Report No. 772
INVESTIGATION OF THE EFFECTS OF PILE JETTING AND PREFORMING

State Project 99700-3304-010
WPI 0510727
FL/DOT/RMC/B-9479

M.Gunaratne, Ph.D., P.E., R.A. Hameed, Ph.D. and C.Kuo, Ph.D., P.E.

Department of Civil and Environmental Engineering
College of Engineering
University of South Florida
Tampa, Florida 33620

D.V. Reddy, Ph.D., P.E.
College of Engineering
Florida Atlantic University
777 Glades Road
Boca Raton, FL. 33431-0991

and

Sastry Putcha, Ph.D., P.E.
State Geotechnical Construction Engineer
FDOT

July 1999
FINAL REPORT
Document is available to the U.S. public through the
National Technical Information Service
Springfield, Virginia 22161
prepared for the
FLORIDA DEPARTMENT OF TRANSPORTATION
and the

U.S. DEPARTMENT OF TRANSPORTATION
FEDERAL HIGHWAY ADMINISTRATION



INVESTIGATION OF THE EFFECTS OF PILE JETTING AND PREFORMING

M.Gunaratne, R.A. Hameed and C.Kuo

Department of Civil and Environmental Engineering
College of Engineering
- University of South Florida
Tampa, Florida 33620

D.V. Reddy

College of Engineering
Florida Atlantic University
777 Glades Road
Boca Raton, FL 33431-0991

Sastry Putcha, Ph.D., P.E.
State Geotechnical Construction Engineer
FDOT

July 1999
"The opinions, findings and conclusions expressed in this publication are those of the authors and
not necessarily those of the State of Florida Department of Transportation”
"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 the
contents or the use thereof” '



CONVERSION FACTORS
U. S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

-—

U. S. customary units of measurement used in this report can be converted to metric (SI)

units as follows:

MULTIPLY BY
inches 2.54
feet 0.3048
square inches 6.4516
inches/second 2354
feet/second 0.3048

cubic feet/second  0.02831685
pounds (mass) 0.4535924
pounds (force)™ -  4.448222
kips (1000 pounds) 4448222
pounds/sq. inch 6894.757
pounds/cubic foot 16.0185
tons/square foot 9764.86

kips/square inch 6894757

TO OBTAIN
centimeters

meters

square centimeters
centimeters/second
meters/second

cubic meters/second
kibgramé '

newtons

kilograms

pascals
kilograms/cubic meter
kilograms/square meter

kilopascals



i ecnnical Keport Documentauon Pag

Hameed, R.A., Kuo, C., Reddy, D.V., and Sastry, P.

TRepon o o7 2. Government Accession No. 3. Recpient's Cataiog No.
_[7%. Ttle and Subiitie 5. Report Date
avestigation of the effects of pile jetting and performing July 1999
8. Performing Organization Code
FL/DOT
8. Performing Organizaion Repor No.
7. Authors USF contract 2104-224-L.0

9. Performing Organization Name and Address

Department of Civil and Environmental Engineering
University of South Florida

4202 E. Fowler Avenue

Tampa, FL 33620-5350

Dept. of Ocean Engineering
Florida Atlantic University
777 Glades Rd.

Boca Raton, FL 33431

10. Work Unit No. (TRAIS)

11. Contract or Grant No.

B-9479

13. Type of Report and Period Covered

Final Report
January 1995 - July 1999

12. Sponsoring Agency Name and Address

Florida Department of Transportation
Office of Research Management
[allahassee, FL 32399-0450

14. Sponsoring Agency Code

FHWA

15. Supplementary Notes

Prepared in cooperation with FHWA

16. Abstract

Both jetting and preforming of piles cause substantial disturbance to the surrounding soil resulting in a notab.
change in the lateral load behavior. This report presents the results of an experimental study performed with simil:
model piles installed using (1) impact driving (2) jetting and (3) preforming in a sandy soil (with 10% cla’
compacted to different unit weights under unsaturated and saturated conditions. The effects of jetting pressure ar
preformed borehole diameter on the lateral load behavior of piles are presented in terms of normalized desig
curves. In addition, a computational model that can predict the effects of preforming on the lateral load behavi
of piles is also formulated. Then, the measured load-de
computational predictions. The zone of influence of jetting on existing piles is also explored. This is achiev
through a testing program where the effects of axial and lateral load characteristics of existing driven piles, due
jetting of other piles at designated locations, are monitored. The results indicate that the influence of jetting und
dry soil conditions extends up to about five times the pile diameter with respect to the lateral load characteristic
On the other hand, no significant jetting influence zone was detected in completely saturated soils.

formation behavior of preformed piles is compared t0 t

17. Key Words

jetting, preforming, lateral loading, pile

4 18. Distribution Staternent

Document is available to the U.S. Public through the
National Technical Information Service, Springfield,
VA 22161

19. Sevurity Classif.(of this report)

Unclassified

20. Security Classi. (of this page)

Unclassified

21. No. of Pages. 22. Price

122

Form DOT F 1700.7 (8-72) .

Reproduction of completed page authorized



Acknowledgment

The authors are indebted to Dr. Sastry Putcha , FDOT State Construction Geotechnical
Engineer for continued guidance, support and inspiration throughout the entire research period. The

FDOT grant B-9479 is gratefully acknowledged as well.



—
N

TABLE OF CONTENTS

LIST OF TABLES
LIST OF FIGURES
ABSTRACT
CHAPTER 1 PROBLEM STATEMENT
1.1  Introduction
1.2  Problem Statement
1.3 Scope of Study
1.4  Organization
CHAPTER 2 LATERAL LOAD BEHAVIOR OF JETTED PILES
2.1  Introduction
2.2  Theoretical Aspects of Model Testing
2.3  Experimental Details of Model Testing
2.3.1 Evaluation of Results
2.3.2 Numerical Example
2.4  Conclusions
CHAPTER 3 LATERAL LOAD BEHAVIOR OF PREFORMED PILES
3.1 Introduction
3.2  Experimental Details of Model Preformed Pile Testmg
3.2.1 Evaluation of Test Results
3.2.2 Numerical Example
3.3  Numerical Modeling of the Lateral Load Behav1or of

Preformed piles
3.3.1 Introduction
3.3.2 Estimation of Existing Confining Stress
3.3.3 Material Constitutive Laws
3.3.3.1 Pile Model
3.3.3.2 Soil Model

iii

viii

[, 300~ S ]

10
17
34
37

39
40
46
58

60
60
61
72
72
73



3.3.3.3 Interface Model 76

3.3.4 The Finite Element Mesh 80
3.3.5 Stages in the Finite Element Analysis 80
3.3.6 Numerical Analysis 82
34 Conclusions : ' 87

CHAPTER 4 INVESTIGATION OF THE JETTING INFLUENCE ZONE

4.1 Introduction 89
42 Experimental Details 90
4.2.1 Axial Load Test Results _ 94
4.2.1.1 Unit Load-Transfer Characteristics 97
4.2.2 Lateral Load Test Results 103
: 4.2.2.1 Lateral Load-Transfer Characteristics 4 106
43 Finite Element Model 111
4.3.1 Analysis for the lateral Spread of Pore Pressure Due to Pile Jetting 112
4.3.2 Load testing of Piles 113
44 Conclusions A 115
REFERENCES 116

Appendix A A : 118

ii



Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.5
Table 2.6
Table 2.7

Table 2.8

Table 3.1

Table 3.2
Table 3.3
Table 3.4
Table 3.5
»Table 3.6
Table 3.7
Table 3.8
Table 3.9
Table 3.10

Table 3.11

LIST OF TABLES

Applicable model variables

Definition of Pi terms

Engineering properties of foundation soil

Nomenclature used for piles in the testing program
Influence of pile installation procedure on lateral capacities
Comparison of curve fitted Kmax and p, values

Constants for Eqns. (2.9) and (2.10)

Interpolated constants fc;r use in Eqns. (2.9) and (2.10)
Nomenclature used for preformed piles in the testing program
Influence of pile installation procedure on lateral capacities
Comparison of curve fitted Kmax and p, values

Parameters for Eqns. (3.3) and (3.4)

Interpblated constants for use in Equs. (3.3) and (3.4)

E; and (01-02)r

o and & \

Initial elastic moduli used in modeling

Basic properties of aluminum model pile

E and ¢

Interface element stiffness

iii

11

13

16

28

33

36

41

43

55

58

60

64

70

71
72
717

79



Table 3.12
Table 4.1
Table 4.2

Table 4.3

" Interface element stiffness (soft material)

Nomenclature used for piles in the testing program
Influence of driven pile spacing on axial capacities

Influence of driven pile spacing on lateral capacities

iv

79

91

94

103



Figure 1.1
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Fighre 2.5

Figure 2.6

Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13
Figure 2.14
Figure 2.15
Figure 2.16
Figure 2.17

Figure 2.18

LIST OF FIGURES

Configuration of a typical jet hole
Permeability vs dry density
Friction angle vs dry density

Test pit and hammer frame system
Water jet system

Lateral load test setup

Lateral load vs lateral displacement at 0.12 m (5 inch)
from ground surface

Relative rigid vs ﬂexibie pile behavior
Polynomial fitted measured strain data

Calculated pile displace;nent

Calculated soil pressure

Measured and calculated lateral load displacement
p-y curves

Variation of Kmax vs 2/D

Variation of p, vs /D

Normalized p-y curves

Non dimensional K ratio vs jetting pressure

Non dimensional p, vs jetting pressure

Schematic presentation of load transfer relationship

10
11
12
14

15

17
18
21
21
22
23
24
27
28
30
32
33

35



Figure 2.19
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11

Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19

Figure 3.20

Predicted p-y curves

Schematic diagram of Preformed pile

Auger used in this study

preformed 50.8 mm (2.0 inch) hole and pile
Component of soil resistance |

Lateral load vs lateral displacement of Preformed piles
Principle of p-y curves

Stress on the pile segment

Polynomial fit pile strain data vs depth
(Ya= 16.2 KN/m® — Unsaturated)

Calculated pile displacement vs depth
(Ya= 16.2 kKN/m® — Unsaturated)

Calculated soil pressure vs depth
(Ya= 16.2 KN/m’ — Unsaturated)

Comparison of measured and analytical load-displacement
behavior y

p-y curves

Variation of Kmax and p, with depth

K-ratio and py-ratio

Predicted p-y curves

Drained test results on test pit soil at different confining pressure
Variation of E; vs o

Isotropic triaxial compression test results

(ev)failure Vv§ (00)0078

Normalized stress-strain curve

37

41

42

43

44

45

46

47

49

49

50

50

51

53

56

59

65

66

67

71



Figure 3.21
Figure 3.22

Figure 3.23

Figure 3.24
Figure 3.25
Figure 3.26
Figure 3.27
Figure 3.28
Figure 3.29
Figure 3.30
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10

Figure 4.11

Figure 4.12 8-node composite type element used in the analysis

Modified Drucker-Prager Cap model: yield surface in the p-t plane 73

Typical yield/flow surface in the deviatoric plane

Undrained Triaxial test paths for the tested ciayey sand in the

p-t plane

CD direct shear test results

E vson

Finite Efement Mesh (Plan and Elevation)

Computed laieral load-displacement curve

Distribution of strain

Pile lateral displacement

Deflected pile shape with pile-soil separation
Overlapping of influence zones of a pile group

Model pile test Sefup

Jetting at a pile adjacent to an axially loaded driven pile
Isolated driven pile arrangement
Axial load setup

Axial load test results

Strain distribution along the pile TUD,
f-w and q-w relation ship

Lateral load and lateral displacement
Cavity due to jetting

p-y curves for long and short pile

vii

74

75

76

78

81

82

84

85

86

89

91

92

93

94

95

98

99

104

105

106

111



ABSTRACT

In pile installation, water jetting and preforming can be utilized as effective aids to
impact driving whenever hard strata are encountered above the designated pile tip elevation.
In the case of jetting, the immediate neighborhood of the pile is first liquefied due to high
pore pressure induced by water jetting and subsequently densified with its dissipation. In
addition, the percolating water also creates a filtration zone further away from the pile.
Hence jetting invariably causes substantial disturbance to the surrounding soil which results
in a notable change in the expected lateral load behavior. The first part (Chapter 2) of this
report presents the results of an experimental study performed with similar model piles
installed using (1) impact driving and (2) jetting in a sandy soil (with 10% clay) compacted
to different unit weights under unsaturated and saturated conditions. The beam theory and
polynomial approximations are used to convert measured load-strain data to conventional
lateral load characteristics (p-y curves). Then, the effect of jetting pressure on the lateral
load behavior of piles is presented in terms of normalized design curves.

In the case of preforming (preboring), due to the removal of insitu confining stress,
a substantial disturbance is caused in the surrounding soil resulting in a significant change
in the lateral load behavior of driven piles. The second obj ective of this research proj ecét was
to quantify the possible reduction in the lateral load behavior of driven piles when
preforming is employed as an aid to driving. The second part (Chapter 3) of this report

presents the results of the above described model study extended to piles preformed under

Vit



different borehole diameters. The effect of the preformed borehole diameter on the lateral
load behavior is also presented in terms of normalized design curves. In ad&ition, a
computational model that can predict the effects of preforming on the lateral load behavior
of piles is also formulated. In this model, the embedded pile and the foundation soil are
modeled by 8-node brick type finite elements. The pile material is considered to be elastic-
perfectly plastic while the soil stress-strain behavior is represented by the Drucker-Prager
cap model. Further, specially designed interface elements are utilized to accurately model
the finite deformation and slipping at the pile/soil interface during ‘lateral loading.
Moreover, the effect of the diameter of the preformed borehole is incorporated by
introducing the corresponding initial driving stresses computed by the cavity expansion
theory. Then, the measured load-deformation behavior of preformed piles is compared to
the computational predictions.

The final objective of the research project was to investigate the zone of influence of
jetting on existing piles. This is achieved through an additional model testing program that
involved monitoring the effects of axial and lateral load characteristics of existing driven
piles, due to jetting of other piles at designated locations in the neighborhood. The results
indicate that the influence of jetting extends up to about five times the pile diameter with

respect to the lateral load characteristics.



CHAPTER 1
PROBLEM STATEMENT' .
1.1 Introduction | B

An understanding of the soil-structure interaction is the key to rational and
economical design of laterally loaded deep féundations. However, this understanding is
difficult to transform into a gehcrai design methodology because of the inherent soil non-
linearity and non-homogeneity enhanced by the three-dimensional, asyminetric nature of
the problem. These difficulties have led to a variety of design methods, approaches, and
recommendations. Such issues are even more conspicuous when one deals with deep
foundations installed using numerous construction techniques.

Although the behavior of deep foundations is influenced by the method of
construction (driving, jetting, preforming, etc.), the same general design analysis
procedure should be applicable to all cases, as long as a “method of construction” factor
. is included. The procedures generally used in practice do not include a “method of
construction” factor explicitly. However, this factor could be considered as being
included indirectly wherever back-calculated soil properties and design parameters are

Y

used to develop the design method.
In the currently available procedures employed for design of jetted and preformed
piles, technically derived factors to account for the method of construction are not

incorporated. Hence a research program was needed to investigate the effects of the



common pile construction techniques of jetting and preforming on the lateral load design

capacities.

1.2 Problem Statement

As a general practice, Florida Department of Transportation (FDOT) uses either
pile jetting or preforming to install piles in construction situations where hard soil strata
are encountered above the minimum pile tip elevation or the estimated tip elevation
required to obtain adequate bearing. These techniques are also utilized under conditions
where control of construction vibration is essential which becomes a critical issue during
pile driving operations amidst structures within a city zone. In general, wherever
appropriate, installation of piles by means of jetting or preforming should accomplish
major construction time and cost savings. This can be achieved only when the
uncertainties and empiricism in evaluating the pile capacities and settlements associated
with the above techniques are eliminated or at least minimized.

Due to the excessive water velocity introduced in jetting soil in the immediate
neighborhood is eroded thus creating a narrow water path along which eroded material is
brought to the surface. In addition, the portion of water that is unable to escape penetrates
the intact soil mass thereby liquefying it (liquefaction zone in Fig. 1.1) due to the high
pressure. The presence of a low strength zone adjacent to the pile certainly eases driving.
Subsequently this zone is densified due to driving vibrations and dissipation of éxcess
pore pressure. Therefore, the original soil structure is invariably altered. Hence, although

pile jetting may be an effective alternative to hammer driving as a penetration aid in



saving time and energy, the accompanying reduction in friction and lateral load capacities

in comparison to hammer driven piles is a predominant limitation of the technique.

Ground level

Pile

Jetting pipe

Water jet Filtation zone

Liquefaction zone

Figure 1.1 Configuration of a typical jet hole '

In addition, the large volumes of water used in jetting can cause problems by
undermining the neighboring piles or other structures as it escapes ‘toward the surface.
During the jetting process some water also infiltrates iI.ltO the adjacent area (filtration
zone in Fig. 1.1) maintaining a high pore pressure. Thus, the combined liquefaction and
filtration zones known as the zone of influence of jetting could affect the load carrying

capacities of the adjacent piles in a pile group.



Structurally intact bridges are often widened to meet increasing traffic demand.
Currently, when jetting is utilized to install the additional piles reciuifed to support the
expanded bridge, the safe zone of jetting is determined based on subjective judgment of
the designers.and the consultants in the absence of well defined technical criteria.
Furthermore, the issue of the reduction in skin-friction and the lateral load capacities due
to jetting themselves are currently resolved using arbitrary criteria. Similarly, the FDOT
does not account-for possible strength changes induced in different soil types during
preforming. Adoption of such subjective and arbitrary guidelines can result in either
conservative over-prediction or risky under-prediction of the impact of jetting or
preforming. Hence, a research that can clearly identify the extent of the influence zone of
jetting and the effects of jetting and preforming on the lateral and skin friction capacities
of piles is essential to the utilization of these two techniques as effective penetration aids

to pile installation in the ground.

1.3 Scope of Study
In this study, the drained behavior of model aluminum piles subjected to
monotonic lateral and axial loading is evaluated with the following goals:

1. Experimental Investigation of (a) the effects of jetting on the skin-friction capacities
of piles; (b) the effects of preforming on the skin-friction capacities of pile; (c) the
effects of jetting on the subgrade modulus, lateral loaci capacity and deflection of pile;
(d) the effects of preforming on the subgrade modulus, lateral load capacities and

deflection of pile.



2. Exploration of the zone in which pile jetting can affect the load carrying capacity of an
existing pile foundation.
3. Examination of the soil strength changes due to impact of the jetting and preforming.

4. Formulation of analytical models to quantify effects of jetting and preforming based on

the test data.



CHAPTER 2

LATERAL LOAD BEHAVIOR OF JETTED PILES

2.1 Introduction

Although driven piles are installed in the ground mostly by impact driving, jetting
can be used as a driving aid when hard soil strata are encountered above the designated
minimum pile tip elevation or the estimated tip elevation required Ato obtain adequate
bearing. However, the final set is usually obtained by impact driving the last few meters
without jetting. This practice is often desirable since the dynamic driving action
effectively increases the density of the soil medium surrounding the pile tip, thus
restoring the possible loss of axial load bearing capacity due to jetting. Yet, it has been
reported (Tsinker, 1988) that impact driven piles have better load bearing characteristics
than jetted-driven piles under comparable soil conditions. This may be due to the fact that
the soil in the immediate neighborhood is first liquefied and subsequently remolded as a
result of the excessive water velocity introduced in jetting and the dissipation of excess
pore pressure, thereby altering the original in-situ soil structure and the skin-friction
characteristics.

The primary objectives of the first phase of the experimental program was to gain
a deeper understanding of the lateral load performance of driven and jetted-driven model
piles installed under the same in-situ soil conditions. This objective was achieved by, (a)

determining the normalized experimental load transfer curves (p-y curves) along the pile

depth and comparing the p-y curves of driven piles to those of jetted-driven piles, (b)



exploring the effect of jet water pressure,v soil unit weight and saturated conditions on the
p-y characteristics. The second objective of this phase of the experiment was to develop
approximate guidelines for predicting the lateral load behavior of jetted piles based on

that of impact driven piles, under the same soil conditions.

2.2 Theoretical Aspects of Model Testing

Design of model tests and interpretation of results are founded on a special
application of dimensional analysis known as the Buckingham Pi theérem. According to
this theorem, a unique relationship exists among all of the possible non-dimensional
groups ( parameters) relevant to the given problem. The variables (Table 2.1) chosen for
composing the © parameters relevant to the current problem are shown in Table. 2.2.
According to the Buckingham Pi theorem, the number of 7 terms (n) is given by n =t -
m, where t = total number of variables relevant to the given problem and m = number of
basic dimensions (M, L and T). As seen from Table. 2.1 and 2.2, since the total number
of variable;s (t) relevant to the current problem is 12, the number of independent non-
dimensional quantities (n parameters) must be 9. However, one should be aware of the
presence of scale effects that are not quite accounted for by the use of non-dimensional

parameters. No attempt was made in this study to address this issue.



Table 2.1 Applicable model variables

Variables | Dimensions | Description

y L lateral deflection (m)

z L depth (m)

d. L pile width (or diameter) (m)

k LT Permeability of soil (m/s)

y ML*T* unit weight of soil (kN/m”>)

p ML mass density (kg/m°)

Py ML T* jet water pressure (kPa)

p ML* T* soil pressure (kN/m®)

PL MLT™* applied lateral load (kN)

Epl ML’ T* flexural rigidity of pile (kNm®)

Kp Coefficient of passive earth pressure
Q L°T" water flow rate out of the jet (m’/s)
Es ML T~ modulus of elasticity of soil (kN/m")




Table 2.2 Definition of Pi terms

Pi term Non-dimensional quantity
T y . . .
B non-dimensional deflection
¥1%) z . .
D non-dimensional depth
T3 F, . . ]
2 non-dimensional jet pressure
P
Ty PL . .
3 non-dimensional lateral load
D7y
Ts P . . .
DE< non-dimensional soil pressure
S
T Es ) ) )
5 non-dimensional soil modulus
Y
) Epl ) . e g
4P non-dimensional pile rigidity
D"Eg
Tg Kp non-dimensional soil strength
9 Q . .
—2; non-dimensional flow rate
D




2.3 Experimental Details of Model Testing

Although the minimum recomxﬁendéd jetting préésurc is 344.75 kPa (50 psi,
FDOT, 1996), typically used jetting pressures even exceed 1379 kPa (200 psi). However,
due to the magnitude of the model testing apparatus, the model jetting pressure had to be |
limited to a maximum of 758.45 kPa (110 psi), a two-fold reduction of the typical jetting
pressure. According to 73 (Table 2.2), this can be achieved only‘by using a foundation
soil type where the denominator Ky is changéd by a factor of 2.0 within a practical range
of unit wcights achieved by. compaction. In order to “engineer” such a soil, the
permeability and density characteristics of different clay-sand mixtures were obtained
from a series of ~fal]ing head permeélbility and Proctor compaction tests. Fig. 2.1
illustrates the dry unit weighth z_md the porresponding coefficient of permeability, ko,

obtained from the falling head permeability test.

1EO1 ¢
1E02 | ) / =
E / o msomysend
=
>4
LE03 90% sand+ 10% clay
F (w=8%)
1.E-04 ' ' :
12 14 16 18

Dry Unit Weight , xN/m®)

Figure 2.1 Permeability vs dry -unit weight
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50
40
30

20

Friction angle (degrees)

10

90% sand + 10% clay + 8% water

- |
90% sand + 10% clay + 8% water
Aluminum
14 16

Figure 2.2 Friction angle vs dryuni'r ‘weight

Based on the above results, the most suitable clay-send ratio was determined to be
>90% fine uniformly graded masonry sand (mean diameter, D5y, of 0.25 mm and
maximum and minimum unit weight of 13.75 kN/m® and 17.45 kN/m® respectively) and
10% commercially available kaolinite clay (PI = 22 and LL = 60) at an approximate
water content of 8%. Direct shear tests on clay-sand mixture was also conducted to
determine thc angle of internal friction (¢) (Figure 2.2, at vy = 14.8 KN/m® ¢ =35.32° and

Ya = 16.2 KN/m® @ = 37.74°). Other relevant properties of the selected soil are shown in

Table 2.3.

Dry Unit' Weight kN/m)

Table 2.3 Engineering properties of foundation soil

18

[}

Soil Percentage Percentage | Gs | Optimum Yaat
finer than | finer than moisture OMC
number number content - (kN/m?)
40 sieve 200 sieve (OMC %)

90 %masonry 88.15 10.2 |2.68 10.22 17.47
sand + 10 %
kaolinite clay

11




Figure 2.3 Test pit and hammer frame system

.Compacted clay-sand mixture weighing 16.2 kN/m® was obtained'by first placing a
known weight of masonry saﬁd in a 2.44 m (8 ft) square and 2.13 m (7 ft) deep test pit
(Fig.2.3) at 152.4 mm (6 incli) lifts. Each' lift was mixed with 10% kaolinite clay and 8%
water by means of a small gasoline operated roto-tiller..After the soil was thoroughly
mixed, a WACKER BS-45-Y vibrator rammer was used to compact each lift. To prevent
compaction in excess of the required unit weight, prior to the test, the compactor was
calibrated for the vibration time and the soil deformation. The final soil unit weight was
verified by measuring the weight and volume for each lift deposited in the test pit. The
volume of a particular sand-clay layer was estimated knowing the dimensions of the test

pit and the average depth of the soil layer after compaction. This process was continued

until the test pit was filled up to 1.82 m (6 ft).

12



A 1.52 m (5 ft) long aluminum tube of cross-section of 50.8 mm x 50.8 mm (2
inch x 2 inch) and 1.6 mm (1/16 inch) thickness was selected as the model pile.
Aluminum was chosen in order to obtain a significant lateral deflection and bending
strains for a given load, and to avoid local buckling of the cross section during driving.
The flexural stiffness of the pile was computed as 9 kN.m?. Each model aluminum test
pile was instrumented with six pairs of electrical resistance strain gauges (at 0.19 m
intervals starting from model pile tip) that were mounted on two opposite outside faces.
The wire leads from the strain gauges were passed through access holes drilled 25.4 mm
(1 inch) above each strain gauge location to the top of the pile. All of fhe strain gauges
were protected by a hard and ﬁat epoiy coating.

The experimental prog'rax'n. consisted of testing alumiﬁum model piles installed
using impact driving, as '.wéll as jetting/dri\iixigpusing_ 1"72.38 kPa (25 psi), 344.75 kPa (50
psi), 517.13 kPa (75 psi) anci >6'8.9;50..kPa (100 péi) jetting pressure. The piles were
installed in the foundation soil once lt was compaéted to a unit \yeight 6f 16.2 KN/m’.
After the first stage of testing.,‘__the soil fill was reclaimed and recompacted to a unit
weight of 14.8 KN/m>. Further, for each unit weight, the testing program was repeated
under a completely submerged condition. The entire testing program and corresponding
test model pile abbreviations are shown in Table. 2.4.

Table 2.4 Nomenclature used for piles in the testing program

Unit Condition Driven Jetted Pile Identification
Weight Pile
17237 kPa 344.75kPa 517.13 kPa 689.5 kPa
(KN/m*)
16.2 Unsaturated UD;, Uln U2 Ulis U4
Saturated SD, SIn SJi2 Slz Sli2
14.8 Unsaturated Ub, Uy - Uln Ul Ul
Saturated SD, SJ2 SJ22 SJas SJaa
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A hand operated model laboratory impact hammer with a maximum rated energy
of 178 Joules/blow, operating at 3.77 Joules/blow was used to drive tﬁe ,pilés. The
hammer consisted of steel leads attached to the upper I-beam of the frame via a trolley
and pulley system. The frame was supported by four rollers which rested on two parallel.
steel angles serving as guides on opposite sides of the pit. The rollers and the trolley
provided two degrees of freedom such that the hammer and the guide could be taken to

any desired location in the pit.

Figure 2.4 Water jet system k

\

The water jet was fabricated out of two stainless steel pipes with an outside and’
inside diameters of 6.35 mm and 4 mm respectively. Each pipe extended down the length
of the pile on opposite sides and was attached to a guide as shown in Fig. 2.4. The entire

water jet pipe system was secured to the pile at the td;;._'Watériwas fed through a 19.05

B \
e e
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mm reinforced hose, reduced down to a 6.35 mm hose coupled to stainless steel pipe,
passed through a pressure gauge and finally diverted into the jets at the bottom of the
pipe. A pressure booster pump was used to pressurize the water from the water reservoir
up to the desired jetting pressure. All of the piles were jetted up to a depth of 0.75 m

(29.5 inch) and then impact driven another 0.254 m (10 inch) up to the tip elevation.

Hyvdralic
“jack

258
Load Cell

LB

Figure 2.5 Lateral load test setup

Each lateral load tests was conducted within 3 to 4 hours after installation, to
allow excess pore water pressure dissiﬁation around the pile. The lateral load was
monotonically increased using a hydraulic jack having a strokel of 127 mm (5 inch). The
jack was connected to a hand-operated pump equipped with a calibrated pressure gauge.
The applied force was monitored by a load transducer, _v,;zhile the lateral displacement at

127 mm (5 inch) above the soil surface was measured with a Linearly Varying

U PR
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Displacement Transducer (LVDT) as shown in Fig. 2.5. A central data acquisition system
monitored all displacement, strain and load data. During each test, the lateral lbading was
terminated when yielding of the model pile was noticed based on strain-soﬁenin_g in the

computer displayed load deflection curve.

Table 2.5 Influence of pile installation procedure on lateral capacities

Test Lateral-load Displacement Time required
capacity at failure for jetting 0.75m
(kN) (mm) (min)
UD; 3.89 11.56 N/A
Ul 3.67. 17.66 18.00
Ulnz 346 2359 8.50
Ul 333 27.19 350
Uhs 33 35.63 1,88
SD, 340 2670 N/A
SIln 3.31 28.07 10.40
STz 3.17 29.97 6.63
STi3 3.13 ¢ 30.48 4.20
Sha 3.05 32.00 1.12
UD; 3.17 25.66 N/A
Ula, 3.12 31.65 6.19
[8277) 3.10 33.53 3.80
Ul - 3.03 37.34 2.90
UlJas 2.82 40.13 \ 1 .6é
SD; 3.23 31.06 N/A |
SJa 3.09 44.48 3.23
S22 2.90 48.46 2.73
SJa3 2.56 50.29 1.91
SJ24 2.50 53.44 1 .66
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¥4 = 16.2 kM/m’, Unsaturated Lateral load
4ar 0.127m
Z
= 3|
B
S
52 ¥ UD, # Ul
3
® UJ,, O UJB
1
® Ul
0
0 0.01 0.02 0.03 0.04 0.05

Lateral Deflection (m)

Figure 2.6 Lateral Load vs lateral displacement at 0.127 m (5 inch) from ground surface

Lateral load deformation curves for one of the load tests is given in Fig. 2.6. It can
be seen from Fig. 2.6 and Table 2.5 that the response is nonlinear at all load levels. As
expected, the driven piie shows stiffer behavior than the other piles. Comparison of the
curves for jetted piles shows that an increase in the jetting pressure or the flow rate
decreases the lateral load capacity while increasing the lateral displacement at failure.
This observed reduction in the lateral load capacity may be due to the larger extent of the

influence zone formed by a higher jetting pressure.
2.3.1 Evaluation of results

The condition of a laterally loaded pile can be idealized as that of an infinitely

long cylinder laterally deforming in an infinite elastic medium or as a plane strain

17



problem of a rigid cylinder laterally deforming in an infinite elastic medium (Pyke at al,

1984). Broms (1964) showed that a laterally loaded pile behaves as an infinitély stiff

member when the dimensional length factor nL (n = (KwED"?

) is less than 2 where K} is
the coefficient of horizontal subgrade reaction. Further, it was shown to behave as an

infinitely long flexible member when L 2 4 as shown in Fig. 2.7.

u H
'« Bending of
pile

p
‘Structural

Deformed . :

D shape of the yield of pile
. element
pile
.
(2) Rigid (short) pile , (b) Flexible (long) pile

Figure 2.7 Relative rigid vs flexible pile behavior

In this testing program, for the combination of (1) Epl:i(model pile flexural
stiffness) = 9 kNm?, (2) Lp (embedded model pile length) = 1.60 m, and (3) 108 <Kj <
600 MN/m® (assumed average value), L. ranges from 6 < nL < 8. Hence, the tested
model pile can be classified as a flexible infinitely long member. Failure generally occurs

when the maximum stresses due to bending exceed the yield resistance of the pile.
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Strain gauge readings obtained along the length of the pile are used to develop the
lateral load transfer curves (p-y curves) at a finite number of points along the pile. The
values of p (horizontal distributed load intensity) and y (deflection) at any pile location at

a given lateral loading stage can be determined from the simple beam theory,

&y

2.1)

€
dz? h
where

€ = bending strain

y = lateral deflection

z = vertical coordinate along the pile

h = the distance from the neutral axis of the pile cross-section to the strain gauge location

Hence the lateral deflection (y) and distributed soil load on the pile (p) are given by

. |
y=1 ffedzdz _ 22
dty EplaZe
=E.I = 2.3
P="rp dz* h dz2 @3)

Thus, it can be seen that both pand y values can be found from a mathemﬁtically
defined € curve based on measured flexural strains. This is usually achieved either by
fitting a cubic spline funcﬁoﬁ between successive strain data“points (Finn et al, 1983,
Scott, 1980, Abendroth et al, 1990, Georgiadis et al, 1991, L1 Yan at al, '1992) or fitting a
higher order polynomial to all of the strain data points (Ting 1986, 1987). In this study,

the latter procedure was used.
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The fitting procedure is illustrated as follows with the distance z measured from
the pile tip which is located 1.00 m (39.5 inch) below the soil surface. In order to closely
trace all of the strain data, the following polynomial with five coefficients was considered
y=a,2% +a,2" +a328 +a,2° +agz!° : - (24)
where a;, i=1 to 5, are constants.

It can be seen that the terms up to z° have been discarded from Eqn. (2.4) since
the pile deflection and all of its derivatives up to the fifth deﬁvative were considered as
zero at the pile tip (z = 0) (Ting,1986, 1987). This is because the deflection, slope,
moment, shear and pressure distribution due to the applied lateral load are negligible at

the pile tip. From Eqn. (2.1) the strain at any location z within the embedded part of the

pile can be expressed by

a2 | N
£ = h:i—-z}i = h(30a,z* +42a,2° +56a325 + 722427 +90asz8) 2.5)
YA

Then four pairs of strain gauge readings and the known soil pressure (p = 0) at the soil
surface (z = 1.00m) were used to determine the a;.

Furthermore, a third degree polynomial function was employed foxj approximating
the deflection (y) of the free portion of the pile (above the ground level). This is because
the fourth derivative of this polynomial (p in Eqn. 2.3) automatically vanishes, thus
satisfying the p = 0 condition all over the free portion. Conseqtfently, the‘ deﬂection above

the soil surface can be given by .
y=bgo +b(z—20)+by(z-20)? +b3(z—20)> . (26)
where zo = 1.00 m. Three of the above constants (b;, i = 0 to 3) were determined by

matching the deflection, slope and moment of the free pile portion with the corresponding
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values of the embedded portion determined by Eqn. (2.4), at the soil surface (z = zo). The

fourth b; constant was determined by setting the moment at the lateral loading level equal -

to zero.
1.2
- Ground level
1
— UJ 14
E
< 08 |
2
[
§ 0.6 } .
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.E 04 } Fitted
A ‘ ' polynomial
02 } . Jetted Elevation (0.254 m
" from pile tip)
0

-0.0005 v 0.0005 o -0.0015 0.0025
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Figure 2.8 Polynomial fitted measured strain data

1.2
S | -
E
K= Jia
E 0.8 Ulis
B Ul
E 06 |
& Uly
3 . :
g 04 UD, Jetted Elevation
.‘g +— (0.254 m from pile
02 | tip) |
#+— Pile
0 1 - 1 : 1
-0.005 0.005 0.015 0.025
Displacement (m)

Figure 2.9 Calculated pile displacement
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Figure 2.10 Calculated soil pressure C

The distributions of strains, deflections and soil bressure coniputed using the
above methodology are illustrated in Figs. 2.8, 2.9 and 2.10 respectively, at an arbitrarily
selected load of 2.5 kN during the jetted tests on the unsaturated soil bed of unit weight
16.2 kKN/m’. It is seen t_haf close agreement exists between the fitted curve and the actual
measurement of strain (Fig. 2.8). Further, it can be seen that the pile jetted with 689.50
kPa pressure shows the largest strain, deflection and smallest soil pressure. These
excessive deformations and the low lateral pressure appear to“ be associated with the
degradation of soil around the pile due to the inéreaSed jetting eéfect, sﬁggesting (Na
reduction in shear modulus c;f soil, and (2) permanent plastic deformation of the soil.
Moreover, even though all of the piles were impact driven for the last 0.25 m (10 in)

regardless of their method of installation, their behavior below this level was different,
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suggesting the possibility of the effects of the method of installation persisting in the

impact driven last portion.

5
Loading .
4 - level, —» %
i f 0.127m
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Lateral Displacement (m)

Figure 2.11 Measured and calculated lateral load displacement

Fig. 2.11 shows the analytical predictions of lateral load behavior of the piles at
the loading level plotted along with the measured lateral load and displacement at this
level, throughout each test. The agreement seen in Fig. 2.11 also indicates that the
selected analytical model satisfactorily predicts the pile behavior under lateral loading.
Similar results were obtained for all four testing conditions illustrated in-Table.2.4.

Typical soil-pile load transfer characteristics at different .relgtive dépths are
illustrated in Figs.2.12(a) to 2.12(d) for each pile in terms oif p-y curves. The compléte
lateral resistance and displacement behavior were established up to a relative depth of
. 4D, since below 4D, only an insignificant initial portion of the p-y response was

developed at the pile failure stage.
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Figure 2.12 (Continued)

25



It can be seen that p-y curves also exhibit highly nonlinear and relatively softer
behavior at shallower depths (1D and 2D) and relatively stiffer behavior at 3D and 4D
depths. As expected, at all of the depths, the driven pile shows stronger behavior than
jetted piles. This may. justify the commonplace assumption that the disturbance caused by
jetting does effect the pile behavior and therefore the soil strength-deformation
characteristics. This deviation is probably due to the following reasons; (1) jetting
produces an uneven disturbance throughout the depth resulting from the excessive
washing out of material surrounding the pile in leading to highly distorted, remolded
cavity walls around the pile, (2) uneven changes in water content (and thus strength) of
the soil around the pile resulting ﬁom the excess pore water pressure generated during
jetting, (3) jetting leads to the destmduﬁng and loss of frontal resistance of soil around
the pile through lateral stress and pore pressure build up.

The p-y curves can be normalized using a soil parameter which depicts the stress
level. A suitable normalized parameter for this purpose is s = p/E;D (Table 2.2) since
Emax (elastic modulus at very low strains) used to compute s (Li Yan at al, 1992) shows
a strong mean normal stress dependeﬁcé. In this research, Enax was determined from the
mgasured coefficient of horizontal subgrade reaction, Kma, using the following

expressions (Glick, 1948, Bowles 1996):
K's = DKo oo : 2.7)

0 22 4Eg(1- V)
K 3 =
1+ V)3 - 4v)[2 In(2Lp, / D)~ o.433]

(2.8)

where K’ and E; has same units (kPa) and

K’s = horizontal subgrade modulus
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L, = pile length (1.00 m)

D = pile width (0.051 m)

v = Poisson’s ratio

A typical v value of 0.3 was used for the sand/clay mixture. Kmax at each depth Was
obtained 'from the initial stiffness of the experimentally determined p-y curves (Figs.
2.12(5) — 2.12(d)) for the driven pile assuming that the soil around the driven pile had the

minimum disturbance.

Ground level

0 200 400 600 800
K, (MN/m®)

Figure 2.13 Variation of Kmax vs ZD

A

Fig. 2.13 compares the K, for different piles, and the positive effect of the
confining stress on Kmax €an be clearly seen as the latter increases with increasing
overburden. From Fig. 2.13 the effect of increasing the jetting pressure on Krmax also is

clearly evident. Similarly, ultimate soil pressures (pu) are obtained from p-y curves at
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each depth by fitting the experimentally obtained data points with a hyperbolic function

of the form p = y/(a+by) (Kondner, 1963, Georgiadis et al, 1991). Then, 'pu value for each

fitted curve is obtained by the curve parameter, 1/b, since p, = 1/b when y — .

Figure 2.14 Variation of p, vs z/D

Ground level

-6 Fitted Hyperbola
-8 .
0 250 500 750
~ Pu(kPa)

1000

pu value at each depth are shown in Fig. 2.14. Table 2.6(a)-(d) shows the K-ratio and p,-

ratio (Kje/Kdriven and Pujer/Pu,driven Tespectively) at each depth for all of the experimental

conditions.

Table 2.6 (a). Comparison of curve fitted Kmax and p, values (16.2 kN/m® Unsaturated)

Depth UD1 ' UJn/UD[ UJu/UD] i UJnYUD] UJH/UD)' 4
Kmax (KN/m*) p. (kPa) .

1D 329815 176 023 094|021 |071 |0.14 |1.22 |0.13 | 1.25

2D 496032 352 025 |094 |0.18 {0.71 | 0.13 |0.79 |0.11 .| 0.77

3D 596484 528 026 |094 [{0.17 {0.71 | 0.12 | 0.58 | 0.10 | 0.56

4D 663130 704 0.27 {094 [0.15 {0.71 |0.11 [0.47 |0.09 |0.44

5D 711035 880 028 |0.94 {0.15]0.71 | 0.11 039 |0.09 |0.36
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Table 2.6 (b). Comparison of curve fitted Kmax and p, values (16.2 kN/m® Saturated)

Depth SD, SJ1/SD; SJ12/SDy SJ13/SDy SJ14/SD;
Kumax (KN/m’)_pu (kPa) L
1D 55463 280 075 1093 | 0.72 | 2.04 | 0.67 |2.07 |[0.56 | 1.86
2D 76746 435 084 |094 [0.81 |1.46 |0.78 |1.43 0.57 | 1.40
3D 88002 531 090 095 |0.87 |1.24 |0.81 |1.35 |0.57 |1.24
4D 94967 600 0.94 {096 |0.91 | 1.12 0.83 [1.23 |0.57 |1.13
5D 99701 647 097 1096 |094 |1.05 085 |1.16 |0.57 1.07
Table 2.6 (c). Comparison of curve fitted Kmax and p, values (14.8 kN/m® Unsaturated)
Depth -UD; - - UJ,21/UD2 UJ/UD; -| UlJ23/UD:2 UJ24/UD>
Kmax (KN/m*) pu (kPa '
1D 58153 144 037 1061 |0.27 |0.86 [0.39 |1.35 |0.37 0.91
2D 113884 292 037 o6l 1027 [0.58 [0.28 |0.86 | 0.26 | 0.72
3D 167339 440 037 |0.60 [0.27 {043 [0.22 |0.64 | 0.21 0.60
4D 218656 628 0.37 |0.56 027 034 [0.19 | 047 |0.17 | 0.48
5D 267960 740 037 1059 027 |0.30 [0.16 |0.42 [ 0.15 | 0.44

Table 2.6 (d). Comparison of curve fitted Kmax and p, values (14.8 kN/m® Saturated)

Depth SD, . SJ21/SD; SJ22/SD; SJ23/SD; SJ24/SD2
Kmax (KN/m’) pu (KP2)

1D 21218 195 0.83 | 0.60 | 0.82 | 0.54 ‘0.75 0.52 | 0.47 | 043

2D 38366 304 069 |0.64 | 0.67 |0.53 | 0.62 0.51 | 0.46 |0.35

3D 52512 380 0.61 |0.66 | 0.59 0.51, 0:55 | 0.48 | 0.46 | 0.31

4D ‘64381 421 0.55 | 0.69 | 0.53 051 050 | 048 |045 |0.29

5D 74482 456 051 [0.71 | 0.49 {0.51 | 0.46 | 0.47 044 |0.28
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Figs. 2.15 (a) — (d) illustrate the normalized p-y curves. Hence one can use these
normalized curves to generate the lateral load characteristics (p-y curves) for any other
desirable condition knowing the soil parameters and the pile size. Finally, K-ratios
(Kje'Kariven) and py-rato (pujer/Pu,driven) Obtained from the entire testing program are

plotted against the non-dimensional jetting pressure (m3 = Py/k*p) and shown in Figs. 2.16

and 2.17.
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Figure 2.16 Non dimensional K-ratio vs jetting pressure

The K-ratio and py-ratio can be related to non-dimensional ] etting pressure by following

equation
B
Ko _ oo 2.9)
K driven k 2 P
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B2 .
pwz=%(%) | (2.10)
p U,driven k P .

where, o, o2, B1 and P, are soil type dependent constants which be determined by the

respective intercepts and slopes Eqns. (2.9) and (2.10) produce on a log-log scale.
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Figure 2.17 Non dimensional py vs jetting pressure
The fitted values are shown in Tables 2.7(a) — (b).
Table 2.7 (a) Constant for Eqn. (2.9)
p (kg/m’) p (kg/m’)
Constants
1651.95 1035.02 1509.19 946.30
o 165.44 904.65 111.90 280.38
By -0.323 -0.323 -0.323 -0.323
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Table 2.7 (b) Constants for Eqn. (2.10)

o (kg/m’) p (kg/m’)
Constants
1651.95 1035.02 1509.19 946.30
o2 4699.85 4699.85 1246.39 1246.39
B2 -0.413 -0.413 -0.413 -0.413

The values for B; and B, seem to be independent of the foundation medium density and
the groundwater table level. On the other hand the values of o; and o seems to increase
with the foundation medium density. Hence one can assume the variation of o and a; to

be linear proportional to the foundation medium density.
2.3.2 Numerical Example

If a field p-y curve of a driven pile in a soil type similar to the tested soil (clayey
sand) based on either (1) experimental data, (2) Reese et. Al. (1974) method (Fig.
- 2.18(a)), or (35 Murchison and O’Niell’s (1984) method (Fig. 2.18(b)) is available, and, if
one neglects the possible errors due to scale th¢n one can generate p-y characteristics for
épile to be jetted-driven in the same soil type.

In order to illustrate this, assume that a p-y curve based on method by Murchison
and O’Niell’s (1984) is available for a driven pile at a clayey sand' site (with kyg =
1.592x107 cm/s and p = 1607.08 kg/m® ory=15.76 kN/m? above the groundwater table)
and that relevant parameters at 3D depths are Agq = 1, pyg = 900.00 kPa and Kmaxa =
30000.00 kN/m® (Fig. 2.18 (b)). The subscript “d” indicates a driven pile. Using these

" values, the corresponding p-y curve can be plotted in Fig. 2.19.
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Figure 2.18 Schematic presentation of load transfer relationship
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Also assume that one is interested in synthesizing a p-y curve at 3D for a field
jetting pressure of 861.88 kPa (125 psi). The equivalent non-dimensional jetting pressure
conespondiﬁg to the above soil properties must be determined by the m parameter,
3 = (Po/kzp) (Table 2.2). the constants o, o, B1 and B2 can be obtained by linear
interpolation based on the values given in Tables 2.7(a) and (b). Table 2.8 shows the
interpolated values at a 1607..08 kg/m® density. It has been assumed that the range of
values shown in Table 2.7 are generally valid for any combination of density and

permeability for soils similar to the tested one.

Table 2.8 Interpolated constants for use in Eqns. (2.9) and (2.10)

p
Po/kzp (04 (05 Bl BZ
(kg/m’)
1607.08 2.12x10° 146.36 3093.64 -0.323 -0.413

Using Eqns. (2.9), (2.10) and Table 2.8, the K-ratio and py-ratio can be
determined as 0.14 and 0.44 respectively. Thus, the corresponding p-y parameter at 3D
depth, for the pile to be jetted at 861.88 kPa are, Aj = 1.0, Kmax; = 4200.00 KN/m® and
pu; = 396.00 kPa. The corresponding p-y curve is also plotted in Fig. 2.19.

This example shows how one can use Eqns. (2.9) and (2.10) to gasily generate the
p-y curve for a pile to be jetted at any desired pressure in tlile field. It must be noted .that
the same procedure can be extended to obtain p-y curves for any desired jetting pressure,
based on p-y curves for driven piles available also in terms of Reese et. Al. (1974)
method or experimental data, by employing comparisons found in Table 2.7 and Eqns.

(2.9) and (2.10).
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Figure 2.19 Predicted p-y curve

2.4 Conclusions

The lateral monotonically increasing loading behavior of vertical, free-headed
piles inéfélled by jetting was presented, based on a model study. The study was
specifically focused on the soil-pile load transfer behavior in terms p-y curves under
different installation procedures (driving, jetting). Based on this study, the following
conclusions can be drawn;

(1) Piles driven in a clayey sand clearly exhibited a higher lateral load capacity than the
jetted ones. In addition, jetting significantly increase the lateral deflection at failure.
(2) An increase in the jetting pressure or the quantity of flow increase the lateral

deflection at failure noticeably reduce the maximum lateral load. This is due to the
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extensive wetting or ground disturbance which causes softening and remolding leading to
a reduction in soil resistance.

(3) The experimental p-y relationships are nonlinear, being softer at shallow depths and
stiffer at higher depths. The stiffness of p-y curves of jetted piles were considerably lower
than those of the corresponding drivep piles. This can be expected as a result of the
increase in the moisture content and the accompanied increase in pore water pressure and
soil disturbance surrounding the jetted pile.

(4) The experimental comparisons in Tables 2.7 as well as Eqns. (2.9) and (2.10) can be
used as approximate guidelines to develép potential p-y curves for jetted piles wﬁen the
p-y curves for a driven pile are available for the same soil in terms of experimental data

or commonplace empirical methods.
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CHAPTER 3 .

LATERAL LOAD BEHAVIOR OF PREFORMED PILES
3.1 Introduction

Preforming, in conjunction with pile driving, can be used to install piles through
upper layers of hard soil and penetrate through subsurface obstructions. It can be also
employed to eliminate or reduce the possibility of ground heave or to reduce ground
pressures resulting from soil displacement during driving. In addition, preforming can be
used to reduce the amount of driving required to seat the pile properly in the bearing
material and possible vibration and noise which may be associated with pile driving.
However, once the required pile tip elevations are approached, the preformed piles are
driven until the required béaring capacities are obtained.

Preforming is a much more controllable driving aid than jetting. It is -also less
detrimental to adjacent piles or structures or on the frictional capacity of the pile. Hence
preforming can be more effective than jening in most types of soils. However, due to
removal of the in-situ confinement during preforming, it {s suspected that the late;ral
support of preformed/driven piles is reduced compared to completely driven piles. The
knowledge of the extent of this lateral support reduction is -of importance to the pile

design engineers.
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In order to achieve this objective, a comprehensive research program was initiated
and the goal of the first phase of the project was to experimentally investigate lateral load
behavior of preformed piles using a model study. This goal was achieved by (1)
dett;rmining the normalized experimental load transfer curves (p-y curves) along the pile
depth and comparing the p-y curves of driven piles to those of preformed piles, (2)
exploring the effect of preformed hole diameter, soil unit weight and saturated conditions
on the p-y characteristics. During the second phase of the investigation, a computational
procedure based on the finite element method was developed to analytically model the
lateral load behavior of preformed piles. Finally, the model test results were compared to

the analytical predictions in order to calibrate the analytical model for more

comprehensive predictions.
3.2 Experimental Details of Model Preformed Pile Testing

As mentioned in Chapter 2, twelve preformed pile driving and static load tests
were preformed in order to assess the lateral load behavior. The entire preformed pile
testing program and correspoﬂding test model pile abbreviations are shown in Table 3.1.
As in the case of jetting, foundation soil was prepared under two different unit weights
(16.2 kN/m3 and 14.8 kKN/m®) under both unsaturated and satu;ated conditions.

The experimental setup and testing procedure are s%milar to that described in

detail in Chapter 2. However, for completeness, a brief description of the preformed pile

installation procedure is provided below.
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Table. 3.1 Nomenclature used for preformed piles in the testing program

Unit | Condition Driven Diameter of Preformed Pile (mm) -
Weight Pile
(KN/m?) 38.1m 50.8 63.5 [
16.2 Unsaturated UD, UPy; UP2 UP;3
Saturated SD, SPy, SPys SPi,
14.8 Unsaturated UD; UPy, UP,, UPy3
Saturated SD, SPy, SPyx» SPy;3
Ground level
Section A - A
Preformed hole ‘ g;:ft"lc:ngzc; m //'

diameter

D, =38.1 mm (1.5 in)
D, =50.8 mm (2.0 in)
D;=63.5 mm (2.5 in)

Pile

Figure 3.1 Schematic diagram of preformed pile

inches)

(29.5 inches)  Pile

>

7

Preformed Pile hole
Diameter “D”

Driven Depth ,
25m (10

In practice, the preformed hole is augered, and the sides of the hole are supported either

with a slurry or a casing. In the case of cohesive soils, the holes are self supported. In this

study, the casing was eliminated since there were no sign of caving or collapse observed

during augering within a depth of 0.75 m. Preformed piles were installed by augering
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38.1 mm (1.5 inches), 50.8 mm (2.0 inches) and 63.5 mm (2.5 inches) square and 0.75 m
(29.5 inches) deep as shown in Fig. 3.1. A specially designed auger was used for
preforming as shown in Fig. 3.2. Figs. 3.3 (a) and (b) show the completed auger hole and

pile placement in the preformed hole.

Figure 3.3 (a) Preformed 50.8 mm (2 inch) hole



Figure 3.3 (b)Preformed 50.8 mm (2.0 inch) hole and pile.

Table. 3.2 Influence of pile installation procedure on lateral capacities

Test Lateral load capacity Displacement at
(kN) failure
(mm)
UD, 3.89 11.56
UP1y 3.14 21.84
UP), 2.76 22.10
UP13 2.21 28.71
SD;, 3.40 26.70
SPy, 3.10 27.07
SP12 2.60 30.16
SPy13 2.16 31.88
UD, 3.17 25.66
UPy; - 3.02 2891
UP2, 2.56 34.22
UP23 2.10 ' 40.01
SD, 3.23 31.06
SPy 2.98 38.59
SP2; -2.54 41.25
SPa3 2.08 43.25
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After insertion, the piles were dnven to the required embedment depth. The piles
consisted of instrumented hollow alummum 50 8 mm square pxpes with a 1.6 mm wall
thickness and 1.52 m length Then each pxle was laterally loaded monotonically. The
entire testing procedure is as descrlbed in Section 2.3. Table 3.2 shows measured lateral
load capacities and displacements at failure for the entire testing program.

Comparison of the preformed piles shows that increasing the preformed hole
diameter decreases the lateral load capacity while increaéing the iater'al displacement at
failure. This reduction in the lateral load capacity may be due to the significant reduction
in the side shear (frictional resistance, 'c,“y effect on Fig. 3.4) (Trevor 1987) mobilized to

resist the translating preformed pile.

Lateral load
| e—

Soil
pressure (p)

Distribution of side
/ Frictional resistance Tty

A //_\
/ Drlven pile

Possible pile-soil
separation BE—

Preformed pile

>
>

Elevation ¥

Figure 3.4 Component of soil resistance
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- 3 '
¥¢= 16.2 KN/m Unsaturated Lateral load"
4 - X
0.127 m
— A
Z
< 3 ' Ground surface
°
3 m UD,
<
s 2 .
2 A UP,
|
1 ] UP|2
& UPys
0
0 0.01 0.02 0.03 0.04 0.05

Lateral Displacement (m)

Figure 3.5 Lateral load vs lateral displacement of Preformed piles

Fig. 3.5 shows the lateral load versus lateral displacement for the driven and
preformed piles. It is seen that the driven pile and piles preformed in a smaller hole show
stiffer behavior than the other piles. This is due to; (1) the vibration and cavity expansion
during driving densiﬁes the surrounding soil to different degrees (UD1 and UPy), and
(2) the soil disturbance associated with different degrees of preforming contributes_to
different levels of lateral confinement relief (UP;; and UP)3). As explained in Fig 3.4, on
preforming, the adhesion between pile and soil reduces due to the softening of the
surrounding soil. This effect may result in the increased lateral displacement, especially

for the 63.5 mm (2.5 inch) preformed pile.
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3.2.1 Evaluation of Test Results

o - Section A - A

yi

z

- Set of p-y curves

(@)

(t;) - - - Elevation ©
Earth pressure Earth pressure
distribution prior distribution after
to lateral loading lateral loading

[
i .

Figure 3.6 Principle of p-y curves

The lateral load behavior of the pile-soil interface along the pile depth'is typically

represented by p-y curves. The concept of p-y curve can be explained by Figs. 3.6 (b) and
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(c). In Fig. 3.6(2) a section (A-A) at a depth z; is shown through a pile. The earth pressure
distribution at A-A prior to lateral loading is shown in Fig. 3.6(b). If the pile is deflected
a distance y;, as shown in Fig. 3.6(c), an asymmetric soil pressure would be .developed as
shown in the Fig. 3.6(c). Integration of the soil pressure around the pile at A-A would

yield an unbalanced force of p per unit length of the pile.

V = Shear force

M = bending moment

Figure 3.7 Stress on the pile segment

Figure 3. 7 shows that the moment (M) in a pile segment of length (Az) can be

related to the force per unit depth (p) causing this moment by: *

M _ P | 3.1)
dz? , }
Then, by making the usual assumptions of the bending theory, the following can be

developed
4
d'y :
p=Epl [——} (32)
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where
E.l, = flexural stiffness of the pile

Hence the relationship between p and y is highly nonlinear. The method
employed for developing p-y curves is explained in Section 2.3.2. |

In order to obtaine y, integration of the fitted polynomial suffices, as any slight
errors in the strain data become smoothed in the integration process. However for the p,
any slight errors or deviations in the strain become greatly magnified during double
differentiation. To alleviate this problem, some researchers (Scott 1980; Finn, et al. 1983)
ﬁtted local cubic splines between successive stain data points and then derived the
pressure (p) and deflection (y) based on them.

However, Scott (1980) found that this did not reduce the magnification of error
during double differentiation. Instead, he fitted a fifth degree polynomial to the strain
data at each time instant, subject to the constraints that the V is equal to the applied load
at the pile top, and y, dy/dz, M, V, and p are all zero at some arbitrary point below the
bottom strain gauge. Besides the advantage that small errors in the strain data do not
result in large errorsk in the computed p, the use of a continuous polynomial also
eliminates the need for additional numerical differentiation or integration of the moment
for the shear, pressure, slope or deflection.

The distribution of strain, deflection and soilbpressure computed using the abov_e
methodology are illustrated in Figs. 3.8, 3.9 and 3.10 res;;ectively, at an arbitrarily
selected load of 1.53 kN during the preformed pile test on the unsaturated soil bed of unit
weight 16.2 kKN/m®. The quality of the fitting operation can be seen in Fig. 3.8. where the

closeness with which polynomial fits the original data is noted.
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Figure 3.8 Polynomial fit pile strain data vs depth (ya=16.2 KN/m® — Unsaturated)

1.2
/ /< Ground level
. 1
€ 20
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g 04 8 Y
2 Preformed elevation
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Figure 3.9 Calculated pile displacement Vs depth (Ya= 16.2 KN/m’> — Unsaturated)
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1.2 .
Ground level
~ 1
E
£ 038 | — UPs
s 0
a UD,
E 06 UPy
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g 04 | ,
A Preformed elevation
Q 02 | (0.254 m from pile
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0 1 1
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Figure 3.10 Calculated soil Pressure vs depth (ys = 16.2 kN/m® — Unsaturated)

Lateral Load (kN)

0 0.01 0.02 0.03 0.04 0.05
Lateral Displacement (m)

Figure 3.11 Comparison of measured and analytical load-displacement behavior
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Fig. 3.11 shows the analytical predictions of lateral load behavior of the driven

and preformed piles plotted along with the measured lateral load and displacement,

throughout each test.

(a)-1D

0o 0.002 0.004 . 0.006 0.008
y (m)

(b)-2D

0 0.002 0.004 0.006 0.008
y (m)

-Figure 3.12 p —y curves
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(c)-3D

0 0.002 0.004 0.006 0.008
y (m) .

(d-4D

0 0.002 0.004 0.006 0.008
y (m)

Figure 3.12 (Continued)

As described in section 2.3.1, the pressure and deflection can be computed for any

specified depth. Figs. 3.12(a)~(d) illustrate the p-y curves for preformed piles for depths
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of 1 — 4 (pile width) below ground level. From these plots, the strain softening at
shallower depths and the nearly linear behavipr at deeper depths are noted.

All of the preformed piles show very large pile displacements at each depth
compared to the driven pile. This is because the different degrees of stress release (or
loosening) associated with augering of different size holes enables the surrounding soil to

undergo a relatively large displacement before the maximum soil strength is mobilized.

Ground level

(@

uD,

Q -4
) UPy, Fitted
Hyperbola
A UP,
-6
m UP;,
-8
0 200 400 600 800
K, . (MN/m®)

Figure 3.13 (a) Variation of Kmax With depth

It can be seen from Fig. 3.12 that the general soil-pile interaction behavior at
different depths is effected by the confining stress level. Thus, the p-y curves can be
normalized by a soil parameter that is also a function of the confining stress level. As
explained in Section 2.3.1 this normalization can be carried out usir;g the maximum soil

elastic modulus Emax, calculated from measured Kmax. Fig. 3.13(a) compares the Kax for
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different preformed piles, and the variation of K., with depth represents the confining-
stress effect. Many studies have also shown that K., varies as a function of the depth. In
this study, the variation of Kpax With /D was fitted by a hyperbolic function (Kmax =
(2/D)/(a+b(z/D))). Similarly, the ultimate soil resistance (pu) is obtained using the method

explained in Section 2.3.1 and shown in Fig. 3.13(b).

Ground level

()
2

Fitted -
Hyperbola ¢ UD = UP, \~
-6 |
o IJP]Z O UPI3
-8
0 250 500 750 1000

pu (kPa)

Figure 3.13 (b) Variation of p, with depth

Table 3.3(a)—(d) show the K-ratio and p, ratio (Kpre/Kariven and pu,pre/pu driven

respectively) at each depth for all of the experimental conditions.
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Table 3.3 (a). Comparison of curve fitted Kmax and pu

values (ys = 16.2 KN/m’

Unsaturated) :
Depth UD;, UP1,/UD; | UP,/UD; | UP1/UD:
Kmax (KN/m’) pu (kPa) |
1D 329815 176 029 | 1.14 | 0.13 | 0.85 0.10' 0.80
2D 496032 352 021 |084]0.13|0.68 | 0.11 0.63
3D 596484 528 | 0.18 | 0.64 | 0.13 | 0.57 | 0.11 0.52
4D 663130 704 0.17 10541013049 | 0.11 | 0.44
5D 711035 880 0.18 | 0.44 | 0.13 | 0.43 To11 | 038
Table 3.3 (b). Comparison of curve fitted Kmax and pu values (Yo = 162 KN/m’
Saturated) |
Depth SD, SP;/SD, SP;2/SD, SP,3/SD
Kmax (KN/M) pu (KPa)
1D 55463 280 0.89 0.92' 0.79 | 0.79 0.68 0.63
2D 4 76746 435 0.85 | 0.83|0.78 | 0.72 | 0.67 0.55
3D 88002 531 0.83 | 0.78 | 0.78 0.69 | 0.67 | 0.50
4D 94967 600 082 |0.7510.77 | 0.67 "0.67 6.48
5D 99701 647 0.82 0.;13 0.77 | 0.65 | 0.67 | 0.46
Table 3.3 (c). Comparison of curve fitted Kmax and pu values (Ya = 14.8 kKN/m’
Unsaturated) . |
Depth UD:, | UP,/UD; | UP»/UD: ' UP23/UD;
Kumax (KN/m®) pu (kPa) .
1D 58153 144 0.95 | 0.56 | 0.64 0.50l 0.54 | 0.45
2D 113884 292 0.65 | 0.61 | 043 | 0.58 | 0.34 0.50
3D 167339 440 050 | 0.69 | 0.33] 0.62 | 0.25 | 0.56
4D 218656 628 041 | 0.51]027| 046 | 020 0.42
5D 267960 740 035 | 0.45] 023 | 0.41 | 0.17 0.37
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Table 3.3 (d). Comparison of curve fitted Kmay and p, values (Y4 = 14.8 KN/m® Saturated)

Depth “SD; SPu/SD; | SP./SD, | SP3y/SD;
Kmax (KN/m®) p. (kPa)

D | 21218 195 | 0.89 [ 045 | 094 | 030 | 0.52 | 027

2D | 38366 304 | 086 044|073 | 031 | 044 [ 027

3D | 52512 380 | 0.83 [0.43 | 0.62 | 031 | 039 | 0.26

aD | 64381 421 | 0.81 | 043 | 0.55 | 032 | 035 | 0.27

5D | 74482 | 456 | 0.80 | 043 |050] 033 [033 ] 027

Finally, K-ratios (Kpre/Kdriven) and Pu-Tatios (Pu,pre/Pu,driven) Obtained from the entire

testing program are plotted against the non-dimensional preformed hole 'diAameter and

shown in Figs. 3.14(a)-(b).

LE+00 T

g e
T\‘ . (@
® ® Unsaturated
yd= 148 KN/’
g @ Saturated
3 yd=14.8 KN/m®
i M Unsaturated Fitted curye
yda=162KN/m’
A Saturated N
yd=162KN/m’
1.E-01 : -
1.E-01 1.E+00 1.E+01
dD

Figure 3.14 (a) K - ration vs d/D
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1L.E+00 —
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- \\ n _Saturated
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1 A Saturated , Fitted curve
: =162 kN/m
B "’
| @ Unsaturated \ Unsaturated &
ya= 148 KN/m Saturated
L Saturatede/ ; ya=148 KN/m’ \
yd =148 kN/m
1.E-01 - —
1.E-01 1.E+00 1.E+01
dD

Figure 3.14 (b) pu - ratio vs d/D

Based on Fig. 3.14, the K-ratio and p.-ratio can be related to the non-dimensional

preformed hole diameter by following equations.

K B3
pre =a3(-d-) , (3.3)
Kdriven D
pume__, (¢ o
Pu,driven “\p '

\

Where, a3, o, B3 and B4 are soil type parameters which can be determined by the
respective intercepts and slopes that Eqn. (3.3) and (3.4) produce on a log-log scale. The

fitted values are shown in Table 3.4(a) and (b). -
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Table. 3.4 (a) Parameters for Eqn. (3.3)

16.2 kKN/m’ 14.8 KN/m’

Parameters | Unsaturated Saturated Unsaturated | Saturated

o3 0.14 0.69 0.38 0.69

B3 -1.17 -1.17 -1.17 -1.17
Table 3.4 (b) Parameters for Eqn. (3.4)
Parameters 162 KN/m’ 14.8 KN/m®

o4 0.64 0.39

B4 -0.68 -0.68

The values for P3 and Bs seem to be independent of the foundation medium unit
weight and the groundwater table level. On the other hand, the values of a3 and a4 seems
to be dependent on foundation medium unit weight and groundwater table. Hence one
can assume the variation of a3 and o4 to be linearly proportional to the foundation

medium unit weight.

3.2.2 Numerical Example

If a field p-y curve of a driven pile in a soil type simil.ar to the tested soil (clayey
sand) is available, based on either (1) experimental data, (2) Reese Iet. al.(1974) method
‘(Fig. 2.18 (a)), or (3) Murchison and O'Niell's (1984) method (Fig. 2.18 (b)), and, if one
neglects the possible errors due to scale effects, then one can generate p-y characteristics
for a pile to be preformed—driven in the same soil type. The impact of any scale efféct can
be identified only by comparing these p-y curves with those obtained from field tests.

In order to illustrate this, assume that a p-y curve based on Murchison and

O'Niell's (1984) method is available for a driven pile (with D=0.61 m (24 inches) square)
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at a clayey site (ya = 15.76 kN/m®) above the groundwater table. further, assume that the
relevant parameters at a 3D depth are Ag = 1, pus = 900.00 kPa and Knia = 3(_)000.00
KN/m?>. The subscript “d” indicates a driven pile. Using these values, the corresponding p-
y curve can be plotted as shown in Fig. 3.15. | h -
Then, assume that one is interested in synthe.sizing a p-y curve at 3D for a pile to
be inserted in a preformed hole of d=0.46m (18 inches). Accdrdingly, the c.orresponding
equivalent non-dimensional preformed ﬁole diameter (/D) is 0.75. Hence the cohstants »
as, o4, B3 and B4 can 'be obtained by linear interpolation based on the values given in
Tables. 3.4(a) and (b). Table 3.5 shows the interpolated values at a 15 76 kKN/m’ unit
weight. Tt has been assumed that the range of values shown in Table 3 4 are generally

valid for any other soil similar to the tested one.

1200

D =0.61 m, Driven pile

X

800

p (kPa)

400 (/D) = 0.75, Preformed
pile (Predicted)
\
0 .
0 04 0.8 1.2
y (m)

Figure 3.15 Predicted p-y curve
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Table 3.5 Interpolated constants for use in Egns. (3.3)and (3.4)

Unit weight d a3 o4 B3 Ba
(KN/m?) D
15.76 0.75 0.22 0.56 -1.17 - | -0.68

Using Eqns. (3.3), (3.4) and Table 3.5, the K - ratio and p, - ratio can be determined
as 0.31 and 0.68 respectively. Thus, the corresponding p-y parameters at a 3D depth, for
the pile to be inserted in a 0.46 m hole are, A;j = 1.0, Kmaxj = 9300.00 'kN/m3 and py; =
612 kPa. The correspondingly deduced p-y curve is also plotted in Fig. 3. 15.

This example shows how one can use Eqns. 3.3) gnd (3.4) to easily generate the p-y
curve for a pile to be inserted in any desired preformed hole,in the field. It must be noted
that the same procedure can be extended to c;btain p-y curves féf any desired preformed
hole diameter based on p-y curves for driven piles also available in terms of Reese et. al.

(1974) method or experimental data.
3.3 Numerical Modeling of the Lateral Load Behavior of Preformed Piles

3.3.1 Introduction

The lateral load behavior of preformed piles was numqrical‘ly mocieled using the
finite element program ABAQUS developed by Hibbit, Karlsson & Sorensen, Inc (1995).
This is a finite element code that enables the solution of transient elasto-plastic or large
displacement problems using step by step integration. It can be a'pplied' to plane stress,

plane strain, axisymmetric and three dimensional domains. In this work, the nonlinear
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response of preformed pile foundations to monotonic lateral loading is investigated in

order to gain a better understanding of the effects of preforming.

3.3.2 Estimation of Existing Confining Stress

An estimation of the existing confining stress needs to be done in order to
determine the parameters required for the constitutive modeling of the soil skeleton.
Expanding cavity theory (Vesic 1972) provides a procedure to carry out such an .
estimation. According to expanding cavity theory, the process of pile pénetration into the
soil can be simulated by the expansion of a 6ylindrical or spherical cavity in the soil. In
this regard, the stress along the pile shaft generated by the penetration of the pile can be
simulated by an expanding cylindrical cavity and the stress around the pile tip induced by
the penetration of a solid pile can be simuiated by an expanding spherical cavity.

The cylindrical cavity expansion problem is simplified to one of plane strain; the
soil is modeled as an elasto-plastic material obeying the Mohr-Coulomb criterion and the
effects of volume change in the plastic region are included. Based on these assumptions,
the stresses o’; and o' at the peﬁpﬁeral pile-soil contact due to the penetration of the pile
can be determined as functions of the angle of internal friction (¢), elastic modulus,
Poisson’s ratio, pile diameter, the existing radial stress (Go) apd the shear volume change
characteristics of the soil. The application of this theory to the present problem is

described next.

According to expanding spherical cavity theory, the effective radial stress in a

cohesive soil mass due to pile tip penetration can be expressed as:
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o, =cFc + qFq 3.5)

where
Fc and Fq = dimensionless spherical cavity expansion factors
¢ = cohesion

q = in-situ effective isotropic stress prior to driving

The spherical cavity expansion factors, Fc and Fq, can be written as

e _Yi+sin®) [1r]5i0 @/[3(1+sin )] | (3.6)
q 3-sin® L )

Fe =(Fq —1)cot® : (3.7)

where

I = reduced rigidity index
¢ = drained angle of internal friction

The reduced rigidity index, I, can in turn be expressed in the following form

Iy

= 1+1,A 3-8
where
I, = rigidity index
A= averagé volumetric strain in the plastic zone
Finally, for a cohesive soil, I; can be written as
I = (3.9)

r= 2(1+ v)(c+qtan®)

where
E = soil modulus of elasticity
v = soil Poisson’s ratio

First, the value of I, was evaluated at q = 8.97 kPa ( average confining pressure

between pile top and bottom) based on soil parameters.

62



50
(@)

o.= 103 kPa

Deviator stress (psi)

0 0.02 0.04 0.06 0.08 0.1
Axial strain :
0.008
(b)
o.= 103 kPa
0.004 -
£
8
2
£ 0
]
2
o
>
-0.004 -

-0.008
Axial strain

Figure 3.16 Drained test results on test pit soil at different confining pressures
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To determine the soil properties E, ¢ and ¢, drained triaxial tests were carried out
at different confining pressures and the results are illustrated in Fig. 3.16v(a)-(b). Table 3.6
shows the initial modulus of elasticity E; and the ultimate stress at failure (o1-02)r for
different confining pressures. The values of E; and (01-02)r are determined by fitting a

hyperbola to the curve in Fig. 3.16(a) (Kondner, 1963).

Table 3.6 E; and (61-62)¢

Confining Ei (o1-02)¢
pressure (kPa) (MPa) (kPa)
24 355 103
48 42.0 151
103 514 230

| Using the data in Table 3.6, C and ¢ are determined as 10.3 kPa and 32.73°. Further, the
initial elastic modulus corresponding to 9 kPa confining pressure is determined based on

the following relationship (Duncan and Chang 1970) while the fitted curve is shown in

Fig. 3.17.
C¢ b

E; =a.Py| =% (3.10)
Py

where

a = aconstant

b = the exponent determining the rate of variation of E; and o

P, = atmospheric pressure expressed in the same pressure unit as E; (101 kPa)
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Figure 3.17 Variation of E; vs o

From extrapolation, E; = 26.5 kPa is found for q = 9 kPa. By substituting these values in
Eq. (3.9) together with the values of ¢ = 10.3 kPa, ¢ =32.73°, v=0.3 and q = 9 kPa, one

can determined I; to be 633.

In order to determine I,;, the average volumetric strain in plastic zone, A, must

determined first. According to Vesic (1972), A can be written as

X X
A=Co(fy - 1)(%) +C3 +c4fx(%) (3.11)
where
1+x . Cand)X * '
£ (3)1+X(1+sin¢)(1 sin¢) 3.12)

) [3+(3-4x)sin¢)|(3 - sing)™

and

& = unit effective stress for non-dimensionalizing g, (usually taken as 6.9 kPa)

x = is a parameter between 0 and 1
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The first term in Eq. (3.11) represents the contribution of the isotropic stress to the

volumetric strain and the last two terms represent the contribution of deviatoric stress to

the volumetric strain.

The value Cp can be obtained from the results of an isotropic triaxial compression

test together with the following expression

oo™ |
A'=Cyp . ' (3.13)

where
m = an exponent which can vary between 0 and 1

oo = the applied mean normal stress

The isotropic tvriaxialk compression test data and the fitted curve are shown in Fig.

3.18 from which Co can be determined as 0.003173.

0.06

g o004 |

@ Fitted curve

§ ' =0.003173(co/c)’™®

S 002 |
Experimental
data

’ 0 ) ] 1 ) 1 - \
0 10 20 30 40 50

Isotropic mean normal stress (x é-9 kPa)

Figure 3. 18 Isotropic triaxial compression test results



FOn the other hand, the coefficients C; and C, are found by fitting a curve relating
volumetric strain from the triaxial tests, at failure, A”, to the effective confining stress in
the triaxial test, o,

n
A" =C3 +C4(%c-) ' . (3.14)

where

n = an exponent varying between 0 and 1

§

Fitted Ine
A"= _
[ 0.000769+0.000463(c/c)"™

L

§

Volumetric strain at failure

0 2 4 6 8 10
Confining pressure (x 6.4 kPa)° 72

Figure 3.19 (€v)failure VErsus (CSc)M8

) L -
A good fit between A" and o is found if the parameter n is set equal to 0.78. Then

from Fig. 3.19, C; and C, are found to be 0.000769 and 0.000463 respectively. Finally,

using Eq. (3.11) and (3.12), the value A is found to be 0.00135 for a spherical cavity.
Similarly, using the corresponding equations (Vesic 1970) for a cylindrical cavity, A is

found to be 0.000226.
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s =(l-sin<|>

By substituting this A value together with the value I; in Eq. (3.9), the values of I,
for spherical and cylindrical are determined to be 341.4 and 541.1 respectively.
Eventually, using Egs. (3.6) and (3.7), Fc and Fq for a spherical cavity are 43.8 and 29.2
respectively. Similarly, use of the corresponding equations for cylindrical cavity (Vesic,
1972) yields F'q = 14.9 and F'c = 21.63.

Having determined the above parameters, the magnitude of o; at the pile ﬁp and
the ground level are found to be 973 kPa and 222 kPa respectively. Then, the values of o
can be found from the following expression given by Vesic (1972) as 267 kPa and 55.9

kPa at the pile tip and the ground level respectively.

1+sin¢)(o', +cxcotd)—cxcotd (3.15)
For an existing vertical stress, 6,, equal to the existing in-situ stress of 2.58 psi,
the mean confining stress p of (973+267+17.8)/3 = 419 kPa is computed at the pile tip.
The same calculation is repeated at the ground level as p = (222+55.9+0)/3 = 92.6 kPa.
Hence the initial mean confining stresses to be input into the finite element model
are 92.6 kPa at the pile top and 419.2 kPa at the pile tip with a linear variation in-
between. On the other hand, the lateral effective normal stress along the edge of the test
pit are 0 and 25.2 kPa at the ground level and the pit bottom respectively with a linear
variation in-between. Furthef, the variation of confining stress in the radial direction will
also be linear between the pile and the edge of the test pit in accordance with results of

expanding cavity theory, for the case of dense soil (Vesic, 1972).
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As explained earlier, the confining stress in the row of finite elements
immediately below the pile tip are assumed to be the same as those at the tip level. This
assumption is not expected to introduce significant errors since the magnitude of the
elastic soil modulus is proportional to the 0.27 power of confining stress (Fig. 3.17).
Finally, the confining stress in the bottom row of finite elements is considered to be the
same as the in-situ stress since they are located outside the perceived influence zone
(distance of larger than two pile diameters from the pile).

The coefficient of earth pressure at-rest, Ko, is an important consideration in the
analysis of piles. It has been reported by Hagerty (1975) that the value of Ko near the pile
wall immediately after driving may have values as high as 1.28 and that this value
decreases linearly in the radial direction to a value of v/(1-v) at a distance of four pile
diameters. However, it is also reported that a simplified analysié which considers a
constant value of Ko, equal to that close to the pile wall, throughout the finite element
region provides results which are in agreement with those obtained using a variable Ko.
Hence, in the present study, since the minimum value of Ko (v/(1-v)) is about 0.5, a
constant K value equal to 1.0 was chosen. Therefore, the initial mean confining stresses
determined above are introduced into the analysis as isotropic stresses (i.e 6; = Gg = G2).

The confining pressure used to determine the constitutive properties of the soil
skeleton adjacent to the pile is considered for simplicity as the average of the confining
pressures at the ground level and pile tip ((92.6+419.2)/2 = 255.9'kPa). The confining
pressure used to determine the constitutive properties c;f the soil skeleton for all the
remaining soil elements is an average of the initial confining pressures determined in the

previous paragraph. The average confining pressure along the test pit edge is 14.5kPa. -
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Thus the average confining pressure of the soil not in contact with the pile is
approximately 114.7 kPa. For the preformed piles, the average confining pressures of the
soil skeleton for soil adjacent to the pile and the remaining soil is calculated as follows.
For 50 mm and 63 mm preformed piles, the nodes at the peripheral of the preformed hole
was loaded with a uniform linearly distributed lateral stress (tensile stress, average lateral
stress due to overburden from ground surface to 0.74m depth), 6.7 kPa, assuming the
mesh consisting of homogeneous soil elements. The procedure was followed in order to
simulate the stress release due to excavation. The resulting state of stress and the strain
(€x) at each element was obtained. Then average confining stress (oc) and & from ground
level to 0.74m was computed. For the 38 mm preformed pile, in the first step stress was
released as explained above. In the second step the computed stress from first step was
applied to the soil elements then nodes at the peripheral were laterally displaced

(6.35mm) to simulate the 50 mm pile driving. The o, and & are given in Table 3.7.

Table 3.7 o and &
Pile Average Average
o. (kPa) €x
UD; 115 -
UPyy 99 0.022
UPj» 35 - 0.011
UP;3 22 0.007

The elastic modulus used for the finite elements were obtained using following

procedure. For the driven pile, Eqn. (3.10) was used. For preformed piles, first triaxial
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stress-strain curves given in Fig. 3.16 (a) were normalized with respect to their confining

pressure. Fig. 3.20 shows the normalized stress-strain curve.

4
Fitted curve
3 \ e 80 &
5
? 2
e Eitted curve o, =24kPa
1 (0,-03)/c. = &/(atbe) c. =48 kPa
a=0.0017 b=0.32 .= 103 kPa
0
0 0.02 0.04 0.06 0.08 0.1
€

Figure 3.20 Normalized stress-strain curve

Then using € (Table 3.7) and the Fig. 3.20, correspondiné normalized deviator stresses

were obtained. Knowing confining stress (Table 3.7) the secant elastic modulus (Esec =

(01-03)/ €x) Were obtained. The elastic modulus used for the finite elements are given in

Table 3.8.

Table 3.8 Elastic moduli used in modeling

Pile

E (MPa)

UD,

50.5

UPy;

114

UP12

6.7

UPy3

54
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3.3.3 Material Constitutive Laws
3.3.3.1 Pile Model

The aluminum model pile material is médeled as a Von Mises elastic, perfectly
plastic material. The Von Mises yield criterion is selected because of its ability to
simulate shearing without plastic volumetric strains. The basic properties for the 6063-T5
aluminum used in the model is given in Table 3.9, obtained from Welding Kaiser
Aluminum Co.

Table 3.9 Basic properties of aluminum model pile

Properties Values
Ep 16215 MPa
\Y% 0.33
oy 110 MPa
Pp 2,670 kg/m’

As mentioned in Section 2.3, tested piles were of SOmm square and 1.6 mm thick hollow
cross-section. However, in the finite element analysis, the pile cross-section was
considered to be solid. Hence the equivalent elastic modulus shown in Table 3.9 was
obtained by equating the flexural stiffness of the actual hollow pile to that of the modeled

solid pile.
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3.3.3.2 Soil Model

The deformation of the soil is assumed to be linear elastic, modeled by the
classical theory of elasticity, and plastic. The plastic model used for the soil is an
extension of the Drucker-Prager Cap plasicity model. This model was selected from the
soil models available in the library of ABAQUS because of its ease of implementation
and the ability to model the hardening behavior of clayey sand. The Drucker-Prager Cap
model assumes two yield surfaces in the p-t plane: a shear failure surface, providing
dominantly shear flow, and a “hardening cap” which intersects the equivalent pressure
stress axis as shown in Fig. 3.21. There is a transition region between these segm?nts,

introduced to provide a smooth surface.

t

a Transition surface, F, //"
Shear failure, F,
a(d"’PatanB)I
Cap, F. d+p,tanf

N
d :
A 4 H > P

p. ' pb .

R(d+p.tanP)

Figure 3.21 Modified Drucker-Prager Cap model: yield surface in the p-t plane.
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The stress space is defined with p, the first stress invariant, and t, the square root of the
second deviatoric stress invariant. Fig. 322 shows the shape of the same failure surface

in the deviatoric plane, as a circle. Si, Sz and S3 are the deviatoric stress components. In

ABAQUS t is given by:

it 021 e

Depending on the value of K the failure surface in the deviatoric plane will take different

shape.

Ss

+«— K=1

S, S;

Figure 3.22 Typical yield/flow surface in the deviatoric plane. |

The cap model serves two main purposes; (1) it bounds the yield surface in
hydrostatic compression, thus providing an inelastic hardening mechanism to represent

plastic compaction, and (2) it helps to control the volume dilatancy when the material



yields in shear by inducing softening as a function of the inelastic volume increase
resulting from the yielding on the Drucker-Prager failure surface and the transition yield
surface.

The model uses an associated flow rule.in the cap region and a non-associated
flow rule in the shear failure and transition region. Further details of these models can be
found in the ABAQUS theory manual (1995).

In order to determine the required model parameters, two CU triaxial tests were
performed using the tested soil at confining pressures of 41.9 kPa and 138 kPa as shown

in Fig. 3.23. The derived model parameters are shown in Fig. 3.23.

50 .
w1 gy % / d=122kPa
—~ . = o
g 2| B=51.34
2 R =0.091
% 20 | o
. a=0.0
ol K=1
0
0 10 30 40

20
p (x 6.9 kPa)

Figure 3.23 Undrained Triaxial test paths for the tested clayey sand in the p-t plane
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Solid three-dimensional “brick” elements were used to model the pile as well as
the soil, thus making pile elements compatible with the soil elements. With respect to the

type of displacement function used, they were 8-node quadratic isoparametric elements.
3.3.3.3 Interface Model
The pile-soil interface is modeled as perfectly elastic, since the pile and the

adjacent soil were assumed to behave elastically and perfectly bonded. This assumption

allows soils to undergo large displacements during lateral loading without causing

instability. The constitutive parameters that define the interface element are the elastic

modulus, Poisson’s ratio.

8 .
O on=28 kPa O on=T72.5kPa
3
26 Moy=75kPa @ on=95kPa
-
X
:
5
2
75]

0 0.03 0.06 009 0.2 0.15
Shear strain

Figure 3.24 CD direct shear test results
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The elastic stiffness is found from the results of CD Direct Shear tests performed
by placing the tested soil against an aluminum plate made of the model pile material. The
results are shown in Fig. 3.24. The initial shear modulus, G, is determined by fitting a

hyperbola to the shear stress versus shear strain curve in the form

z=—1 (3.17)

It can be shown that the initial shear modulus is equal to 1/a (Kondner, 1963).

Then, the initial elastic modulus is obtained by using following equation:

E

201+ v) (3.18)

G

Table 3.10 shows the E and 1 values correspond to normal stresses of 27.6 kPa,

49,7 kPa, 77.5 kPa and 95.2 kPa obtained using Eqgs. (3.17) and (3.18).

Table 3.10 E and t¢ values
on (kPa) E (MPa) ¢ (MPa)
27.6 11.1 104
49.7 20.5 17.3
72.5 31.9 25.5
95.2 49 35.2

Once again, from these results the value of the initial elastic modulus for a normal
pressure given in Table 3.7 are found using the Duncan and Chang (1970) procedure. Fig.

3.25 shows the fitted curve used for this purpose.
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However, in the analysis, an intermediate modulus between the initial elastic
modulus and that at failure was used. For this purpose, the value of E when 1 is 50% of t¢

based on the following equation is used (Duncan and Chan 1970).

2
s Ef_) (3.19)

where
R¢ = failure ratio, taken as 1

FS = factor of safety under failure, taken as 2 for 50% of failure stress.
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Table 3.11 Interface element stiffness

Pile Eso (MPa)
UD, 13.6
UPy, 11.5
UP;2 3.6
UPy;3 2.2

The interface element stiffness are given on Table 3.11. Even for interface
elements, 8-node solid three-dimensional “brick” elements were used. These elements of
0.1” thickness were placed all around the pile elements along the entire length of the pile
to separate the pile perimeter nodes from adjacent soil nodes.

The element stiffness Eso is used for interface elements parallel to the direction of
lateral slippage. However, the interface elements in front and back of the pile were
assumed to behave like elements of a very soft material, in order to facilitate separation in
the active state. Hence a very small stiffness was used in the front and back as provided

in Table 3.12 (Ec).

Table 3.12 Interface element stiffness (soft material)

Pile e (MPa)
UD,; 1.03
UPy 0.69
UPj> 0.52
UPy;3 0.48
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3.3.4 The Finite Element Mesh

Since the region of interest is limited to a few diameters around the pile, an
octagonal mesh whose axis coincides with the axis of the model pile was considered as
the most efficient modeling approach. In addition, the use of symmetry reduces the size

of the model to a half-octagonal mesh, as shown in Fig. 3.26.

It was found from the literaturé as well as from trials involving different mesh
sizes that placing the bottom of the model at a distance of 0.6 to 0.7 times. the pile length
from the pile tip provides sufficient accuracy. Similarly, the lateral boundary is placed at
a distance equal to 0.6 times the plle length from the ptle axxs The other boundary
conditions imposed on the mesh are (1) the nodes belongmg to the periphery of the
octagonal mesh are ﬁxed agamst dxsplacement m both honzonta] dxrectxons with
freedom to move verncally and (2) the nodes constttutmg the bottom of the mesh and the
pile tip are fixed against displacement in all dlrectxons. Further, nodes lying on the axis of

symmetry are restrained from displacing normally to that axis.
3.3.5 Stages in the Finite Element Analysis |

In the first stage, the computed initial stress from expanding cavity theory are
brought into equilibrium. Next, the static test is modeled by ap;;lying a lateral load at the

pile top; the time period in which this load is applied is long enough so that dynamic

effects are minimized. The mesh subdivision is believed to be sufficiently fine to
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reproduce effectively the characteristics of the problem. Limitation of available CPU (

computer time makes it impractical to attempt a finer subdivision.

=y,

Figure 3.26 Finite element mesh (plan and elevation)
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3.3.6 Numerical Results
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Figure 3.27 Computed lateral load-displacement curve
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Figs. 3.27 (a) — (d) present lateral load-lateral displacement curves for the pile top

obtained from the static finite element analysis for UD,, UP;;, UP,3 and UPj3. It can be

observed that the experimental and computed curves are in reasonable agreement.
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Figure 3.28 Distribution of strain

In addition, Figs. 3.28 (a) and (b) show the measured and computed bending

strains for tests UD; and UP;;. It can be seen that measured and computed general trends
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are similar. One reason for the difference between measured and computed results may
be the fact that in actual tests the pile is hollow as compared to the solid pile used for the

numerical simulation.
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Figure 3.29 Pile lateral displacement
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Measured and computed pile displacement is shown in Fig. 3.29. Finaliy, a
vertical cross-section of the deformed three-dimensional finite element mesh associated
with a 500 Nlbf lateral load is shown in Fig. 3.30. It is clearly seen that the use of very soft
cushion like interface elements closely models the soil/pile séparation. It must be noted
that the deflected shape in Fig. 3.30 should be oniy used for relative comparisons, since a

large magnification factor (75) is used to depict displacements.

1l

Il

|

Figure 3.30 Deflected pile shape with pile-soil separation.
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3.4 Conclusions

The lateral monotonic loading behavior of vertical, free-headed piles installed by
preforming was presented based on model testing and computational studies. These studies
were specifically focused on the sdil-pile load transfer behavior in terms of p-y curves,
under different installation procedures (driving, preforming). Based on this study, the
following conclusions can be drawn.

Piles driven in a clayey sand clearly exhibit a higher lateral load capacity than the
preformed ones. However, preforming is seen to significantly iﬁcrease the lateral
deflection at failure.

An increase in the preformed hole diameter increases the lateral deflection and noticeably
reduces the maximum lateral load. This is due to the extensive ground disturbance
associated with preforming which causes softening of the surrounding soil.

The experimental p-y relationships are nonlinear, being softer at shallow depths and stiffer

at larger depths. The stiffness of p-y curves of preformed piles were considerably lower

than those of the corresponding driven piles. Again this can be attributed to the soil
disturbance surrounding the preformed pile.

The experimental comparisons in Table 3.4 as well as Eqns. (3.3) and (3.4) can be used as
approximate guidelines to develop potential p-y curves for preformed piles when the p-
y curves for a driven pile are available for the same soil in terms of experimental data or
commonplace empirical methods.

An analytical procedure that can approximately model the lateral load behavior of

preformed piles was developed based on the finite element method. The relevant
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(5) An analytical procedure that can approximately model the lateral load behavior of

preformed piles was developed based on the finite element method. The relevant

techniques used to model the constitutive behavior of the pile material, foundation
medium soil and the soil/pile interface mechanism produced reasonably satisfactory

results compared to experimental observations.

-
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CHAPTER 4 -

INVESTIGATION OF THE JETTING INFLUENCE ZONE

4.1 Introduction

1

Piles are generally installed in group at a spacing ranging from three to four times
the dimension the pile. It is known that the behavior of piles in a group situation is
somewhat different than that of a single pile especially if the piles are friction piles. Even
the response of a laterally loaded pile group differs from that of a single pile because of

the overlapping of the zones of influence of the adjacent piles (Prakash, 1990), as shown

7 Influence
zone

in Fig. 4.1

Figure 4.1 Overlapping of influence zones of a pile group
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Fig. 4.1 shows a plan of a pile group laterally loaded at the ground level by a load
H. The dotted lines in Fig. 4.1 indicates schematically how one pile in a group may affect
its neighbors. The leading pile (pile 1) stresses the soil outside of the pilé group, while the
trailing piles (piles 2 and 3) generally stress the soil immediately in front of the leading
piles. Hence if one of the leading piles is jetted, obviously there will be a reduction in the
stiffness of the trailing piles.

Structurally intact bridges in the state of F lorida are regularly widened to meet the
increasing traffic demand. Currently, jetting is utilized to install the additional piles
required to support the expanded bridges. During construction, the safe zone of jetting is
determined based on subjective judgment. Thus, the primary objective of this final phase
of the study is to determined, experimentally, the effect of adjacent pile jetting on

existing driven pile behavior.
4.2 Experimental Details

An experimental program was setup to test a 13.4 kN/m’ unit weight (loose) soil
under both unsaturated and saturated conditions. In the first set of experiments, both the
existing (driven) and jetted pile tip elevations were setup to be the same. In the second set
of tests, the driven pile (short pile) tip elevation is set 0.254 m (10 inches) above the
Jetted pile tip elevation. The jetting effects on the existing driven piles were investigated
under spacings of 3D and 5D (pile center to center spacing). Model piles used in this

study were identical to the ones described in Chapters 2 and 3. Fig. 4.2 shows the
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elevation of the pile arrangement in this experimental program. The entire testing

program and corresponding test model pile abbreviations are shown in Table 4.1.

E Driven Pile Short Driven
= Ground ===

—— Level

0.87m
1.13m
\Jctted —
Elevation
—_Y

»  689.5 kPa (100 psi)
3Dor ] Jetted pile 3D or
5D 5D
D =0.0508 m (2 inches)
Experimental ) Experimental
Set (1) Set (2)

Figure 4.2 Model pile test setup

Table 4.1 Nomenclature used for piles in the testing program '

Condition Isolated 1.13 m Long Pile 0.87 m Long Pile
Driven Spacing Spacing
Pile 3D 5D 3D 5D

Unsaturated IUD, LUD;p LUDsp SUD;p SUDsp

Saturated ISD, LSDsp LSDsp SSDsp SSDsp
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First, a 1.17 m (46 inches) long model pile was driven to a tip elevation of 1.13 m
(44.25 inches), and a dead load of 250 Ibf was applied while noting the settlement due to
the applied load. Then, a second pile was jetted using a 689.5 kPa (100 psi) jetting

pressure at a required spacing (3D or 5D). Figs. 4.3 (a) and (b) illustrate this maneuver.

Jetted water
Infiltrating
into the
pile-soil

Jetted water
(spread area)

Figure 4.3 Jetting at a pile adjacent to an axially loaded driven pile

Ll e

g
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After jetting the second pile," the existing (driven) pile;s ’ groﬁﬁd level was (
-inspected to ascertain that there was no settlement or tilting due to adjéceht" ﬁile jétting. In
all of the tests (Table 4.1) jetting was carried in the plane of lateral loadmg Two isolated
piles, a dummy dnven pile with a test driven pile (IUD,, ISD,) was employed as a control

experiment. Fig. 4.4 shows this control test setup (unsaturated condition).

anure 4.4 Isolated dnven plle arrangement

e

o
x

Axial and lateral load tests were conducted within 3 to 4 hours after installation
to minimize the effects of installation . Further, the piles were axially tested only upto an
axial displacement of 0.013m (0.5 inches) and laterally tested on!y until a lateral
displacement of 0.0254m (1 inch) was measured at the pile cap, fhus ensuring that the
piles did not fail either in axial loading or lateral loading. The same experimental
procedures and mechanisms described in Chapters 2 and 3 were utilized at this stage as
well to record and compute the displacements and strains. In all of the tests as identified

in Table 4.1, the existing long and short driven piles were laterally loaded towards the
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jetted pile. Fig. 4.5 shows the axial load test arrangement with a pile jetted at a 3D

spacing.

Driven Pile

Figure 4.5 Axial load setup
4.2.1 Axial Load Test Results

Table 4.2 shows the axial load, at 0.013 m (0.5 inches) axial displacements, for

different testing conditions employed.

Table 4.2 Influence of driven pile spacing on axial capacities

Test (Long Pile) Axial load (kN) | Test (Short Pile) | . Axial load (kN)
TUD, 4.0 '
LUDsp 3.0 SUDsp 3.6
LUDsp 2.32 SUDsp 3.0
ISD, 1.83
LSDsp 1.78 SSDsp 1.8
LSDsp 1.80 SSDsp 2.0

L~
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Figure 4.6 Axial load test results (unsaturated)
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Figure 4.6 Axial load test results (saturated)



Axial load vs displacement curves for the unsaturated and saturated condition are
given in Figs. 4.6 (a) - (d). As expected, the. i;olated pile (ITUD;) shows stiffer behavior
than other piles. When the axial loading characteristics of driven piles with jetting in the
vicinity (3D and 5D) were compared, the 'drivén piles (both long and short) with jetting at

‘3D shows stiffer behavior than that under 5D spacing, in the unsaturated condition. This
is probably because the effects of densification due to final driving of the jetted piles
have overridden the effects of jetting. For saturated conditions, it was observed that

jetting does not effect the adjacent driven pile axial load behavior.
4.2.1.1 Unit Load-Transfer Characteristics

Relationships between unit load transfer (unit shaft resistance, f and unit toe
resistance, q) to local pile deflection, w, are useful in visually interpreting the manner in
which load transfer develops in both shaft friction and bearing. In order to develop the
unit load-transfer relationship, the strain-distributions along the pile, which were
determined for every test by using strain gauges along the length of the pile, must be
known. Fig. 4.7 shows a representative strain-distribution relationship during the axial
loading of isolated driven pile (TUD,) for selected values of the applied axial load. The
strain distribution data were fitted by ar.l analytical expression of the form
e(z) = Cg +Cyz+Coz? | (4.1)

where
€(z) = strain distribution on the pile
Ci = constants, obtained from least-square fiti=0,1,2

z = depth below the ground surface
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Figure 4.7 Strain distribution along the pile TUD1

Unit load transfer f and q were then computed using the following elastic

>

expressions:

_g(2z) x EA
q _—_——-Ae 4.3)

where
A = cross sectional area of the pile .
A. = effective bearing area

S = circumferential area of the pile

The corresponding w value is determined by using the following relationship

w=wj - Je(z)dz (4.4)
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where

w, = measured vertical displacement of the pile at the ground level

For the mid-section of the pile (approximately 0.42m) the above process was
repeated for selected load levels to develop a set of points defining the f-w and g-w

curves for unsaturated and saturated conditions as shown in Fig. 4.8 (a) - (h).

50
0.42 m below ground surface (@)

40 | IUD;
- 30 + LL{)SD
a,
%
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0
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’ w (m)
2000
(b)
IUD;

1500 LUDsp
£
> 1000 r
o

500 LUDsp

0
0 0.005 0.01 0.015 0.02
w (m)

Figure 4.8 f-w and g-w for long pile (unsaturated condition)
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Figure 4.8 f-w and g-w for short pile (unsaturated condition)
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Figure 4.8 f-w and q-w for short pile (saturated condition)

Several observations are made on the axial load transfer relationships: (1) the
ultimate unit toe resistance (Fig 4.8 (b) and (c)) is the highest for the driven pile next to a
control driven pile compared to ones next to jetted piles; and the driven pile with jetting

at a 3D spacing shows a higher toe resistance than that with jetting at 5D spacing, which
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may due to the densification of soil near the toe, (2) the developed f value is larger for
IUD, than for other driven piles since insertion of the control driven pile produces a
significant increase in the horizontal effective stress near the model pile-soil interface, (3)
driven piles with jetting at 5D spacing shows higher developed f value than that at 3D

spacing probably due to the significant jetting effects at 3D.
4.2.2 Lateral Load Test Results
Table 4.3 shows the lateral load test results of the long and short piles at 0.0254 m

(1 inches) lateral displacement under unsaturated and saturated conditions.

Table 4.3 Influence of driven pile spacing on lateral capacities

Test (Long Pile) | Lateral Load (kN) Test (Short Pile) Lateral Load (kN)
IUD, 3.45
LUDsp 2.38 SUDsp 2.0
LUDsp 2.87 SUDsp 2.34
ISD, 3.1
LSD3p 2.7 SSD3p 2.1
LSDsp 3.0 SSDsp 2.26
4
(a)
IUD,

~ 3 Fr

£

E

=2 2 F v

E N

#g» LUDsp

= 1t LUDsp

0
0 0.01 0.02 0.03 0.04
Lateral Displacement (m)
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=
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Figure 4.9 Lateral load and lateral displacement
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Figure 4.9 (Continued)
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Figure 4.10 Cavity due to jetting
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Fig. 4.9 (a) - (d) show the lateral load vs lateral displacement curves upto a 0.0254
m (1 inch) displacement above the ground level for unsaturated and saturated conditions.
It can be seen that the lateral load capacity increases with increasing spacing. This is
mainly due to reduction in the horizontal conﬁning stress due to the cavity formed by
jetting as shown in Fig. 4.10. Accordingly, as far as lateral load capacity is concerned, a

spacing of 5D seems to be out of the influence zone.
4.2.2.1 Lateral Load-Transfer Characteristics

The non-linear lateral load transfer characteristics (p-y curves) were obtained for
each test by same procedure described in Chapter 2 and 3. Figs. 4.11 (a), (b), (e) and (f)

shows the p-y curves for the long pile while Figs. 4.11 (c), (d), (g) and (h) show the p-y

curves for short pile under unsaturated and saturated conditions.

2000

0.051 m from ground level IUD, (@

1500 } \

LUDsp

1000

p (kPa)

500

0 0.005 0.01 0.015 0.02
y (m)

Figure 4.11 (a) p-y curve for long pile (unsaturated condition)
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Figure 4.11 (b) (long pile, continued)
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Figure 4.11 (c) p-y curve for short pile (unsaturated condition)
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. Figure 4.11 (d) (short pile, continued)
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Figure 4.11 (e) p-y curve for long pile (saturated condition)
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Figure 4.11 (g) p-y curve for short pile (saturated condition)
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Figure 4.11 (h) (short pile, continued)

Fig. 4.11 (a) — (h) show the p-y curves at 0.051 m and 0.254 m depths below the
ground level. It can be seen under unsaturated condition that the loné driven piles
exhibits stiffer lateral load characteristics compared to the short piilgs.. The piles with
jetting at SD spacing shows higher lateral load transfer characteristics than that with
jetting at 3D spacing. Further under saturated condition long and short pile shows the
almost samedp-y characteristics. However when jetting is done at 3D and 5D spacing
(both long and short piles), changes in lateral load transfer charact\eristic; of existing pile

are not very significant when compared to those of the axial load transfer characteristics.
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4.3. Finite Element Model

The behavior of piles was simulated using axisymmetric idealization in which there is
symmetry around a central vertical axis. This axis is taken through the center of the pile. As the
analysis involves modeling of fluid flow through soil and the analysis using effective stresses, the
analyses were performed using composite type 8-noded axisymmetric elements for soil. These
elements are defined with both displacements and pore pressure degrees of freedom (dofs) at the
* corner nodes and only the displacements are defined at the interior elements as shown in Figure
4.12. The elements representing the pile are modeled as ordinary 9-node element which does not
have pore pressures as variables.

1 Nodes with u,v,p dofs
O Nodes with u,v dofs

Fig. 4.12. 8-node composite type element used in the analyses

The nodes on the left side of the mesh are constrained from moving in the horizontal (radial)
direction. The nodes on the base of the mesh are constrained in both horizontal and vertical
directions. The nodes on the right side of the mesh are once again Aconstr;ﬁned from moving in the
horizontal (radial) direction. The dimensions of the mesh were chosen to{epres'ept the lgboratory
test configuration used at the University of South Florida. The radius of the pile was taken as 0.29m
(having equivalent plan area of a 2" square pile) and the length of the pile was taken 80.76m§he
actual length being 0.74m). The radial dimension of the mesh was taken asféffjﬁ{ie. approximately
10 times the diameter of the pile) and the height of the mesh was taken asi3ma
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The following soil properties were used in the analysis:
. coefficient of permeability of soil = 0.425 x 10?in/sec (1.08 x 10? cm/s)
. unit weight of the soil = 0.058 1b/in® (16.2 kKN/m?)
. degree of saturation = 100%
. specific gravity of soil solids = 2.68
. Young’s modules of soil =4354 1b/in? (30000 kPa)

. Poisson’s ratio of soil =0.3

. cohesive strength of soil (0.2 kPa = 0)
. friction angle of the soil = 30°

. dilation angle of the soil =0°

The constitutive behavior of the soil was simulated using the modified Drucker-Prager model with
cap that limits the magnitude of hydrostatic compression stress. The 3 parameter in this model was
obtained by matching the envelope of this model with the outer apices of the Mohr-Coulomb failure
surface (for non-dilatant model) as tanP =3 sind. Because of the no -dilatant mode., the resulting
stiffness matrix will be unsymmetric. The equations were solved using the unsymmetric solution
option in the ABAQUS.

4.3.1 - Analysis for the Lateral Spread of Pore Pressure Due To Pile Jetting

In the first phase of the analysis, this prc;blem was taken up. In the laboratory experiments,
a water pressure of 690 kPa was used. The same was also used in these analyses. The extent of soil
affected by the jetting was obtained by plotting the steady state pore pressure contours due to pile
jetting. The finite element results give the pore pressures in the soil medium due to the imposition
of pore pressures at the source location. The pore pressures around the pile (source location) were
specified as boundary conditions in the program to get the solution. The solutions were obtained for
three different assumed pore pressure variations as follows. |

a. pore pressure Speciﬁed at the pile tip only S )
b. pore pressures on equal magnitude specified at the nodes along the length of the pile
c. the specified pore pressures at the nodes along the length of the pile reduce linearly

toward the surface.

In all the above cases, the magnitude of pore pressure used was 690 kPa. The pore pressure at the
nodes corresponding to the surface of soil was set to zero. The solution was obtained by iteration
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using the SOILS analysis option in the program. The steady state pore pressure contours from these
analysis are shown in Figures A1-A3. The pore pressures are highest near the pile and gradually
reduce as the distance from the pile increases. The pore pressures shown are the excess pressures
beyond the hydrostatic pressure. There is a clear pattern of bulb shape of pore pressure distribution
near the pile tip in all the cases. In the first case, the pore pressures reduce to . 330and 360 kPa, at
a distance of about 1.5 times the diameter (D) and to less than2751<15a at a distance of about 2.5 times
the diameter from the pile edge. In the second case in which the pore pressure was assumed to be
* constant along the length of the pile (which is most unlikely to happed in the field), the pore pressure
was constant at about 690 kPa; - around the pile shaft for some distance. At a distance of about 5D,
the pore pressure reduces to 50% of the jet pressure. In the 3" case of aﬁa]ysis, the pore pressures
have reduced to about 360kPaat a distance of 3D and to less than 35551_’9',1& a distance of about 5D.
These piedicted zones of pore pressures are extremely conservative because of the axisymmetric
idealization of a truly 3-dimensional problem. .

From the results of these analysis, it could be said that at distance of-about 3D from the edge
of the pile, the pore pressures reduce to less than 50% of the jet pressure. This distance will very
much depend on the coefficient of permeability of the soil. For example, when the coefficient of
permeability of the soil was increased 10 times, the pore pressures were found to decrease to 50%
value at about 2D from the edge of the pile. ' 4

432 Load Testing Of Piles

- The analysis to study the influence of pile jetting on load capacity of piles was conducted in
two stages. In the first stage of analysis, the pore pressures were specified at various distances from
the pile edge and the distribution of pore pressures in the soil medium was obtained as described in
the earlier section. For all these analysis, the pore pressures were assumed to decrease linearly
towards the ground surface from a maximum at the pile tip. A solid rigid stéel pile was assumed to
be located at the center of the mesh and the pore pressures were specified at distances of 1D, 2D, 3D
and 8D. The axisymmetric idealization of this problem implies that a large number of piles are jetted
around the candidate pile which may be the worst case field situation. - '

In the second stage of analyses, equal displacements were specified on the nodes
corresponding to the top of the pile and the stresses developed in the soil element below the pile was
monitored. A typical deformation pattern of soil under the vertical loading of pile is shown in Figure
A4. A typical variation of vertical stress (S,,) in the soil element below the pile and the pile head
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movement is shown in Figure AS. When the pore pressures were specified at large distances, a

‘maximum soil stress of about 375kPa'w’as developed. When the pore pressures were specified at a

distance of 1D, the solution diverged i in the 1* increment itself indicating that the pile is not stable
under these conditions. The collapse of pile may be assumed under this condition. When the - pore
pressures were specified at a distance of 2D, the maximum pressure reduced to about 325 kPa The
variation of pressure with the pile head settlement for various cases are shown in Figure A6. Itis:
clear that when the pore pressures are Speciﬁed t distances of 3D or more from the edge, the effect

~ on the soil stress is not very much. Hence, we may conclude that the vertical capacity of pile isnot

adversely affected if the jet is located at a distance of 3D or more. Similar conclusion was also
arrived at based on the laboratory experiments at the University of South Florida. The finite element
result may complement this experimental result.
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4.4 Conclusions

Model pile tests and finite element analysis were conducted to identify the effects of px]e
jetting on adjacent driven piles. The test parameters considered were pile spacing and driven pile
length. Based on this study, the following conclusions can be reached.

1. Under unsaturated soil conditions, the tip resistance of existing piles with jetting performed at 3D
spacing is higher than that of piles with jetting performed at 5D spacing, probably because the

densification due to final driving for firm seating predominates jetting effects. These effects tend to

diminish with complete saturation.

2. Under unsaturated soil conditions, the shaft resistance of existing piles with jetting performed at
3D spacing is significantly lower than that of piles with jetting performed at 5D, probably due to the
effects of jetting. These effects tend to diminish with complete saturation.

3. Higher lateral load capacities are obtained in existing piles when piles are jetted at 5D spacing
than at 3D spacing obviously due to the reduction of the lateral confinement. Once again, these
differences are insignificant under complete saturation conditions.

4. Finite Element analysis on the other hand indicates that, in completely saturated soils, the jet
induced pore pressures reduce to less than 50% of the jet pressures at distances of 3D or more from
the pile edge. Further, the axial load capacity of the piles with a water jet at a distance of 3D was
found to be almost the same as that with a water jet at a large distance.

Hence, based on both approaches, a jetting influence zone of 5D would be a conservative

assumption for unsaturated clayey sands while this could be considered as being less than3D under
completely saturated conditions..
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