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SUMMARY

This thesis describes the results of full-scale instrumented field studies on laterally loaded
piles embedded in a layered soil. The research centred around tests on (i) 350mm square
reinforced concrete piles driven through a surface layer of granular fill into a deep deposit
of soft clay and (i1) 203mm wide steel H-piles driven into a stiff glacial till. The piles were
subsequently subjected to a series of static loading tests. The thesis examines a number of
topical items in regard to the design of laterally loaded piles; these include the influence of
soil layering, pile head restraint, and pile width. The effects of soil ageing and the
presence of an axial load on the lateral pile response are also examined. The latter has also
been investigated via centrifuge tests on a pile embedded in a calcareous sand and
subjected to lateral and combined loading.

The results of the field tests were used to derive p-y curves or non-linear ‘soil springs’ that
characterise the soils at each test site. These results are compared with the p-y response
derived from cone pressuremeter tests and cone penetration tests performed in the vicinity
of the load tests at the soft clay site. The p-y response is also compared with the
recommendations of the American Petroleum Institute (API).

The research illustrates the importance of accurate interpretation of instrumentation data
particularly in the case of piles that experience a reduction in flexural rigidity as the pile
bending moment develops under increasing lateral load. The results emphasise the need to
determine the structural response of the pile from first principles rather than the design
approach customarily used by structural engineers. The load tests revealed that the
presence of an axial load had no significant effect on the soil’s lateral response although
axial load eccentricity should be given careful consideration. The degree of pile head
restraint was also shown to have minimal effect on the lateral soil response. Although the
p-y approach to lateral pile design has its limitations, these are shown to be second order
effects - even in a strongly layered soil stratigraphy. Retesting the piles nineteen months
after the initial tests revealed that soil ageing did not enhance lateral performance of the
piles at the test site. The use of CPM and CPT in-situ testing techniques were shown to
provide useful correlations with the measured pile response and with proper calibration,
these techniques can be applied in the design of laterally loaded piles. From a practical
standpoint, the benefit to be gained from the densification of a relatively shallow depth of
the near surface soils may lead to considerable economies in the design of laterally loaded
piles.
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Chapter 2

G1,02, O3

Gho
Oho’

LIST OF SYMBOLS

Density of soil (mass/leng1h3)

Linear normal strain

Poisson’s ratio

Pressuremeter reduction factor within the critical depth
Strength reduction factor

The complement of the angle B,

Unit weight of soil (force/length®)

Effective angle of soil friction (°)

Effective density of soil (mass/length’)

Effective unit weight of soil (mass/iength®)

Principle stresses (force/lengthz)

Axial strain

Horizontal soil strain

In-situ horizontal stress (force/leng’[hz)

In-situ effective horizontal stress (force/length®)

Angle defining the slope of the wedge in the SW method
Effective plane strain angle of soil friction (°)
Pressuremeter stress (force/lengthz)

Radial strain

Volumetric strain

Effective overburden pressure (force/length?)

In-situ vertical stress (force/length?)

In-situ effective vertical stress (force/length?)
Orthogonal strains

Preconsolidation yield pressure (force/length?)

Pore pressure coefficients and curve fitting parameters in the p-y method for
stiff submerged clays

Pile width or diameter (m)

Beam on an elastic foundation

Cone pressuremeter

Cone penetration test

Undrained shear strength of soil (force/length?)

Width of pile section in the SW method

Critical depth of pile determined from the pressuremeter tests
Diameter of pressuremeter

Relative density of soil

Void ratio

Young’s modulus (force/length®)

Young’s modulus for concrete (force/length?)

Young’s modulus for soil measured in the horizontal orientation
(force/length?®)

Flexural rigidity of pile (force x length?)



E, Young’s modulus of soil (force/length®)

F Pile resistance due to side friction (force/length?)
F, Wedge body force

Fa Force acting along the sloped face of the wedge
F3 & F,4 Forces acting along the sides of the wedge

Fs Force acting along the vertical face of the wedge

Fe Force acting normal to the sloped face of the wedge

F7 Passive force acting normal to the vertical face of the wedge

% Characteristic compressive strength of concrete (force/length?)

£y Yield strength of reinforcing steel (force/length?)

o Axial pile load

G Shear modulus (force/length?)

h Depth of the passive wedge formed in front of a laterally loaded pile

Ho, Ultimate horizontal capacity of soil (force)

I Second moment of area (length®)

- Inclination factor )
Coefficient of subgrade reaction (force/length’)

K Modulus of subgrade reaction [p/y] (force/length?)

ki Coefficient of horizontal subgrade reaction (force/length’)

K; Initial soil modulus (force/lengthz)

Kr Soil pile interaction factor

K Modulus of subgrade reaction in the SW method [p/] (force/length?)

Kuit Soil modulus at ultimate load (force/lengthz)

K Coefficient of vertical subgrade reaction (force/length®)

L Pile length

L Effective pile length

M Slope of critical state line in p’-q space

M, Ultimate moment of resistance of the structural section (force x length)

n orosity of soil

ny oefficient of subgrade reaction for soil with a modulus that increases in

pproximately linearly with depth (force/length®)

P Soil pressure (force/length?)

p soil reaction (force/length)

D) Maximum horizontal reaction provided by the soil

p’ Mean effective stress (force/lengthz)

Po In-situ horizontal pressure measured by the pressuremeter

o Suction pressure equivalent to one atmosphere

pi Limit pressure measured in a pressuremeter test (force/lengthz)

pL* Pressuremeter net limit pressure within the critical depth

Dult Ultimate lateral soil resistance (force/length)

q Deviator stress (force/lengthz)

Q Frontal pile resistance (force/length)

Qo Ultimate axial load capacity

R Soil-pile interaction factor for overconsolidated clays OR the pressuremeter
radius

o Pile radius

RR A relative rigidity factor between the pile and p; *

SL Horizontal stress level in the soil as defined in the SW method
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AC/DC
ALl
ALT
CLT
DAS
DG
DMT
EL
ERS
L1

LT
LVDT
RT
STC
Vw

Chapter 4

The standard penetration test ‘N’ value corresponds to number of blows
required to drive a split spoon sampler 300mm into the ground. The blows
are delivered from a 62.5kg hammer falling 760mm.

Strain wedge method of analysis for laterally loaded piles

Soil-pile interaction factor for normally consolidated soils

Pore water pressure (force/length?)

In-situ pore water pressure (force/length®)

Liquid and plastic limits respectively

Soil displacement (length)

Depth below ground level

Pressuremeter critical depth

Multiplication factor to transform the pressuremeter curve into a p-y curve
for a laterally loaded pile (Robertson et al. 1982) OR Strength reduction
factor within the critical pile depth for the O-y curve (Smith, 1983).

Change in pressuremeter radius

Change in pore water pressure

Change in the horizontal soil stress (force/length?)

Linear displacement angle of the pile in the SW method

Mobilised angle of friction

Mobilised effective stress angie of friction

Coefficient of friction at interface between soil and pile

Rotation

Maximum circumferential shear stress (force/length®)

Alternating current/Direct current
Pile subjected to axial and lateral load
Axial pile load test

Combined axial and lateral load test
Data acquisition System

Dial gauge

Dilatometer test

Electro-level

Electrical resistance strain (gauge)
Pile subjected to lateral load only
Lateral load test

Linear variable displacement transformer
Re-test
Self-temperature-compensated
Vibrating wire

Note — only terms not previously defined or having a different meaning than in previous
chapters are included in this chapter

API

American Petroleum Institute



c Soil cohesion intercept (force/length?)

X Depth below ground level

Co Compression index measured in an oedometer test
Ch Horizontal coefficient of consolidation

Cux Creep coefficient

Cy Vertical coefficient of consolidation

Gt Undrained shear strength in triaxial compression
€50 Strain at half the maximum deviator stress measured in UU triaxial tests
Ce* Compression index for reconstituted soil

G Shear modulus (force/length®)

(€5 Secant shear stiffness

i Isotropically consolidated mean effective stress
C'yvy Yield stress in the vertical direction (force/length?)
oy Constant volume friction angle

Opres” Peak residual friction angle

Ores” Ultimate residual friction angle

w Natural moisture content

uu Unconsolidated undrained triaxial test

CKoU Anisotropically consolidated undrained triaxial test
CIuC Consolidated isotropically undrained triaxial compression test
ICL Intrinsic compression line

OCR Overconsolidation ratio

YSR Yield stress ratio

TP Tnal pit

PM Pressuremeter

Je CPT end resistance

Chapter 5

Note — only terms not previously defined or having a different meaning than in previous
chapters are included 1n this chapter

o Shaft adhesion factor

A Area of concrete

As Area of steel

E. Young’s modulus for concrete

E. Young’s modulus for steel

Fsr Force due to negative skin friction or downdrag on a pile
Ng Bearing capacity factor

Neo SPT ‘N’ value at 60% energy efficiency

Ae Change in strain

AL Movement measured by a change in slope over a monitored length, L
L Length monitored between adjacent ELs

B Burland’s (1973) effective stress shaft friction factor

Vit Saturated unit weight

K. Ratio of radial effective stress to vertical effective stress

PC Total pressure cell



Chapter 6
Note — only terms not previously defined or having a different meaning than in previous

chapters are included in this chapter

d Distance from applied lateral load to strain gauge

g Distance between the pin joint and the strain gauge where the bending
moment is measured

150 Flexural rigidity of the cracked pile section pile

Foand F, Forces in concrete and steel respectively due to an applied moment

Jo Characteristic strength of concrete

J Concrete cracking stress

h The mobilised frictional force between the test beam and the loading
mechanism

H Applied lateral load

Hgr The resultant horizontal load applied to pile AL1

Ig Gross second moment of area

Is Distance between the pin joint and the point of horizontal load application

Iy Distance between the test beam and the pin joint

L. and L Respective lever arms for the concrete and steel about the neutral axis.

M Bending moment

Mapplied Applied bending moment

M., Cracking moment for a concrete section

A% Axial compressive load applied to the pile

.4 Distance between the LVDT and the applied horizontal load, H

z Depth below pit level at pile L1 & AL1

A Horizontal displacement of the pin joint relative to the uppermost electro-
level

B The angle of rotation of the loading mechanism between the test beam and

the pin joint
Horizontal pile displacement measured by the LVDT

€ Strain

S Strain in the concrete
€5 Strain in the steel

) Pile curvature
Chapter 7

Note — only terms not previously defined or having a different meaning than in previous
chapters are included in this chapter

B Pile width

Cy The undrained shear strength of the soil
CY Cyclic load test

DBC Dublin boulder clay

DT Displacement transducer

LY Lateral load test

P Applied horizontal load

p Soil reaction in units of force/length

Prax The predicted ultimate horizontal load



y Soil displacement in units of length

S Horizontal displacement measured at the pile head

€50 Strain at half the maximum deviator stress in an UU triaxial test

K Slope of the unloading-reloading line in v-/n p’ plane for reconstituted,
intact soil

A Slope of the normal compression line in v-/n p’ plane for reconstituted,
intact soil

K Modulus of subgrade reaction or ‘spring’ stiftness of the soil (=p/y) in units
of force/length’

Chapter 8

Note — only terms not previously defined or having a different meaning than in previous
chapters are included in this chapter

ap, a1, ap etc  Curve fitting coeffieients

SF Shear force
R Soil reaction (force/length)
Chapter 9

Note — only terms not previously defined or having a different meaning than in previous
chapters are included in this chapter

i Depth

Epite Young’s modulus for pile material
FE Finite element (analysis)

FEA Finite element analysis

P-A effect Secondary bending moment induced due to eccentric loading
Ymax Maximum horizontal soil displacement
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1. INTRODUCTION

1.1 Background

Piles have been used for many millennia as a means of transmitting loads from
buildings and other structures to ground of higher bearing capacity located at some
reasonable depth below ground level. Timber piles have been found in the remains of
Neolithic structures (=6500 years ago), while Fleming et al. (1992) note their first
mention in history in the writings of the Greek historian, Herodotus, who lived and
wrote of his travels in the year’s c485 to c425 B.C. He described how lake dwellers in

Paeonia built their houses on piles driven into a lakebed.

Historically, piling was required to transmit vertical load from relatively small structures
to a suitable bearing stratum. The capacity and number of piles required was essentially
based on previous experience and the degree of effort required during installation of the
piles (Figure 1-1). With the commercial production of steel in 1760’s and the
mechanisation of industry, continued industrial development has spiralled to meet the
ever-expanding needs of a modern civilisation. Today, these demands have necessitated

the construction of larger (and increasingly lighter) structures such as, high-rise



buildings and offshore platforms in particular. Accordingly, the design of foundations
to support such structures requires a more rational approach than that offered by the
‘degree of effort’ approach. Moreover, the demand to develop sites previously deemed
unsuitable has further added to the need for improved methods for predicting the

carrying capacity of piles.

Driving pile with maul

Figure 1-1: Early pile driving techniques (www.geoforum.com)

The first major advance in this regard resulted from the introduction of soil mechanics
in the 1920’s: the concept of effective stress provided a rational basis for understanding
the factors controlling soil behaviour. This has led to a more soundly based approach to
pile design, which incorporates soil strength and stiffness properties along with

geological factors within a scientific framework.

Modern pile supported structures, because of their size and lightness, are frequently
subjected to significant overturning and lateral forces that must be counteracted by the
pile’s ability to resist uplift and lateral load respectively. The uplift resistance is

provided by the soil-pile shaft friction, which is influenced by a number of factors



including the soil-shaft interface properties, pile length and the soil type. The approach
used to estimate the uplift resistance of a pile is similar to that used when calculating the
skin friction developed for a pile loaded in compression. However, the approach to be
adopted when designing laterally loaded piles is not so clear despite the existence of
extensive research and numerous design approaches postulated since the early 1960’s.

In this regard, Reese (when discussing McClelland and Focht, 1958) stated:

‘Of all the problems that are encountered in the design of offshore
structures, the behaviour of laterally loaded piles is the least

understood ... .........°

Until the mid 1960’s designers usually assumed piles could carry only axial load and
batter piles were installed to cater for the lateral loads (Bowles, 1996). Graphical
methods were used to find the individual pile loads in a group, and the resulting force
polygon could close only if there were batter piles to resist the lateral loads. Around the
same time, the offshore exploration industry experienced a surge in growth, leading to
calls for more accurate predictive methods for assessing the lateral capacity of piles.
The installation of battered piles through great depths of water was no longer a feasible
option. Therefore, to improve the existing methods, a series of instrumented pile tests
were undertaken along the Gulf of Mexico. The results of these tests have validated the
ability of vertical piles to resist lateral loads' and led to the development of the semi-
empirical design approach known as the p-y method. The method uses data from pile
tests to derive a set of soil resistance (p) versus soil displacement (y) curves at various
depths along the pile. These curves represent the soil’s resistance to lateral load which
is combined with the intrinsic resistance of the pile (using a beam-column analysis) to

give the overall lateral response of the pile.

The p-y curves, which characterise the true non-linear response of the soil (and
therefore extends Winkler’s spring concept), were correlated with soil properties at each

test site such that these correlations could be used to construct p-y curves for any site

! Vertical piles resist horizontal forces by deflecting laterally to mobilise their strength and that of the
surrounding soil.



(Tomlinson, 1994 and others). However, research by Dunnavant and O’Neill (1989)
and more recently Ashour et al. (1998) and Ashour & Norris (2000), suggest that such
correlations are site and pile specific and therefore the generality of the method has not
been fully validated. However, the method despite its semi-empirical basis provides
good predictions of the measured pile behaviour for the (limited) conditions

encountered at the test sites.

The current American Petroleum Institute (API) recommendations for p-y curve
formulation (with modifications as the database of test results expands) are widely used
in practice. However, none of the current p-y recommendations discusses the effect of
combined vertical and lateral loading on the resulting p-y curves. Design guidance for
combined loads suggests the assessment of the axial and lateral capacities of the pile
independently followed by superposition of the results to compute the pile stresses
under combined loading (Price and Wardle, 1988; Shahrour and Meimon, 1991;
Bowles, 1996). The examination of piles subjected to simultaneous axial and lateral

loads is the subject of this thesis.

Research Objective

One of the primary objectives of this research is to advance the p-y technique for
evaluating the response of single piles subjected to lateral loads. In particular, the effect
of simultaneous horizontal and vertical loading on the soil-pile reaction is investigated
to determine if the existing analysis procedures require adjustment for combined loads.
The contribution of instrumented in-situ testing techniques (e.g. the electric cone
penetration test (CPT) and the cone pressuremeter test (CPM)) to the analysis of

laterally loaded piles is also examined in this research.

1.2 Outline of the Thesis

1.2.1 Scope of Work Presented

This thesis examines the current recommendations for the analysis of laterally loaded

single piles in cohesive soils and compares the findings to results from full-scale load



tests on two instrumented piles; one pile (AL1) was subjected to simultaneous axial and
lateral loading while the second pile (L1) was loaded laterally. The primary
experimental programme, undertaken at a soft clay test site at Kinnegar on the
northeastern outskirts of Belfast city, also included re-testing the same piles under
lateral load nineteen months after the initial tests. By re-testing, the effect of a
previously applied axial load could be assessed from pile AL1, while the adjacent pile,
L1 provided information on the effects of ageing after reloading. Table 1.1 outlines the

programme for this series of experiments.

Test reference’ Axial load (kN) Max Lateral load (kN)
ALT (October 17, 1997) pile 7k 170 W e o s, o
'CLTI (October 18, 1997), pile AL 168 5975
LTI (October 18, 1997), pile L1 - $9.75
CLT2 (October 19, 1997), p{léXLWl? 133 8975

LT2 (October 19, 1997), pile L1 - 89.75

Table 1.1: Programme of load tests performed at the Kinnegar test site

The thesis also presents the results from the author’s lateral load tests on instrumented
steel H-piles in stiff glacial till in addition to centrifuge tests commissioned by the
author. Although some details regarding the lateral tests on the H-piles were reported
by the author (Phillips 1995), this thesis presents the first detailed interpretation of the
test results. All experimental data permit measured p-y curves to be compared with
those recommended by the API for soft and stiff clays.

2 ALT refers to the axial load test on pile AL1 carried out in advance of the CLT tests. CLT1 & CLT2
refer to first and second combined load tests respectively. LT and RT are the lateral load test and re-load
tests respectively.



Note

It is acknowledged that piled foundations can be subjected to two general forms of

lateral load:

1. Active loading, where external loads are applied to the pile, with the soil

resisting the load, for example forces applied at the pile top resulting from wind
and earthquake loads on tall buildings, wave and current forces on offshore

structures.

2. Passive loading, where movement of the soil subjects the pile shaft to bending

stresses, for example where piles support a bridge abutment with backfill

overlying weak soils through which the piles penetrate.

This thesis is concerned primarily with the former although some of the concepts

discussed are applicable to both categories of loading.

1.2.2 Contents of the Thesis

The contents of each chapter are summarised as follows:

Chapter 2: Reviews the current analysis procedures for laterally loaded single piles in
cohesive soils. Traditional approaches, which were often graphically based due to the
unavailability of computers, have been mentioned but not described in detail since they
have essentially been superseded by non-linear computer based approaches (i.e., p-y
method). The review concentrates on recent advances for obtaining and improving p-y

curves.

Chapter 3: Describes the design and fabrication of the instrumented precast concrete
piles and the field procedures followed during the load test programme. The chapter
also briefly outlines the instrumentation and calibration procedures along with the

structural properties of the piles.



Chapter 4: Summarises the geology of the Belfast area and the soil properties at the test
site. Particular attention is focused on those properties relevant to the interpretation of
laterally loaded pile behaviour. Special emphasis is placed on the results from CPT and
CPM tests conducted in the vicinity of the load tests and include the derivation of p-y
curves from the CPM tests.

Chapters 5: Presents the results from the instrumented load tests at Belfast, these
include:

e Axial load test (ALT)

e Lateral (LT) and combined lateral and axial load tests (CLT) and

e Re-tests (RT) on the piles, involving lateral loads applied nineteen months after

the initial tests.

Chapter 6: Provides structural analysis details of the combined load test set-up and the
pile section response for the Belfast tests. A detailed analysis of the pile head condition
at AL1 (the pile subjected to combined loading) is provided and the role of the pile head

condition on the observed pile behaviour is discussed in detail.

Chapter 7: Presents details of laterally loaded pile tests in stiff glacial till as well as the
p-y curves interpreted from the results. These curves are compared with the API
recommended p-y curves for stiff clay and some general conclusions are drawn from the

test results.

Chapter 8: Provides detailed interpretation of the Belfast tests. The curve fitting
procedures adopted for the derivation of p-y curves from the instrumentation data are
discussed in detail. The results from the RT are interpreted and the main findings

presented.

Chapter 9: The main findings of the research are presented and their implications for the
design of laterally loaded piles discussed. The results from the centrifuge tests
commissioned by the author to investigate the effect of an axial load on the lateral pile

response are also presented here.



Chapter 10: Presents the main research conclusions and suggests areas in which the

findings of this research can be usefully employed in pile design.

Supplementary information is presented in the appendices:

Appendix to Chapter 2

e Appendix 2a: Relationship between Young’s modulus E and the Spring
Stiffness of the Soil K

e Appendix 2b:  Summary of p-y curve formulations

Appendix to Chapter 3

e Appendix 3: Instrumentation Calibration

Appendix to Chapter 4

¢ Appendix 4: Pressuremeter Results

Appendices to Chapter 5

e Appendix 5a: Analysis of Axial Pile Capacity using;
o Bustmante and Gianeselli Method
o NTD Design Method
o Conventional Soil Mechanics Approach using a-method
e Appendix 5b: Axial Load Distribution along Pile AL1 & Estimate of Negative

Skin Friction

Appendices to Chapter 6

e Appendix 6a: Structural Analysis of Pile Section & Cracked and Uncracked
Flexural Rigidity
e Appendix 6b: Finite Element Moment-Strain Relationship for Reinforced

Concrete Pile Section



e Appendix 6¢: Back-calculation of E. from Lateral Load Tests
e Appendix 6d: Analysis of Head Restraint at Pile AL1

Appendices to Chapter 8

e Appendix 8a: Validation of Curve Fitting Equation
e Appendix 8b: Derivation of Curve Fitting Coefficients and Least Squares
Optimisation

e Appendix 8c: Detailed Test Results

Appendices to Chapter 9

e Appendix 9: Interpretation of Instrumentation Data



Chapter 2

Literature Review



2. A REVIEW OF CURRENT ANALYSIS METHODS FOR
LATERALLY LOADED SINGLE PILES

2.1 Introduction

This chapter presents an overview of the techniques currently adopted for the design of
laterally loaded single piles. Numerous methods of analysis have been proposed during the
last few decades, ranging from simple procedures using design charts, to the use of
complex computer programs. In general, the procedures can be grouped into the following

categories:

e Ultimate load analysis
e Continuum method
e Subgrade reaction models

e Finite element methods.

It is current opinion, particularly in the offshore industry, that methods based on the theory
of elasticity (continuum method) are not generally applicable for design of single piles
because of the difficulty in assigning single (representative) values to the soil’s elastic

properties (Young’s modulus and Poisson ratio) especially when yielding of the soil

10



occurs'. Other methods based on the theory of subgrade reaction, incorporate simplifying
assumptions, such as assuming a variation of the subgrade modulus with depth and linear
elastic soil behaviour (Winkler, 1867; Hetenyi, 1946; Terzaghi, 1955; Broms 1964 a & b).
These simplifying assumptions reduce the difficulty in obtaining a solution to the problem,
but errors of an unknown magnitude are introduced since soil stratification, time effects,

the effect of load intensity, and structural factors cannot be considered.

The elastic methods were initially developed before computers became readily available to
engineers and hence the solutions were often presented in the form of non-dimensional
charts or tables to permit designs to be completed with minimum computation (Broms,
1964 a & b; Matlock & Reese, 1960; Poulos, 1971; Randolph, 1981). On small projects
with limited budgets, these methods can be successfully employed for final design
provided the soil parameters required for the analysis are judiciously selected to ensure a
conservative design. The methods may also be used for preliminary design purposes on

larger projects.

However, in situations where lateral loads may govern the foundation design, for example;
in the case of offshore structures where piles may stand freely in 100m of water or more
(thus making full scale load testing impractical), there is a clear need to improve predictive
methods for reasons of enhanced safety and performance. It is generally accepted that the
most realistic predictions are obtained by modelling the soil as a series of non-linear non-
interactive elastic springs (an extension of the Winkler foundation), with the pile modelled
using beam-column theory. This approach, known as the p-y method, provides the most
rational design approach since it permits the variability of the soil system, pile structural
stiffness and head fixity to be modelled. Furthermore, the method can also account for the
effects of cyclic loading, common in offshore structures, where repetitive loading causes

softening of the soil resistance particularly in normally consolidated clays.

The p-y method despite some theoretical shortcomings, for which it has received criticism

(Poulos, 1971; Randolph, 1981; Poulos and Davis, 1980; Scott, 1981; Davies and Budhu.,

" Poulos (1971) has suggested a modification to the general continuum approach to account for soil yield but
the accuracy of this approach diminishes as the depth of yielding soil increases.
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1986), has been shown, via back analysis of full scale field tests (Matlock, 1970; Reese, et
al.,, 1974 and others), to accurately predict the measured pile bending moment and
displacement profiles. As the original p-y database is extended; through further research,
improved computer modelling facilities and in-situ test methods, so to are the accuracy and
reliability of the predictions. Therefore, for these reasons, the p-y method is outlined in
detail and will subsequently be used in the analysis of the test results presented in this

thesis.

For the design of laterally loaded piles, two criteria need to be satisfied: first, an adequate
factor of safety against ultimate lateral failure; and second, the displacement at working
loads must be capable of being tolerated by the superstructure. As in other areas of soil
mechanics, these criteria are generally treated separately, and the design is arranged to
provide the required safety margins independently. Estimating the ultimate lateral
resistance of single piles will be described section 2.2 and pile displacement will be

discussed in section 2.3.

2.2 Ultimate Lateral Soil Resistance

2.2.1 Background

The ultimate soil resistance to lateral load is normally provided by three components; (a)
the passive resistance offered by the soil in front of the pile, (b) side friction developed
between the soil-pile interface and (c) in the case where the piles receive a pile cap, shear
developing along the base of the pile cap. However, in the case of the latter, Davisson
(1970) remarks that a slight settlement of the soil beneath the cap can essentially eliminate

this resistance, hence skin friction between the pile cap and soil is usually ignored for

design purposes.

The ultimate lateral resistance of a soil-pile system is governed by either the yield strength
of the pile section or by the ultimate lateral resistance of the supporting soil. For an
unrestrained pile head, failure is achieved in long piles by the formation of a plastic hinge

in the section or in the case of a short pile rigid pile rotation takes place, both scenarios are

12



shown in Figure 2-1 a and b respectively. In the case of piles restrained at the pile head,
failure depends on the length of pile embedded in the ground. Long piles (Figure 2-2a) fail
by the formation plastic hinges in the pile section while piles of intermediate length (Figure
2-2b) generally fail by a combination of rotation and plastic hinge formation. Short rigid
piles (Figure 2-2c¢) fail by translation.

{a) (b} (c)

Figure 2-2: Modes of failure for restrained pile head (from Broms 1964a)
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The first step therefore, in determining the ultimate lateral resistance of a pile is to decide
whether the pile will behave as a short, intermediate or long member. The demarcation
between short and long pile behaviour can be estimated in terms of a relative stiffness
factor (R or 7) given by Hetenyi (1946). The factors provide a relation between the
flexural rigidity (EI) of the pile and soil stiffness (expressed as a modulus of subgrade
reaction). For soil with a modulus that increases linearly with depth (a condition
approximated by normally consolidated clays and cohesionless soils) the stiffness factor, 7,

is expressed as:

T= (El/ny)"”

were ny, is the constant of horizontal subgrade reaction measured in instrumented pile load

testsz.

For soils with constant modulus (an approximation often applied to overconsolidated

clays), the stiffness factor, R, is expressed as:

R = (EUkyB)"*

where ky = coefficient of subgrade reaction (kN/m3 )

B = pile diameter or width (m)

Woodward et al. (1972) defined short versus long members in terms of these stiffness

factors as shown in Table 2-1

2 Assuming a linear variation with depth z, k, = n,z (kPa) or in terms of pile width, B, &, = n;z/B.
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Pile type Seil Modulus

Linearly increasing Constant
Rigid (free head) L2227 L<2R
Flexible (free head) L>4T 1. =358

Table 2-1: Classification of rigid or flexible piles

2.2.2 Ultimate Lateral Resistance of Cohesive Soil

The ultimate lateral resistance of cohesive soil has been well documented (Reese, 1958;
Brinch Hansen 1961, Broms 1964; Randolph and Houlsby, 1984). Summaries of the main

approaches are presented in following section.

Reese (1958)

In responding to McClelland and Focht’s (1958)° seminal paper on laterally loaded piles,
Reese presented an approximate analysis of the ultimate lateral resistance for saturated
clay’. In the analysis, Reese considered the horizontal displacement of a vertical pile of
square cross-section. The ultimate resistance was calculated using two models; one which
assumes that the clay around the pile shaft fails as a group of sliding blocks (deep failure)
and the other assumes failure is controlled by a passive soil wedge in front of the pile
(shallow failure), the controlling mode of failure depends on the depth considered below

the ground surface. Close to the ground surface there is a zone of reduced resistance due to

3 The literature refers to two papers by McClelland and Focht bearing the title Soil modulus for laterally
loaded piles. The papers, which were identical, are contained in issues of the Journal of the Soil Mechanics
and Foundations Division of ASCE published in 1956 and 1958 respectively, it appears the original paper
was reprinted in the 1958 Journal in order to set the context for a discussion by a number of contributors.

* The shear strength, ¢, was obtained from UU triaxial tests with the initial angle of internal friction ¢ equal
to zero.
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the lack of vertical confinement, the soil located in front of the loaded pile moves upwards
in the direction of least resistance to form a passive wedge. The soil below this zone is no
longer directly influenced by the ground surface and flows horizontally around the pile
giving plane strain conditions. There is general agreement with these idealisations (Brinch
Hansen, 1961; Broms, 1964a; Matlock, 1970; Sullivan et al., 1980; Evans, 1982; Reese et
al. 1984; Randolph and Houlsby, 1984; Fleming et al., 1992; Briaud, 1992; Ashour et al.,
1998 and Ashour and Norris, 2000).

Deep or Flow around Failure

Figure 2-3a shows a vertical section through the pile and Figure 2-3b shows the blocks of
soil that are assumed to be displaced horizontally when the pile is deflected. It is assumed
that the stress, o;, on the side of block E next to the pile is equal to zero. If the soil
strength in undrained conditions is defined by the expression 7 = c,, the magnitude of o
must be ~ 2¢, in order to cause failure in block E. By a similar analysis if oy is considered
to be the confining stress on block D then the stress, o3, is 4c,. If block C, in moving
relative to the pile and the adjacent soil, is assumed to develop full resistance along each
side, the magnitude of oy will be 6¢,. If blocks B and A fail in a similar manner to blocks

E and D, the value of og, will be 10c,.

Having determined the stresses acting on the pile, the free body (Figure 2-4) shows that the

ultimate (plane strain) soil resistance is given by Eq 2.2.

Eq. 2-1... Puit = (06 + 2¢,- oy)B =12 c,B (kN/m)
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Shallow or Passive Wedge Failure

Within the wedge the soil resistance decreases from the ‘deep’ resistance at the base of the
wedge to a minimum resistance at the ground surface. Figure 2-5 shows that the wedge
resists lateral movement by means of its weight and shear resistance along its sides and
bottom. If it is assumed that the full shear resistance, c¢,, of the soil is developed on planes
ACE, BDF and ABFE, and that only part of the shear resistance, {c,, is developed on plane
CDFE then the following equations can be written to represent the forces acting on these

planes
F, =% )th tan 6
Fy =c,Bh sec 6
F; = Yeh tan 6
Fy= ’/.oc,,hz tan 6
Fs = {c,Bh
Summing the forces in the vertical direction yields
Fs=1% th2 sec 0 +{c,Bh cosec 0 + ¢,Bh cosec 0 + e’
and summing the forces in the horizontal direction yields
F;= I/z}’BhZ + {cu,Bh cot 8 + 2¢,Bh sec 0 cosec 0 + ch’ sec O

The horizontal soil resistance offered by the wedge acting against the pile can be obtained

by taking the derivative of F; with respect to / to give the result shown in Eq. 2-2.

Eq. 2-2... Pur = e ¢c, Beot8 + yBh+ ¢, Bsecl cosecl + 2c, hsecd

dh
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Figure 2-5: Assumed passive wedge type of failure for clay

and at the ground surface # = 0, and p., = {c.B cot 6 + c, B sec 0 cosec 6

If the value of 8 is assumed to be 45° and ('is taken as 0, then

Duit =2¢cy B

Eq. 2-1 and Eq. 2-2 can be solved simultaneously to find the depth at which the failure
would change from the wedge type to the flow-around type. Broms (1964a) has shown the
transition to take place at a depth of approximately three pile diameters below the ground
surface.
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Broms (1964a)

The probable distribution of soil resistance for cohesive soils is shown in Figure 2-6(b);
this has been simplified by Broms (1964a) to a rectangular distribution as shown in Figure
2-6(c). Broms assumed that some soil shrinkage away from the pile would occur close to
the ground surface and allowed for this by assuming a lateral soil reaction equal to zero to a
depth of 1.5 pile diameters, below this depth the soil reaction was taken as 9c,B, where B is
the pile diameter or the pile width.

LATERAL

2Cu
i

[r APPROXIMATELY 3D

|
|

8 TOI2 ¢,D 9¢,D

(a) Laterally loaded pile (b) Probable distribution of (c) Assumed distribution
showing passive wedge soil reactions of soil reactions

Figure 2-6: Distribution of lateral earth pressures (after Broms, 1964a)

Broms applied this simplified soil reaction to both free and restrained pile heads assuming
the failure modes for long and short piles shown in Figure 2-1 and Figure 2-2. Broms
assumed the lateral resistance of the surrounding cohesive soil would govern failure of

relatively short laterally loaded piles whereas the plastic or yield resistance of the pile
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section would govern the lateral resistance of relatively long piles. In assessing the
precision of the rectangular distribution of soil reaction {Figure 2-6(c)} Broms obtained
ratios of measured maximum moment to calculated maximum moment of 0.84 to 1.13 for
the cases analysed. Based on this, Broms concluded that the proposed method of analysis
could be used with confidence to predict the maximum bending moments for both free and
restrained piles but suggested additional test data was desirable to fully validate the
method. The method is popular for preliminary design or for piled foundations whose
design is not governed by lateral loading. Broms presented his findings for both free and
restrained laterally loaded piles in graphical form, an example of one such chart is shown in

Figure 2-7 for piles in clay.
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Figure 2-7: Typical design chart developed by Broms (1964a) for long piles in cohesive
soils
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Randolph and Houlsby (1984)

Randolph and Houlsby (1984) used the similarity between the soil deformation during a
pressuremeter test” and the behaviour of soil surrounding a laterally loaded pile to present
an approximate calculation of the lateral soil resistance at depth. The calculation was
based on the observation of a mechanism of cavity expansion in front of the pile, the
calculation also incorporated an allowance for the lateral resistance developed from side
shear along the soil pile interface; the side shear contribution was estimated as being of the

order of 1.0¢,B.

When a pile is loaded laterally, the pressure in front of the pile increases from the in situ
horizontal stress level, ong, up to the limit pressure p; obtained from a pressuremeter test.
Behind the pile, the stresses will decrease. The lowest value obtainable under undrained
conditions corresponds to a suction of one atmosphere p, (= 100kPa), above which
cavitation is assumed to occur leading to a gap forming between the soil and the pile. After
breakaway the pressure behind the pile will fall to zero, or, if there is free water available,
to the pore water pressure uy. Thus the ultimate resistance at depth will lie between (p; +
pa+ ¢y Band (p;— up + c,) B. From the analysis of the pressuremeter test Briaud, (1992)

suggests the limiting pressure p; for a cohesive soil may be written as
pi1 = ow + ¢, [In(G/cy) + 1]
where G is the shear modulus of the soil also determined from the pressuremeter test. For

typical values of G/c, the above expression gives p; = 6¢c, + ong. Therefore, substituting

for p; the ultimate resistance at depth will fall between the range given in Eq. 2-3°.

Eq. 2-3... 7+ ongley < pudeB < ([0 + palicy) + 7

5 See section 2.5.1
® Note oy, on the left hand side of Eq. 2-3 is in terms of effective stress.
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where the lower limit corresponds to the case of the ambient head of water behind the pile,
and the upper limit is where a suction develops behind the pile. For normally or lightly
overconsolidated clay, the ratio ouy/c, will be ~ 2. Thus the lower limit corresponds to the
result for a smooth pile using plasticity theory. For stiff overconsolidated clay, the ratio
ony/c, may be as low as 0.5 at shallow depths. Even allowing for suction between the pile
and the soil the ultimate resistance may be below 9c,B. Thus for overconsolidated soils the
ultimate resistance calculated from the cavity expansion considerations may be lower than

that calculated for flow around failure using plasticity theory (Eq. 2-4).

Eq. 2-4.. pur/cB =10.5

As in previous analyses (Broms, 1964a; Reese, 1958) the reduced resistance near the
ground surface was based on a passive wedge failure in front of the pile. At the ground
surface, a passive pressure of 2c, in front of the pile together with some allowance for side
shear would yield an ultimate resistance of approximately 3.0c,B. Reese (1958) considered
the failure of a 45° wedge in front of the pile and derived the expression for ultimate

resistance given in Eq. 2-5 where z represents the depth considered.

Eq.2-5...  pu = cuB(2+ ow/cy + 2N22/B)

Subsequent field tests by Reese and Cox (1975) showed that Eq. 2-5 overestimated the
measured ultimate resistances by ~ 1.7. Allowing for the factor of 1.7, Eq. 2-5 was found
to exceed the ultimate lateral resistance estimated by Eq. 2-3 at depths of about 3 pile
diameters. In soft clay, Matlock (1970) found from experimental results that the last term
in Eq. 2-5 over predicted the lateral resistance and should be replaced by 1.5z/D. However,
in normally consolidated or lightly overconsolidated clay, the term jz/c, will dominate.
Therefore at about 3 pile diameters the ultimate resistance given by Eq. 2-5 will start to
exceed that predicted by the cavity expansion mechanism (Eq. 2-3) and plasticity theory
(Eq. 2-4). Hence, at shallow depth the following expression was tentatively suggested for

the ultimate wedge resistance:

Eq. 2-6... Pu/cuB =2 + ovw/c, + 1.52/B
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When the piles are under water, the total stresses oy, and opy should be replaced by
effective stresses and where different failure mechanisms are anticipated, Eq. 2-3, Eq. 2-4
and Eq. 2-6, should be plotted with depth and the lowest value taken at any particular
depth.

2.2.3 Simplified Pressuremeter Method
As with previous simplified methods (Broms, 1964a & b and Evans, 1982), Briaud (1997)

has produced a simplified pressuremeter approach. The method known as ‘Simple
Approach for Lateral Loads On Piles,” (SALLOP) was developed as a “back of an
envelope” check on the lateral pile performance using the results from preboring
pressuremeter tests. The technique avoids having to employ the time consuming and
cumbersome work of transforming the pressuremeter curve into a p-y curve and the
subsequent application of the beam-column analysis. The method is based on the concept
that the sinusoidal soil resistance-depth profile (Figure 2-8) tends to cancel itself out except
for a shallow zone close to the ground surface, which contributes most of the lateral
resistance. A Winkler analysis was used to determine the controlling depth of pile for the
application of SALLOP (i.e., the depth at which zero shear force occurs).

Soil Resistance
Hou P (kN/m)
e

Pl Contributing
Area

Cancelling
Areas

Depth (m)

Figure 2-8: Conceptual soil resistance versus depth profile (Briaud, 1997)
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The method is semi empirical, in that, the framework is theoretical but the factors in the
theoretical equations are adjusted empirically by appropriate correlations developed from
20 full-scale load tests with corresponding pressuremeter test results. The database used to
validate the method comprised piles varying in length from 4.6m to 36.6m, pile widths
from 0.273 to 0.915m, for steel, concrete and timber piles for sand, clay and sand over clay.
The method assumes that the soil is uniform with depth and the flexural stiffness (EI) of
the pile is independent of the bending moment. Caution must therefore be exercised when
applying the method to concrete piles, which may gradually crack and lead to excessive
deflections. If it is known that the cracking moment, M, for a concrete pile occurs before a
reference load (taken as one third of the predicted lateral capacity, Hy,/3) an alternative
method must be used to allow for the nonlinearity in the relationship between E/ and M.
The reliability of the method can be judged by inspection of Figure 2-9 which illustrates

the predicted ultimate capacity (Hy,) versus measured lateral capacity’.
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Figure 2-9: Predicted versus measured lateral capacity (H,,) using SALLOP database

" SALLOP can also be used to estimate the lateral pile displacement at working loads (taken as Hp,/3) but the
accuracy of the displacement predictions is not as good as that of lateral capacity predictions.
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2.2.4 Summary on Ultimate Lateral Resistance in Cohesive Soils

The difference in shallow and deep resistance of laterally loaded soil is clearly

acknowledged in the preceding references. Table 2-2 summarises the findings from this

section along with the results of predictions by other researchers.

Soil resistance p,;/c,B

, (kN/m)
Reference Analysis model Comments
Shallow Deep
resistance resistance
Brinch Hansen  Active and passive 3 _1]14
(1961) soil pressure theory ) '
Approximate
Sliding blocks in O
Reese (1958) plane strain & 2 12 passive wedge
Passive wedge fallure
flow around
failure
" to a depth of 1.5B
“factor was found
to vary from 8 to
Ultimate active and 12
Broms (1964a)  passive soil 0 9" "in the case of long
resistance’ piles the moment
capacity of the pile
section dictates
ultimate failure
Smooth square pile
Poulos and Plasticity theory loade‘d ORI
Davis (1980) and limit analysis il
depending on the
pile aspect ratio
Poulos (1971) Plasticity theory 2 11.41
Randolph and - 9.14 Smooth pile
Houlshy (1988 & = ooy feoly - - 11.94 Rough pile

Table 2-2: Summary of ultimate lateral soil resistance

26



2.3 Elastic Methods

2.3.1 Background

Theoretical methods for predicting displacements of laterally loaded piles generally adopt

one of two approaches:

(a) The elastic approach, which assumes the soil to be an ideal elastic continuum and,
(b) The subgrade-reaction method, in which the continuous nature of the soil medium
is ignored and the pile reaction at a point is simply related to the deflection at that

point.

Only the subgrade reaction method is discussed in this section as it provides the necessary

background for the development of the p-y method.

2.3.2 Subgrade Reaction Method or Beam on an Elastic Foundation

The method of subgrade reaction or beam on an elastic foundation has been used since
about 1920 for computing displacement, bending moment and shear force profiles in piles
acted upon by horizontal forces above the ground surface. The subgrade reaction concept,
assumes a complete lack of continuity in the supporting soil, as if it consisted of a series of
independent linear elastic springs that deflect when directly loaded, but do not induce
movement in the adjacent springs (Winkler foundation). The spring concept is contrasted

with that of a soil continuum in Figure 2-10.

(a) Non-interactive Winkler springs (b) Elastic continuum

Figure 2-10: Foundation models (from Elson [1984])
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In the case of a homogeneous soil the method assumes that the soil has a linear p-y curve
and that the same p-y curve applies for all depths as shown in Figure 2-11 i.e., p/B= ky
where p is the soil reaction in load per unit length of pile (force/length) and y the
displacement of the pile at the same point. The coefficient of proportionality &

(force/length®) became known as the coefficient of subgrade reaction.
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Figure 2-11: Assumptions for the subgrade reaction method

A long flexible pile can be treated as a beam-on-an-elastic foundation. Using beam-
column theory, a fourth order differential equation (modified to include a term for the soil
response) is solved to yield the displacement, shear and bending moment profiles required

for pile design. The differential equation (Eq. 2-7% section 2.4.2) can be solved by hand

¥ Note in Eq. 2-7 k is replaced by X, the soil modulus, which is equivalent to kB where B is the pile width.
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using either a closed form solution if £ is assumed to be independent of depth
(homogeneous soil) or in the case of a soil with k increasing with depth, a power series
solution can be employed. Both methods further assume linearly elastic soil behaviour, and
a pile of constant flexural stiffness. Hetenyi (1946) devoted an entire book to solving beam
on elastic foundation problems subjected to various boundary conditions. Broms (1964a)
also used the theory of subgrade reaction to analyse piles subjected to lateral load. These
methods were only intended to be accurate at working loads and therefore will

underestimate the pile displacements once the soil yields.

Concluding Comment

Typical results from the subgrade reaction method are presented in Figure 2-12. As the
subgrade reaction method assumes linear elastic behaviour of both the soil and the pile, the
accuracy of the solution is limited to predictions of displacements and bending moments at
the lower stress levels encountered under working loads. Moreover, the non-linear
response (even at low stress levels) and eventual plastic behaviour of the soil near the
ground surface is not accounted for in this model. These limitations can be addressed by

employing the p-y method outlined in the following section.

Lood Deflection Moment Shear ~ Soil reaction
, _ _ )
& - d
Mssu#‘-z-;- veEI—% p=El—
dx axr . dx’ -

*
2.

Figure 2-12: General results obtained from a laterally loaded flexible pile (from Hunt 1986)
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2.4 p-y Method

2.41 Background

The p-y method can be considered as a Winkler foundation that extends the soil response
beyond the linear elastic range to include yielding of the soil. This extension provides
more realistic and accurate predictions of pile performance, particularly when yielding or
degradation of the soil resistance due to cyclic loading needs to be considered.

Two problems must be solved to obtain the response of a laterally loaded pile: (1) the soil
resistance must be known as a function of depth, pile deflection, pile geometry and the
nature of loading; and (2) the equations that yield pile deflection, bending moment and

shear must be solved.

2.4.2 p-y Concepts of Lateral Load Transfer®

When a pile (modelled as a beam-column) is inserted vertically into the ground, the
supporting soil surrounding the shaft is considered as a series of non-linear elastic springs
as depicted in Figure 2-13(b). It is generally acknowledged that such a soil model is not
strictly true (Reese, 1977 and others) but experimental evidence indicates that the soil
reaction at a point is dependant essentially on the pile displacement at that point, and not on
pile displacements above and below. Therefore, for the purposes of simplifying the

analysis, the soil can be removed and replaced by a set of discrete springs.

° The p-y curves generally employed by practitioners do not consider consolidation effects that would occur
under sustained loading. Nor do they consider cases where the loadings are dynamic, as would occur during
an earthquake. However, recent research by EI Naggar and Bentley (2000) has proposed a model for
obtaining dynamic p-y curves that relate the pile displacements to the non-linear soil reactions. These
methods are beyond the scope of this research and therefore will not be discussed further.
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Figure 2-13: Idealisation of soil around pile (from Reese 1997)

The concept of a p-y curve can be defined graphically by considering a thin slice of pile
and surrounding soil as shown at section x-x in Figure 2-14. When the pile is subjected to
a lateral load it will move laterally until equilibrium is established between the stresses and
displacements of both the soil and the pile at each point along its shaft. The earth pressures
acting on the thin slice of pile considered prior to lateral loading (Figure 2-14b) are
assumed to be uniform and the resultant soil reaction, p, (in units of kN/m) obtained by
integrating the pressures, is zero. If the pile is then given a lateral displacement, y, as
shown in Figure 2-14a, the state of stress around the pile changes to a non-uniform

distribution resulting in a net soil reaction upon integrating the pressures over the depth of

the thin slice.

This process can be repeated for a series of y values, resulting in a set of corresponding p
values, these are combined to define a p-y curve for the soil at the depth considered. A
number of these curves are necessary to describe the full soil-pile resistance profile. The
spacing between the p-y curves is reduced within the relatively shallow depth of soil below

the ground surface that controls the pile behaviour, this depth is referred to as the critical
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depth'®. Fewer curves are required below the critical depth in order to complete the profile.
Because of the non-linear stress-strain behaviour of most natural soil deposits, the p-y

curves are also non-linear as illustrated in Figure 2-15.
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Figure 2-14: Graphical definition of p and y (from Yegian and Wright, 1973)

In the p-y method, the constant of proportionality &, from the subgrade reaction method is

replaced by the subgrade reaction modulus'’, K obtained from the secant of the p-y curve

shown in Figure 2-16.

' The critical pile depth can be considered as the pile length beyond which the presence of additional pile
length has negligible effect on pile-head behaviour.

'! K has been given a variety of names. It is the foundation stiffness but it has been called the coefficient of
subgrade reaction or subgrade modulus. In American literature, the coefficient is called a soil modulus and
is denoted by the symbol E,. This definition leads to confusion with Young’s modulus of elasticity which
also has units of stress. In this thesis, the symbol K will be used to avoid such confusion.
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Figure 2-15: Possible family of p-y curves (from Poulos and Davis, 1980)
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Figure 2-16: [llustration of secant soil modulus (spring stiffness)
The negative sign in the expression shown in Figure 2-16 indicates that the direction of pile

displacement is opposite to the direction of the soil reaction. Because the curve is strongly

non-linear and varies with depth, K is not a constant except for a small range of
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displacements, the soil modulus'? changes from an initial stiffness K; to an ultimate
stiffness K, = p,/y,. Because p varies with both y and z a numerical method, normally the
finite difference technique is employed to solve the differential equation shown in Eq. 2-7.

The solution provides the displacement, moment and shear profiles for the loaded pile.

d'y

4

2
Eq. 2-7... EI +E‘;Z—f+1<y=o

where
E = Young’s modulus for the pile
I = Second moment of area of the pile
F, = Axial load
y = Lateral deflection
z = Depth below the pile top

Before the advent of computers, the closed form analytical solutions were popular but
imposed the restriction of a constant soil modulus. Series-type solutions (Hetenyi, 1946)
were also available for a linear variation of soil modulus with depth however; both these
methods were adopted for their mathematical convenience rather than their ability to
represent the real soil behaviour. As these simplified soil models restrict the nature of the
soil modulus variation, and hence the ability to accurately predict the pile behaviour, the p-

y approach has been adopted as a more realistic representation of the soil modulus.

Criteria for constructing “generic” p-y curves in different soil media have been published
on the basis of validation from full-scale pile load test. Meyer and Reese (1979) present a
review of the p-y formulations that emanated from the original tests and illustrate the
usefulness of the approach (a summary of these formulations is provided in Appendix 2b).

However, the established p-y criteria are limited to soils of one type and therefore judgment

12 The soil modulus K, has units of force per length squared, given by the soil reaction p at a point along the
pile divided by the movement of the pile into the soil at the same point y, it can be considered as the spring
stiffness of the soil i.e. K= kB = p/y.
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and experience is required when selecting p-y curves for situations that deviate from those
in the original database. The following section presents some recent advances in the

derivation of p-y curves, which help make the method more accessible to designers.

2.5 Recent Advances in the p-y Method

2.5.1 p-y Curves from In-situ Tests

The work outlined in section 2.4 has represented a major step forward in the solution of
laterally loaded pile problems. It is believed that in-situ tests such as the pressuremeter and
DMT represent an additional advance by allowing the quality and range of applicability of
the p-y curve approach to be improved. The pressuremeter offers the following

advantages:

(1) The p-y curve is obtained point by point in situ with the pressuremeter. Ultilising
curves based directly on in-situ testing removes a level of uncertainty introduced by
correlating, for example, SPT ‘N’ values with soil strength properties.

(2) The pressuremeter test can be performed in almost all soils and rocks and therefore is
very versatile.

(3) The method of installation of the pile can be duplicated by the method of installation of
the pressuremeter; for example in the case of a bored pile, preboring the hole for the
pressuremeter seems to be appropriate; in the case of a closed-end driven pile, it may be
more appropriate to drive the pressuremeter in place. Alternatively, for displacement piles
the hole can be bored, the pressuremeter expanded a first time to simulate the driving of the
pile and then expanded a second time.

(4) The type of loading can easily be simulated during the pressuremeter test including
long-term sustained loads, cyclic loads and the rate of loading effects. Furthermore the
incorporation of pressuremeters into CPT equipment as shown in Figure 2-17 (see Lunne et
al., 1997) has led to the economic production of p-y curves at the SI stage thereby

facilitating early design of laterally loaded piles.
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Figure 2-17: Cone pressuremeter equipment (from Dalton, 1997)

The dilatometer, unlike the pressuremeter, produces only a very small lateral displacement
(=1mm) plus there are no increments of pressure with which to develop a load-deformation
curve. Therefore, the properties determined from the dilatometer indices are used in

conjunction with a mathematical expression'’ to develop p-y curves.

Because of the availability of good quality pressuremeter results from the test site used in
this research, the following section will outline in detail the technique used to develop p-y
curves from pressuremeter tests. The analogy between the pressuremeter curve and the p-y

curve can be seen in Figure 2-18.

" Gabr et al. (1994) and Anderson and Townsend (1999) used hyperbolic and parabolic functions
respectively to develop p-y curves from dilatometer results.
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Figure 2-18: Pressuremeter-pile analogy (from Briaud, 1992)

The various types of pressuremeter, their operation and the interpretation of the test results
have been described in detail by Clarke (1995), Clarke (1997) and Briaud (1992). Nine
pressuremeter approaches for the design of laterally loaded piles have been identified in
Briaud (1992). Of these, the approach for pushed-in (full displacement) pressuremeter
tests proposed by Robertson et al. (1982 and 1986), is relevant to the research undertaken
for this thesis since the probe installation models the soil disturbance caused by pile
driving. The Robertson et al. (1986) p-y construction, utilising results from full
displacement pressuremeter tests, have been validated via case histories by the authors and

more recently by Anderson and Townsend (1999) and Anderson et al. (1999). The critical
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depth phenomena, which accounts for the reduced soil resistance close to ground level, was
incorporated into a method proposed by Smith (1983) and Briaud et al. (1985d) for
preboring pressuremeter tests and was adopted by Robertson et al., (1986) in the full
displacement pressuremeter method. Therefore the Briaud-Smith approach will also be

reviewed in this section.

p-y Curves From Pressuremeter Tests

Robertson et al. 1982 and 1986

Robertson et al. (1986) suggested a method that used results from a pushed-in
pressuremeter to evaluate p-y curves for a driven displacement pile. The pressuremeter
was a conventional self-boring pressuremeter with a solid 60° cone at the tip but was
pushed into the ground by jacking against a vehicle designed for conducting electric cone
penetration tests. The instrument was 76mm in diameter with the membrane section
having a length to diameter ratio for of six. Robertson et al. (1982) hypothesised that the
initial displacement induced in the soil surrounding a driven pressuremeter faithfully
represents the displacements in the soil surrounding a driven pile. Therefore, results from a
series of pressuremeter tests performed at different depths, can be used to provide the p-y
response of the soil at the test depths. In Robertson et al. (1982) p-y curves were obtained
for a 300mm square precast concrete pile driven into the soil profile shown in Figure 2-19;

piezocone resulits are also provided in the Figure.
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Figure 2-19: Soil profile at the Robertson et al. (1982) test site

According to Robertson et al. (1982), the soil deforms in a simple radial direction during a
pressuremeter test, whereas the displacements in the soil surrounding a laterally loaded pile
are far more complex, as the soil moves away from the front face of the pile and inwards
towards the back face. It was suggested that the soil in the centre region of the pile (4-B)
in Figure 2-20(a) would deform in a similar manner to that about a pressuremeter. It was
therefore concluded that the geometric form of the pressure expansion curve obtained from
the pressuremeter would be similar to the p-y curve for the soil acting in front of the pile,
provided the pressuremeter was installed to model the soil disturbance during pile

installation.

The curve ppdp; shown in Figure 2-20(b) represents a typical test from a self-boring
pressuremeter in which the probe was inserted into the soil with no disturbance where py is
the initial total stress, and p, is the limit stress (at which indefinite cavity expansion
occurs). Therefore the geometric form of the p-y curve is given by psAp,, that is, the origin

for the pressure would be moved to py (as shown in Figure 2-20(c)).
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Figure 2-20: Schematic showing development of p-y curves from pressuremeter data (from
Robertson et al., 1982)

TRANSFORMING PRESSUREMETER CURVES INTO P-Y CURVES

The limit pressure (p.-pg) for the pressuremeter test is different from the limiting pressure

required to push a pile sideways through the soil. If the section of the pile considered is at
some distance remote from the surface i.e., where plane strain conditions exist, then the
limiting lateral resistance is approximately 9c,, where ¢, is the undrained shear strength. In

the case of the pressuremeter, the limiting pressure’ (p; — py) is approximately 5c,.

' The limit pressure for cohesive soil was defined in Briaud (1992) as p; = po+ ¢, (I + Ln[G/c,]) where p, is
the total horizontal stress at rest, c, is the undrained shear strength. This equation can be rewritten as p. =
Bc,, where p, " represents the net limit pressure (p, — po) and a value of B = 5.5 was purported in Briaud
(1992) to have been suggested by Menard in 1970. However, Briaud notes that the value of B depends on
ratio G/c, which varies with the OCR of the clay. Briaud suggested reasonable limits between 100 and 600
for the ratio thus leading to values of B between 5.6 and 7.4 with an average value of 6.5. The foregoing
analysis was based on an infinitely long pressuremeter i.e., the analysis is appropriate at depth where plane
strain conditions apply. Briaud has shown that, in clays, the limit pressure for a sphere is 1.33 times the limit
pressure for an infinitely long cylinder. Therefore Briaud concludes that the limit pressure for conventional
pressuremeters are expected to be higher than that proposed by Menard and the average value of B needs to
be higher than 6.5. Briaud’s analysis suggests that the factor of 5 reported above should be increased to at
least 6.5.
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Non-displacement Piles

For non-displacement piles where the initial stress on the pile is = the same as the initial
stress in the ground, the pressuremeter curves obtained from self-boring pressuremeters
have to be increased by some factor () to give the correct p-y curves for the pile. The
multiplying factor o, accounts for the fact that laterally loaded piles have limiting soil
reactions that are higher than those for radially expanding pressuremeters (due primarily to
three dimensional effects). In recognition of this, the following multiplying factors were

recommended in Robertson et al. 1982 and 1986:

=2 for cohesive soils

=15 for cohesionless soils
The multiplying factors were confirmed by Byrne and Atukorala (1983) using finite
element analyses, but further research was recommended to refine these numbers for

different soil types. The application of the multiplying factors to the pressure component

of the pressure expansion curve is shown in Figure 2-21.

Displacement Piles

The above procedure has to be modified slightly for driven piles. It has been observed that
the limit stress p; in a pressuremeter test is almost independent of the method of
installation of the probe. However, the initial stress before expansion is dependent on the
method of insertion. The result of an idealised pushed-in pressuremeter curve is given by
BCp, in Figure 2-20(b). The initial stress on the probe (point B) is above the in-situ lateral
stress py. If it is assumed that the shape of the p-y curve follows the pressuremeter curve,
then the pressuremeter curve must be magnified further, such that the limiting pressure (p,

— po) still equals 9c,.
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Figure 2-21: Schematic representation illustrating the transformation of pressuremeter
curves to p-y curves (from Robertson et al., 1986).

Conditions Close to the Ground Surface

At shallow depths, the pressuremeter is subject to a reduction in the mobilised resistance
near the ground surface. This reduction affects both the displacements of the laterally
loaded pile and the expanding pressuremeter. The following critical depths (z;) (within
which a reduced resistance can be expected) have been proposed by Baguelin et al., 1978):

z.= 15 Dpmr for cohesive soil

z. =30 Dpmr for cohesionless soil

where Dpyr = diameter of the pressuremeter

The pressure component of the near surface pressuremeter curve is then corrected using a
reduction factor (f3); the reduction factor will be discussed in the next section on p-y curves
derived from preboring pressuremeter tests. Similarly, the soil displacement around a
laterally loaded pile is also influenced by the ground surface. In the case of a pile the
critical depth (D), to which resistances are reduced, depend on the pile load in addition to

its diameter and stiffness. To account for the reduced resistance near the ground surface,
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the a factor is progressively reduced as shown in Figure 2-22. Smith (1983) and Briaud et
al. (1985) proposed a relative rigidity factor, RR from which D, can be determined. A
more detailed discussion on D, will be provided in the next section. Robertson el al.
(1982) suggested using a general critical depth D, of four pile diameters, however, the
relationship proposed by Briaud et al. (1985) (see Figure 2-24) is recommended in practice

since it incorporates the influence of varying relative rigidities.

Multiplying Factor,
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Figure 2-22: Variation of multiplying factor with relative depth (from Robertson et al.,
1986)

p-y curves required for pile analyses were obtained by converting the pressuremeter stress
(or) by multiplying by the pile width and the o factor to give the soil resistance in units of
force per unit length. The radial strain'* measured by the pressuremeter, is multiplied by
half the pile width to obtain the soil displacement y. The pressuremeter p-y curves were
used by Robertson et al. to predict the lateral load-pile head displacement for a range of
case histories, the results gave good agreement between the measured and calculated pile

head displacement, indicating that the method may have applicability in other situations.

' The radial strain is given by AR/R where R is the initial radius of the probe and AR is the change in radius.
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Smith 1983 and Briaud et al. 1985

Briaud et al. (1985) proposed a method using the results from a preboring pressuremeter to
predict the behaviour of 17 laterally loaded piles of varying sizes and lengths, which
underwent full scale testing at various sites. The piles included driven and bored piles
ranging from 0.32m to 1.37m in diameter and from 3m to 21m in length. Soil failure was
considered in terms of deep and shallow soil behaviour; at depth, plane strain or flow
around conditions dictate. The authors suggested the overall soil resistance, p,;, at depth is
derived from two components; firstly, the dominant frontal component Q (kN/m) and

secondly, F' (kN/m) the frictional resistance along the pile soil interface.

Justification of the two component model was provided by back analysing experimental
results from a lateral load test on a 0.9m diameter bored pile containing pressure cells on
the passive side of the pile’’. The free-headed pile was constructed in stiff clay (¢, =
100kPa measured in a UC triaxial test) and loaded 0.75m above ground level. The soil
resistance due to the front resistance (Q) was calculated from the pressure cell readings.
By considering front resistance only, Briaud et al. (1985) found horizontal and moment
equilibrium could not be obtained for the pile. However, it was found that if frictional
resistance on the soil-pile interface, corresponding to the full shear strength of the soil,
were included, both horizontal and moment equilibrium were approximately satisfied'.
This finding indicates: (1) the frictional resistance is an important part of the total
resistance. Briaud et al. (1984) evaluated various pressuremeter approaches used to model
the behaviour of laterally loaded piles, they concluded that the contribution from pile-soil
interface friction might be as much as 50% of the total resistance at working loads, and (2)
the frictional resistance is fully mobilised before the front resistance because it takes less

displacement to mobilise friction than bearing resistance. Briaud et al. (1985) therefore

'’ The lateral soil pressures measured using pressure cells were correlated with the results from pre-bored
pressuremeter tests. If however, the pile was driven into the soil and fully displaced it, Briaud et al. (1985)
noted the resulting Q profile would be different from the one for a bored pile in the same clay. They
suggested that the O response for the driven pile be derived from the reload portion of the pressuremeter
curve.

'® The soil resistance due to friction was calculated as F = Tromax)( 2r0)(]) Where T,gpmax, 7o and I are the
maximum shear stress, the pile radius and the shape factor respectively. This allowed enough frictional
resistance to exist in the back of the pile to raise the shape factor from n/4 to 1. It was also assumed that
Tromax) Was equal to one-half the unconfined compression strength i.e., full frictional resistance was mobilised
at the soil pile interface.
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concluded that a soil model that distinguishes between friction and front resistance is a

proper model.

The difference between deep and shallow soil resistance was acknowledged by the Briaud
et al. (1984). The transition from deep to shallow failure occurs at a depth known as the
critical depth, D,. If there was no weakening influence due to the close proximity of the
stress free ground surface, the variation of resistance in a uniform soil would be as shown
by the dotted line CD in Figure 2-23. Where there is a reduction in soil resistance towards
the surface, the soil resistance distribution follows CBA with a maximum resistance pma),
at D.. The shallow soil resistance for piles loaded laterally was obtained by multiplying the
deep resistance by a reduction factor, a. Within D, the soil resistance p is less than pmay)

and the ratio p/pma) defines the reduction factor a.

H SOIL
] RESISTANCE
Dci PILE
HOR1Z.
DISPL.
g Y

Figure 2-23: Definition of the pile critical depth.

The critical depth D, is a soil-structure interaction phenomenon similar to that discussed
previously in section 2.2.1. Smith (1983) defined an interaction factor (referred to as the

relative rigidity) RR for the preboring pressuremeter method:

RR=-!— 4 E,I
B P
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where B is the pile diameter and p;,’ is the pressuremeter net limit pressure within the
critical depth. In a study of ten different piles Briaud (1992) showed that piles of different
rigidity in the same soil generate different relative critical depths, D/B (see Figure 2-24).

Furthermore, the same pile generates different relative critical depths in different soils.
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Figure 2-24: Pile critical depth versus soil pile relative rigidity

The recommended values of a which apply to the O-y component of the p-y curve within
the critical depth are shown in Figure 2-25a. The recommendations for a were based on
experimental data collected for four piles in clay and two piles in sand. The a factor is not
considered to apply to the F-y curve because the F-y curve is a very localised phenomenon
as can be seen from Figure 2-26. It is interesting to note that the rate at which the load
resistance mechanisms of skin friction and end bearing are developed in axially loaded
piles, as outlined by Burland and Cooke (1974), are also evident in piles subjected to lateral
loads. Figure 2-26 shows the initial frictional resistance along the sides of the pile provides
resistance to lateral load at small displacements. At greater displacements the frontal

resistance is mobilised and dominates the overall resistance to lateral load.
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(a) Pile reduction factor, a (b) Pressuremeter reduction factor, #

Figure 2-25: Pile reduction factor, a and pressuremeter reduction factor 3

Pressuremeter Resistance Close to the Ground Surface

As the pressuremeter test replicates the behaviour of a laterally loaded pile at depth (Figure
2-18) it is reasonable to assume that the critical depth phenomenon also applies to the
pressuremeter curve. Baguelin et al. (1978) stated that the pressuremeter appears to be
below its critical depth z. if it is one metre deep in clay and two metres deep in sand. For a
conventional 35mm radius probe, z. would correspond to 30 and 60 pressuremeter radii in
clay and sand respectively. Briaud (1992) concluded that this finding referred to the limit
pressure. Smith (1983) conducted a finite element study to investigate the pressuremeter
critical depth (z;) problem at small strain levels. The results from Smith’s study in
conjunction with that of Baguelin et al.’s (1978) critical depth observation has led to the

pressuremeter critical depth and reduction factor £ given in Figure 2-25.
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Figure 2-26: Friction resistance, front resistance and total resistance for a typical pile
element
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Precision of the Preboring Pressuremeter Method for Establishing p-y Curves

Briaud (1992) used a database of pile load test data to determine the precision of the
method. The piles in the database covered a wide range of pile types and pile insertion
techniques including bored piles, pipe piles, H piles and precast concrete piles. The pile
lengths varied from 3m to 25m and the diameters from 0.27m to 1.37m. The soils included
sand, silt and clay as well as layered profiles. For each pile, preboring pressuremeter tests
were performed next to the pile and the horizontal load-displacement curve at the pile top
was predicted. On the same graph the measured curve obtained during the load test was
plotted. In comparing the results, the loads obtained at a value of horizontal deflection
equal to 10% (defined as ultimate) and 2% (small movements) of the pile diameter were
compared in Figure 2-27 (a) and (b) respectively and shows that the method predicted the

measured behaviour very satisfactorily.
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Figure 2-27: Precision of the pressuremeter method for predicting pile behaviour.
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2.5.2 Strain Wedge Model

Although the traditional non-linear p-y characterisation provides reasonable assessment for
a wide range of laterally loaded piles, Ashour et al. (1998) found that the p-y curve depends
not only on the soil properties but also on the pile properties (width, shape, bending
stiffness and pile head conditions). To cater for these parameters Ashour et al. (1998)
proposed the strain wedge (SW) model, which permits the influence of the pile properties
on the p-y response of the soil to be investigated.'” The SW model employs an effective
stress analysis (ES) for both sands and clays'® and requires only soil properties that are

readily attainable from standard laboratory tests.

These parameters are used to develop an envisioned three-dimensional (3-D) passive
wedge of soil developing in front of the pile. The basic purpose of the SW model is to
relate the stress-strain-strength behaviour of the soil in the wedge to one-dimensional (1-D)
beam on elastic foundation (BEF) parameters. The model therefore provides a theoretical
link between the more complex 3-D soil-pile interaction and the simpler 1-D BEF
characterisation i.e., the soil-pile interaction is modelled through the modulus of subgrade
reaction. The correlation between the SW response and BEF characterisation reflects the

following interdependence:

e The horizontal soil strain (&) in the developing passive wedge in front of the pile to

the displacement pattern (y versus depth, x) of the pile

e The horizontal soil stress change (Aoy) in the developing passive wedge to the soil-

pile reaction (p) associated with the BEF

e The non-linear variation in the Young’s modulus (E;, = Aoy/ey) of the soil to the
non-linear variation in the soil subgrade reaction (K; = p/y) associated with the BEF

characterisation.

"7 The SW model pertains only to the soil behaviour and no truncation due to the development of a plastic
hinge forming in the pile is applied to the p-y curves presented in this section.
"8Therefore, the mobilised angle of friction ¢y, in clay is not zero.
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The reason for linking the SW model to the BEF analysis was to allow the appropriate
selection of BEF parameters to solve the governing fourth order differential equation
presented in section 2.4.2 (Eq. 2-7). It should be noted that the SW model, although based
on theoretical concepts, is a semi empirical approach because the stress-strain
characterisation of the soil has been formulated from the observed behaviour during triaxial
tests. The SW model yields successive points on the p-y curves caused by a change in the
modulus of subgrade reaction, Ky(x) profile with increasing soil strain € (considered
constant with depth in the wedge, hence the name strain wedge). The horizontal stress
change Aoy, in a sublayer is taken equal to the deviatoric stress from a triaxial test at a strain
€ and a confining pressure o3 equal to the effective overburden pressure ¢’yy acting on that
sublayer. It is the resultant linear Young’s modulus E (=Aoy/€) profile that yields the
subgrade modulus (K = p/y) profile. The ES analysis for clay includes the development of
excess pore-water pressure Au with undrained loading based on Skempton’s (1954)
equation for pore pressure coefficients. By using an ES analysis with clay, the 3-D SW
geometry (Figure 2-28a) can be defined based on the more appropriate mobilised ES

friction angle ¢’

Soil Passive Wedge Configuration in Uniform Soils

The mobilised passive wedge in front of the pile is characterised by base angles, B and
O®m; the current passive wedge depth, h; and the spread of the wedge fan angle, @ . These
are shown in Figure 2-28a & b for uniform soil along with the horizontal stress change at

the passive wedge face, 40y, and the side shear, 7, at the soil pile interface.

One of the main assumptions associated with the SW model is that the displacement profile
of the pile is linear over the controlling depth of the soil near the top of the pile'®. This
results in a constant displacement angle, J, as shown in Figure 2-28b. This assumption
allows uniform horizontal and vertical soil strains to be assessed. Changes in the shape and

depth of the passive wedge, along with changes in the state of loading and pile deflection,

' The relationship between the actual (closed form solution) and linearised deflection pattern was established
by Norris (1986).
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occur with change in uniform strain in the developing strain wedge. The geometry of the
wedge at any load increment is a function of the mobilised friction angle, ¢, and wedge

depth A as shown by the following expressions (Figure 2-28 a & b):
Op =45 - ¢n/2

or its complement
Pn =45+ @n/2

The width BC of the wedge face at any depth is

BC =D+ (h—x) 2 tanf, tan ¢,

where x denotes the depth below the top of the studied passive wedge and D is the width of

the pile cross-section.

b. Deflection Pattern of a Laterally Loaded Pile
and Associated Strain Wedge

SUCE OF WEDGE AT DEPM x i NE—
a. Basic Strain Wedge in Uniform Soil c. Strain Wedge Model Sublayers

Figure 2-28: Basic configuration of strain wedge model (Ashour and Norris, 2000)
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SW Model in Layered Soil
Ashour et al. (1998) extended the earlier work of Norris (1986) to account for the effect of

layered soil on the response of a laterally loaded pile. The approach involved dividing up
the soil profile and the loaded pile into sublayers and segments of constant thickness,
respectively. Each sublayer is considered to behave as a uniform soil having its own
properties according to the sublayer location and soil type while the deflection profile of
the embedded pile is assumed to be continuous regardless of the variation in soil types
(Figure 2-28c). The depth % of the passive wedge is controlled by the stability of the pile
under the current pile-head load. This depth provides a means for distinguishing layers of
different soil types as well as sublayers within each layer where conditions (&0, stress

1?? {SL}, ¢m) vary even though the soil and its properties (¥ e, or D,, ¢, etc.) remain the

leve
same. The geometry of the compound passive wedge (Figure 2-29) depends on the
properties and number of soil types in the soil profile and the global equilibrium between
the soil layers and the loaded pile. An iterative process is performed to satisfy the
equilibrium between the mobilised passive wedge of the layered soil and the displaced

profile of the pile for any level of loading.

The depth A, of the displaced portion of the pile can vary and its value at any time depends
on the stability of the pile under the conditions of soil-pile interaction. The effects of the
soil-pile properties are part of the soil-pile reaction along the pile length as reflected by the
Young’s modulus of the soil E, the SL in the soil, the pile deflection pattern (y versus x or
0), and the BEF modulus of subgrade reaction K; between the pile segment and each soil
sublayer. To account for the interaction between soil layers and between the soil and pile,
the deflected length of the pile is considered to be a continuous beam of different short
segments each with a uniform load resulting from the non-linear K, supports from that

sublayer (Figure 2-30).

%0 The horizontal stress level (SL) in the soil is defined in Ashour et al. (1998) as SL = Aoy/Aoys where Aoy, is
the horizontal stress change in the passive wedge and Agj,is the horizontal stress change at failure. For clay
Aoyr=2c,.
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Figure 2-29: Proposed geometry of compound passive wedge (Ashour et al., 1998)
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Figure 2-30: Distribution of soil-pile reaction along deflected pile (Ashour and Norris,
2000)
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Effect of Soil and Pile Properties on p-y Curve

Ashour and Norris (2000) suggested that the traditional “Matlock-Reese” p-y curves
required updating because they did not incorporate the influence of pile bending stiffness,
pile cross-sectional shape, pile-head fixity, and pile head embedment along with changes in
the neighbouring soil. These were investigated using the SW model and the findings are

summarised in the following paragraphs:

Effect of Pile Bending Stiffness on p-y Curve
Based on the SW model analysis, the pile properties have a significant effect on the shape

and geometry of the developing passive wedge and hence py and Ay To illustrate this
Ashour and Norris (2000) adopted the Matlock (1970) pile and soil properties for the load
tests in soft clay at Sabine River. Employing the SW model, they derived the free-head p-y
response for various pile stiffnesses at 0.915m below the pile head and compared the
results with the p-y curve at the same depth derived using the Matlock criteria (Figure
2-31). It is noted that a very stiff pile (10EI) in the Sabine soft clay does not interact very
well with the soil, and a deep and large passive wedge at higher stress levels (SL and i
quickly develops. Consequently, flow around failure occurs over the depth of the wedge

and the soil-pile reaction p remains at a value less than p,; below the wedge.

60
= SW Model Steel Pipe Pile
| — — — LPILE] Rocsc 1987) EF3.3EAKN-A |
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(a) Pile Deflection, y, mm

Figure 2-31: Effect of pile bending stiffness on p-y curve at 0.915m depth at Sabine River
test site

2! SL, is the shear stress level along the sides of the pile and differs from that in the wedge (SL) in front of the
pile.
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Effect of Pile-Head Conditions on p-y Curve

The effect of the pile-head conditions (free and fixed head) is one of the significant factors
that determines the depth of the passive wedge and therefore, the shape of the p-y curve as
shown in Figure 2-32a and b for the piles in sand and clay respectively. Note that the fixed
head p-y curve in stiff and soft clay (Figure 2-32b) reaches py; at a lower deflection (and
pressure) than that of the free head p-y curve. This was found to be the result of the

development of a larger passive wedge for the fixed head case at the same value of soil

strain €.
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Figure 2-32: Effect of pile head fixity on p-y curve (a) sand and (b) clay
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Effect of Pile Head Embedment Depth on p-y Curve

Embedding the pile head below the ground level (i.e., x > 0) was found to influence the
resultant p-y curve. This was particularly the case for both loose and dense sands, where
the soil-pile resistance increased significantly as the depth of pile head embedment was
increased. This phenomenon occurred in sand because of the confinement provided by the
overburden pressure along the top of the wedge of the embedded pile. To assess the effect
of pile head embedment in clay, Ashour and Norris (2000) recommend that the undrained
shear strength profile for the soil be specified rather than the average value to account for

increased resistance with greater pile-head embedment.

Effect of Pile Cross-Sectional Shape on p-y Curve

The SW model considers the effect of the pile cross-sectional shape via shape factors S;
and S;. The SW model was used to assess the p-y curves at a 1.22m depth in sand and clay
of two RC piles that were assumed to have the same bending stiffness of 11,500 kNm®.
The first pile had a square cross section of 305mm width, and the second pile had a circular
cross-section of 305mm diameter. The only difference between the two piles was their
cross-sectional shapes. Figure 2-33 shows the square pile in soft and stiff clay exhibits a
soil-pile resistance higher than that of a circular pile. A similar effect relative to the p-y

curves was observed in sand.
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Figure 2-33: Effect of pile shape on p-y curve in clay
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It is of interest to note that Robertson et al. (1986) found virtually all the soil displacements
are radially away from or towards the pile in the case of a circular pile loaded laterally.
They concluded that there was very little lateral slip along the side of the pile to generate
lateral friction; this is consistent with the smaller shape factors recommended by Briaud et

al. (1984) for circular piles.

Effect of Underlying and Overlying Layers of Soil on p-y Curve

Changing the soil immediately above or below the soil in which the p-y curve is sought
will affect the nature of the p-y curve. Figure 2-34(a) and (b) show the SW model predicts
this effect. As seen by the insert, changing the type of the lower layer of soil (from 1.83m
down) in Figure 2-34(a) has some effect on the p-y curve in loose sand (upper layer) at
1.22m from the pile head. The same is true for the p-y curve in sand at a depth of 2.44m,
where the upper 1.83m layer is changed as shown in Figure 2-34(b). It should be noted
that all of the near-surface soil layers affect the resultant depth 4 of the mobilised wedge

and, consequently, the p-y curve in the neighbouring soil layers.

Concluding Comments on the SW Method.

The SW model was found to provide p-y curves that were a good match with traditional p-y
curves. It was concluded that the p-y curve for a given soil was not unique but depended
on the neighbouring soil and pile properties and as such the soil reaction p is really a soil-
pile reaction. The SW model therefore provides a means for evaluating such
interdependence and the accompanying effects which influence the p-y curve. This in turn
permits the engineer to take advantage of design variables that (s)he can influence to

improve the efficiency of the design.
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2.5.3 Finite Element Method

The early development of p-y curves were limited by available theoretical procedures;
however, the significant development of the finite element (FE) method in the late sixties
has provided a powerful and relatively new tool in advancing the p-y method. The FE
method appears well suited to the analysis of problems involving non-linear material
properties, including the class of problems represented by laterally loaded piles, and
specifically, their corresponding p-y relationships. In addition, the flexibility provided by
the FE method for considering complex geometries and loading sequences offers almost

unrestricted capabilities for evaluating pile group arrangements.

While computationally rigorous, the FE method relies on accurate modelling of the soil-
structure interaction along with good quality soil parameters obtained from in-situ or
laboratory tests on carefully retrieved piston samples. The key to good modelling comes
from the findings of full-scale field tests, for example, Matlock’s (1970) p-y curves for soft
clay were based on a considerable amount of experience and experimental data and are
believed to be among the most reliable and established procedures available for developing
p-y curves Yegian and Wright, (1973). The FE method thus relies on a sufficient database
of field tests against which results can be checked. Yegian and Wright (1973) compared
FE predicted p-y curves for soft clay against Matlock’s (1970) curves using 2-D plane
strain analysis to model the soils response at depth and plane stress analyses to model the
shallow response. Their results were found to under predict the ultimate pile resistance for
a plane stress analysis and over predict the ultimate resistance when using a plane strain
analysis. This suggests that neither of the idealised two-dimensional models (plane stress

or plane strain) precisely represents the actual soil behaviour.

Randolph (1981) proposed a set of algebraic expressions for long flexible piles, which
could be used to predict pile behaviour in an elastic continuum. The soil stiffness is
characterised by an elastic modulus, rather than by a coefficient of subgrade reaction,
thereby avoiding the problems that stem from the effect of pile size and stiffness on the
appropriate choice of subgrade reaction coefficient. The expressions for the pile
displacement are based on the results of elastic finite element (FE) studies using linear

strain triangles to model the response of a laterally loaded cylindrical pile embedded in soil
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with stiffness varying linearly with depth. The results were fitted using empirical power
law expressions to relate p to the lateral displacement (y) and rotation (0) at ground level.
Randolph found that the FE method for analysis offered the ability to account for the
heterogeneous nature of soil and the flexibility of descretising the pile into elements of
varying size. The improved modelling facilities offered by the FE method resulted in

improved accuracy over the integration solution used by Poulos (1971).

More recently, the benefit of FE analysis has been exploited with the availability of cheap
powerful computers. It is now possible to model the real response of the piles using a
three-dimensional FE model (Shahrour and Meimon, 1991; Trochanis et al., 1991;
Bransby, 1999). Such models offer greater insight into and understanding of the behaviour
of piles subjected to combined loading. The benefits of such techniques are offset against

the time and difficulty encountered when developing the FE model.

2.6 Piles Subjected to Simultaneous Lateral and Axial Load.

Throughout this review, research addressing the behaviour of piles subjected to
simultaneous axial and lateral loads was sparse and much of that reviewed was based on
model tests conducted in soil chambers (Meyerhof and Gosh, 1989, Meyerhof and Sastry,
1985; Sastry and Meyerhof, 1990; Anagnostopoulos and Georgidis, 1993) or theoretical
studies using numerical techniques such as the finite element method (Shahrour and
Meimon, 1991 and Trochanis et al.,, 1991). The following is a brief summary of the

findings contained within the above references.

Meyerhof and Ghosh, 1989
Meyerhof and Ghosh, 1989 investigated the ultimate capacity of flexible model piles and

small pile groups, of varying relative stiffness, in loose sand and soft clay, under eccentric
and inclined loads (the angle of inclination o was measured with respect to the vertical

axis). The test results were compared with the ultimate capacity ** based on the concept of

*? Theoretical predictions of ultimate axial bearing capacity by Meyerhof and Ghosh were based on a
conventional soil mechanics approach e.g. ‘o’ method for shaft friction in undrained conditions.
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an effective embedment depth® in terms of the behaviour of equivalent rigid piles
(Meyerhof and Sastry, 1985). The model piles were 12mm in diameter and embedded

190mm into soil confined by a stiffened test box 450mm square and 350 mm deep.

The following soil properties were reported: the loose sand had an average friction angle ¢’
of 32°, a unit weight y of 14 kN/m’ and a horizontal soil modulus K, = 1.0 MPa at the pile
tip. The soft clay had liquid and plastic limits of 43 and 21 respectively. The paper
reported values for soil strength and average stiffness as ¢, = 22kPa and K = 1.2 MPa

where K; is the average horizontal soil modulus for the clay.

The authors considered that scale effects between the model and the prototype were
negligible under the soil and loading conditions adopted for the tests. The main

conclusions from the tests were as follows:

e The results of the model tests on single flexible piles under eccentric inclined loads
in clay and loose sand show that the eccentricity (¢) and inclination (@) of the load

significantly influence the ultimate bearing capacity of the piles.

o In the absence of structural pile failure, the ultimate lateral loads and ultimate
moments of flexible piles can be expressed in terms of equivalent rigid piles using

the concept of effective embedment depth.

o The vertical component of the ultimate bearing capacity of single flexible piles
under eccentric inclined loads can be approximately obtained by multiplying the
ultimate axial load capacity (Qy) by an eccentric inclination factor 7., defined as the
ratio of the vertical component Q,, (= Q,cos @) of central inclined load Q, to the

ultimate axial load Q). A similar approach was also recommended for pile groups.

¥ Meyerhof and Ghosh (1989) provided approximate expressions for the effective depth ratio D,,/D where
D,, is the effective embedment depth and D is the actual pile embedment. They found that the effective
depth ratio was dependent on the soil-pile relative stiffness K5 (= Eplp/KhD4) and to a lesser extent the D/B
ratio.
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Sastry and Meyerhof, 1990
Sastry and Meyerhof (1990) extended the previous research of Meyerhof and Ghosh (1989)

on flexible model piles by subjecting a fully instrumented PVC model pile to inclined
loads. The hollow pile was 1250mm long, had an outside diameter of 73mm and a wall
thickness of 7.4mm, and was jacked (separately) into homogeneous sand and clay deposits.
The instrumentation included strain gauges and pressure cells along the pile shaft with a
load cell located at the base of the pile. Axial and lateral loads and displacements at the
pile head were recorded using proving rings and displacement transducers respectively.
The sand and clay were compacted into a steel drum, 1m in diameter and 1.6m long. The

following properties were reported for the sand and clay:

Soil ~ Porosity, n ¢!, friction ¢y, plane strain Undrained shear E;, secant modulus

% angle friction angle strength, ¢, of elasticity
Sand 47 30 35 ~ © 0-2.5MPa*
Clay » _ 15 (kPa) 3.1MPa (uniform)

* Increasing linearly from ground surface to a depth of 1135mm

The theoretical ultimate axial load was obtained using a conventional bearing capacity
approach with the ultimate central load Q, at an angle of inclination (o) estimated by
multiplying O, by an inclination factor i, to obtain the vertical component of Q,. The
theoretical pile capacity for soil failure of a flexible pile under horizontal load was obtained
using the effective embedment depth concept discussed above in Meyerhof and Ghosh
(1989). The results of the analyses were compared with the results of a limited number of

field tests and show:

e The axial pile capacity of a flexible pile will be unchanged from that of a rigid pile,
whereas under lateral load, the capacity of a flexible pile can be reasonably
estimated using the concept of an “effective embedment depth” D, of an equivalent

rigid pile, where D is the depth of the location of zero lateral pressure on the pile.
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e The concept of effective depth ratio for elastic loading (D./D) was also introduced
along with the effective depth ratio at ultimate load (D,.,/D). These ratios were
used to estimate the horizontal displacements at ground level (under working load,
using the elastic theory approach of Banerjee and Davies, 1978) and the ultimate

bending moments in flexible piles respectively with reasonable success.

e The ultimate lateral pressure in the upper part of the shaft of a flexible pile, above
the point of zero pressure was closely estimated by using an ultimate effective

embedment depth.
e The method also gave reasonable agreement with bending moment and

displacement measurements recorded in a number of full scale instrumented pile

load tests in sands and clays for a variety of pile types and sizes.

Anagnostopoulos and Georgidis (1993)

Anagnostopoulos and Georgidis (1993) undertook model tests to investigate
experimentally the effects of lateral loading on axial pile displacements and stresses as well
as the influence of axial loads on the lateral pile response. The interpretation of the
measured pile behaviour was supported by the results from a non-linear 2-D FE analysis
for the response of the axial response on a diaphragm wall embedded in an elasto-plastic
soil. The paper reported results from six model tests performed on aluminium closed-
ended piles (19 mm outside diameter and 1.5 mm wall thickness) subjected to a range of

vertical, lateral and combined loads.

The piles were jacked 500 mm into a laboratory prepared soft clay bed (700 mm wide and
1000 mm long, the depth of the test bed was not provided in the paper) having the
following properties w, = 42, w, = 24 and ¢, = 28kPa (obtained from unconfined
compression and vane tests). The piles were instrumented using a series of displacement
transducers at the pile head and pairs of strain gauges positioned along the length of the
shaft to measure the bending moment and axial load distributions during the test. Other

than these general details specific test procedures were not provided in the paper. The
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sequences of applying the vertical and horizontal loads were varied during the various tests
the results of which are summarised in Figure 2-35. It is noteworthy that the experimental
lateral load versus lateral pile head displacement relationships presented in Figure 2-35(b)

indicates that the effect of an axial load on the lateral displacement is rather small.
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Figure 2-35: Experimental axial and lateral pile head displacements

Shahrour and Meimon, 1991

Shahrour and Meimon (1991) undertook a 3-D finite element (FE) analysis to study the

behaviour of piles under inclined loads in sands. A non-associative Mohr-Coulomb law
was assumed for the soil together with a Young’s modulus that increased with depth. An
elastic-plastic soil model was adopted for the analysis. After reviewing the results from
laboratory tests on small model piles subjected to inclined loads by Meyerhof and Gosh,
1989; Sastry and Meyerhof , 1990 these authors recogonised the limitations of
extrapolating the behaviour for full-scale piles from such tests. Shahrour and Meimon
(1991) hypothesised that a 3-D FE analysis would account for the difference in scale
between the model piles and real piles (which have lengths and stiffnesses many times
greater than model piles). To this end, a 1m square reinforced concrete section (EI=3580
MNm?) jacked 46m into sand and subjected to inclined loads (with inclinations a = 0°, 30°,

60° and 90°) was analysed using a FE analysis. The sand had the following properties:
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Young’s modulus 15MPa, Poisson’s ratio of 0.37, friction angle = 38° and dilatency angle

of 5°. The results of the analysis revealed the following:

L

The lateral displacement and flexibility (i.e., the ratio of the lateral displacement to
the lateral component (F1) of the inclined load {F}) were found to be independent
of the load’s inclination (for inclinations of 0°, 30° and 60°). However the vertical
displacement and flexibility (i.e., the ratio of the vertical displacement to the
vertical component (F,) of the inclined load {F}) were significantly influenced by

the inclination of the load.

Under inclined loading, the distribution of axial force over the top 10 pile
diameters increased; this was attributed to the development of frictional forces due
to the upward movement of the soil in front of the pile. Below 10 pile diameters

the axial load reduced steadily as the load was shed to the surrounding soil.

The horizontal soil reaction generated by the inclined load was independent of the

inclination.

The p-y curves at various depths were unaffected by the inclination of the load. A

similar finding was observed for the pile bending moment profile.

In conclusion the 3-D FE analysis indicated that the lateral behaviour of the pile, which

included lateral stiffness, bending moment and p-y curves, was independent of the load

inclination. Therefore, the authors concluded that the existing validated methods for the

analysis of laterally loaded piles can also be employed to solve problems involving inclined

loads.

Trochanis et al., 1991

Trochanis et al. (1991) investigated the non-linear response of pile foundations subjected to

axial and lateral loads by means of 3-D FE analysis. An elastoplastic soil continuum was

assumed with the soil-pile interface represented by a Coulomb friction model. Interface

66



elements were used to allow for slipping and separation between the pile and the soil. The
interface elements could transfer only shear forces across their surfaces when a
compressive normal pressure acts on them: otherwise a gap was assumed to open between
the elements and the pile. The pile elements were assumed to remain elastic at all times.
The validity of the 3-D model was tested by comparing its elastic predictions with those of
previous studies i.e., Poulos and Davis (1980). Very good agreement existed between the
results of 3-D model and those of the elastic theory. A limited parametric study which
included single piles under axial, lateral or combined load was then undertaken to
investigate pile-soil slippage and separation, soil yielding and coupling of axial and lateral
load for piles of different geometric properties. The analysis employed an elastic-plastic

soil model, using the properties given in the following table.

Pile
Length 10m
Width (square pile) 0.5m
Young’s modulus Ep 2x 10" kPa
Poisson’s ratio v 0.3

Soil
Elastic properties
Submerged weight y's 11.8kN/m’
Young’s modulus E; 20,000kPa
Poisson’s ratio v 0.45
Plastic properties
Friction angle ¢ 16.7°
Cohesive strength ¢ 34 kPa
Interface element properties
Coefficient of friction p 0.7
Elastic spring stiffness £ 6,800 kN/m’
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The following findings in relation to lateral and combined lateral and axial loading were

presented:

1. Adopting the soil and pile properties listed above the effect of soil-pile separation
and soil yield on the lateral response of a single pile was examined. In the case of
an elastic soil, the load-displacement curve predicted a considerable reduction in
stiffness compared with the predictions made for a pile fully bonded to the soil once
soil-pile separation occurred. The same behaviour was predicted for the more
realistic case of an inelastic soil, in this case it was suggested that the non-linearity
of the response was controlled by the soil plasticity. The effect of separation on the
soil displacements in the vicinity of the laterally loaded pile is illustrated by
contours in Figure 2-36.
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Figure 2-36: Effect of soil-pile separation on pattern of horizontal soil surface displacements
around a pile loaded laterally (a) Pile and soil bonded (b) Pile and soil allowed to separate

2. The effect of simultaneous axial and lateral loading on a single pile was analysed
for a constant axial load (V) of the order of 50% of the axial capacity followed by a
cyclic lateral load with amplitude of 216kN. It was found that the lateral load-
deflection curve was practically unaffected by the presence of an axial load.
However, the interface shear stress at the leading face of the pile (Figure 2-37a)
near the top of the pile was significantly greater with lateral loads than that
predicted for pure vertical loading, confirming the earlier finding of Shahrour and
Meimon (1991). Trochanis et al. suggested that the pile displacement induced

significant normal pressure at the soil-pile interface close to ground level as the
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lateral load increased, in contrast to the pressure midway down the pile, where the
interface shear transmitted from the pile to the soil is approximately the same for

various lateral loads.

3. The effect of the axial and lateral loads increasing simultaneously (monotonically)
at the same rate to peak values of 600kN and 216kN respectively was also
examined. While the lateral load-displacement curve for this case was found to be
approximately the same as that corresponding to lateral loading alone, the vertical
pile head movement under combined loading and under axial loading alone were
quite different. Figure 2-37b shows that combined loading may result in higher
ultimate axial load; it was suggested that this occurred because the shear resistance
lost on the trailing face of the pile due to separation from the soil is exceeded by the

increase in resistance on the leading face due to the increased normal pressure.
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Figure 2-37: Effect of combined axial and lateral loading: (a) Interface shear distribution
with depth at leading face of pile (V =300kN) (b) Pile head load-displacement plot for
simultaneous loading.
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Chapter 3

Experimental Procedures



3 EXPERIMENTAL PROCEDURES

3.1 Introduction

This chapter outlines the details of four pile load tests carried out at a test site located on
the Eastern shore of Belfast Lough. The chapter summarises the instrumentation,
fabrication and installation of the piles in addition to describing the field set up and test

procedures.

The events associated with the test programme are summarised in Table 3-1.

3.2 Test Pile Details

Two 350mm square and 10m long reinforced concrete piles L1 and AL1, were cast at the
piling contractor’s (Lowry Piling Ltd.) manufacturing facility. Both piles were

instrumented with a selection of transducers, which will be described in the next section.
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DATE

DESCRIPTION

COMMENT

June 9, 1997

Initial site assessment

Five standard CPT (E)

tests performed

August 2, 1997

Casting of piles at the

manufacturers facility

Concrete cube and cylinder

specimens moulded

August 15-20, 1997

Installation of pneumatic

Monitoring pore water

piezometers dissipation driving of
adjacent pile group
September 4, 1997 Installation of two test | Junttan 5 tonne hydraulic
piles hammer
October 3, 1997 Installation of electro-
levels
October 17, 1997 Axial load test Performed on pile AL1

October 18 & 19, 1997

Combined axial and lateral

load tests
May 18, 1999 Re-test Lateral loads only
June 1, 2000 Trial pit Vane tests, bulk and piston

samples retrieved.

August 2000 — June 2001

On-going site investigation

Sampling and Vane, CPM,
DMT and CPTU tests

Full-length reinforcement comprising eight 16mm diameter high yield steel bars was
provided in each pile. One bar was placed in each corner and the remaining bars were
placed at the midpoint of each face of the pile. The reinforcing bars were fabricated into a
cage using Smm diameter mild steel wire wrapped helically around the bars at a pitch of
~200mm. A tighter pitch (=50mm) was used at the ends of the pile to provide confinement

of the concrete against driving stresses (Figure 3-1). Plastic chair spacers provided 35mm

Table 3-1: Test programme details
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concrete cover to all reinforcement and the concrete mix was designed to provide a

compressive strength of 50 MPa at 28 days.
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Figure 3-1: Typical section through pile unit

3.3 Instrumentation

The initial site investigation (June 1995) indicated that it would be feasible to adopt a
single length of precast concrete pile, supported on the medium dense sand, located ~ 9m
below ground level. Both the piles were instrumented (see Figure 3-2 for details) to record
the pile strain distribution profile, pile head movement and pile displacement profiles while

pile AL1 was instrumented to record the lateral stress at various levels.

The majority of the laboratory work involved fixing electrical resistance strain (ERS) and
vibrating wire (VW) strain gauges to the reinforcing bars and calibrating the various
displacement, load and pressure measuring devices. The details of the laboratory work are
summarised in the following sections with additional details on the instrumentation

performance and calibration data provided in appendix 3.
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3.3.1 Strain Gauges

Thirty ERS and six VW strain gauges were installed between the two piles. In pile AL1,
two centre face bars both in the plane of applied lateral loading) were strain gauged. Pile
L1, had one centre face bar, located on the opposite side to the applied lateral load,

similarly instrumented (see Figure 3-2).

The capacity of the data acquisition system limited the number of ERS gauges that could be
logged to thirty but the independently logged VW strain gauges, supplemented this by six.
Twenty-four of the ERS gauges were installed in pile AL1 and the remaining six in pile L1.
Four of the VW strain gauges were located in L1 with the remaining two positioned at the
base of AL1. The strain gauges were concentrated in the upper region of the piles to gather
data from the critical depth of soil controlling the lateral pile behaviour (typically assumed
to be ~ 10 pile diameters). Larger gauge spacing was adopted below this critical depth to

complete the strain profile and to allow the axial load distribution to be determined.

ERS Gauges
In preparation for the application of ERS gauges to the reinforcing steel the deformations

on the high yield bars were removed by grinding at the gauge locations. Surface
preparation procedures recommended by the gauge manufacturer were carried out,
followed by bonding the foil gauges' to the steel. After the adhesive had cured each gauge
was energised by 10V DC and the gauge resistance checked against the manufacturers
specifications”. Each gauge was subsequently waterproofed with a thick coat of silicone
sealer and the bars were then placed in a specially fabricated box for transportation to the

casting yard.

! Self-temperature-compensated type (reference number C-91114-M) composed of a thin Constantan foil (an
alloy of 55% copper and 45% nickel) having a gauge factor of 2.1 and a resistance of 350 ohms.

? The gauges operate on the principal that an external force induces strain in the steel, which in turn causes
the resistance of the gauge to change. As the gauge resistance changes so too does its output voltage. The
change in output voltage can be calibrated against a known load or moment. Detailed information on strain
gauge technology can be obtained in Window (1992).
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Figure 3-2: Schematic sketch of instrumentation layout
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Self-temperature-compensated (STC) strain gauges were used in a quarter-bridge
configuration due to the small diameter bar’. The gauges had a working strain range of
15% with a digital output resolution of +£0.01pe. The purchase cost for the ERS gauges

and the associated cabling and adhesive was less than €127.

Active Gage
. \ ,

Figure 3-3: Three-wire circuit for single active gauge (quarter bridge)

VW Gauges
The VW gauges (type TSR/5.5/SB) were clamped to the reinforcing bars. Two gauges

were located near the toe of pile AL1 and the remaining four in the top haif of pile L1; the
latter were placed alternately between the ERS gauges. Each VW gauge was potted in a
PVC cylinder using a two part polyurethane compound, which acted as both a sealant and a
damping material for the gauge (Figure 3-4).

3 The STC gauges result in a2 marked improvement in compensation techniques for metal foil gauges
subjected to resistance change resulting from fluctuating temperature. They employ a ‘three-wire’ circuit,
which results in the temperature effects in the leads being cancelled, and the desensitisation of the active
gauge is halved compared with the older half bridge system.
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Figure 3-4: VW gauges at the toe of AL1

VW Gauge readings were recorded using the continuous excitation method employed by a
strain meter (type GT1174). The VW gauges typically had a working strain range of
3000p€ and an approximate accuracy of + 2ue (Tyler, 1968). The 1997 unit cost per VW
gauge, including the cabling and potting compound, was €115.

The strain history of the piles was traced by recording VW gauge readings at various stages
of pile construction, notably, before and after casting, and prior to and immediately after
installation. A similar monitoring programme using the ERS gauges was not practical due
to their lack of robustness and inevitable schedule delays and zero drifts associated with

connections and re-connections with the data logger.
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3.3.2 Displacement Transducers

Both Linear Variable Differential Transformers (LVDT) and Dial Gauges (DG) were used

to monitor the lateral and vertical movement at the pile heads and reference beams.

3.3.3 Pressure Cells

Four piezoresistive pressure transducers manufactured by Soil Instruments Ltd., were cast
into pile AL1 (see section 3.6). The pressure cells (PCs) were 100mm x 200mm oil filled
rectangular flatjacks connected to a 0-10 bar pressure transducer via a 200mm long steel
tube. The pressure transducer employed (Figure 3-5) uses an integrated silicone strain
gauge bridge, encapsulated within a stainless steel case by a thin welded isolating
diaphragm. The transducer is finished with a cable gland and 5m of cable, which rendered
the transducer waterproof. The instruments had a sensitivity of ImV per 10kPa. The 1997

unit cost for each pressure cell was €760.

Figure 3-5: Typical pressure cell
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3.3.4 Electro-levels (ELs)

The ELs are precise tilt monitors with a linear range of + 3° and a potential resolution of
greater than one second of arc. The electrolytic tilt sensor, shown in Plate 3-1 provides an
output voltage proportional to tilt angle. The EL consists of a tubular glass vial partially
filled with an electrolytic fluid in contact with two pairs of metal electrodes, one at either
end of the vial. The innermost electrode of each pair is joined by a single wire (Figure
3-6). When the EL is connected to an AC power supply and levelled, equal impedance to
the common electrodes will exist and the digital voltmeter (logger) will indicate a
minimum output. Tilting the level will cause unbalanced impedance to the common
electrode and an increase in the output voltage. This voltage is the useable output of the
sensor and is proportional to the tilt angle. A signal conditioner remotely located from the
EL is used to convert the DC supply voltage* to AC current and also protects the

instrument in the event of fluctuations in the AC current.

Common electrodes

EL vial

Single wire joining
common electrodes

Figure 3-6: EL details

Electro-levels offer a number of distinct advantages over traditional instrumentation

techniques; in this test programme the following advantages were notable:

* Direct current will damage the instrument and cause instability in the output voltage.
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e The greatest risk of instrumentation damage in piles occurs during their
manufacture and installation. Stresses developed, particularly during pile driving,
are often responsible for the failure of pre-installed instrumentation. This risk is

eliminated since the ELs are installed after the pile is in the ground.

e The high degree of accuracy that can be achieved using ELs is such that the
displacement profiles derived from the EL data can be used in their own right to

provide p-y curves for the analysis of laterally loaded piles (Price et al. 1985).

e The ability to instantaneously record the pile displacement profile is particularly
advantageous. The traditional method for monitoring tilt using an inclinometer
requires individual readings of tilt to be taken at various depths along the pile while
the applied load remains constant; this procedure is time consuming and can lead to

errors due to creep that inevitably occurs as the lateral load is sustained.

e ELs can be removed after the test and re-used in subsequent tests thereby reducing

the cost of subsequent instrumented tests.

The unit cost of an EL and signal conditioner was €167 at the time of purchase (1997).
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Plate 3-1: Electrolytic tilt sensor and signal conditioner

3.3.5 Load Cells

Standard load cells were used to measure both horizontal and vertical (axial) loads during
the load tests. The load cells typically consist of a cylinder of steel with several ERS
gauges bonded to the outer periphery of the cylinder at its midsection (see Figure 3-7).
Half the gauges are orientated to measure hoop strains and haif to measure axial strains.
The gauges are connected to form a single full bridge network, thereby integrating
individual strain gauge outputs and reducing errors that result from load misalignment and
off-centre loading. The strain gauges were protected from mechanical and water damage
by an outer protective steel cover, sealed at the ends with O-rings, and filled with

waterproofing compound.
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Figure 3-7: Schematic of electrical resistance load cell (from Dunnicliff and Green, 1988)
alongside actual load cell

3.4 Calibration of Instrumentation

The strain gauges were calibrated during the field tests while the pressure cells, electro-
levels and displacement transducers were calibrated in the laboratory in advance of the
load tests. The following paragraphs give a brief summary of the procedures employed

with additional details provided in appendix 3.

Strain Gauges

On-site calibration of strain gauges was performed using the top ERS gauge in pile L1.
This gauge was located at pit level where the applied bending moment is known and
given by the lateral load multiplied by the distance from the load to the gauge. As the
lateral load was incremented, a field relationship for bending moment against bending

strain was obtained. The accuracy of this relationship was checked against the
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theoretical strain predicted under the applied bending moments, and was found to

compare favourably with the theoretical strain.

Displacement Transducers

The displacement transducers were calibrated by observing readings when certified
gauges of accurately known thickness were inserted under the tip of the transducer
plunger. The electrical output in mV of the LVDT’s was calibrated against the known

displacement.

Pressure Cells

A manufacturer’s calibration certificate accompanied each pressure cell. As a check,
one pressure cell was re-calibrated in the laboratory by immersing the cell into a sealed
chamber filled with water; see Plate 3-2. The pressure cell was connected to the data
logger (used for the field tests) and the output voltage was monitored as the water in the
chamber was pressurised. Increasing and reducing pressure cycles were used to check
the linearity of the instrument output. The measured results provided an excellent
match with the calibration data provided by the manufacturer and the response to the
cyclic pressures was linear. The laboratory calibration pressure was limited to 400kPa
by the hydraulic equipment, but this was adequate for any soil resistance anticipated

during the load tests.
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Pressure cell

Plate 3-2: Calibration of the pressure cell

Electro-levels (ELSs)

Since the ELs monitor tilt, calibration was carried out by determining the relationship
between voltage output and changes in angle of tilt. Two methods of calibration were

employed:
Method 1

In the first method, the EL vials were fastened to a machined mild steel block mounted

on a Kern DKM2-AE theodolite (Plate 3-3) having a resolution of one-second of arc.
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EL vial secured to
steel block mounted
on theodolite

Plate 3-3: Theodolite calibration of electro-levels

As the theodolite was incrementally rotated through the working range of tilt (x 3°) the
EL output (in millivolts) was recorded using the Datascan 7220 logger. Each EL in
turn was calibrated in this manner and the complete set of calibration curves are
presented in appendix 3a. The linear EL output yielded a calibration factor of ImV »~
10 second of arc (1/20626.5 radians). The output range of 3° was considered suitable

for the displacements anticipated during the load tests.

Method 2
As a check on the above, and to simulate conditions on site, readings from a set of ELs
were obtained by placing five ELs, spaced 500mm apart, in a 3m vertical length of

inclinometer tube. The tube was fastened to a rigid test frame as shown in Plate 3-4.
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Plate 3-4: Calibration of a series of electro-levels in an inclinometer tube

The base of the tube was supported on a ball and socket arrangement to permit rotation
of the tube. At the top, a pointer was moved across a graduated scale that permitted the
controlled rotation of the tube. The tube was tilted in 50 mm increments to the left and
right of the vertical position up to a maximum of +150mm; the results of the calibration

similarly showed 1mV of electrical output corresponded to a slope of 10 seconds of arc.
These results imply a displacement resolution of 0.024mm for ELs spaced 500mm

apart, thus giving an overall resolution of lateral movement on site of 0.145mm for six

ELs positioned over the top 3m of the pile.
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On completion of the calibration, each of the fifteen ELs used in the field (and their
corresponding signal conditioners) were given an identification mark to permit correct

re-assembly on site.

Load Cells

Two electrical resistance type load cells were laboratory calibrated in advance of the
field tests. The calibration was performed in compression using a Denison universal
testing machine having a resolution of 0.1kN. The slope of the calibration curves
indicated a 1:1 ratio between the output from the Denison and the readout units. The
load cells monitoring the axial and lateral loads during the initial load test programme
(CLT series) were logged directly to readout units’, thus permitting the loads to be
recorded to an accuracy of + 0.1kN. For the re-test’, the load cell was logged directly
to the computer’. The result of the calibration in this case was again linear and

indicated ImV of electrical output corresponded to 0.2492kN.

3.5 Data Acquisition System

Two data acquisition systems (DAS) were available on site during the tests; these were
Strain Measurement’s System 5000 and Recorder’s Datascan 7220. During the main test
program in 1997, both DAS were employed in addition to a number of independent readout
units to cater for instruments that could not be accommodated by the DAS. Only the
Datascan DAS was required to monitor the instruments employed in the 1999 re-test as
ERS gauges were not recorded during this test due to logistical restraints. The key features

of the DAS are outlined in the following paragraphs.

3.5.1 Strain Measurements Incorporated System 5000.

The system 5000 is a flexible data logger with sophisticated data handling, storage and
processing capability. The system can accommodate a large number of transducers; there

was a facility for 30 electrical resistance strain (ERS) gauges, eight of which were logged

> The readout units and computer had a resolution of 0.01kN.
® See page 96.
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to two six port high-level cards, while the remaining four ports were used to monitor the
displacement transducers (Plate 3-5). The output to the computer included the scan

number, date and time of logging in addition to the parameter being measured.

System 5000

Recorder

&
”
Fa4

ﬂ!

Plate 3-5: Data Acquisition Systems

3.5.2 Datascan Recorder

The Datascan Recorder was used to monitor the electro-levels and the pressure cells. This
data logger was not as versatile as the System 5000 but nonetheless recorded time and the

change in voltage registered by each instrument during the test.

3.5.3 Independent Read-out Units

During the 1997 (first time) load tests, the load cells were logged manually using digital
read-out units. At specified time intervals during the tests the digital display was noted and
subsequently converted to load using the load cell calibration factor.

In the case of the VW strain gauges, a GT1174 Miniature Strain Meter gave the period of
vibration. The change in the period of the vibrating wire (due to varying stress conditions)

was converted into strain using the calibration equation.
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Dial gauges were used to supplement and check the LVDT’s.

3.5.4 Power Supply

A mobile generator provided the power supply on site. 220 volt AC current powered the
computers and DAS, and current converters were used to provide DC to most of the
instruments with the exception of the electro-levels, which used signal conditioners to re-

convert the DC to AC (Plate 3-1).

3.6 Casting of the Piles

The piles were cast in steel moulds that had been treated with a de-bonding agent. Prior to
concrete placement, the reinforcing cage was placed in the mould and four pressure cells
were located in AL1; three were placed flush with the bottom of the mould i.e. in the base
of the pile, in the top 2.5m of pile length. The fourth was located flush with the top of the
mould at a distance of about two-thirds the pile length from its head. The pressure cells
were fastened to the reinforcing cage to prevent them from ‘floating out’ during concrete

placement.

Finally, to accommodate the ELs, a Sm length of 58mm diameter inclinometer tube was
located centrally in the top half of each pile. The tubes were positioned using wooden
templates supported on the reinforcing cage and protruded ~50mm through the top of the
piles. The templates were removed once the tubes were securely tied in position and

concrete placement commenced.

Particular attention was necessary during concrete placement (Plate 3-6). The standard
procedure of cascading the concrete from above the top of the mould would have presented
a significant risk of damaging the instrumentation, in particular the ERS gauges, which
were not as robust as the other instrumentation. Concrete placement was achieved by
initially placing the concrete close to the bottom of the mould and carefully working the

concrete to the top surface. The process started at the toe of the pile and progressed
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towards the pile head so that the ERS cables could be held in position during placement.
Once cast, the piles were covered with an insulated tarpaulin and steam cured. The casting
procedures employed proved successful with only three (one ERS and two VW strain

gauges) of the thirty-six strain gauges malfunctioning after concrete placement.

Plate 3-6: Concrete placement

3.7 Pile Installation

The piles were installed using a PM20 piling rig with a 5 tonne Junttan hydraulic hammer
employing a hammer drop of #450mm. The driving resistance varied, from tapping the
pile through the initial 1.0m crust after which the weight of hammer was sufficient to push
the pile =7.5m through sleech and onto the sand layer. The final seating required about 55
blows to achieve a half metre penetration into the medium dense sand layer (SPT N value
=15). Driving to a predetermined set was not necessary as this research is primarily
concerned with the performance of laterally loaded vertical piles. It was sufficient to
ensure that the pile would not punch through the sand layer when the axial test load was

applied. To guard against this, three estimates of the axial capacity of the piles were
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performed in advance of the field tests; further details of these analyses are presented in
chapter 5 (section 5.2.2) and appendix Sa. The minimum axial capacity of the pile was
estimated at 117 tonnes thus, a factor of safety ~ 2.2 was provided by limiting the

maximum kentledge weight to 54 tonnes.

The instrumentation cables were protected during driving using a specially fabricated steel
extension piece. The helmet like structure (Plate 3-7) was positioned on the head of the
pile prior to pitching, and provided the transfer mechanism through which the pile could be
driven. The helmet also formed part of the pile head detail, which was designed to transfer

an axial load to pile AL1 (see section 3.9).

Plate 3-7: Helmet structure located over pile AL1

3.8 Installation of Electro-levels

Two weeks prior to carrying out the axial load test, eleven electro-levels (ELs) were

installed between the two piles; six in pile AL1 and five in pile L1. Each EL vial was
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placed in its PVC capsule, which in turn was located in a metal channel designed for
locating ELs in the grooves of the inclinometer tube (Plate 3-8). The PVC capsules were
custom made to protect and maintain the ELs in position after they had been inserted into
the pile’. Each EL was located in the inclinometer tube and checked to ensure its output
was within the linear calibrated range. Any necessary adjustments were performed at the
pile head prior to sliding the EL to the desired position along the pile shaft. The device
used to locate and retrieve the ELs is shown in Plate 3-9. The procedure of adjusting and
positioning of thirteen ELs took approximately 3 hours to complete. During this period
two EL vials were damaged because of over tightening the metal channel; the data from
these instruments were ignored and the remaining eleven devices (see Figure 3-2) were

used to derive the displacement profiles.

EL vial located
in plastic
capsule

Plate 3-8: Installation of ELs in inclinometer tube using metal channel piece

” Any non-load related movement of the ELs would be detrimental to the results obtained during the load
tests.
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Guides for locating
ELs in grooves of
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Plate 3-9: Device for installing and removing ELs

3.9 Lateral Loading Arrangement — Pin & Roller

The lateral loading was achieved by jacking the piles apart; steel collars, placed over each
pile were connected in series to a jack, load cell and a rigid steel strut. The arrangement
was levelled and its alignment maintained (by temporarily propping off the side

excavation) until a small initial load was applied to stabilise the set-up.

The application of vertical and lateral load to pile AL1 necessitated the development of a
special detail above the pile head (Plate 3-10). To permit translational movement of the
pile, a roller mechanism, consisting of smooth hardened steel bars, was housed directly
beneath the main test beam. A pin joint was positioned on top of the helmet and a load cell
and jack were sandwiched between the pin joint and the roller. The instrumentation cables
were connected to the DAS located in the cone truck via the open sided helmets (Plate
3-7).
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3.10 Kentledge Details

The kentledge providing the axial load for the test was located centrally over pile ALI
(Plate 3-11). It consisted of a main test beam made up from four 457mm deep stiffened
steel beams that supported a grillage of 254 mm deep structural steel beams. The test beam
and grillage weighed 5 tonnes and supported fifteen 3.25 tonne concrete cubes, giving an
overall dead weight of ~54 tonnes. The kentledge was supported on timber cribbing and
mass concrete blocks for a period of ~ 2 hours prior to transferring the axial load to the
pile. As the maximum axial load applied to pile AL1 was only 170kN, a factor of safety of
3.2 against kentledge uplift was provided.

Plate 3-10: Mechanism used to apply axial and lateral loads to pile AL1
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Plate 3-11: Kentledge set-up and CPT truck used to house the DAS

3.11 Details of Loading Tests

3.11.1 Axial Load Test

As one of the main objectives of this thesis was to assess the influence of an axial load on
the performance of a laterally loaded pile, and not specifically to assess the performance of
the pile under axial load; an accelerated axial loading procedure was adopted. The load
was applied in eight quick succession increments by a hand operated hydraulic jack. An
initial a load of 10 tonnes was applied in three steps followed by a series of 1.5 tonne
increments up to a maximum load of 170kN. The pile head settlement was monitored
using two dial gauges located on the diagonal edges of the pile (see Figure 5.1 in chapter 5)

and supported on independent reference beams.

Load increments were maintained for a minimum of four minutes to permit a number of
dial gauge and VW gauge readings to be obtained while the DAS monitored the ERS

gauges every 10 minutes.
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Secondary monitoring of the pile settlement was performed using a surveyor’s level to
record the movement of two vernier sighting cards. One vernier card was fitted to the pile
and the second fitted to the reference beam support. The cards permitted vertical
movements to be resolved to the nearest £0.5mm and their location on the pile and
referencing system meant that the measured data served as an approximate check on the

settlement measured by the dial gauges.

3.11.2 Combined Axial and Lateral Load Tests

To avoid overlapping stresses between the piles, the lateral loads were applied by jacking
the piles apart. The axial load of 170kN on pile AL1 had been in place for 20.5 hours in
advance of starting the first combined load test, test CLT1. The load dropped over night to
168kN due to relaxation in the hydraulic jack or creep. The axial load was maintained at
this level for the duration of CLT1 and once CLT1 had commenced no further monitoring

of the vertical settlement of pile AL1 was performed.

The loading procedure involved increasing the lateral load in a series of small increments
of ~4.4kN. Each increment was held for a period of four minutes during which time the
instrumentation was monitored at the following frequency; ERS gauges, ELs and PC’s
were logged every thirty seconds, VW gauges every two minutes and the load cell and

displacement transducers at one-minute intervals.

The procedures adopted for CLT2 were identical to those in CLT1 except that the axial
load on pile AL1 was reduced by ~ 20% to 133kN about an hour before starting the test.

The stability of the kentledge was monitored during both tests using an engineer’s level
and a vernier-sighting card mounted horizontally on the main test beam. A benchmark
reading was taken before starting the test and subsequent readings were taken at one-

minute intervals during the tests.
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3.11.3 Re-test

The piles were re-tested nineteen months after the initial tests using the test set-up shown

in Plate 3-12. Only lateral loads were applied to the piles during the re-test.

Plate 3-12: Set-up during re-test

The test procedures were identical to those adopted for the earlier series detailed in section
3.11.2. The equipment employed to load and monitor the piles is shown in Plate 3-13. The
initial tests (from October 1997), involved jacking the piles apart using a lateral force
applied 140mm above ground datum®. The same loading arrangement was used for the re-
test but with the jacking force (and the displacement transducers) located 300mm above
datum. The application of lateral load at the higher elevation resulted in ground level

bending moments ~46% greater than those applied during the initial tests.

Data logging was performed using the portable ‘Recorder’ system connected to a laptop

computer; the system was capable of accommodating the reduced number of instruments

% Ground datum refers to the ground level existing between the two piles
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monitored during the test and thus provided a detailed record of the load and displacement
history for the test. Logging to the computer was carried out at 30-second intervals with
the manually recorded instruments (dial gauge and vibrating wire strain gauges) logged at
one and two minute intervals respectively. The load increments and loading rates were

similar to those applied during the initial test programme.
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Plate 3-13: Load test set-up for re-testing
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Chapter 4

Geology and Soil Properties at Kinnegar



4. GEOLOGY AND SOIL PROPERTIES AT KINNEGAR

4.1 Background

The geological and geotechnical properties from a designated test site at Kinnegar, Belfast
are outlined in this chapter. The chapter summarises the results of parallel research under
taken at the site by the author and McCabe (2002). In this thesis the geotechnical
properties close to ground level receive special emphasis since they control the behaviour

of laterally loaded piles.

4.2 Site description

Site location

The ‘Kinnegar’ site is located on the south side of Belfast Lough, 10km north east of
Belfast city and 2km south east of Holywood village; see Figure 4-1. The site is located
immediately south of Kinnegar sludge de-watering plant and is within 100m of the
Tillysburn gate entrance to Belfast Harbour Industrial Estate. Permission to use the site as
a geotechnical test bed was granted to TCD by the Dept. of the Environment (Northern
Ireland) in 1996.
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Figure 4-1: Test Site location (OSNI, 1:50000, Sheet 15 (20000), 175%

The site measures about 250m by 100m, is relatively level and lies just north of a ‘pond’,
which is connected hydraulically to Belfast Harbour. The pond and its surroundings
provide a habitat to a variety of wildlife. Only the southern half of the site (close to the

pond) was used for pile testing and site characterisation studies.

4.3 Soil properties

4.3.1 Scope of site investigation
Investigations at a site close to the Kinnegar foundation test site have been reported by

Crooks & Graham (1976) and Bell (1977) while specific investigations at the test site have
been conducted or commissioned by Trinity College Dublin (TCD). The TCD

investigations, which have been ongoing since 1997, include:
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. Sampling using 100mm diameter piston samples (carried by the Northern Ireland
Department of the Environment) and a ‘Geonor’ 54mm diameter samples (carried
out by TCD)

. Trial pits conducted by TCD

J Piezocone, standard electric cone penetration tests and field vane tests (conducted
by TCD)

. Seismic cone, cone pressuremeter and dilatometer tests conducted by BRE

= Classification testing at TCD, including X-ray diffraction and electron microscope
analyses.

. Chemical analyses performed by Lutenegger and Cerato (2001)
° Parameter determinations at TCD in oedometer, shear box, ring shear, simple shear

and triaxial tests.

The site plan shown in Figure 4-2 shows the borehole and in-situ test locations. The

position of the test piles in relation to the borings and in-situ tests is shown in Figure 4-13.
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Figure 4-2: Site plan identifying borehole and in-situ test locations (from McCabe 2002)
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4.3.2 Site geology

The geological succession of the drift deposits at the test site comprises glacial till
underlying about 8.5m of estuarine clays, silts and sands. Deposition rather than erosion
was the main feature of the glacial retreat. Extensive amounts of boulder clay were
deposited in much of the Belfast area, with the exception of the central district and some
zones in the north and east. This glacial deposit has been categorized into three distinct
regions: (i) Upper Boulder Clay, (ii) Malone sands and (iii) Lower Boulder Clay. Dark,
brown, silty, laminated clays have been found both at the base of the Malone sands and
elsewhere in the lower boulder clay. Both the laminated clay and the Malone sands are
believed to have formed in a glacial lake during the retreat of the main glacier. Some red
marine clay has also been found, believed to be the result of the (geologically) sudden

inundation of a large area of land by the sea.

The intermittent strata of sand and clay identified from DoE boreholes below the base of
the soft clay at Kinnegar are broadly consistent with the chronology of glacial deposition
described above. Late glacial deposits represent a product of erosion of the late-glacial
land surface and are derived directly from the glacial deposits, and hence are composed of
the same materials. They are inorganic fine sands and are readily distinguishable from the
estuarine deposits; furthermore a layer of peat often separates the estuarine material from
the fine sands. Doran (1992) has reported that these late glacial sands are considerably less

compact than the Malone sands of the region.

The glacier retreat about 10,000 years ago was followed by considerable isostatic uplift
(Figure 4-3) but also by a general rise in sea level (Crooks & Graham 1976). The estuarine
materials were transported and deposited by the Lagan, Connswater and Blackstaff rivers,
all of which confluence into Belfast Lough. The eustarine clays, known locally as sleech,
were generally laid down on a peat layer and are estimated to be about 8000 years old.
The clays underlie most of central Belfast, and have a maximum thickness of about 15m
(Crooks and Graham, 1972). They are soft, with an average undrained shear strength of
the order of 20kPa. They are very slightly overconsolidated, the preconsolidation load
being consistently higher than the present overburden pressure by an amount equivalent to

a fall in water table of approximately 1 to 2m (Doran, 1992).
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Figure 4-3: Suggested chronology of post-glacial geology of Belfast (Bell 1977)

Manning et al. (1972) subdivide the estuarine deposits into three phases (Figure 4-3). The
Lower Estuarine clay was deposited under flat tidal conditions. Warm, low-salinity open
water 5.5m deep facilitated the deposition of the Intermediate clay. The upper clays were
deposited in marginally cooler conditions and laid down in 9m of salt water. This entire
process took place over a period of 3000 years. This depositional environment is thought

to be somewhat more energetic than that of the Bothkennar clay-silt (which has been the

subject of extensive research, Hight et al., 1992).
Post-depositional processes are thought to include bonding, some leaching and

groundwater fluctuations. Approximately 1m of sandy fill material was placed in the

vicinity of the pile tests during construction of the nearby sewage treatment plant about 35
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years ago (Glynn, 2001). This is consistent with borehole records from 1968 that note the

presence of dense miscellaneous fill to a depth of 1m at the site.

4.3.3 Site stratigraphy

The boreholes, trial pits and Cone Penetration Tests performed in the general area of the

pile tests revealed the stratigraphy summarised in Table 4-1.

Stratum Approx. Description
Depth (m)
1 0-1.0 Matrix of building rubble with loose to dense silty

sand and very silty gravel overlain by 0.1m of topsoil

2 1.0 to Loose dark grey organic very silty SAND with some
1325 clayey silt lenses and shell fragments

3 1.3-2.5 Soft dark grey organic clayey SILT with shell
to 8.5 fragments

4 8.5-11 Medium dense brown silty fine to medium SAND

Table 4-1: Stratigraphy in general area of pile tests

4.3.4 Soil composition

The particle size distributions, Atterberg limits and water content determinations are
summarised in Figure 4-4 and Figure 4-5. Most of these determinations were performed

on samples from Strata 2 and 3, which are estuarine deposits referred to earlier as ‘sleech.’
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Stratum 1

This stratum is highly variable and reduces in thickness towards the pond at the south of
the site (see Figure 4-2). While it can be generally classified as sandy gravel or gravelly
sand, topsoil was observed to extend to a depth of about 1m at a number of locations while
poorly compacted brick and concrete rubble extended to 2.2m at other locations. A

discontinuous 100mm thick vein of fibrous peat existed at the base of this layer in one trial

pit.

Stratum 2

Although being of the same colour and containing similar quantities of organic matter and
shells to Stratum 3, this stratum is generally non-plastic and contains a much higher
percentage of coarse silt and fine sand. Observations made in trial pits and in the CPTs
indicate that the stratum is primarily a silty sand but contains layers and lenses of sandy silt

and occasional clayey silt.

Stratum 3
Stratum 3 may be generally described as a clayey organic silt, although clay fractions vary

significantly from about 8% to 38%; such variability was not indicated by any of the in-
situ tests (see Section 4.6). X-ray diffraction analyses indicated that the clay fraction is
composed predominantly of illite and chlorite; quartz and calcite exist in smaller quantities
and some traces of smectite were detected. Organic contents determined by the loss on
ignition method at 450°C showed variability of less than 1% about the mean value of
11.5%. Chemical analyses reported by Luttenegger and Cerato (2000) on material smaller
than 40um (i.e. between ~75 and 95% of the material) indicated a composition comprising
about 50% quartz, between 15 and 20% dolomite and between 4 and 8% calcite. Electron
microscope images, such as those shown on Figure 4-6, confirmed the presence of clay

minerals and revealed a significant quantity of (siliceous) diatoms.
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Figure 4-6: Electron microscope images of sleech showing diatoms
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Water contents are typically 60 + 10% and are generally consistent with an average
liquidity index of ~0.8 throughout the stratum. The mean liquid limit of 65 + 10% and
plasticity index of 35 £5% plot in the high plasticity range of the Casagrande plasticity
chart. However, a number of Atterberg limit determinations performed on samples with the
organic fraction removed (by loss on ignition at 450°C) indicated that the liquid limit fell
by about 20% and the plastic limit remained unchanged. The material with the organic
fraction removed falls within the intermediate plasticity range; this plasticity, according to
Hight et al. (1992), is likely to be more indicative of its mechanical characteristics.
Sample inspections revealed that at least part of the organic fraction is composed of coarse
fibrous plant material, which does not contribute to the high plasticity. As with the
Bothkennar clay-silt, the organic fraction is therefore also likely to comprise the residue of

marine organisms which have attached themselves to the clay.

Stratum 4
No laboratory tests have been performed on this stratum and reliance is placed on visual

inspections, which describe it as a ‘uniform fine to medium sand’.

4.3.5 Behaviourin 1-D compression

Compressibility

The response of the ‘sleech’ in standard 24-hour 1-D compression tests is shown for
typical tests on Figure 4-7, which also plots the measured intrinsic compression line (ICL)
of the same material after reconstitution at 1.3 times the liquid limit (wy). The initial
classical response of a natural (structured) soil is in evidence (i.e. a compression curve well
above the ICL), which is followed by general convergence with the ICL at a stress of about
1 MPa. Measured compression indices for the reconstituted soil (C.*) were in close
agreement with those deduced from the Burland (1990) correlation between C.* and the
void ratio at the liquid limit. Use of this correlation for all oedometer tests indicated a
relatively constant C./C.* ratio of 1.3 £0.1 (where C., which had a average value of 0.6, is

the measured normal consolidation compression index of the intact soil up to ¢’\= 1MPa).
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The ratio of the creep coefficient, C,, to C. was relatively constant at 0.04 £0.01 in all the

oedometer tests in the normally consolidated range.
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Figure 4-7: Typical oedometer results from tests performed on the sleech

Overconsolidation

Vertical yield stress ratios (YSR= ¢’y/6’yo) inferred from oedometer tests on Stratum 3
varied from =1.6 at a depth of 3m to about unity a depth of 8m (McCabe 2002). Such a
variation in YSR with depth arises as ¢’,y was found to be effectively constant at a value
of 55 +5 kPa. The tendency for a relatively constant c¢’yy value is compatible with
fluctuating water levels at the site (as suggested by Crooks & Graham 1976), although
better quality samples may well have indicated higher ¢’y values at all depths within the

Stratum.

Although the soil in Stratum 2 is generally a silty sand, one sample of clayey silt was

recovered from a depth of 1.4m. A standard oedometer test on this sample indicated a
vertical yield stress of 60 kPa (= YSR of 2.7) and a C, value of 0.28 which is less than half

of the average of Stratum 3.
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4.3.6 Permeability and coefficient of consolidation

Permeabilities estimated from oedometer tests on Stratum 3 reduced with increasing stress

level but were typically in the range 1.5 x 10" to 5 x 107 m/s at in-situ stress levels.

Vertical coefficients of consolidation (cy) determined in the same set of oedometer tests
reduced from about 3m?*/year in the overconsolidated region to ~0.5m?*/year at a vertical
effective stress of 100 kPa. Piezocone dissipation tests performed in Stratum 3 indicated
that the horizontal coefficient of consolidation, c, (determined using the procedure of

Houlsby and Teh, 1988) varied from ~7m?year to ~12m?/year.

Overall, it appears that, despite the high silt content of Stratum 3, the clay fraction is
sufficiently influential to lead to permeabilities and coefficients of consolidation which are

more typical of a clay rather than a silt.

4.4 Strength determined from laboratory tests

4.4.1 Undrained strength in triaxial compression

A typical stress path' followed by a Geonor 54mm diameter piston sample sheared in
undrained triaxial compression at an axial strain rate of 5%/day is shown on Figure 4-9a.
The in-situ stress state of this sample (from 4.8m depth) was first recovered approximately
by subjecting it to prescribed anisotropic consolidation, anisotropic swelling and a one day
rest (or ageing) period. The undrained stress path is typical of lightly overconsolidated
materials in CK,U tests i.e. the deviator stress reaches a peak value at a low axial strain
level (0.5% in this case) and subsequently drops sharply as the mean effective stress

reduces and the mobilised friction angle increases.

" It should be noted that many of the stress paths shown by reconsolidated 100mm diameter piston samples
recovered by DoE, Northern Ireland (and tested about 1 year after sampling) indicated a tendency to dilate at
mobilised friction angles of ~ 30°. Following inspection by TCD and Queen’s University Belfast, these
samples were adjudged to have suffered gross disturbance. Arman and McManis (1975) found that the
extended storage of thin walled tube specimens adversely affected the soil properties when compared to tests
performed on identical specimens immediately after sampling. The authors suggested; relaxation of
overburden stresses, changes in pore pressure and unavoidable migration of water within the sample as
possible reasons for the changes measured in the soil characteristics.
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The undrained strength ratio in triaxial compression (cy/c’y) of 0.41 exhibited in the test
plotted on Figure 4-15a falls within the range of 0.4 to 0.45 measured in other similar tests
performed at TCD and in CK,U tests reported by Crooks & Graham (1976). Adopting the
cute Value of 17 kPa recorded in the test shown on Figure 4-9a and the average yield stress
o’vy of 55kPa measured in oedometer tests yields a cy/c’yy ratio of 0.31. Better quality
block or Sherbrooke samples are likely to give slightly higher cy/0’yy ratios (while also

yielding higher ¢, and ¢’y values).

The foregoing suggests that ¢ in Stratum 3 is likely to be in the range 17 to 22 kPa. As at
the Bothkennar test site, this strength range forms an approximate lower bound to the

undrained strength measured in field vane tests; see Figure 4-15.

The rate dependence of the undrained strength of normally consolidated ‘sleech’ was
investigated in two undrained triaxial compression tests performed on 54mm diameter
Geonor piston samples from between depths of 4m and Sm. These samples were
isotropically consolidated to a mean effective stress (p’;) of 100 kPa and each was then
subjected to triaxial compression at an initial lower axial strain rate and at a final faster
axial strain rate. The results from these tests are summarised on Figure 4-8, where it is
evident that the c,/p’; ratios increase by a factor of 15% for each log cycle increase in strain

rate2 ;

The ‘extrapolated’ c,/p’; ratios plotted on Figure 4-8b refer to ratios estimated from the initial slower rate
adopted in each test.
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Figure 4-8: Investigation of rate effects in sleech

4.4.2 &5 from UU Triaxial tests

&so is defined as the strain at half the deviator stress, and is a reference strain for the
development of p-y curves in cohesive soils. The value of &5 is correlated empirically
with the pile diameter to give a normalising parameter for the soil displacement (see
appendix 2b). The API guidelines indicate that &5y is determined from UU triaxial tests on

good quality soil samples. The following table summarises the &5y values measured at

various depths in the sleech.

Depth below GL (i.e., x = Om) Es0
3.6m 0.026
3.9m 0.035
5.5m 0.011
5.8m 0.014
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4.4.3 Effective stress strength

The effective stress strength parameters of Stratum 3 were determined in a range of
consolidated undrained triaxial compression tests on 38mm, 54mm and 100mm diameter
piston samples. All samples were recovered from depths of between 3m and 7m and were
tested in undrained compression after consolidation to the estimated in-situ mean effective
stress, p’o (i.e. between about 29 and 45 kPa). Isotropic overconsolidation ratios of up to 5
were induced in some samples while samples subjected to anisotropic consolidation and

swelling followed stress paths similar to those illustrated on Figure 4-9a.

40 1 ; ; ; 500

E ! : : 1 o

e 400 -

o

2 —\g_ 300 -

g ;

s O 200 -

=

3 100 -

=
0 - f : j
0.001 0.01 0.1 1 10

Mean effective stress, p' (kPa) Axial strain (%)
&) (b)

Figure 4-9: Typical (a) anisotropic consolidation and swelling stress path and (b)
normalized shear stiffness for Belfast sleech (stratum 3)

The values of the t and s’ stress invariants at ultimate conditions (i.e. #10-20% axial strain)
are plotted on Figure 4-10 and indicate a relatively low sensitivity of the ultimate (or
constant volume) friction angle (¢’c,) to stress history, sample depth and sample quality.
As indicated on Figure 4-10, the ultimate strength of this stratum in triaxial compression is
well represented by the effective stress parameters, ¢’= 0 and ¢’c, = 33.5°. This relatively
high friction angle is comparable to that of the Bothkennar clay-silt, which has a slightly
higher clay fraction but a lower percentage of clay minerals. It is also noteworthy that the

variability in the particle size distributions within this stratum did not lead to a wide range

in the ¢’y angles.
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Figure 4-10: Constant volume friction angle for CU triaxial tests

Shear box tests were performed on recompacted samples of the Stratum 2 at normal
effective stresses between 50 kPa and 200 kPa. These revealed best fit ultimate effective
stress strength parameters of ¢’=0 and ¢’.,=35° for the stratum. Shear box tests performed
on samples of Stratum 3 at the same stress levels indicated ¢’., values of between 25° and

30° i.e. between 3.5° and 8.5° lower than the ¢’y value measured in triaxial compression.

The results of the shear box tests are plotted in Figure 4-11.
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Figure 4-11: Shear box test results for strata 2 and 3

4.4.4 Stiffness

The secant shear stiffness normalised by the initial mean effective stress at the beginning
of undrained shearing (Gse/p’0) measured in the CK,U test (Figure 4-9a) is plotted against
local axial strain’ on Figure 4-9b. The observed variation of shear stiffness compares well
with comparable data for Bothkennar clay-silt (e.g. see Hight et al. 1992), although the

normalised stiffness values of Belfast ‘sleech’ are typically ~15% lower.

4.4.5 Residual strength

Following the recommendations of Jardine et al. (1998) for ring shear testing performed
for displacement pile design, samples tested in the TCD Bromhead ring shear apparatus

after consolidation were first subjected to a large relative displacement (*500mm) at a fast

3 Measured using two Hall effect gauges
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(undrained) rate of shearing. Samples were then sheared at a slow drained rate of
displacement after a rest period of one day. The soil-soil peak and ultimate residual
friction angles (¢’ pres, ¢’res) measured in this way and at normal effective stress of 100 kPa
are plotted against depth on Figure 4-12. It is evident that the ¢’;es down to a depth of ~3m
is comparable to ¢’y measured in triaxial compression and that the shearing mode is
‘turbulent’ i.e. the soil particles are not aligned along the shearing zone. However, below
this depth, ¢ s varies between 19.5° and 25.5°, indicating a ‘transitional’ sliding mode i.e.
where both turbulent and sliding shear takes place in different parts of the shear zone. This
shearing mode and the variability of the ¢’,s angles measured is consistent with

expectations based upon the composition described in Section 4.3.4.
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Figure 4-12: Residual friction angles for sleech

4.5 Trial Pit Investigation

In June 2000, three trial pits were excavated in the vicinity of the lateral load test area (see
Figure 4-13). Trial pit 3 (TP3) was excavated initially to assess the depth and composition
of stratum 1; no detailed logging or sampling was undertaken during the excavation of this
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pit but visual examination and depth measurements revealed miscellaneous construction
fill intermixed with a tan brown sand and gravel. The depth of fill extended to a depth of
2.2m (Figure 4-14). The thickness of stratum 1 decreased in a westerly direction to a depth
of 1.0m at TP2. The test area had a gentle slope in the direction of the pond which is
consistent with the variation in thickness of stratum 1. The sampling and in-situ test
details for TP1 and TP2 are logged on the following pages. It is of interest to note that c,
values measured by shearing the soil in the vertical face of the excavation are consistent

with the c, values calculated from the pressuremeter tests (section 4.6).
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CPT  Cone penetration test
TP Trial pit "o"w
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ocpTa  [53
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(Y
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Figure 4-13: Location plan for trial pits and in-situ tests in relation to the test piles
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Figure 4-14: Trial pit (TP3) excavated in the vicinity of load tests

Trial Pit1 (Pile L1)
Depth (m) |Description Sample Suavg (KPa) [Comments
0-0.1 Topsoil
Misc fill;Brick, concrete wood,
glass, fabric surroundedina |S1(0.3m), S2 Soil excavated in front of pile to
matrix of moist, ioose to (1.15m), S3 an elevation of 0.4m, hence
dense, grey to dark brown very |(0.9m), SB1 0.94m of misc fill in front of the
0.1-1.2 silty SAND. (0.9m) pile
Soft, saturated black brown
1.2-1.3 fiborous organic soil S4 (1.25m) Trickle of water
Standing water at 1.36m after
one hour. Tests performed on
the vertical face of the TP using
V1 (1.39m) U-1 a hand vane). Undisturbed
(1.39m) sample taken from the vertical
Soft, grey silty sand, strong SB2(1.39m) S5 face on the passive side of pile
1.3-2.2 odour on penetrating stratum. |(1.8m) 15|L1

End of trial pit at 2.2m
Al levels are referenced from the ground level between the test piles

Note:

S1 etc (bag sample for classification)

SB1 etc bulk sample
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Trial Pit 2 (Pile AL1)
Depth (m)  [Description Sample Suavg(kPa)  [Comments
0-0.1 Topsoil
S1(0.4m), S2
(0.95m), S3
Misc fill; Brick, concrete wood, |(0.75m), S4
glass, fabric, cast iron pipe, (0.55m), S5
surrounded in a matrix of moist, {(1.05m), S6 Soil excavated in front of pile to
loose to dense, grey to dark (1.10m), SB1 an elevation of 0.5m, hence 0.5m
0.1-0.98 brown very silty SAND. (0.9m) of misc fill in front of the pile
Soft, saturated black brown
0.98- 1.15 fiberous organic soil. S7 (1.15m) Trickle of water at 1.0m
S7a (1.25m), S7b
(1.35m), S8
(1.55m), S9
(2.05m), S10
(2.55m), V1
(1.39m) V2
(1.55m) V3 Standing water at 1.25m after one
(1.75m) V4 hour. Tests performed on the
(2.05m) V5 14 (1.25m) 10 |vertical face of the TP using a
Soft, grey silt (sleech), strong [(2.55m) U-2 (1.75m) 6 hand vane. Undisturbed sample
odour on penetrating stratum. |(1.25m) (2.05m) 8 [taken from the vertical face on the
1.15-3.4 Shells at top of stratum. SB2(1.35m) (2.55m) passive side of pile AL1

End of tria! pit at 3.4m

Note:

4.6

CPT tests

All levels are referenced from the ground level between the test piles

S1 etc (bag sample for classification)
SB1 etc bulk sample

U1 undisturbed sample

V1 hand vane

The soil immediately adjacent to both piles was grey but as the trial pit was excavated towards the pond
the material became dark brown in colour, this may indicate some oxidation of the soil minerals may have occured
due to the pile installation and testing. The depth of misc fill reduced towards the pond

In-situ tests

The profiles of CPT end resistance (q.), peak strengths from in-situ vanes (c,-vane), shear

wave velocities from seismic cone tests (vs) and limit pressures in cone pressuremeter

(CPM) tests (pL) are summarised on Figure 4-15.

The q. values provide a clear indication of the significant variability within the fill

(Stratum 1) and the sandy ‘sleech’ (Stratum 2). For example, the lower bound q. profile

suggests a virtual total absence of Stratum 2 while the upper bound q. profile indicates

relatively competent soils to a depth of 2.5m. The stronger consistency of Stratum 2,
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compared to Stratum 3, is confirmed by the higher vane strength and (slightly higher) shear

wave velocities measured at 1.9m and the higher CPM py, value at 2.3m.
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Figure 4-15: Summary profiles

The q. profiles in Stratum 3 are remarkably uniform, despite the variations in composition
indicated by Figure 4-5. Total cone resistances, q; (i.e. q. corrected for pore pressures
acting on the cone’s filter stone) increases linearly with depth from ~200 kPa at 2.5m to
400kPa at 8m. Vane strengths increase over the corresponding depth interval from ~20 kPa

to 25 kPa and shear wave velocities increase from ~72m/s to 80m/s.

Figure 4-16 provides individual q. profiles from standard CPT soundings conducted in
close proximity to the laterally loaded test piles: CPT4 was taken close to pile L1 while
CPT3 and CPT5 were taken in the environs of pile AL1 (see Figure 4-13). The profiles
highlight the variability in the soil over the first 2m below ground level. Prior to
conducting the load tests, the top 0.55m of this material was excavated from in front of
each pile to remove construction fill located near the ground surface. The q. profiles

shown in Figure 4-16 indicate that the remaining 1.5m of soil around pile L1 was, on
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average, twice as strong as that measured over the corresponding depth in the
neighbourhood of pile AL1. Retrieval of good quality ‘undisturbed’ samples for triaxial
testing was not practical in stratum 1 given the granular* nature of the soil and the number
of obstructions present, thus the measured q. values provide the best indicator of soil
strength within this material. These findings were subsequently confirmed by trial pit

explorations around pile L1 and AL1.

CPT 3 - Near AL1 CPT 4 - Near L1 CPT 5 - Near AL1
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Figure 4-16: Near surface q. profiles taken in the vicinity of the lateral pile tests.

4.7 Definitive CPT q. Profiles for piles AL1 and L1

The profiles shown in Figure 4-17 were derived from the set of CPT soundings taken in the
vicinity of the laterally loaded pile tests and represent the best estimate of ground
conditions at pile L1 and AL respectively. These profiles are used subsequently in the

interpretation and discussion of the Kinnegar pile tests in chapters 8 and 9.

* Particle distribution analyses indicate a silt and clay fraction less than 10% within this material.
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(a) CPT q. Profile for Pile L1 (b) CPT qc Profile for Pile AL1
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Figure 4-17: Definitive CPT q, profiles adjacent to (a) pile L1 and (b) pile AL1

Cone pressuremeter (CPM) and Dilatometer (DMT) tests

CPM and DMT tests were performed at the locations shown in Figure 4-2. The results of

these tests and the derived soil parameters are presented in the following sections.

Shear strength
Post peak strength is typically determined from the latter part of the pressuremeter curve;

using the procedure recommended by Gibson and Anderson (1961)°. However, in the case
of CPM tests, the method proposed Houlsby and Withers (1988) using cavity contraction
theory is recommended. Both methods gave almost identical values® for c, for the
Kinnegar soils. The resulting profile is shown in Figure 4-18(a) along with the shear
strengths measured by DMT and in situ vane tests. The peak strengths measured by the
field vane (vane pk) are approximately twice the magnitude of the post peak strengths

measured by the CPM. However, the residual strength (vane rm) at 4m, measured by

3 In the Gibson and Anderson method, the pressuremeter pressure is plotted against the natural logarithm of
the cavity strain. The slope of the straight-line portion of the plot is equal to twice the undrained shear

strength (2c,).
® Full details of the calculation of c, are given in Appendix 4
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rapidly rotating the vane is consistent with the post peak CPM strengths. Figure 4-18(b)
also includes the estimated in-situ horizontal stress oy profile calculated using Houlsby

and Withers (1988).

Dilatometer tests (DMT)

Two locations (Figure 4-2) were selected for DMT testing using Marchetti’s flat
dilatometer; the undrained shear strength profiles determined from these tests are shown in
Figure 4-18(a). The results were interpreted by the BRE using the method proposed by
Powell and Uglow (1988); the DMT c, profiles are remarkably consistent and display a
similar strength trend observed in the CPT q. and the vane profiles. Undrained strengths at
about 2.5m below ground level are close to that measured by the CPM while at the bottom

of the sleech the strength was approximately equal to the remoulded vane strength.
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Figure 4-18: (a) c, profiles determined from in situ tests (b) Estimated in-situ horizontal
stress, Gno

CPM Tests
A total of seven CPM tests were performed in the sleech at the locations shown in Figure

4-13. Typical results for two of these tests are shown in Figure 4-19. It has been shown
that the soil surrounding the CPM during installation is displaced and disturbed (in a

manner that approximates a cavity expansion test from zero initial radius) by the passage
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of the 60° cone. According to Dalton (1997) the CPM is inflated in a region of totally
disturbed soil so the measured boundary for the test is the limit pressure’ of the soil. The
expansion phase of the test was used to determine two parameters; the horizontal shear
modulus, G, and its variation with strain was one and the other was the limit pressure.
Cavity contraction theory (Houlsby and Withers, 1988)® was then applied to the unloading
portion of the test curve to obtain the undrained shear strength c, and an estimate of the in

situ horizontal stress, oy shown in Figure 4-18b.
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Figure 4-19: Typical cone pressuremeter test results

Shear Modulus

Since the pressuremeter test deforms the soil in pure shear, only the shear modulus is
quoted. The modulus can be determined from the initial loading curve and/or from an

unload-reload loop. The initial modulus is not normally used for design, as it is sensitive

7 The limit pressure is defined as the pressure at which the expansion proceeds indefinitely without further
increase in pressure.

8 Houlsby and Withers (1988) noted that errors in modelling of the expansion and contraction phases of the
test by cylindrical strain theory are due to the finite length of the pressuremeter in addition to the different
stress paths involved by the penetration of a rod topped by a 60° cone compared to cavity expansion.
However, the use of cavity expansion theory was justified on the basis of the stress distribution far behind the
cone tip (where the pressuremeter module is located) being similar to the distribution created by the
expansion of a cylindrical cavity from zero initial radius. Moreover, Houlsby and Withers (1988) found for
the large strains experienced close to py, the volume of soil stressed plastically (during the inflation of the
pressuremeter) may be a multiple of the pressuremeter length and thus may be more appropriately modelled
using spherical expansion theory. However, during the initial phase of cavity contraction, the whole of the
soil behaves elastically with elastic unloading of the previously plastic section, thus justifying the use of the
cavity contraction theory to determine the parameters; G, c, and Gp.
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to disturbance caused by the installation process and is not as reliable and repeatable as the

modulus derived from an unload-reload loop (Allan, 1994; Clarke, 1997).

The non-linear stiffness for the sleech was determined by taking a secant modulus from the
shear stress-strain curve, with an origin at the minimum cavity strain in an unload-reload’
cycle, to produce the variation in average stiffness with cavity strain. Typical non-linear
variations in stiffness (normalised by the mean effective stress at the respective depths)
with changes in cavity strain are shown in Figure 4-20. These values when multiplied by
the appropriate normalising mean effective stress are consistent with Briaud’s (1992)
approximate values for G of 0 to 850kPa at the yield pressure (usually taken as the strain at

about half the limit pressure) in clays.

100

Gh/p'y

Change in cavity strain on reloading, ¢, (%)

Figure 4-20: Typical Non-linear stiffness profiles from unload-reload cycle

? The results from the re-loading portion are typically quoted as these give more consistent stiffness values.
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4.8 p-y Curves Derived from Cone Pressuremeter Tests

The use of pressuremeters in the analysis of laterally loaded piles was summarised in
section 2.4.1 of chapter 2. In this chapter, the method proposed by Robertson et al. (1986)
is employed to transform the results from the (pushed-in) cone pressuremeter (PM) into p-y
curves for pile analysis. These provide a useful comparison with the p-y relationships

derived from the pile load tests.

The p values for the p-y curves were obtained by converting the pressuremeter stress (o;)
to soil resistance (in units of force per unit length) by multiplying o; by the pile width and
a factor a. The o factor was described in chapter 2 as a magnification factor which
transforms the PM limit pressure to the limiting lateral resistance for a laterally loaded pile
(=9¢,). To obtain the soil displacement or y component of the p-y curve, the radial strain

(AR/R) measured by the pressuremeter is multiplied by half the pile width.

In the case of the tests at Kinnegar, the first CPM test was performed in the sleech at a
depth of 2.6m or 119 PM radii (7.4 pile diameters) below ground level (i.e., x = 2.42m and
z = 1.8m in relation to the datum levels used at the test piles). Therefore, an a factor of 2
was appropriate since the initial CPM test was located below the zone of reduced
resistance near the ground surface. A typical transformation from the PM curve to a p-y
curve is shown in Figure 4-21. As can be seen from the inset, only the portion of the curve
from the lift-off pressure up to the maximum cavity strain was utilised in the
transformation. The recommendation of Anderson and Townsend (1999) to initiate the p-y
curve from the start of the re-load sequence (to minimise the effect of installation
disturbance) was not adopted, due to the large strain imposed on the soil before the first
unload-reload sequence was performed. The unloading events which took place during the

cavity expansion were ignored in the transformation process.
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Figure 4-21: Transformation of pressuremeter curve to p-y curve at a depth of 4.6m below
ground level (bgl)

The p-y curves for other PM tests in the sleech are presented in Figure 4-22. It can be seen
that the p-y curves from the PM test are broadly compatible with the CPT q. profiles'® in
that they also reflect the stiffer deposits present at ground level and beneath the sleech.
The stiffer response exhibited by the PM test at 2.6m bgl is consistent with the sandy silt
nature of the upper sleech observed during the post-test trial pit excavations. Similarly, the
PM p-y curves between 3.6m and 7.6m exhibit a reduced but almost identical stiffness for
each test; a feature which corresponds with the uniformity in the CPT q. profiles over these

depths.

1% These tests were performed in the environs of the test piles see Figure 4-13.
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Chapter 5

Load Test Results



5. LOAD TEST RESULTS

5.1 Introduction

This chapter presents the results from full-scale load tests described chapter 3. The tests
involved two instrumented precast concrete piles driven side-by-side through a stiff fill
underlain by soft clay and seated intc medium dense sand located approximately 9m below
ground level (see Figure 5-4). A single pile, designated as AL1, was subjected to a vertical
load test and subsequently tested under lateral load with the vertical load in place. A
second pile, designated L1, was subjected to lateral load. Both piles were re-tested under
lateral load nineteen months after the initial test series had been completed. A summary of

the test programme is provided in Table 5-1.

The test results are presented as load-pile head displacement plots for each test in addition
to pile displacement profiles for the lateral load tests. A more detailed interpretation of
these results and strain gauge data are presented in chapter 8. The axial load test (ALT)
results will be interpreted in this chapter and will be presented prior to the combined load

test (CLT) and re-test (RT) results. It is noteworthy that the results presented in this thesis
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provide a (rare) opportunity to evaluate the influence of combined loading of a pile in a

layered soil.

Test Series Test Details Axial Max Lateral
Designation1 load (kN) load (kN)

ALT October 17, 2001 168 -
October 18, 1997, pile AL1 168 59.75

CLT1
October 18, 1997: pile L1 0 59.75
October 19, 1997: pile AL1

CLT2? 133 89.75
October 19, 1997: pile L1 0 89.75
May 18, 1999: piles AL1 &

RT Li 0 74

Table 5-1: Summary of load test programme

5.2 Axial Load Test

5.2.1 Background

One of the primary research objectives of this thesis was to determine the behaviour of a
laterally loaded single pile while supporting an axial load. In the field tests, pile AL1 was
first loaded vertically to simulate the most likely loading sequence in practice i.e., all piles
would be subjected to a superstructure load prior to being loaded laterally. After the
vertical load had been in place for twenty-four hours, the pile was subjected to two lateral

! ALT refers to the Axial Load Test; CLT1 & CLT2 refer to initial and second Combined Load Tests
respectively and RT is the Re-Test.

% Note that equilibrium between the soil and the pile was achieved for all load increments applied during this
test except for the last increment. As the load was increased from 85.5kN the pin joint mechanism collapsed
suddenly at a load of 89.75kN. Therefore any data presented for the 89.75kN load reflects the instantaneous
results recorded by the DAS as attempts were made to reach the 94kN load increment. Because equilibrium
was not obtained at 89.75kN these data were not used in the subsequent derivation of the p-y response of the
soil.
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load tests each supporting a different vertical load. The main findings of the axial load test

are now presented.

5.2.2 Axial Pile Capacity

Three existing design methods were used to estimate the axial pile capacity in advance of
the field tests. The top 1m of fill was ignored because of disturbance caused during pile
installation and the partial removal of this material from in front of the piles prior to
conducting the lateral load tests. The first estimate was based on the so called ‘c—method’
to calculate the skin friction (using o0 = 0.9" and Cu(ave)= 20kPa) along the 7.6m of sleech.
The remaining shaft friction and end bearing in the sand was calculated using
Berezantsev’s N bearing capacity factor (= 89 for a ¢’ of 38° assessed on the basis of q.
(=12.5MPa) and SPT N (=15) values measured at the pile toe). This method yielded an
ultimate pile resistance of 1113kN. The second approach involved Jardine and Chow’s
(1996) new design method for offshore piles which required CPT q. data and laboratory
test results (performed on good quality piston samples); an ultimate resistance of 1261kN
was estimated using this method. The third method was that of Bustamante and Gianeselli
(1982) which also utilised the CPT q. data (obtained within 3m of the test piles), this
approach gave an ultimate capacity of 1175kN. It was concluded that the Bustamante and
Gianeselli’ method, employing the direct use of in-situ test results provided the best
estimate of the pile’s axial capacity. Details of these calculations can be found in appendix

Sa.

For this research, it was important to ensure that the pile was not overloaded vertically.
For this reason the vertical load on pile AL1 was limited to 170kN, reflecting a minimum

factor of safety of 7 on the lowest estimate of the axial capacity®.

' API (1993) recommends a be taken as 0.5/(c,/c",)>° for ¢,/c’, < 1.0. The ratio of c,/c’, for the sleech was
measured at 0.41 (see chapter 4).

3 According to Lunne et al. (1997) the Bustamante and Gianeselli method (established from a database of
197-pile load tests) was found to give excellent results when compared to other prediction methods Lehane et
al. (2000) provided recommendations for estimating the pile capacity provided piezocone data is available to
correct g, for the pore pressure acting on the filter stone.

4 It was intended to apply an axial load in the region of 50% of the axial pile capacity. However, at the start
of the test, the calibrated readout unit malfunctioned and a backup unit was employed. Subsequent
calibration of this unit revealed that significantly less axial load had been applied to the pile; this was also
confirmed by the strain gauge data.
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5.2.3 Pile Installation

The pile installation was described in chapter 3 (section 3.7). To monitor pore water
dissipation after pile installation, pneumatic piezometers were installed at various depths
within the test bed two weeks prior to pile installation (see McCabe, 2002). The
piezometer located closest to the test piles indicated that the pore water pressures generated
by pile installation had essentially dissipated to hydrostatic conditions at the time of the

ALT (six weeks after pile installation).

5.2.4 Load Settlement Behaviour

Details of the axial load test can be found in section 3.11.1. During application of the axial
load, the pile head settlement was monitored using two dial gauges located at the edges of
the pile along the diagonal (Figure 5-1). Additional settlement readings were taken to
vernier sighting cards® attached to both the pile and the reference beam system. The
sighting cards were read using an engineers level located ~20m from the test area and the

data served as an approximate check on the measurements recorded by the dial gauges.

The average load-settlement behaviour recorded by dial gauges (DG) and the adjacent

vernier card are illustrated in Figure 5-1. The following are evident from the plot:

e Under the maximum applied axial load of 170 kN the pile settled by 2.48mm. The
calculated elastic shortening of the pile accounts for =0.39mm (16%) of the
settlement.

¢ The settlement recorded by the less accurate (as indicated by the error bars) vernier
sighting cards was consistent with the dial gauge readings.

o The pile experienced negligible settlement up to a load of ~100kN; in fact, the
average dial gauge readings indicates that the pile rose upwards as the axial load
increased close to this value, the vernier card measured a similar response. The
upward movement (discussed later in section 5.2.5) was not significant registering
only 0.1mm on the dial gauge.

e The majority of the settlement took place as the final 70 kN of load was applied.
Since the CLT series immediately succeeded the ALT (after the vertical load had

° The vernier sighting cards had a reading accuracy of +0.5mm
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been in place for 24 hours) there was no unload-reload cycling of the axial load
performed and hence no additional data were obtained relating to the axial
performance of the pile. As expected, there was no evidence of pile failure at the
levels of load applied during the test.

e It was noted that the vernier card revealed no discernable settlement of the
reference system during the ALT thereby giving confidence in the accuracy of the

pile settlement measurements.

Axial load (kN) Average pile head
0 25 50 75 100 125 150 175 movement

Lateral load
_ direction
E
g l
g
c
o
g o | DG2
% (O<—L_ Inclinometer
@
- tube
g DG1|®
L —\Vernier sighting
= PLAN card
m —_—

Figure 5-1: Load versus average pile head settlement for pile AL1

5.2.5 Pile Load Distribution Mechanism

A pile’s resistance to applied load is derived from a combination of soil pile friction along
the shaft and end bearing at the base of the pile. Results from pile tests in clay discussed
by Burland and Cooke (1974) show that the two support mechanisms are mobilised at
entirely different rates and are essentially independent of each other. The frictional
resistance develops rapidly and linearly with increasing settlement and is generally fully
mobilised when the settlement is about 0.5% of the shaft diameter or 5 to 10mm (Burland

and Cooke, 1974). Thereafter the shaft resistance tends to remain constant regardless of
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the settlement. The toe resistance on the other hand is seldom fully mobilised until the pile

settlement reaches a value of 10 to 20% of the base diameter.

The above behaviour was not evident at the test site because the pile was seated into
medium dense sand, which was considerably stiffer than the soft overburden of sleech.
Estimates of soil stiffness based on empirical correlations® with q. and SPT ‘N’ values
suggest that the sand layer was over twelve times stiffer than the sleech. At the maximum
vertical load, the strain gauge data indicated that 9kPa was developed in shaft resistance
over the top 3.5m and this reduced to 2kPa at the base of the pile. The measured skin
resistance along the upper section of the shaft is consistent with the ultimate shear
resistance of 10.5kPa measured by McCabe (2002) for friction piles at the same site. This
implies that the stiffer soil at the base prevented the movement necessary to mobilize
further shaft friction and explains the absence of significant load shedding within the
sleech (Figure 5-2). Moreover, the small pile-head settlement (<1% of the pile width)

suggests that the pile’s resistance was predominantly end bearing.

The profiles shown in Figure 5-2 were derived from the strain gauge transducers attached
at various depths to diametrically opposite steel bars. The strains from each gauge were
initially plotted against depth for a number of axial load increments. However, the
resulting profiles revealed no clear evidence of the load reducing along the pile shaft. On
further examination’, the strain data from each instrumented bar indicated that the pile was
not uniformly compressed; the larger strain measured on one side of the pile® was
consistent with the axial load being applied at a small eccentricity (estimated at 8mm).
Further confirmation of eccentric loading was provided by the load-settlement curve
shown in Figure 5-1. The dial gauge (DG) readings indicated that the pile settled more on
the compression side of the pile (DG1) than the opposite side (monitored by DG2) thereby
indicating an eccentricity towards the compression side of the pile. Thus, the pile was
undergoing bending in addition to compression during the ALT, which would explain the

initial load settlement response for loads up to ~100kN.

® The stiffness of the sand under typical working strains of 0.1 — 0.2% were estimated from E’, = 2500N, or
5q. (kPa) for OCR > 1. The stiffness of the sleech was estimated from E’, = 150c,, (kPa).

7 Strain versus load and strain versus time plots for each strain gauge revealed the gauges were responding
sharply to changes in applied load.

® The side recording the higher strains will be referred to as the compression side of the pile in the subsequent
lateral load tests
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To correct for bending, the strain from pairs of gauges, located at ~ the same depth on
opposite reinforcing bars were averaged’. The average strain profile was then used to

calculate the distribution of load shown in Figure 5-2. The calculations associated with

Figure 5-2 are provided in appendix 5b.

Axial load (kN)

0 50 100 150 200 Pit level (z=0)

N

Applied vertical load

E

= —-3.3kN

"g‘ ~—11kN

Q —s- 135kN
= 161kN
- 164kN
—-— 168kN

40 £
Figure 5-2: Load distribution profile for pile AL1 under increasing load
5.2.6 General Observations from Pile Toe Measurements

A number of general observations can be made regarding the strains monitored by the

vibrating wire gauge (VW-B) located at the pile toe:

e The datum VW reading was recorded immediately after casting the pile in the

mould. The next reading was taken five weeks later immediately before pile

? Data from single gauges were ignored in the analysis since single gauge measurements could not be
corrected for bending effects.
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driving. The VW gauge had registered a compressive strain due to shrinkage of

~10pe.

Immediately after pile driving the compressive strain measured by the VW strain
gauge was ~28ue. The next reading was taken before the axial load test (over six
weeks after installation) and revealed a tensile strain of —2.55p€, a net change of
30.55pe. Pneumatic piezometers (see McCabe, 2002) located in the vicinity of the
test piles indicated that the increased pore pressure measured after pile installation
had almost dissipated to hydrostatic conditions by the time the ALT was carried
out. It is evident from these data that negative shear stresses have developed along

the pile shaft in the intervening period.

To assess the magnitude of pile downdrag or negative skin friction (NSF)
mobilized along the pile, the shaft friction factor B (Burland, 1973)"° was back
calculated from the measured strain data and compared with typical values reported
by Burland and Starke (1994). A load of 137kN due to NSF was inferred from the

change in the measured strain as follows (see appendix 5b):

Fysr = (EA. + E,Ag)Ae

where Fnsr = the downdrag force due to negative skin friction
E. = Young’s modulus for the concrete, taken as 36kN/mm°
E, = 205kN/mm® Young’s modulus for the reinforcing steel
A. and A, = the areas of concrete and steel respectively
Ae = change in strain recorded by the strain gauge at the base of the
pile
The average shaft friction factor 3, back calculated from the foregoing gave a value

of -0.3. This value is consistent with the observations of Burland and Starke (1994)

1 Burland (1973) defined B = 14/oy’ = K tan &' where B is the ratio of maximum shear stress (1) divided by
the vertical effective stress o'y, K is the earth pressure coefficient and &' is the effective angle of friction
between the pile and the shaft. o'y was evaluated from the site stratigraphy of 1m of fill (yg, = 19kN/m?)
surcharging 7.6m of submerged soft soil (ys = 16kN/m®) with the water table located at the interface
between the fill and the soft clay.
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who, after monitoring pile NSF measurements on numerous sites, for periods of a
few months to seventeen years, found that average values for 3 in soft compressible

sediment lay within relatively narrow limits of —0.25 to —0.35.

e Figure 5-3 illustrates that the application of lateral load (during the CLT series) had
a negligible influence on the vertical load at the pile toe. The variation in axial load
shown in Figure 5-3 can be attributed to the reading accuracy associated with the
VW strain gauges. Tyler, (1968) suggested that VW readings were accurate to

+2e which equates to a load of +9kN.

e The axial load was reduced by 20% at the start of CLT2, the reduction in load is
consistent with the reduction measured by the VW strain gauge at the base of the
pile (Figure 5-3).

Load at pile toe (kN)

0 20 40 60 80 100
Lateral load (kN)

Figure 5-3: Variation in load at the pile toe load recorded by VW-B

5.3 Pressure Cell Results

Four pressure cells, to measure the horizontal earth pressure, were installed in pile AL1 o

the uppermost pressure cell (PC1) malfunctioned immediately after pile installation but the

' See Figure 3.2.
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remaining three units (PC2, PC3 and PC4) continued to provide data for the duration of the
tests. However, it must be emphasised that these sensors were located outside the critical
pile length and so registered negligible pressures for the levels of load applied during the
test. This may be justified by the displacement profiles presented in section 5.6 which
show that movements at these depths were negligible and therefore it is likely that much of
the lateral resistance was provided in side friction in this region rather than frontal
resistance.

The Table 5-2 summarises the pressure cell details and the values for the coefficient of
horizontal pressure (after equalisation)'?, K, measured by the instruments. K, was used in
the pile design method proposed by Jardine and Chow (1996) for offshore structures; the
values presented were calculated at the start of the ALT (43 days after pile installation). It
can be seen that PC2 and PC3 give values that fall within the range for K. reported in
Jardine and Chow (1996).

Reference PC1 PC2 PC3 PC4
Depth below GL 1.375m 2.875m 4.375 m 6.625m
Location in pile Compression  Compression Compression Tension
face face face face
Initial pressure, Pipitial = o 54.4 75.9 82.8
AmV x CF"” (kPa)
Change in pressure due _ 3.6 3.4 -6.4
to ALT, ApaLtr = AmV x
CF (kPa)
Change in pressure 43 _ 16.2 13.6 20.6
days after driving, P43 qays
(kPa)
Orc = Pinitial — P 43 days = 38.2 62.1 62.2
oy (kPa) 25.43 51.00 75.00 111.00
0 18.39 3311 55.18
Up (kPa)
c'yvo (kPa) 25.43 32.61 41.89 55.82
0.6 0.69 0.13?

K= (Grc - uO)/ G'vo

Table 5-2: Total pressure cell results

12 Jardine and Chow (1996) defined K, = o’,/c’y, where o’ . is the radial effective stress = (6", — up) and 6’ g
is the vertical effective stress.

13 Note: Calibration factor (CF) for pressure cells - 10mV = 100kPa
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5.3.1 Concluding Comments on the Axial Load Test

The results from the axial load test shown in Figure 5-2 indicate that the pile mobilised
positive skin friction of 9kPa along the top 3.75m of the pile. The shear stresses along the
shaft then drop significantly which suggests that the pile load was been transferred in end
bearing to the stiffer sand at the base of the pile. Bearing pressures at the base of the pile
are in the region of 980kPa, which is well below the bearing capacity of the sand

determined using the methods discussed in section 5.2.2.

Since no further monitoring of the axial pile behaviour took place once the combined load

tests commenced, no comment regarding creep and the subsequent pile behaviour can be

offered.
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5.4 Lateral and Combined Lateral and Axial Load Tests

5.4.1 Background

This series of tests designated as CLT1 and CLT2 involved loading pile L1 laterally while
pile AL1 supported a sustained vertical load during the application of lateral loads. The
vertical load was applied using the pin-jointed mechanism described in chapter 3.

Figure 5-4 schematically illustrates the test setup and includes the soil stratigraphy and the

shallow pits excavated in front of each pile.
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| 1oad LVDT
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Figure 5-4: General test setup (not to scale)

5.4.2 Estimate of Maximum Lateral Test Load

Broms’ (1964 a and b) empirical approach was employed to estimate the ultimate lateral
resistance of the piles. This estimate was used to guide the loading sequence adopted for
the field tests. The displacement profiles in section 5.6 suggest the piles were acting as
flexible members, with fixity being achieved at a depth of ~3m. Broms’ presented

separate approaches for calculating the ultimate lateral resistance in sands (Broms, 1964b)
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and clays (Broms, 1964a) however; the soils at the test site involved a layered stratigraphy
comprising both soil types. In chapter 4 the stratigraphy was described as = 1m of sandy
gravel or gravelly sand with some construction debris'* followed by a thin band of silty
sand containing layers and lenses of sandy silt and occasional clayey silt, this in turn

overlayed a deep layer of clayey organic silt (sleech).

To determine the ultimate lateral resistance in a layered profile, judgment in the
application of Broms’ method was required. It was assumed that the critical depth of soil
controlling the lateral behaviour of the piles was within the top 10 pile widths from ground
level, thus 80% of soil within this depth is comprised of sleech having an average cy. of
20kPa (see Figure 4-18a). The remaining 20% involves the upper strata of sandy gravel
having q. values of 3 + 1 MPa. Therefore applying Broms’ approach independently for
sand (assuming ¢’ = 31°)" and clay yielded to an ultimate lateral resistance p, =~ 74kN in
each case. Broms’ considered the accuracy of the prediction to fall between (0.84 and

1.13) pu thus giving a value of p, between 64kN and 84kN.

5.5 Load-Displacement Behaviour at the Pile Head

CLT1

Figure 5-5 compares the lateral load-displacement performance for pile L1 (subjected to no
axial load) with that for AL1 (under constant axial load). There is a dramatic difference
between the pile head displacement at a given load level. Pile AL1 was displaced only
Smm at the maximum lateral load compared to 25.8mm recorded by pile L1. The non-
linear load-displacement behaviour is evident in both piles but with pile AL1 exhibiting a
much stiffer response. It is clear from these observations that the axial load or the method
of applying this load to pile ALl had a significant influence on the pile response (see
section 6.3).

Each pile displayed creep during the sustained loading period (= 6 minutes) for each
increment. The recovery on unloading showed that pile AL1 rebounded to a residual
displacement of 1.25mm and L1 to 7mm, representing ~75% recovery in each case.

Moreover, a noticeable gap developed behind pile L1 as the lateral load increased.

' 0.5m of this material was excavated from in front of the piles prior to the lateral load tests.
' Based on correlations with the average g, values measured in CPT’s 3, 4 and 5 (see Figure 4-13) and the
vertical effective stress (Lunne et al., 1997)
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Figure 5-5: Load-pile head displacement behaviour for L1 and AL1 during CLT1
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Figure 5-6: Load-pile head displacement behaviour for L1 and AL1 during CLT2

141



CLT2

Figure 5-6 shows the corresponding lateral load-displacement plot for CLT2. The
displacemen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>