that the maximum moment 
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occurs at a depth of approximately 9 feet in the prototype. These lateral 

load tests are thought to show that the centrifugal approach is applicable 

as well to modeling lateral loading conditions. 

6.2.7 Modeling of Models 

AS has been stated, 2 each 50 g and 100 g tests were performed to verify 

the similitude relations int~rnally, that is, independent of the prototype. 

It was found that both the 50 g and 100 g tests agreed quite well with the 

70 g tests. This is best illustrated in Figure 20, where S at mid-depth and u 
single pile capacities are plotted in prototype scale for 50 g, 70 g, and 

100 g tests. All points fall on or reasonably near the curve. Modeling of 

models for groups is verified in Table 6, as the group factors at 70 g and 

100 g are compatible. 

The only exception is the load-displacement curves for the 50 g tests. 

Although the capacities conform well, the curves are much less steep than the 

70 g and 100 g single pile tests: 
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CHAPTER 7. ANALYSIS 

7.1 The Use of Model Tests in Developing Analytical Techniques 

As discussed in the introduction, confidence among modern engineers in 

the ability of analytical techniques to predict pile behavior is not over

whelming. Certainly the lack of data available on behavior of piles and pile 

groups contributes to this uncertainty. Development of an accurate computer 

model is difficult to nearly impossible without, accurate, comprehensive data 

for all conditions to which the model is applicable. It then seems feasible 

that centrifugal model tests could be used as a data base for development of 

analytical models. If so, data for a wide range of soil types, pile geome

tries, and loading conditions could be generated and used at a fraction of 

the cost of generating the data from full scale field tests. 

Another related possibility is the use of model test data to calibrate 

a computer model. Often an analytical technique may be theoretically correct, 

but it may require that certain variables be input that are difficult to 

quantify without expensive field tests. Results from centrifugal model 

tests can be used to back-calculate these input variables for a variety of 

conditions, and thus avoid or at least reduce the effect of a major fault 

with many analytical techniques. 

These concepts were demonstrated through the use of a program called 

PILGPI (Ha and O'Neill, 198,1) developed at the University of Houston. PILGPI 

models single pile behavior by a finite difference approach, and extends this 

to pile groups by a solution of Mindlin's equation (Ha and O'Neill,1981). 

7.2 Axial Behavior 

In analyzing axial load behavior using PILGPI, pile geometry and proper

ties, loading conditions, soil properties, Q-z curves, and f-z curves must 

be input. F-z curves relate unit shear stress from skin friction mobilized 

at a point along the shaft of the pile to deformation at that point. The 

Q-z curve is the load-deformation curve for the pile tip. Soil properties 

here are only the elastic properties of the soil and are used to calculate 

group effect. All other soil properties are inherent in the f-z curves and 

Q-z curves. 

59 



7.2.1 Determination of f,-z and Q-z Curves 

Centrifuge ·model tests can be used to produce f-z, curves if load

transfer data and pile head displacements are recorded. The f value over a 

particular section of a pile can be determined for a given applied load by 

Equation 7.1, where P1 is the sh;i.ft load at the top of that section, P2 is 

the shaft load at the bottom of the section, and A is the exposed area of 

the pile at the section. 

f ( 7. 1) 

For the tests described here, the load transfer was essentially linear, so 

f-values are constant through the depth of. the pile for a given load. 

The z value that corresponds to. the f value given by Equation 7. 1 can 

be easily obt,ained by Equation 7.2, where zH is the displacement ·of the pile 

load in relation to the ground (as measured in the load.deformation test) 

and 6 is the elastic deformation of the pile between the head and the point 

where the z valµe is needed. 

(7.2) 

To determine 6, the load in the pile (P) is described as a function of depth, 

x, such that P = f(x). Then imagine a small differential length of the pile, 

dx. The deformation (6.) of the differential length dx is given by Equation 
l. 

7,3, which is derived from Hooke's Law. 

6, 
l. 

Pdx 
AE 

(7. 3) 

Pis the load in the pile at the center of segment dx, and A and E are the 

cross sectional area and Young's modulus of the pile, respectively. The 

deformation, 6, then of the entire pile above a depth D can be obtained by 

Equation 7.4. 

D 

6 f 
0 

Pdx 
AE 
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Recall that P = f(x), so Equation 7,4 is integrated with respect to x. 

f-z curves at the pile head and at the tip from the model tests are given in 

Figures 27 and 28. PILGPl interpolates linearly to obtain f-z curves for all 

points in between. 

The Q-z curve for a pile is also easily obtained. The Q value is merely 

the load taken by the tip of. the pile, The z value is calculated in the same 

manner as that for the f-z curves. The Q-z curve from the model pile test is 

given in Figure 29. 

7 . 2 . 2 Results 

The predicted load-displacement curves for single pile and pile groups 

using PILGPl ar~ shown in Figures 30 and 31. The results from a representa

tive model test (test number 22) are plotted with them for comparison. The 

single pile prediction is quite reasonable up to·the yield load, which would 

have to be expected if the f:-z curves were properly calculated. The discre

pancy after yield may be explained by the fact that the program was executed 

at the model.scale (1/70th). The program, when executed with the same data 

at prototype scale, yielded good results (O'Neill et al., 1981), even after 

yield. 

The pile group prediction (Figure 31) , is somewhat .in error, even though 

the single pile behavior is accurate. Some group effect is obviously pre-
, . 

. dieted, whereas the model tests (as well as the prototype) all show little or 

no group effect. One might conclude that the linear elastic solution to 

Mindlin's equation is not an entirely satisfactory method for predicting 

. pile-soil interaction in the case of pile groups. 
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CHAPTER 8. CONCLUSION 

8.1 Summary of Work Performed 

The results of the work described by this report as discussed in Chapter 

6 are thought to demonstrate the applicability of the centrifugal method to 

modeling of pile foundations in clay for the prototype in question. The 

capacity of single piles and pile groups as related to the undrained shear 

strength profile compares well with the prototype (Figure 20). The load 

transfer curves as shown in Figure 22 also provide a good comparison, with 

the slight discrepancies discussed in Chapter 6. The load-displacement 

curves as recorded and shown in Figures 23 and 24 are reasonably close to 

the prototype behavior, with a tendency of the single pile tests to show a 

somewhat stiffer response than the prototype. Possible causes for this 

discrepancy are suggested in Chapter 6. 

8. 2 Problems Encountered 

Several problems encountered during the testing program have already 

been mentioned. Possibly the one which prolonged the testing program the 

most was the uncertainty encountered in reproducing the desired undrained 

shear strength profile. This caused some of the tests performed to be of 

little value. A more certain procedure of reproducing the S profile would 
u 

certainly have made the testing program more productive. 

The method used for capping the driven piles in the case of group test 

led to problems. Rather than casting a cap to the piles as is the practice 

in the field, the cap was bolted to the piles, as time restraints and the 

desire to reuse the test piles ruled out any cast or epoxied cap. Despite 

efforts to insure that the piles were driven in the proper configuration, 

some bending moment was undoubtedly induced in installing the pile cap. This 

bending moment made load transfer measurement near the pile top difficult. 

It also undoubtedly affected to some degree the behavior of the pile group. 

Another problem encountered is related to the actual size of the instru

mented model piles. The relative size of the strain gauges in relation to 

the pile itself limits the number of gauges that can be installed along the 
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length of the pile, and thus indicates restraints on the minimum spacing 

between gauges. Large spaces between gauge stations are not an exceptional 

problem with axial loading, especially if the load transfer curves are fairly 

linear as in 'this case. It does present a problem in the case of laterai 

loading, however, as the moment typically increases quickly with depth to a 

peak and then falls off. Large spaces between gauge stations can cause in

accuracy in estimating both the location and magnitude of the maximum moment. 

Finally, problems endemic to all centrifl.!ge testing certainly exist. 

The variation of gravity with depth has already been discussed in Chapter 2. 

Another point which bears mentioning is that instrumentation often does not 

function well in the high gravity environment induced in the centrifuge. This 

problem is most apparent in the load transfer data, where it was very diffi

cult to maintain balance in the one-half Wheatstone bridges. 

8.3 Re.commendations for Future Re.search 

In any research activities undertaken in the future with regard to cen

trifugal modeling of pile groups in clay, attention should be given to the 

problem addressed in the previous sections. Particular attention should be 

given to developing better methods of duplicating the prototype S profile u 
and capping the pile group. The problem associated with the actual size of 

the model pile can be reduced by using as large a model (as low .. a gravity) as 

is possible. The variable gravity field is unavoidable but it will·be much 

less severe in a large radius centrifuge. 

In future studies undertaken to verify the concept of centrifugal model

ing as applied to pile groups in clay, efforts should be made to obtain proto

type results in which there is a defi~ite group effect. The adequacy of the 

centrifugal method remains unverified for this situation. 
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APPENDIX 1 

In this appendix, undrained shear strength profiles are presented as 

measured in-flight by the vane shear apparatus. Results from test nos. 

9, 10, 11, 14, and 19 are not included as either the equipment malfunctioned 

or the specimens were too stiff to allow proper measurement of S . 
u 

Actual measurements (at a given depth) are denoted by circles. After 

the initial specimens established a fairly constant slope to the S profile, 
u 

usually only one vane shear test was performed per specimen. The pre-

viously established slope was then applied to this point. 

These profiles are presented in Figures 32 through 48. 
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Figure 33. Test 2, S profile (1 ksf = 47.9 kPa; 1 ft: 0.305 m) 
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Figure 41. Test 13, Su profile (1 ·ksf = 47.9 kPa; 1 ft== 0.305 m) 

82 



UNDRAINED SHEAR STRENGTH <KSF) 
0 l 2 3 
0--~-~------------

10 

20 \ 
\ 
\ 
\ 

30 \ 
\ 

DEPTH 
(FT) 

40 

Figure 42. Test 15, S profile (1 ks£= 47.9 kPa; 1 ft= 0.305 m) 
u 

,., .... 
,J..) 



DEPTH 
CFT) 

UNDRAINED SHEAR STRENGTH CKSF) 
0 1 2 3 
o~~-~-~-~-~-~-~ 

10 

20 

30 

40 

Figure 43. Test 16, S profile (1 ksf = 47.9 k.Pa; 1 ft= 0.305 m) 
u 



·UNDRAINED SHEAR STRENGTH CKSF) 
0 1 2 3 

Q.---c----r----,---,---~----,----,--------. 

10 

20 

30 

DEPTH 
CFT) 

40 

. , _ : . Fi,gur~ 44 . 

\ 
\ 
\ 
\ 

Test lZ, .S • p-rofile 0. kst = 47. 9 . . kPa; 1 ,. ft,= 0.·305 m) 
u· 

85 



DEPTH 
(FT) 

UNDRAINED SHEAR STRENGTH (KSF) 
0 1 2 3 

0 r-----r-------,-----,-----.----.------.--------. 

10 

20 

30 

40 

• Figure 45. Test 18, S profile (1 ksf = 47.9 kPa; 1 ft= 0.305 m) 
u . --

36 



DEPTH 
(FT) 

Figure 46. 

UNDRAINED SHEAR STRENGTH (KSF) 

0 l 2 3 
D -----i-- ··-- • --r · - ----, 

j 

~ 
I 
' 

10 l 
I 

~ \ 

20~ 

\ 
\ 
I 
I 
I 
\ 

I \ 
I ~ 

f 
\ 

\ 
\ 
\ 
\ 

30 ~- \ 
! 
I 

40 

Test 20, S profile (1 ksf = 47.9 kPa; 1 ft~ 0.305 m) 
u 

87 



DEPTH 
(FT) 

Figure 47. 

UNDRAINED SHEAR STRENGTH (KSF) 
0 1 2 3 

0 ..----........-----------,,-----,--------,---~----. 

10 

20 

30 

40 

\ 

Test 21, S profile (1 ksf; 47.9 kPa; 1 ft= 0.305 m) 
u 

33 



UNDRAINED SHEAR STRENG~H CKSF) 
J l 2 3 

0 --.--------r--~-----.-

10 

I 
\ 
I 

20 
\ 

I 
\ 

\ 
I 

~ 
\ 

\ 
30 \ 

DEPTH 
CFT> 

- 40 

Figure 48. 

L 

Test 22, S profile (1 ksf = 47.9 kPa; 1 ft= 0.305 m) 
u 

89 



APPENDIX 2 

In this appendix, load transfer curves for axial load tests (single 

and group) are presented. All quantities are given in prototype scale. 

Included are results from tests 3, 4, 5, 6, 13, 15, 16, 17, 20, and 22. 

Two curves are presented for test 4 as two different load tests (on dif

ferent piles) were performed. Group data is presented for tests 13 and 22. 

The prototype data is also included (Figures 49 through 63). 

Not included are results from tests 1, 2, 7, 8 1 9, 10, 11, 12, 14, 18, 

19, and 21. This can be attributed to a number of reasons as seen in 

Table 5. These measurements were not attempted on tests 1, 2, and 12. 

Load transfer was not recorded on tests 7, 8, 10, 11, 14, and 19 as various 

malfunctions prevented load tests from being properly performed. Tests 18 

and 21 were at 100 g and therefore no load transfer was recorded as the 

smaller scale piles were not instrumented. 

Actual measured values are denoted by circles. Interpolation between 

points is linear as presented here. 

90 



DEPTH 

CFT) 

PERCENTAGE OF ULTIMATE LOAD 

0 20 40 60 80 100 
0 .--------r---r---r-----r----r--...-----,-----r--~--li'l 

10 

20 

30 

40 

Figure 49. Test 3, load transfer curve (1 kip= 4.45 KN; 1 ft= 0.305 m) 
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Figure 50. Test 4a, load transfer curve (1 kip= 4.45 KN; 1 ft= 0.305 m) 
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Figure 51. Test 4b, load transfer curve (1 kip= 4.45 KN·; 1 ft= 0.305 m) 
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Figure 52. Test 5, load transfer curve (1 kip= 4.45 KN; l ft= 0.305 m) 
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Figure 53. Test 6, load transfer curve (1 kip= 4.45 KN; 1 ft= 0.305 m) 
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Figure 54, Test 13, load transfer curve (1 kip = 4.45 KN; 1 ft = 0.305 m) 
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Figure 55. Test 15: load transfer cuTVe (1 kip= 4.45 KN; 1 ft• 0.305 m) 
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Figure 56. Test 16, load transfer curve (1 kip.= 4.45 KN; l ft= 0,305 m) 
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99. 



DEPTH 
(FT) 

PERCENTAGE OF ULTIMATE LOAD 

·o 20 40 60 80 100 
Or------r----..--------.----~---..-----i:"1 

10 

20 

30 

40 

Figure 58. Test 20, load transfer curve (I kip = • 4-.45 KN; 1 ft = 0. 305 m) 

100 



PERCENTAGE OF ULTIMATE LOAD 

0 . 20 40 60 80 100 
o--~---'--o----~~---~---~--=--

DEPTH 

CFT) 

10 

20 

30 

40 

I 
I 

I 

I 
I 

I 

I 

Figure 59. Test 22, load transfer curve (1 kip= 4.45 KN; 
1 ft = 0 . 30 5 m) 
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Figure 60. Prototype, load transfer curve (1 kip= 4.45 KN; 
1 ft= 0.305 m) 
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APPENDIX 3 

In this appendix, axial load-displacement curves are .presented for. 

both single piles and pile groups. Single pile load-disp],.acement ,curves 

are presented for tests 3, 4, 5, 6, 15, 16, 18, 20, 21, 22, and the proto

type. Pile Group load displacement curves are presented for tests 18, 21, 

22, and the prototype. Malfunctions typically prevented recording of dis

placements for the remaining tests. Those tests where ultimate loads were 

recorded without any displacement data are presented in Table 7. 

The curves are presented here as piece-wise linear apprqximations. 

The curves were originally recorded directly on an x-y recorder. (Figures 

64 through 122) 
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Table 7. Ultimate Loads for Single Pile Tests, 

Test Number Capacity (KIPS) 

1 137.3 

2 93.1 

3 102. 9 

·4 122.5 

5 147.0 

6 102.9 

12 220.5 

13 191. l 

15 151. 0 

16 186.2 

17 176. 4 

18 98.1 

20 144.5 

21 330.0 

22 103.0 

Prototype 159.0 

l kip = 4 . 45 KN 
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Figure 67, Test 6, load-displacement curve (1 kip; 4.45 KN; 1 in ; 2.54 cm) 
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Figure 70. Test 18, load-displacement curve (1 kip= 4.115 KN; 1 in = 2.54 cm) 
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Figure 71. Test 20, load-displacement curve (1 kip= 4.45 K._~; 1 in = 2.54 cm) 
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Figure 72. Test 21 1 load-displacement curve (1 kip• 4.45 KN; 1 in = 2.54 cm) 
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Test 22, load-displacement curve (1 kip = 4.45 KN; 1 in = 2 .54 cm) 
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Figure 74. Prototype, load displacement curve (1 kip= 4.45 KN; 1 in = 2.54 cm) 
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Figure 75, Test 18, group load-displacerrent curve (1 kip= 4.45 KN; 1 in = 2.54 cm) 
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Figure 76. Test 21, group load-displacenent curve (1 kip= 4.45 KN; 1 in = 2.54 cm) 
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Figure 77. Test 22, group load-displacement curve (1 kip= 4.45 KN; 1 in = 2.54 cm) 
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Figure 78. Prototype, group load-displacement curve (1 kip = 4. 45 KN; 1 in = 2. 54 cm) 


