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FOREWORD

This report presents a summary of results from a project to study the use of
the geotechnical centrifuge to model piles and pile groups in both sand and
clay projects. These results will be of interest to engineers designing pile
supported foundations. This project has shown that centrifugal testing is a
useful supplement and perhaps can serve as an alternative to expensive field
strength tests.

This report summarizes the results of a University of Colorado research
project, "Centrifuge Testing of Model Piles and Pile Groups." The project
was conducted for the Federal Highway Administration, Office of Engineering
and Highway Operations Research and Development, Washington, D.C., under
contract DTFHE61-81-R-00034.

Two full scale prototype pile groups were modeled, one in clay and the other
in sand. Axial single pile and group model load tests to failure were con-
ducted at scale factors of 50, 70, and 100. The load settlement and load
transfer relationships obtained were compared with corresponding prototype
load test results, with each other, and with analytical predictions.

s

Richard E. Hay, Diregtor
Office of Engineering
and Highway Operations
Research and Development

NOTICE

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

1.1 Model Testing of Geotechnical Structures

Full scale testing of geotechnical structures, such as retaining walls,
dams, foundations, etc., is rarely performed due to the great expense and
difficulty of loading these structures to meaningful levels. When full scale
field tests are conducted, they are usually of one design at a specific site
and thus do not yield information on the influence of variables such as

structure design or soil properties.

Model tests on scaled structures in the laboratory can overcome many
of these problems. For structures located within or loaded by a soil mass,
proper simulation of field (prototype) conditions requires that the proper
magnitude and distribution of soil interaction forces be modeled. The
stress-strain-deformation properties of soil are directly dependent on the
magnitude and nature of the applied stress state which is, for most struc-
tures, usually generated by self-weight or body forces of the soil under
normal gravity conditions. When testing small scale models in laboratory
situations, however, proper modeling of the soil stress field and the result~

ing soil properties is usually not possible under 1 g conditions.

A method to achieve the required scil-stress field is to conduct a
model test in an increased gravity field created by using a geotechnical
centrifuge. The acceleration generated by the centrifuge increases the
gravity-induced body forces on the soil particles and hence the apparent
specific weight of the soil. Thus, the in situ stress field in a soil

deposit can be correctly modeled.

The theory and application of centrifugal testing of soil-structure
models which has been discussed in detail by Schofield (1980), is briefly
reviewed. If A denotes the scaling factor between model and prototype,

L =14, (1)

then scaling relationships for quantities of importance in geotechnical



engineering can be derived as listed in Table 1.

Table 1. Scaling factors for various quantities

Length | A
Stress 1
Time 22 o,
Strain 1
Force ' e
Area 22
Volume A3
Specific Weight L/x-
Gravitational Acceleration L/x
- Mass Density 1
Mass A3

These relationships are based on the assumption that the same soil méterial
is used for both the model and prototype. Since, as discussed above, body
forces cannot be neglected, the required sczling relation between model and
prototype-specific weights can be achieved by centrifugal acceleration. As
seen in Table 1, this modeling approach yields scaling factors of unity for
both stress and strain and permits a diréct comparison between prototype and

model behavior at equivalent locations.
1.2 Model Testing of Piles and Pile Groups

The difficulties of full scale field testing discussed above apply to
single piles and especially to pile groups where the mégnitude of lecads
required to produce group failure become extremely difficuit to geﬁerate.
The deformation and failure of pile foundations is primarily influenéed by
the properties of the surrounding soil and its in situ stress state. For
these reaéons, results from the few model pile group studies at 1 g condi-
tions (Whitaker, 1957; Saffery and Tate, 1961; and Sowers, 1961) have been
largely qualitative due to the lack of adequate scaling relationships

between prototype and model (Rocha, 1957).



After a limited application in the 1930's, centrifugal modeling of
geotechnical structures was abandoned in the West until the late 1940's.
The technique Qas first used at Cambridge University with other geotechnical
centrifuge facilities following in Japan and the United States. An excel-
lent discussion of centrifuge testing is provided by Schofield's 20th Rénkine

Lecture, 1980.

Research using the centrifuge specifically involving behavior of pile
foundations has begun fairly recently. Scott's (1979) research on pile
groups in silt subjected to cyclic lateral loads produced results which were
internally consistent and demonstrated the feasibility of conducting pile
load tests in a centrifuge. The lack of a prototype with which to compare
results and thus verify the similitude relationships was a shortcoming of

the study.

Axially loaded piles in sand were investigated by Hougnon (1980) at the
University of Colorado. Althougﬁ this was largely a feasibility study, some
useful data regarding the effect of taper and soil density on bearing
capacity was obtained. Problems encountered with uniform soil preparation

and the loading apparatus limited the effectiveness of Hougnon's work..

In the last several years, many studies have been conducted on medeling
of piles in the centrifuge. Some of these are in the proprietary deomain, and
many are still only available in the form of student theses. Clegg (1981) -
modeled axial loading of piles in stiff clay. Sabagh (1984) conducted cyclic
axial load tests of piles in sand. Barton (1982) and Oldham (1984) carried
out lateral loading of model piles in sand. Craig (1984) described the tech-
niques used at the University of Manchester for pile imstallatiocn for centri-
fuge tests. However, apparently no work has been dene with respect to modeling

of pile groups in the centrifuge.

In a recent meeting en the applications of centrifuge modeling to geotech-
nical design, Nunez and Randolph (1984) pointed out that sach model pile testing
project in the centrifuge requires development of mnovel experimental techniques
with respect to (1) sample preparation to match protetype conditions; (2)

scaling pile gecmetry and properties; (3) axial and lateral loading mechanisms



to operate in a high gravity field; (4) in-flight pile installation tech-
niques; {5) in-flight measurement of scil properties for the pile test;

and (£) instrumentation tc monitor pile performance including both internal
stresses and external lcad-deformation. Of course, interpretation of the
centrifupge test data, comparison with prototype performance and with

analytical results are usually included in these investigations.

It is clear that the FHWA-sponsored work at the University of Colorado,
described in this report, was started in 1981 at a time when several other
studies were commenced in other centrifuge facilities. Many of the problems
we faced were also encountered by other investigators and different solu-
tions were used to selve these problems. It ies the generzl ceonclusion of
this group of investigators that centrifuge modeling is a viable method for
studying pile foundation because it enables the effects of self-weight in-
duced stresses to be properly modeled. Because it is inexpensive in compari-
son to prototype testing, it is possible to conduct parametric studies varying
both soil and pile conditions to derive a clear understandiné of the behavior

of pile foundations.

The results cof the present study have contributed to this growing
reservoir of data from centrifuge modeling of pile foundations and the findings
are consistent with those obtained elsewhere. Tt is the belief of the investi-
gators that the centrifuge medeling technique has become well-established as
an invaluéble tool for the geotechnical engineer to use in modeling geotech-

nical structures.




CHAPTER 2. RESEARCH PROGRAM

2.1 Purpose

The research program repotrted herein on the centrifugal testing of model
piles and pile groups was funded by the Federal Highway Administration. The

program had three main cobjectives:

(1) To develop experiméntal techniques f;r testing model piles and
pile groups in a geotechnical centrifuge. Among the experimental techniques
to be developed were: 1) soil preparation and placement, 2) fabrication and
instrumentation of model piles and pile groups, 3) pile installation equip-

ment and techniques, and 4) pile load testing equipment and techniques.

(2) To perform a series of model pile tests in both sand and clay to
verify both qualitatively and quantitatively the method of centrifugal test-
ing. The method of modeling of models as described below was the approach
used to provide quantitative verification of centrifugal model teéting of

. piles.

(3) To perform single pile and pile group tests that model fieid
tests on full scale piles. One of the field test programs was conducted on
single piles and a 9-pile group at_ the University of Houston campus (0'Neill
et al., 1981). This test was conducted in an overconsolidated clay deposit.
The other field test to be modeled was conducted at Lock and Dam No. 26 on
the Mississippi River near Alton, Illinois by Woodward-Clyde Consultants
(1979). Single pile tests and tests on an 8-pile group in a cohesionless

alluvial sand deposit were to be modeled.



CHAPTER 3. EXPERIMENTAL PROGRAM

3.1 Introduction

The research program consisted of two separate parts, tests of model
piles in clay and tests of model piles in sand. These two studies have in
common the use of the same centrifuge, the same pile loading mechanisms, and
the same data acquisition system which are discussed below. The soil pre-
paration, model pile design, instrumentation, test procedure and results for

the sand and clay studies are discussed separately below.
3.2 Centrifuge and Pile Loading Mechanism

Tests were conducted using the 10 g-ton geotechnical centrifuge located
at the University of Colorado, Figure 1. This machine can generate an accel-
eration of 100 g on a 200 1b (90.8 kg) package. This centrifuge is equipped
with swinging "baskets' mounted at the ends of a symmetrical 42-inch (1.1 m)
radius arm. The hinged baskets permit the resultant of gravity and centri-
fugal forces to act at all times perpendicular to the base of the model
foundation. The centrifuge is equipped with 56 electrical glip rings for
power ana electrical signal transmission and two hydraulic slip rings for

control of the loading mechanisms.

The soil container for both the sand and clay tests was a 15-inch (38.1
cm) diameter aluminum cylinder 12 inches (30.5 cm) deep. The driving and
loading of the piles were performed in-flight using a Bellofram cylinder.

A LVDT with a 5-inch (12.7 cm) range was used to monitor pile installation
while a more sensitive unit with a 0.50 inch (1.27 cm) rangé was used to
monitor pile motion during load testing. Applied loads were measured using
special strain-gauge type load cells. Lateral loads were generated by a
Bellofram cylinder applying tension to a thin wire cable which by means of a
pulley arrangement was connected to the pile top. Deformation was measured
using an LVDT and lateral force by means of a tension load cell connected to
the cable. Figure 2 shows both the axial and lateral test configurations.
Data was recorded using either analog plotters or a Hewlett-Packard 9825B

data logging system which has a high scan rate.




Counterwaight bosket

Axis of
rotation

|
|
|

g 2 Hydraulic slip ringe

~ ~4
.
S~ 4
/ ~ =

™~ 56 Electrical slip rings

Hydroulic connectors

N /

ab'4.
4

7 \/
’ TS // \q
o 6
6/ 0” CCTvV
6 °m

0, .

b4

Electrical junction bars

Sample basket

Figure 1. Centrifuge arms and baskets (drawings)



~ounle Acting Zellcfram

LVDT's ] r—

L | T il

Double Acting Eellofram

Extenslon fdod - N R

Load Cell
Flle Cord LT

' Pulley / \

v L —==]
@®» “round Level ' Load Cell
Pile
L} u || -

Sample
Container 501
Zoi

Sample oil
Contalner

AXIAL LOAD SYSTEM
LATERAL LOAD SYSTEM

Figure 2. Mechanisms for loading model piles in the centrifuge.



3.3 Pile Tests in Clay

3.3.1 Soil Preparation and Pile Design

A Georgia kaolin was used to simulate the Beaumont clay from the Univer-
sity of Houston site as the prototype soil was unavailable in block samples.
The laboratory soil was prepared at an initial water content of 60 percent (Lw
45%), placed in the soil container equipped with an extension tube and con-
solidated under a series of increasing static loads. The preconsolidation
stress was determined using procedures developed by Atkinsen and Bransby
(1978). After the static consolidation pressure was relieved, the soil con-
tainer was installed in the centrifuge and brought up to the test g level to
produce the desired vertical distributien of undrained shear strength,

Figure 3. Shear strength, Su’ of the clay soil was measured in-flight using

a specially developed vane shear device.

Model piles were fabricated to 1/50, 1/70, and 1/100 scale factors.
The 1/50 and 1/70 scale piles were fabricated from split aluminum tubing
which permitted installation of internal strain gauges before the two halves
were epoxied together.h Strain gauges were installed at diametrically oppo-
site positions at 5 levels to permit determinatién of both axial load and

bending moment.

3.3.2 Test Program and Results

A summary of the experimental programs in clay is given in Table 2.

Considerable effort was expended in developing seil preparation and
consolidation procedures to obtain the desired magnitude and profile of Su
versus depth. A total of 15 tests conducted in this effort yielded shear
strengths at pi}e mid-depth and ultimate capacities for the single pile
models. The desired Su was 2.4 ksf (115 kPa) at pile mid-depth but the
actual values ranged from 1.6 ksf (91 kPa) to 2.9 ksf (139 kPa). TFigure 4
presents ultimate pile capacity of the model piles (at prototype scale)
versus Su' Good comsistency is seen between pile capacity and Su from the

model tests as well as with the prototype result,

The correctness of the similitude relations assumed can be verified

internally by comparing single pile results from the 50 g, 70 g, and 100 g
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Table 2. Summary of testing program in clay

No. of Sy at pile g level Axial load Axial load Lateral load Load trans- Load trans- Moment vs. depth
vane tests middepth test {single) test (group) test fer {(stnqle) fer (group) {lateral)
4 2.3 70 No dlsplacement
3 1.6 70 No displacement X
4 2.0 /0 Good 3/5
1 2.0 70 Good 4/5
1 2.135 /0 Good 3/5
1 1.9 0 Good 4/5
2 2.0 10 X
1 2.4 10 Good 3/5
2 2.1 70
70 X Good
X 70
? 3.0 70 No displacement Good
1 2.8 70 No displacement 4/5
2 very high 70
1 2.35 10 Good Good 5/5 4/5
1 2.75 50 Good Good 3/5 3/5
t 2.45 70 No displacemt. Ho displacemt 15 14720
1 1.7 100 Good Gnod
1 very high 70
! 2.135 50 Good Good 5/7 S/77
1 3.2 100 food Good
1 1.8 70 Good Good A/5 14/24
Legyend:

Nutes:

A blank space Indicates that the particular mcasurement in question was not attempted.
“No displacement”
"Good”
“X" fndicates
“3/5"

indicates that an ultimate load was measured.

indicates that the measurement was successfully made

that the measurement failed duc to an equipmenl malfunction.

Iindlicates that 3 of 5 strain qgauge signals were successlully recorded.

Specimen No. 8 dried out to such a dcqgrec that
Specimen No. 9 was devoted to vanc testing only
The vane apparatus was not avalilable for test No.
An acclident during vane testing prevenled
Specimen Nos. 14 and 19 were

fts resulits arc deemed usclecs.
10 as it was being serviced.
further testing on No. 1.

so stiff that no further lesting was performed on them.

N R —
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tests as shown on Figure 4. These results, when plotted to prototype scale,
yield consistent results. The prototype results also fall along the same

curve thus verifying the similitude relations.

Pile group tests were conducted at 70 g and 100 g scales (Table 3). The
measured group factor from the four groups (two at 70 g and two at 100 g)
range from 0.96 to 1.04. The prototype had a measured group factor of 0.98,
The higher factor measured in Test No. 21 may have resulted from underground
pile deviations from the driven pile grouping. Upon excavation of this
model pile group, several piles were observed to have deviated laterally

several pile diameters at the pile tip depth.

Axial load transfer data obtained from the strain gauge output was con-
sistent from all tests, both on single piles and pile groups, with the tip
taking from 5 to 15 percent of the applied load with the remainder of the load
transferred fairly uniformly along the pile length. Figure 5 shows a typi-
cal model load transfer curve and the load transfer curve from the prototype
single pile test. The difference in the two curves at the pile top may
reflect the fact that the prototype piles were driven in hqles which had
been preaugered for a depth of 10 feet (3 m). Attempts to auger holes at

the model scale were unsuccessful.

Load-displacement curves are presented in Figure 6 for single piles and
in Figure 7 for group tests. The single pile model results show slightly
stiffer results whicﬁ may reflect the effect of not driving in preaugered
holes, as well as a slightly greater axial pile stiffness due to sizing the
aluminum model piles to model the bending stiffness of the steel prototype
pile. The influence of Su on capacity is evident in the group load-

displacement curves.

Lateral load tests were performed on 5 single pile models. Figure 8
presents measured lateral load deformation curves while Figure 9 presents
thé pile moment versus depth from one of these,tests. The scatter observed
in Figure 7 reflects both the varied soil strength and‘the fact that the

lateral test piles did not have a consistent height above the surface.

13



Table 3. Group test data, clay

Test No. 17 l8 21 22 Prototype

g Level 70 100 100 70
Su at pile .
middepth, 2.45 1.7 3.2 1.8 2.4
ksf
Single pile
capacity, 176 g8 330 o4 160
kips
Pile group
capacity, 1520 850 3100 40 1140
kips '
Croup 0.96 0.95 1.04 1.00 0.98
factor

Conversion factors: 1 ksf = 47.9 kPa, 1 kip = u4.45 KN

14
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3.3.3 Comparison to Predicted Results

A pile prediction program called PILGPI developed by Ha and 0'Neill
(1981) was used to predict model test results based on pile geometry and
propertles, 5011 properties and loading conditions. PILGPI uses a finite
difference approach to model single pile behavior and the elastic equations

of Mindlin to compute group behavior.

S0il behavior f0r single piles is defined by the f-z curve which relates
unit shear stress versus shear deformation along the pile sides and the Q-z
curve which relates tip load to tip deformation. The load-transfer data
obtained at the 5—étrain gauge locations and the load-deformation data at
the pile top‘wege used to determine the f-z and Q-z curves for the model

pile tests, Figures 10 and 11.

Predicted results using model pile data for inmput to PILGPI are pre-
sented in Figure 12 for single pile test and in Figure 13 for the pile group

test.

3.4 . Pile Tests‘in Sand

3.4.1 Soil Preparation and Pile Design

‘PreQious experience with centrifugal testing of model piles in sand at
the University of Colorado, Hougnon (1980), indicated the sensitivity of pile
performance to soil preparation methods and soil uniformity. Since the
prototype soil profile contained 5 different layers, Figure 14, obtaining a
representative sample was not possible. Another difficulty with using the
prototype soil in the model tests would be the need to remove coarser frac-

tions prior to use in centrifuge model testing.

After reviewing of the prototype soil profile data, it was decided to
fabricate a uniform cohesionless model soil with a dry-unit weight of 100
pef (15.89 KN/m3) and an angle of internal friction, ¢, equal to 40° from
a commercially bagged, poorly graded, medium sand obtained from the FHWA Soil
Laboratory, McLean, VA. The "raining" method was used to place the soil in
the test container. The required density was obtained by properly control-

ling the rate of sand placement and the height of drop.

<
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The prototype piles were tapered wood piles, 40 ft (12.2 m) in length
with a top diameter of 14 inches (35.6 cm) and a tip diameter of 10 in
(25ﬂ4 cm).- Model piles were fabricated to a correct dimensional scale for
50 g, 70 g and 100 g scales using wood having the same modulus as the Douglas

fir prototypes.

Thé top portion of the tapered wood model piles were strain-gauged to
measure the applied load. Each pile was calibrated indiQidually. An
.aluminum pile at a 70 g scale was fabricated with five levels of strain
gauges mounted internally. This pile, which had a uniform section with
depth, was used to determine the load-transfer and tip loading of a pile in

the test sand.

Single piles and the piles in the group tests were installed in-flight
under full scale gravity conditions. A template on the soil surface was
used to guide the piles and maintain proper spacing for the pile groups.
After all piles in the 2 x 4 pile group had been separately driven, a rigid
aluminum pile cap was installed to tie them together. This cap was made in
three parts and was clamped to the model piles. After installation of the

cap, the model piles were driven (0.2 in) as a group to minimize and distur-

bance produced by the pile cap installation.

3.4.2 Test Program and Results

The test program in sand is summarized in Table 4. 1Individual aspects

will be discussed below.

The effect of in—flight installation vs. 1 g installation on single
model piles was investigated at both 50 g and 70 g scale levels. Figure 15
shows the results of the 70 é test. The 50 g test showed similar behavior.
These results show that it is necessary to have the proper simulation of the
- soil stress field both during the driving and testing of model piles. As it
was necessary to stop the centrifuge to reposition the driving mechanism for
each pile in the pile group, Test Series 2 was conducted to investigate the
effect of such stoppage on subsequent pile performance. The results showed

no significant difference in pile capacity due to centrifuge stoppage.
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Table 4. 'Summary of testing program in sand

Teat Test Purpose Gravity Test Comditiom [ Ultimate Special Comments
Serles Group Level Uadt Weight Load Point of
No. g s pef deg. Kipa Interest
1 1 Effect of'm flight 70 98,23 42.5 520
2 inatallation ve. 50 103,61 46 1060

lg installstion

2 1 Effecr of interup- 70 98.23 42.5 520
tion between instal~-
laticn and leoad teat

3 1 Modeling 50 98,23 42.5 470-560
2 of 70 98.23 42.5 520
3 Hodels 100 98.23 42.5 540
4 1 70 92,78 40.45 190 In 4.8 teat group, at 13
2 70 93.54 40.7 250 inch left for installacion
3 . 70 93.9¢% 40.8 260 to be completed, two of the
4 Parametric 70 95.70 41.35 340 pliles broke at approximately
5 atudy 70 96.95 41.85 410 - 1.2 inch below the soil
[} 70 98.23 42.5 520 level.
? 70 103.156 45,7 630
2 50 103,61 46.0 1060
Efficiency
] 1 Group 70 93.99 40.8 2800 1.32 The wveight of the cap
2 Tests 70 95.70 41.35 3100 1.15 (103.8 Kip) is mot imcluded
3 70 96.96 41.85 4360 1.16 in the load-settlement
[ 70 98.29 42.5 4790 1.15 curves but it 1s included in

the calculation of effi-
ciency factors.

Tap. Str. Ratio: Tap/St.

6 1 Tapered 70 95,32 41.25 — 270 - The straighr pile had the
2 va. 70 95.70 41.35 340 290 1.15 same diamerer as the mid- ~
3 Stralght piles 70 98.23 42.5 520 4l5 1.24 height diameter of che

tapered pile.

Dry Sat. BRatio: Dry/sSat.
7 1 Saturated 70 93.3¢ 40.8 2800 2350 1.19 Test 7.1 1s & group test,
2 Teata 70 96.96 41.85 470 290 1.61 and at the end of the test

water level was . 5.2 ft below
soil level. Test 7.2 was a
gingle pile test, and at the
end of the zest water level
wvas 7.0 loch above soil
level (prototype).

70 92.78 40,45 16.8 The lateral deflectione were

8 1
2 Lateral Load 70 23.54 40.7 19.5 measured at 5 ft above the
3 Teats 70 98.23 42.5 24.0 goll level. The ultimate
4 70 103.61 45.7 27.0 loads at 5.5 inch of de-
flection (prototy‘pe).
9 1 InscTiumented 70 95.32 41.25 170
Aluminum pile
Teat

1 Kip = 4.45 RN, | pef = .158 RN/w®

All quantities expressed in prototype scale
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Figure 15. In-flight vs. 1 g installation of 1/70 scale pile in sand.



To verify the internal consistenc& of the similitude relations over a
range of model scales, pile tests were conducted at 50 g, 70 g, and 100 g
model scales. The load-settlement curves from these tests, converted to
prototype scale, are shown in Figure 16. Five of the six curves are in good

agreement, thus verifying the similitude assumptions.

To investigate the effect of angle of internal friction on pile perfor-
mance, seven /0 g tests and one 50 g test were conducted on model piles in
so0il with density ranging from 92.2 pcf (14.66 KN/mB) to 106.3 (16.37 KN/m3).
The ¢ angle for these soils ranged from 40.450 to 46.0°. The test results,
expressed in prototype scale, are plotted vs. ¢ angle in Figure 17. The

sensitivity of pile capacity to ¢ angle is evident.

To investigate the effect of straight vs; tapered piles, straight wooden
piles having the same diameter as the mid-depth of the taperéd piles were
fabricated and tested. IThe tapered pile had 24 percent greater ultimate
capacity than the straight pile for a soil density of 97.7 pcf (15.53 KN/mS) and
a 17 percent increase for a density of 95.2 pcf (15.12 KN/mB). This suggests

that the effectiveness of pile taper may be density dependent.

Four group tests were successfully conducted. Driving load records from
the strain gauges at the top ¢f the pile wetre obtained from two tests.
Figure 18 shows one of these records where the influence of the driving

order is clearly seen. J

After installation of all piles and the pile cap, the individual pile
loads were monitored as the pile group was loaded. Table 5 presents the
individual capacities as well as the total group load. Although in all tests
Pile No. 1 took less load than other piles, the influence cof driving order
is not pronounced. The group efficiencies computed for the four groups are
presented in Table 5. Except for the test in the lowest density soil which

had an efficiency of 1.32, the other tests all had an efficiency of 1.15.

One single pile and one group test were conducted to investigate the
effect of soil saturation on pile performance. Because of test problems,
the measured load from the group tests were not reduced by the ratio of

Ybuoyant/Ydry' These problems, which 1nclgded swelling gffects on the wooden
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Table 5.

Group test data, sand

Individual Pile Capacities (lbs)

Pile No. Test 5.1 Test 7.1 Test 5.2 Test 5.4
1 54,7 57.6 57. 102.4
2 67.1 59.1 72. 103.0
3 69.2 60.2 74. - 114.9
4 70.8 * 73. 114.9
5 * 58.4 75. 144 .4
6 76.6 63.5 82. 114.2
7 70.8 58.6 72. 142.6
8 77.0 64.0 80. 113.5
Total load
from
individual - - 589 952
piles
Total load
from 550 482 600 1016
load cell

* Gages did not work

Note: Weight of the cap net included

Scale: 70
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pile, were corrected and the test rerun on a single pile, Figure 19. The

reduction of both capacity and stiffness is clearly seen.

Four lateral load tests were conducted on 70 g scale piles. Figure 20
shows two load cycles from Test No. 8.1 with the second load-deflection
curve stiffer than the first. Since the model piles were pushed into the
soil a distance of 2.0 inches at 1 g before being driven to depth
at test gravity, it is possible that disturbance in this upper region, which
provided most of .the resistance to lateral deformation, might have affected

results.

The aluminum model pile was used to obtain the load tramsfer curve
shown in Figure 21. Approximately 73 percent of the total resistance was
provided by tip resistance. The load-transfer along the pile length is seen

to be uniform.

3.4.3 Comparison to Predicted Results

The finite difference program PILGP1l of Ha and 0'Neill which uses
Mindlin's equations to compute group interaction was used to predict model
pile performance. Because the available data from the aluminum pile test
provided only ultimate values for side shear (f) and tip loads (Q), it was
necessary to make a number of computer runs in which both the shape of f-z
and Q-z curves and the magnitude of displacement at ultimate value, z , were
varied. The best fit of predicted load and deformation to measured was
obtained when z, for the side shear stress (f) was 0.35 inch {(prototype scale)
while the value of the tip load (Q) was 0.65 inch (prototype scale) or 6 per-
cent of the piie tip diameter. The shape of the Q-z curve was modified from
that recommended by Ha and 0'Neill to obtain a closer fit. The same f-z curve
was used for the full length of the pile except for the top 5.8 feet (prototype
scale) for which zero shear strength was assigned. The measured model vs. pre-
dicted pile response is shown in Figure 22 where the Q-z and total shear force
versus z curves are also shown. Good agreement with the initial pile response
is achieved, however, the curves begin to diverge after the side shear has
reached ultimate value.

The field teét was conducted in saturated conditions in a soil mass

with variable properties as shown in Figure 14. The measured ratio of 1.6l
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for dry to saturated load from Test No. 7.2 was applied to the results of
tests 4.1, 4.2,and 4.4 from the parametric series to obtain an estimate of
saturated performance. These results are shown plotted in Figure 23 where
the best fit is obtained for ¢ = 41.359.. The extremg sensitivity of model
pile capacity-to the ¢ value is evident. The field pile was driven by a
dynamic hammer while the model pile was installed by a steady force or jack-
ing procedure. Tt is speculated that this difference in pile installation
may produce different types and magnitudes of soil disturbance in the cohe-

sionless soil that may significantly affect pile behavior.
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CHAPTER 4. CONCLUSIONS AND RECOMMENDAT IONS

4 comprehensive research program has beenlperformed on the use of the
geotechnical centrifuge to model single piles and pile groups. Axial and
lateral tests have been conducted on single piles and axial tests on pile
groups both in sand and clay soils. Load-deflection and load-transfer data
have been obtained. Details of the experimental programs zare given in
Volume II for the tests in sand and in Volume III for tests in clay. Impor-~
tant conclusions and recommendations generated by this research effort are

presented below.
4.1 Conclusions

The results from both the sand and clay tests verify the assumed simi—.
litude relations as evidenced by the modeling of model results. This impor-
tant conclusion gives the required cfedibility to the results obtained on
pile behavior of the influence of varicus soil and pile factors. The model-
ing of models results when scaled to prototype scale gave a reasonable pre-
diction of field test results considering the variable nature oif the actual

s0il being modeled.

A pile behavior computer program was used to predict test pile behavior
using load transfer data generated from the instrumented test piles. Only
fair prediction of the full measured load-displacement curve was achieved
even after several computer runs in which input variables were varied to
improve the prediction. It is the opinion of the investigators that given
soil property data and soil profile but without field test results, predic-
tions from centrifuge model tests wouid give results as accurate as, and very

likely much more accurate than, those generated from computer predictions.

The experimental procedures developed and the verificaticn established
in this program open the door to investigating in controlled laboratery set-
ting the manv factors that influence pile performance. The centrifuge
technique should alsc be useful and very cost-effective in establiéhing
the predicted behavior and the sensitivity to design changes of pile founda-

tion for large projects.
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4.2 Recommendations for Future Research

Among the many possibilities for future research on piles using the

geotechnical centrifuge are:

The effect on pile behavior from different methods of installation
should be investigated in detail. This will involve developing a pile driver

for use in the centrifuge and subsequent load testing.

The high cost effectiveness of model testing in the centrifuge indicates
that parametric studies should be conducted to examine the various parameters
that influence pile behavior. Among the more important variables are the
soil type, pile geometry, placement method, interface conditions, and time
effects. When these results become available, the validity of existing pile
capacity formulas and methods of predicting pile settlement can be critically
exanined. Based on these results, improvement on the predicfive methods can

be made.

A comprehensive program of testing model single piles and pile groups in
lateral loading should be undertaken. The need to install a large number of
strain gauges in the instrumented piles would be best served by using an
approximately 1/25 scale pile. This in turn requires a soil container of a
Sufficient size such that the boundary effects are minimized. The University
of Coloradovhas started the planning and design of a 400 g-ton centrifuge
which has the capacity to carry a 1.5 m =x 1.5 m x 1 m payload. When
the construction is completed toward the end of 1984, this centrifuge would
provide an excellent facility for the pursuit of additional modeling research
on pile foundations. The smaller, 10 g-ton centrifuge which has been ‘used
in the program described in this report could be used in the meantime to
develop the necessary techniques and procedures to be transferred to the

larger facility.
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