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ABSTRACT

Many regions in the world are experiencing drying trends due to climate change effects.
The cumulative influence of environmental activities associated with rainfall infiltration,
evaporation and plant transpiration contributes to a groundwater table (GWT) typically
located at a great depth, especially in arid and semi-arid regions. Due to this reason, natural
soils are widely found to be in a state of unsaturated condition. Unsaturated soils are tri-
phase materials comprised of solids (i.e., soil particles), liquid (i.e., water) and gas (i.e.,
air), which have more complex hydraulic and mechanical properties in comparison to
saturated soils. Pile foundations are widely used to transfer large loads from the
superstructure to a deeper stratum with reduced soil settlements. In many scenarios, pile
foundations are either entirely or partly embedded in unsaturated soils. For the rational
design of pile foundations, it is important to ensure that it can support different types of
loads that include axial, lateral or transversal loads arising from the super structures that
are safely transmitted to the soil below without undergoing bearing capacity failure in
addition to limiting the excessive deformation. However, the load transfer mechanism of
piles embedded in unsaturated soils has not been fully investigated in the presently
available literature. Unreliable estimations are likely if saturated soil mechanics principles
are used to design or analyze the nonlinear response of pile foundations. Therefore, a better
understanding of the mechanical properties of unsaturated soils and pile-soil interaction is
required for the rational interpretation of the load-displacement behavior of piles in
unsaturated soils. The focus of this thesis has been directed towards investigating the
influence of varying unsaturated conditions on the behavior of piles under axial and lateral

loadings extending the mechanics of unsaturated soils.

To investigate the behavior of laterally loaded piles in unsaturated soils, a nonlinear
analytical method is proposed to predict the lateral response of rigid piles considering the
influence of matric suction. The lateral load corresponding to lateral displacement is
derived considering three different states. Good comparisons are achieved between the



results of the analytical method and measurements from eight published field pile load tests
in unsaturated soils. Finite element analyses are then undertaken to model the lateral
response of pile foundations. The proposed numerical method is validated against two
experimental studies from the literature.

To investigate the behavior of axially loaded piles, an analytical approach is proposed for
predicting the end-bearing capacity of driven piles that are subjected to axial loads based
on the stress characteristic method. The validation of the analytical method is established
using eleven case studies of driven piles in saturated soils and two in unsaturated soils.
Numerical analysis is undertaken to simulate a published model test of driven piles in
unsaturated sand. Both dynamic and static analysis are involved in the numerical analysis

to simulate the pile driving and the following pile loading.

A simplified methodology is first proposed for estimating the load-displacement response
of single piles under axial loading using modified hyperbolic function-based load transfer
models. Then the proposed model is extended for pile groups considering the interaction
effects between individual piles. The validity of the approach for both single pile and pile
groups is demonstrated using three pile load tests results from the literature. Furthermore,
a three-dimensional (3D) numerical analysis is undertaken to analyze the nonlinear
response of pile groups implementing a user-defined subroutine into ABAQUS software.
Good comparisons are found between the predictions from both the proposed analytical

method and numerical analysis with the measurements.

In addition, a comprehensive numerical technique is proposed for simulating the load-
displacement behavior of single piles embedded in unsaturated soils using finite element
analysis. A user-defined subroutine is implemented into ABAQUS taking account of
nonlinear shear strength and modulus of elasticity of unsaturated soils with respect to
matric suction. The numerical analyses are then performed on four pile load tests that
include two model pile tests in the laboratory and the remainder two from the field tests
that were gathered from the published literature. Reasonably good predictions are achieved
for all cases. The proposed numerical technique is a simple and useful tool for use in
geotechnical engineering practice for the rational design of pile foundations in unsaturated

soils.



The bearing capacity and settlement are two key properties of pile behavior, which should
be estimated rigorously considering the influence of matric suction. The studies
summarized in this thesis provide valuable insight towards implementing the unsaturated
soil mechanics into the rigorous design of pile foundations in unsaturated soils considering
the influence of matric suction under axial and lateral loading. The proposed analytical and
numerical models are useful for the rational design of pile foundations for both saturated

and unsaturated soil conditions.
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CHAPTER 1
INTRODUCTION

1.1 Background

The arid and semi-arid regions cover 1.9 x 107 km?and 2.3x 10" km?, respectively that
account for 13 and 15 % of the Earth’s land surface (Huang et al. 2016). Figure 1.1 shows
the global distribution of arid and semi-arid regions. Many countries in the world are
experiencing drying trends because of global warming, especially those in Africa, Eurasia
and eastern Australia (Hoerling and Kumar 2003, Dai 2013, Ma and Yang 2017). The
natural groundwater table (GWT) is typically at a great depth below the natural ground
surface particularly in semi-arid and arid regions due to the cumulative influence of
environmental activities such as rainfall infiltration, evaporation, and plant transpiration.
The soil zone between the ground surface and GWT is typically in a state of unsaturated
condition. An unsaturated soil is a multiphase continuum system containing soil particles
(i.e., solid), water (i.e., liquid) and air (i.e., gas). The behavior of unsaturated soils is
significantly influenced by air-water interphase (Fredlund and Rahardjo, 1993). The
presence of an air-water interface generates surface tension within the soil skeleton that is
strongly related to the soil suction and contributes to improving the mechanical behavior
of unsaturated soils. Therefore, the hydraulic and mechanical properties of unsaturated
soils complex in comparison to saturated soils and have been interpreted by many
researchers considering the influence of matric suction during the past six decades (e.g.,
Bishop 1959, Fredlund et al. 1978, Escario et al. 1989, Alonso et al. 1990, Vanapalli et al.
1996, Wheeler et al. 2003, Lu and Likos 2006, Sheng et al. 2008).

Pile foundations are long slender axial columns that are widely used to transfer large loads
from the superstructure to the soil below and significantly limit the settlements. These
foundations are frequently used for supporting infrastructures such as high-rise buildings,

embankments, bridges and pavements. In addition, the pile foundations should be capable



of supporting vertical, transversal, or lateral loads without causing damage to the
superstructure, failing in bearing capacity or causing excessive deformation (Salgado
2006). In other words, the bearing capacity and settlement are two key parameters in the
design of pile foundations. Four different methods are widely used for investigating the
behavior of pile foundations assuming saturated soil conditions; namely, static pile load
tests (Vesi¢ 1970, Altaee et al. 1992, Paik et al. 2003, Karlsrud et al. 2014, Yang et al.
2015), dynamic methods (Hery 1983, Rausche et al. 1985, Fellenius 2006); static analysis
(e.g., total and effective stress approach) (Skempton 1959, Vesi¢ 1963, Burland 1973,
Vijayvergiya and Focht 1972), and direct or indirect use of results from in situ tests
(Nottingham 1975, Schmertmann 1978, Bustamante and Gianeselli 1982, Eslami and
Fellenius 1997, Lehane et al. 2005, Jardine et al. 2005).

Regions
experiencing
drying trends /{5
I Arid region
Semi-arid region = -

¥

Figure 1.1 The global distribution of arid and semi-arid regions (modified after Ma

and Yang, 2017)

Figure 1.2 presents the load transfer mechanism for axially and laterally loaded piles,
respectively. As shown in Figure 1.2(a), the ultimate bearing capacity of a single pile Qu
consists of two parts: pile shaft carrying capacity Qs and end-bearing capacity Qy. During
the pile installation, the soil adjacent to the pile shaft will be disturbed and remoulded to
some extent. Thus, the pile shaft carrying capacity Qsis not equal to the shear strength of
soil but can be considered as a function of cohesion and friction angle of the pile-soil

interface. When a pile is subjected to a lateral force and moment, the distribution of unit



soil stresses normal to the pile shaft would transfer from uniform (dash lines) in Figure
1.2(b) to non-uniform (solid lines). The stress on the side with the pile movement, pp, will
increase and the stress on the back side, pa, will decrease. The nonlinear behavior of the
soil is commonly represented by load-displacement characteristics, which is also known as
the p-y curve, where p is the lateral soil resistance per unit length of the pile and y is the
lateral deflection. The p-y curves for different types of saturated soils have been developed
by many researchers based on either field tests or analytical derivations (Matlock 1970,
Reese et al. 1974, Reese and Welch 1975, Georgiadis 1983, Murff and Hamilton 1993,
Reese 1997, Rollins et al. 2005, Suleiman et al. 2014). The criterion for the design of
foundations under lateral loads is based on a prefixed or limited horizontal displacement
that the load can attain and not on the ultimate lateral load capacity (Poulos and Davis 1980,
de Albuquerque et al. 2019). Such a design approach is used since it is difficult to identify

the rupture of the pile foundation as observed in compression and traction loadings.
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Figure 1.2 Load transfer mechanism of (a) axially loaded pile and (b) laterally
loaded pile

Pile foundations are usually installed in closely spaced groups to provide a larger support
combining the strength of multiple piles in conventional geotechnical engineering practice
applications. The load transfer mechanism of pile groups is different than single piles. The



load-carrying capacity of pile group is significantly influenced by the interactions between
individual piles in the group. For this reason, it is necessary to take account of the group

effects when estimating overall bearing capacity or settlement of pile groups.

In many scenarios, a portion or the entire length of the pile is embedded in the soil zone
that is in a state of unsaturated condition. However, the design of pile foundations is
typically based on saturated soil mechanics. The ultimate bearing capacity of pile
foundations and their settlement behavior may not be reliably estimated because of
ignoring the contribution arising from matric suction in unsaturated soils. In the recent
years, some researchers have investigated the behavior of single axially loaded piles
(Uchaipichat 2012, Vanapalli and Taylan 2012, Fattah et al. 2014, Han et al. 2016, Akrouch
et al. 2016, Chung and Yang 2017, Vanapalli et al. 2018), pile group under axial loading
(Al-Khazaali and VVanapalli 2019, Al-Omari et al. 2019) and laterally loaded piles (Helmers
1997, Mokwa et al. 2000, Mahmood et al. 2018, Lalicata et al. 2019) in unsaturated soils
based on experimental tests and numerical simulations. These studies highlighted the
significant influence of the degree of saturation on the load versus displacement behavior
of piles. The state-of-the-art understanding of the influence of matric suction on pile
foundations in unsaturated soils; however, is still limited for geotechnical engineers to
extend it into conventional engineering practice applications. Furthermore, there are no
foundation design codes, protocols, or well-established procedures for the rational design
of pile foundations in unsaturated soils.

1.2 Objectives and novelty

The focus of the studies summarized in this thesis is directed towards investigating the
behavior of single piles and pile groups under axial loading and lateral loading. The four
major objectives along with associated novelty of this thesis are summarized below (Figure
1.3):

(i)To investigate the nonlinear behavior of laterally loaded piles in unsaturated soils

considering the influence of matric suction



Two novel approaches are proposed for evaluating the load versus displacement behavior
of laterally loaded piles in unsaturated soils. The first one is a nonlinear analytical method,
which considers the variation of lateral soil resistance along the pile length under three
different states (i.e., pre-tip yield state, post-tip yield state and ultimate limiting state). The
lateral load corresponding to lateral displacement at the ground surface is derived based on
force and moment equilibrium equations. The lateral earth pressure coefficient K¢ required
in the solutions is derived by extending the three-dimensional (3D) effect factor for drained
loading. Secondly, a novel numerical technique is proposed which incorporates a user-
defined subroutine (USDFLD) into ABAQUS to model the nonlinear shear strength and
modulus of elasticity behavior of unsaturated soils. The proposed analytical method and
numerical techniques are validated, respectively with the results of eight field studies and
two laboratory model tests published in the literature. In both cases, there is a good
comparison between numerical results and measured data. Lastly, the results between the
proposed analytical method and numerical predictions are also compared and discussed for

an example problem with varying GWTS.
(if) To investigate the end-bearing capacity of driven piles in unsaturated soils

An analytical approach is proposed for predicting the end-bearing capacity of driven piles
extending the stress characteristic method that is employed successfully for both saturated
and unsaturated soils. An iterative technique computer code is developed for the proposed
analytical approach extending the finite difference method to develop solutions with the
aid of MATLAB that provides graphical output to visualize the results. The results from
the proposed approach are compared against measurements for thirteen pile load tests that
include eleven in saturated soils and two in unsaturated soils. In addition, numerical
analyses are undertaken using ABAQUS to simulate the driven pile penetration and pile
loading by employing the arbitrary Lagrangian—Eulerian (ALE) adaptive mesh methods.
The numerical predictions and measurements from a published model pile test are
compared and discussed. The proposed analytical method highlighted the need for use in
engineering practice applications to estimate the end bearing capacity of pile foundations

in both saturated and unsaturated soils.



(iii) To investigate the behavior of single piles and pile groups in unsaturated soils under

axial loading

A simplified analytical approach is proposed for predicting the load-displacement response
of single piles in unsaturated soils considering the contribution towards the nonlinear shear
strength and soil stiffness associated with matric suction. In this approach, the nonlinear
relationship between shaft shear stress and pile-soil relative shaft displacement at the pile-
soil interface is described by a hyperbolic function-based load transfer model, while the
pile base resistance and base displacement follows a bilinear relationship. The proposed
model is extended for pile groups considering the interaction effects between individual
piles. The validity of the approach for both single pile and pile groups is demonstrated by
comparing with the measurements from three pile load tests of which two are single pile
tests and the other is a model pile group test. Furthermore, a three-dimensional (3D)
numerical analysis is undertaken to analyze the nonlinear response of pile groups in various

unsaturated conditions implementing a user-defined subroutine into ABAQUS.
(iv) To predict the load-displacement behavior of piles using numerical techniques

A comprehensive numerical technique is proposed for simulating the load-displacement
behavior of single piles embedded in unsaturated soils using finite element analysis. The
suggested numerical method takes account of nonlinear shear strength and modulus of
elasticity of unsaturated soils with respect to matric suction. The required information for
modeling includes only the saturated shear strength parameters, saturated modulus of
elasticity and the Soil-Water Characteristic Curve (SWCC). The numerical analyses were
then performed on four pile load tests that include two model pile tests in the laboratory
and the remainder two from the field tests that were gathered from the published literature.
Good comparisons were observed between the measured data and numerical predictions,
for all four cases. The proposed numerical method is a promising tool for rational design

of pile foundation in both saturated and unsaturated soils.



Interpretation of the behavior of pile foundations in
unsaturated soils subjected to axial and lateral loading

Objective 1: Objective 2: Obijective 3: Objective 4:

To investigate the nonlinear To investigate the end- To investigate the behavior To predict the load-
behavior of laterally loaded bearing capacity of driven of single piles and pile displacement behavior of
piles in unsaturated soils piles in unsaturated soils groups in unsaturated soils piles using numerical
considering the influence of under axial loading techniques

matric suction
Chapter 3 Chapter 4 Chapter 5 Chapter 6

Figure 1.3 Research scope and thesis objectives

1.3 Thesis Layout

This thesis is organized in a format of “a collection of research articles”. The thesis consists

of seven chapters. The main content of all the chapters is summarized as below:

Chapter 1 presents a general introduction of the undertaken study. The objectives, novelty

and layout of this study are then succinctly described.

Chapter 2 presents a comprehensive literature review on the pile behavior in both saturated
and unsaturated soils, including (i) the research studies on the variation of shear strength
and elasticity of modulus of unsaturated soils; (ii) existing methods for predicting the
behavior of pile foundations in saturated soils under vertical loads and lateral loads; (iii)
Lastly, the studies that focus on the influence of matric suction on the behavior of pile

foundations in unsaturated soils.

Chapter 3 presents two approaches for predicting the lateral response of single piles
embedded in unsaturated soils. An analytical method that considers the variation of lateral
soil resistance along the pile length under three different states is first presented. Then, a
numerical modeling methodology to investigate the nonlinear behavior of laterally loaded

piles considering of matric suction is introduced. Both proposed analytical method and



numerical techniques are verified, respectively, using eight published field studies and two
laboratory model tests. In addition, the results between the proposed analytical method and
numerical predictions are compared and discussed for an example problem with varying
GWTs.

In Chapter 4, an analytical approach is proposed for predicting the end-bearing capacity of
driven piles in saturated and unsaturated soils extending the stress characteristic method.
The results from the proposed approach are compared against measurements for thirteen
pile load tests that include eleven in saturated soils and two in unsaturated soils, with good
agreements. In addition, numerical analyses are undertaken using ABAQUS to simulate
the driven pile penetration and pile loading by employing the ALE adaptive mesh methods.
The numerical analyses are validated by providing comparisons between the numerical
predictions and measurements from a published model pile test.

In Chapter 5, a modified load transfer model is proposed to predict the nonlinear load-
displacement behavior at the pile-soil interface for single piles in unsaturated soils
considering the influence of matric suction. The analysis for single piles is then extended
to pile group accounting for the interaction effect between individual piles. The reliability
of the proposed method for single piles and pile groups are validated using two pile load
tests in unsaturated residual soils and one model pile group test, respectively. In addition,
a 3D numerical analysis of a 2 x 2 pile group is undertaken to investigate the effects of
varying GWT depths and interaction between piles in a group. Good comparisons are found
between the predictions from both the proposed analytical method and numerical analysis

with the measurements.

In Chapter 6, theoretical background related to the shear strength and modulus of elasticity
of unsaturated is first introduced to highlight how it can be used as a tool in the
interpretation and prediction of the bearing capacity and settlement behavior of unsaturated
soils. A numerical technique is developed by implementing a user-subroutine in the
commercial software ABAQUS to model the load-displacement behavior of piles. The
developed approach is validated using the results of two model pile load tests and three

field studies from the published literature. The comparisons between the measured data



and numerical predictions for all the four cases are presented and discussed. The proposed
numerical method is a promising tool for rational design of pile foundation in unsaturated

soils.

Chapter 7 presents the summary and conclusions of the research undertaken in this thesis.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction?

In this chapter, a comprehensive review of the shear strength of unsaturated soils (SSUS)
is presented. The published studies from the literature that are used for interpreting the
behavior of axially and laterally loaded piles in saturated soils are then summarized,
respectively. Lastly, the studies that focus on the influence of matric suction on the
behavior of pile foundations in unsaturated soils under axial and lateral loadings in terms

of experimental studies, theoretical approaches and numerical simulations are reviewed.

2.2 The mechanical behavior of unsaturated soils (SSUS)

2.2.1 The shear strength of unsaturated soils (SSUS)

Bishop (1959) proposed a single-valued effective stress relationship that is widely used for
interpreting the SSUS:

r=c"+[(o,-u,)+ 7 (U, -u,)[tang’ (2.1)

where zis the shear strength of unsaturated soils, c' is effective cohesion, ¢' is effective
internal frictional angle, (on — Ua) is net normal stress, (Ua —Uw) iS matric suction, y is a soil

parameter related to the degree of saturation (between 0 and 1) that depend on many factors.

1Some of the contents presented in this chapter are published as journal articles:

Tan, M., Cheng, X., and Vanapalli, S. (2021). Simple approaches for the design of shallow and deep
foundations for unsaturated soils I: Theoretical and experimental Studies. Indian Geotechnical Journal,
51(1), 97-114.

Cheng, X., Tan, M., and Vanapalli, S. (2021). Simple approaches for the design of shallow and deep
foundations for unsaturated soils I1: Numerical Techniques. Indian Geotechnical Journal, 51(1), 115-126.
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Several researchers suggested that Bishop’s effective stress equation that is based on a
single stress state variable has some limitations. For example, Jennings and Burland (1962)
suggested that Bishop’s effective stress equation has some limitations in interpreting both
the shear strength and volume change behavior simultaneously. A more rigorous method
for describing the behavior of unsaturated soils is possible using independent stress state
variables (e.g., (on — Ua) and (ua — uw) (Bishop and Blight 1963; Matyas and Radhakrishna
1968; Morgenstern 1979).

Fredlund et al. (1978) provided a theoretical framework extending the Mohr-Coulomb
failure criterion for interpreting the SSUS in terms of two independent stress state variables:

(on — Ua) and (ua — Uw) as given below:

r=c'+(o, —u, )tang' +(u, —u, ) tan ¢’ (2.2)
where ¢ is the contribution of internal friction angle due to matric suction.

Experimental studies on various soils by several investigators highlight the variation of
shear strength with respect to matric suction is nonlinear in nature (e.g., Escario and Juca
1989, Vanapalli et al. 1996, Rassam and Cook 2002, Vilar 2006, Guan et al. 2010).
Determination of the SSUS from experimental studies is time consuming, complex, and
expensive. For this reason, several researchers proposed several empirical or semi-
empirical models for interpreting or predicting the shear strength of unsaturated soils.
Several widely used shear strength equations and models are summarized in Table 2.1.
Some of these equations have been implemented in commercial software such as GeoSlope
and SoilVision for numerical modeling of geotechnical infrastructures such as the slopes
and foundations in unsaturated soils (GeoSlope Interational Ltd. 2002, Fredlund et al. 2012,
Zhang et al. 2015).

The Soil-Water Characteristic Curve (SWCC) is a useful tool for predicting the SSUS.
SWCC is referred to as the relationship between the mass (and/or volume) of water in the
soil and the soil suction. The terms, soil-water retention curve and soil moisture curve are
also used for defining this relationship. Figure 2.1 shows the relationship between the

SWCC and shear strength of unsaturated soils.

11



Table 2.1 Some typical models for predicting SSUS (modified after Vanapalli 2009)

Authors Equations Remarks

Fredlund et al. ' ' b

(1978) r=C'+(o, U, )tan¢g'+(u, —u, )tan ¢

Lu (1992) r=c'+(0 -, )tang'+ P, tang’ E;;ssgl\j?elzl Ionfgthe soil
By is volumetric
water content; &,

. 0 -0 & is saturated and
Vanapalli et r=c'+(o—u,)tang’'+(u, —uw){ " rj(tan ¢') residual volumetric
al. (1996) 0,6 water content

r=c'+(o, —U,)tang’+(u, —u, )S* tang’ gzsgp;zztlovfely; >
saturation; xis a
fitting parameter
Oberg &

Séllfors (1997)

r=c'+(o-u,)+S(u,—u,)tang’

Khalili and wu) T "a:;n“gtger _
Khabbaz r:c’+(a—ua)tan¢’+(ua—uw)tan(/ﬁ'[&:l f; the air’(glrjﬁrum’)b
(1998) (ua —uy, )b Yy
value
__t .
% tang'’
Lee et al (u, -u,) b, =
ee et a . ’ r a —Yw 3 = 1
=C'+(o—-U, )tang' + —————— Crax
(2003) G L oy sy
Cmax: ultimate
increment of
apparent cohesion
u, —u T, (Ua = Uw)m:
r=C"+(o-u,)tang'+ (1, ~,) o
Vilar (2006) 1 +[ 1 1 ] measured -
; i , maximum cohesion
ng' [mn - (U] g suction
r=Cc'+(o—u,)tang'+stang’: s<s_ $ = (Ua - Uw);
Ssa: Saturation
Sheng et al. .
(2005?) r=c'+(o-u,)tang’ +tan q{ssa +(s, +1)In SS ilJ: s>s_ ~ suction

sa
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The SWCC can be divided into three distinct zones of saturation; namely, boundary effect
zone (BEZ), transition effect zone (TEZ) and residual zone of saturation (RZS), which are
influenced by different ranges of soil suction values based on the properties of the soils. In
the BEZ, the soil is typically in a state of saturated condition. The soil behavior in this zone
can be interpreted extending principles of saturated soil mechanics. The shear strength
contribution due to matric suction (¢°) in this zone is equal to the angle of internal friction
(#). When air enters the largest pores of the soil, the soil suction is referred to as the air-
entry value (AEV). The soil desaturates rapidly with a further increase in matric suction
beyond the AEV. ¢ is less than ¢' in TEZ. In the RZS, there are relatively small changes
in the degree of saturation despite greater increases in the matric suction value. The shear
strength may increase, decrease, or remain constant depending on the soil types and the
amount of drainage in soil pores (Vanapalli, 2009). Similar conceptual behavior can also
be extended for explaining the modulus of elasticity of unsaturated soils. Several indirect
methods for estimating SWCC were developed utilizing known soil parameters or limited
experimental data, such as pedotransfer functions (Schaap et al. 2001, Wosten et al. 1999,
Soet and Stricker 2003), physico-empirical method which converts the grain size
distribution into a pore size distribution (Arya and Paris, 1981, Rafraf et al. 2016) and
empirical mathematical functions (e.g., Brooks and Corey 1964, van Genuchten 1980,
Fredlund and Xing 1994, Zhou et al. 2012, Cuomo et al. 2018) to alleviate the time-
consuming experimental techniques of direct measurements of SWCC (Fredlund and
Rahardjo 1993; Perani¢ et al. 2018). The empirical mathematical equations are also used
to best fit SWCC to obtain a smooth SWCC. Some of these equations are obtained by
correlating parameters of fitting models with basic soil properties such as grain size or pore
size distribution, dry density and void ratios (Haverkamp et al. 2005, VVanapalli and Catana
2005, Chin et al. 2010). Besides, machine learning and Artificial Intelligence (Al) methods
are also used for predicting the SWCC (Schaap and Bouten 1996, Pham et al. 2019, Li and
Vanapalli 2022).
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Figure 2.1 Relationship between the SWCC and shear strength of unsaturated soils
(Modified after Vanapalli 2009)

2.2.2 The elastic modulus of unsaturated soils

The elastic modulus and shear modulus are two key parameters that are useful in describing
the elastic stress-strain relationships for soils that are required in the design of geotechnical

structures. The settlement of various foundations embedded in soils can be estimated using
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the information of elastic modulus. Experimental studies performed on unsaturated soils
suggest a strong dependence of elastic modulus on both matric suction and volumetric
water content values (Fredlund et al. 1975, Edil et al. 1981, Costa et al. 2003, Sawangsuriya
et al. 2009, Oh et al. 2009). Several studies published in the literature suggest that the
elastic modulus increases with an increase in matric suction (Edil et al. 1981, Mancuso et
al. 2002; Khoury and Zaman 2004, Oh et al. 2009, Morales et al. 2015). Shear modulus has
been commonly used for evaluating the soil stiffness in response to shear deformation and
it is also an important property required in the dynamic and seismic response analysis of
soils. The maximum shear modulus, Go, refers to the shear modulus at a small strain
(typically <0.001%). Go of unsaturated soils can be determined from both laboratory tests
and seismic field tests (e.g., Kawaguchi et al. 2001, Lee and Santamarina 2005). Bender
element and resonant column tests are two widely used laboratory tests that can be
modified for both saturated and unsaturated soils (Ng and Menzies 2007). The
measurement of Go through experimental studies usually requires considerable time to
achieve equilibrium conditions of soil volume due to changes in net stress and water
content, especially for fine-grained soils. Therefore, several researchers proposed empirical
or semi-empirical equations for estimating Go in unsaturated soils considering the water
content and matric suction (e.g., Mancuso et al. 2002, Mendoza and Colmenares 2006,
Sawangsuriya et al. 2009, Lu and Kaya 2014). Sawangsuriya et al. (2009) have proposed
two empirical models to describe the relationship between shear modulus of unsaturated

soils G and total stress and matric suction:

G= A(a—ua)”l+C£gJ (u,—u,) (2.3a)

G-= A[(a—uw)+(eﬁJK (u, ~u, )r (2.3b)

where @ is volumetric water content, & is residual volumetric water content, A, ny, x, and
C are curve-fitting parameters. The first model (Equation 2.3a) was established using two
independent state variables (i.e., matric suction and net normal stress) based on the shear

strength model proposed by Vanapalli et al. (1996). The second model was established
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from the effective stress equation by Bishop (1959). The effective stress parameter by
Bishop (1959) is replaced by the shear strength model proposed by Vanapalli et al. (1996).
The test results on fine-grained soils with varying water content showed that both models
can provide reliable predictions of the variation of shear modulus with respect to matric

suction and volumetric content.

In addition, Oh et al. (2009) proposed a semi-empirical model to describe the relationship
between the modulus of elasticity of unsaturated soils, Eunsat, and degree of saturation with

respect to matric suction.

(ua _UW)

Epar = B | 1+ ———"(S”
unsat sat|: +a(Pa /1013)( ):| (24)

where Esa is the modulus of elasticity of soil under saturated conditions, Pa is atmospheric
pressure (101.3kPa), and « and g are two fitting parameters. The fitting parameter « is
related to the plasticity index, Ip, for cohesive soils. The value of « for cohesionless soil
ranges from 0.5 to 2.5 depending on the footing size. VVanapalli and Oh (2010) suggest that
the fitting parameter g equal to 1 for cohesionless soils and 2 for cohesive soils based on
the results from model footing tests on unsaturated soils. Extending the same philosophy
for elastic modulus, Oh and Vanapalli (2014) proposed a similar model for predicting the
variation of Go with respect to (ua — Uw) in unsaturated sandy soils using the saturated

maximum shear modulus, Gosat)and SWCC.

u, —uy,
GO(us) = GO(sat) |:l+ é/ W(Sf ):| (25)

where Gows) 1S the maximum shear modulus under unsaturated conditions, ¢and ¢& are
fitting parameters. The fitting parameter £equals to 0.5 and 1 for the soils classified as SP
and SW, respectively. The fitting parameter £is strongly related to the coefficient of
uniformity Cu. The value of £ decreases from 0.035 to 0.025 as Cy increases up to 2. More

details of the relationship between and Cy can be found in Oh and Vanapalli (2014).
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2.3 The behavior of axially loaded piles in saturated and unsaturated soils
2.3.1 Axially loaded piles in saturated soils

Practical and economic factors are usually considered in the design of pile foundations. In
addition, analysis should be undertaken to ensure that pile can fulfill its functions under
various working loading conditions. Determination of the reliable ultimate bearing
capacity of the pile is required in the analysis of pile foundations, which has always been
a challenge to geotechnical engineers. In the last several decades, four main approaches
have been developed and widely used for investigating the behavior of pile foundations:
namely, (i) static pile load tests; (ii) dynamic methods; (iii) static analysis (e.g., total and
effective stress approach); and (iv) direct or indirect use of results from in-situ tests. The
pile load test is considered the most accurate method for determining the ultimate bearing
capacity of the piles under working loading conditions (Birid 2017). However, both static
and dynamic pile load tests are expensive and time-consuming. Due to this reason, many
researchers focused on proposing methods extending static analysis (i.e., theoretical
methods) for estimating the pile load capacity. The theoretical static analysis utilizes the
shear strength parameters with simplified assumptions which provide reasonable
agreements with full scale tests. However, the in-situ tests play a prominent role in the
design of pile foundations as they provide reliable information. In the following sections,
published studies from literature related to determining the pile end-bearing capacity and

friction capacity using static analysis and in-situ tests will be reviewed.

2.3.1.1 Static analysis by utilizing soil shear strength

The ultimate bearing capacity, Qu, of a pile under axial loading is the sum of the end bearing
capacity Qb, and the shaft carrying capacity Qs given by:

Qu =Q5+Qb =qu§+qu}3 (26)
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where g is the unit pile shaft carrying capacity, As is the side area of the pile, gy is unit end
bear capacity and A, is the total area of pile end. This equation assumes that the maximum
pile shaft carrying capacity and maximum end-bearing capacity are mobilized at the same
time (API 2011). The shaft carrying capacity is typically mobilized at a small vertical
displacement of 0.5% to 2% of the pile diameter, which is less than that of 5 to 10% of the
pile diameter when the end bearing capacity is mobilized (Fleming et al. 1992). Therefore,
the difference between the mobilization of the shaft carrying capacity and end bearing

capacity should be considered in pile settlement and load sharing analysis.

The soil shear strength parameters considering the interaction between the pile and
surrounding soils is used in the theoretical static analysis. The installation of piles
influences the surrounding soil properties. However, it is difficult to predict the changes in
soil properties. Therefore, the bearing capacity of piles is typically estimated based on the
initial strength and deformation characteristics of the soil. The effect of changed soil
properties is reflected in the non-dimensional bearing capacity factors and mobilized shaft

carrying capacity (Prakash and Sharma 1990).

The pile shaft carrying capacity can be considered as a function of cohesion and friction
angle of the pile-soil interface. The commonly used semi-empirical methods to estimate
the shaft load carrying capacity of single piles are the a method (Skempton 1959), g
method (Burland 1973), and A method (Vijayvergiya and Focht 1972), in which the

parameters «, S, A are usually obtained from empirical correlations.

The a method is used to determine the shaft carrying capacity of piles placed in saturated
cohesive soils based on the total stress approach (TSA). This method relates the average
shaft adhesion to the mean undrained shear strength by an empirical coefficient «. Some
studies have shown much evidence to support this relationship (Tomlinson 1957,
McCarthy 1977, Sladen 1992). The unit shaft carrying capacity g can be calculated by the

equation:

g =C, =ac (2.7)

u
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where cqq is the average adhesion between the clay and the pile shaft, and cy is the undrained
shear strength of the clay within the depth of penetration of the pile in clay. Some
researchers have studied the relationship between the parameter « and ¢y, (Peck 1958,
Kerisel 1965, Sowers 1979, McCarthy 1977, Dennis and Olson 1983,). « can also be
calculated using the following equation (AP1 2011):

5

a=05p" ify<1

a=05y"% ify>1
where w =ci/ov', o' is the effective overburden pressure.

Burland (1973) proposed £ method to calculate shaft carrying capacity by extending the
effective stress approach (ESA). The TSA is only suitable for clay, while ESA can be used
for all types of soil. The excess porewater pressures that arise from the pile installation
between soil adjacent to the shaft are assumed to be completely dissipated before loading.

The shaft carrying capacity gy is calculated by:
g, = K,o, tan o’ (2.8)

where Ko is the earth pressure coefficient and &' is the effective friction angle of the pile-
soil interface. For bored piles, the angle &' is commonly assumed to be equal to the angle
of shearing resistance of the surrounding soil, ¢, for practical purposes. The empirical
factor g and the general expression of pile shaft carrying capacity Qs is in the form of the

following equation:

ﬂ:q_f’: K, tan &’ (2.9a)
O,

<

Q, = fo,7DL (2.9b)

where D is the pile diameter and L is the length of the pile, gis the Burland-Bjerrum

coefficient which is related to the fundamental effective stress parameters K and &'. Burland
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(1973) and Meyerhof (1976) suggested an expression to estimate gvalue in clay:f=(1-
sing)tang (OCR)®°, where OCR is the over consolidation ratio. The CFEM (1992)
recommends a /S value of 0.25 to 0.30 for clay and 0.30 to 0.90 for sand. The Hong Kong
Geotechnical Engineering Office (HKGEO 2005) suggested S ranging from 0.1 to 0.4 for
driven piles in saprolite soils and 0.1 to 0.6 for bored piles. For piles in sands, franges
from 0.29 to 0.56 for soils from medium dense to very dense conditions according to API
(2011). Rollins et al. (2005) conducted uplift load tests on many piles in sedimentary soils
and measured the shaft resistance. Figure 2.2 shows the back-calculated g values from
these tension tests. It is evident that the £ coefficient is largest near the ground surface and

reduces with depth.

10 |

Depth (m)
&

N
o

25 i

30

Figure 2.2 Back-calculated £ values from tension tests by Rollins et al. (2005) and
range values indicated for sand by CFEM (1992) and API (2011), and for saprolites
by the HKGEOQO (2005) (modified after Fellenius et al. 2007)

Vijayvergiya and Focht (1972) developed A method to predict pile shaft carrying capacity,
which combines both TSA and ESA. This method assumes that the unit shaft carrying
capacity has a relationship with both vertical effective stress and undrained shear strength.

gr can be estimated by the following equation:
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G = 2O gy + 26, ) (2.10)

where ¢'v@avg) IS the mean effective stress along the pile shaft, and A4 is the frictional capacity

coefficient which is a function of the entire embedded depth of the pile.
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(a) (b) (c) (d)
Figure 2.3 Assumed failure patterns around the pile tip by (a) Prandtl (1920),
Reissner (1924), Caquot (1934), Buisman (1935), Terzaghi (1943); (b) Bishop et al.
(1945), Skempton et al. (1953), Yasufuku and Hyde (1995); (c) De Beer (1945), Jaky
(1948), Meyerhof (1951), Janbu (1976); (d) Berezantzev and Yaroshenko (1962),
Vesic¢ (1963)

Theoretical approaches that have been developed for determining the bearing capacity of
shallow foundations can be extended with modifications for estimating the end-bearing
capacity of pile foundations (Terzaghi 1943, Meyerhof 1951, Vesi¢ 1967). Figure 2.3
shows several typical possible failure patterns around the pile base assumed by different

researchers. The end-bearing capacity can be represented by the following general form:

Q, =AJ(CNC+qu+%yDNy) (2.11)
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where Ay is the pile base area, c is soil cohesion, q is vertical effective stress at the level of
pile base, yis the unit weight of soil beneath the pile, D is pile diameter, and Nc, Ng, Ny are
non-dimensional bearing capacity factors that are functions of soil friction angle. In pile
foundations, the contribution arising from the third term can be neglected since the
length/diameter (D/B) ratio of piles is much larger than that of shallow foundations (Bowles
1996). For cohesionless soil, the cohesion is negligible (i.e., ¢’ = 0). Therefore, Equation
2.11 will take the form gNg. Table 2.2 presents values of Nq proposed by different
researchers. There can be a relatively large difference in predicting Nqg using different

assumed failure surfaces.

Table 2.2 Bearing capacity factors for piles in cohesionless soils (modified after

Coyle and Castello 1981)

Approximate Nq values for various friction angles, ¢ (°)

References
25 30 35 40 45

Terzaghi (1943) 12.7 225 41.4 81.3 173.3
De Beer (1945) 59 155 380 1150 4000
Skempton et al.(1953) 46 66 110 220 570
Caquot and Kerisel (1956) 26 55 140 350 1050
Berezantzev and Yaroshenko 16 33 75 186 -
(1962)
Hansen (1961) 23 46 115 350 1650
Vesic¢ (1963) 15 28 58 130 315
Meyerhof (1976)

Driven piles 12 25 52 120 230

Drilled piles 5 12 26 60 115

2.3.1.2 In-situ test-based methods (direct or indirect)

In-situ tests such as the standard penetration tests (SPT) and the cone penetrometer tests
(CPT) have been widely used and played a prominent role in estimating the bearing
capacity of piles because they are rapid testing techniques (Shooshpasha et al. 2013). The
SPT technique provides representative soil samples along with the SPT N values. The test

procedure is simple, quick, and relatively inexpensive. The SPT-based method includes
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two main approaches: namely, direct and indirect methods. Direct methods apply N values
in determining pile shaft and end bearing capacity with some modification factors. For
indirect methods, empirical relationships have been developed between N value and soil
parameters such as the angle of internal friction (Suzuki et al. 1993, Hatanaka and Uchida
1996), undrained shear strength (Hara et al. 1974, Sivrikaya and Togrol 2006, Kalantary et
al. 2009) and shear wave velocity (Hara et al. 1974, Wei et al. 1996, Hasancebi and Ulusay
2007, Maheshwari et al. 2010, Chatterjee and Choudhury 2013). However, the quality of
test results is affected by many factors, including the actual energy delivered to the head of
the drill rod, dynamic properties of the drill rod, drilling equipment and sampler driving
characteristics (Schmertmann 1978, Kovacs and Salomone 1982). A correction factor is
usually needed since the actual energy delivered to the head of the drill rod varies from 50%
to 80% of the theoretical free energy (Seed and De Alba 1986).

The CPT is asimple, quick, and relatively economical technique that provides continuous
readings of various soil properties that include cone tip resistance (qc) and sleeve friction
(fs). As shown in Figure 2.4, there are also two main approaches for predicting the ultimate
bearing capacity of piles from CPT data: namely, direct methods and indirect methods
(Abu-Farsakh and Titi 2004, Mayne 2007). During the last several decades, direct CPT
methods have been developed for evaluating the bearing capacity of full-scale piles from
CPT parameters based on scale relationships between the cone penetrometer and a single
pile (e.g., Schmertmann 1978, Karlsrud et al. 2005, Schneider et al. 2008). These direct
CPT methods are determined empirically from diverse datasets of piles installed in specific
regions with different geologies (Abu-Farsakh and Titi 2004, Niazi and Mayne 2013). In
addition to these methods, the piezocone penetration test (CPTu) method was also
developed providing additional readings of pore water pressure at the cone shoulder (uy).
The corrected cone tip resistance (q:) is obtained after correction for pore pressure at the
shoulder and adjustment to effective stress (Almeida et al. 1996, Eslami and Fellenius 1997,
Van Dijk and Kolk 2011). Table 2.3 summarizes direct CPT, CPTu and SPT- based

methods that have been employed for predicting the bearing capacity of piles.
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Table 2.3 Direct CPT, CPTu and SPT methods for estimating the bearing capacity

of piles

Unit end-bearing capacity, go

Unit shaft carrying capacity, qr

CPT-based methods

Schmertmann
(1978) method

Jb=(ge1+ Qgc2) /2 <15 MPa (in sands)
and 10 MPa (in silty sands)

gc1: the minimum average qc of zones
ranging from 0.7D to 4D below the pile
tip (D is the pile diameter)

Qc2: the average minimum qc of zones
up to 8D above the pile tip

In clay:

ar = kefs < 120 kPa

ke =0.2-1.25 depends on the pile
types

In sand:
8D

Q=k|Y Y 1A

i f A+
d=0 8D d=8D

k depends on the L/D ratio (L is
the pile embedded length)

Dutch method
(de Ruiter and
Beringen 1979)

In clay:

qb = NcSu < 15 MPa, Su= qca/Nk

Nc: bearing capacity factor

Qeca: arithmetic average of gc in a
specified zone/soil layer

Nk: cone factor ranges between 15 and
20 depending on local experience

In sand:
similar to Schmertmann (1978)

In clay:

gf= aSu iside) < 120 kPa; Suside) =
Qceside)/ Nk; Nk =15-20;

a = 1 for normally consolidated
(NC) clay and 0.5 for
overconsolidated (OC) clay

In sand:

gr = min [ fs, qcsige)/300 for
compression, Qeide)/400 for
tension, 120 kPa]

LCPC method
(Bustamante and
Gianeselli 1982)

Ob = Kb Cleq (tip)

Qeq: equivalent average of gc values of
zones ranging from 1.5D above to
1.5D below pile tip

For non-displacement pile: k, = 0.375
for clay and silt, ko = 0.15 for sand and
gravel.

For displacement pile: ko, = 0.6 for clay
and silt; k, = 0.375 for sand and gravel

Qf = Qeq (side) I ks

ks= 30 —150 depends on the soil
type, pile type and installation
procedure

CPTu-based methods

Unicone method
(Eslami and
Fellenius 1997)

Ob = Ct0eg

Ct: the toe correction coefficient. Ct is
generally taken as 1; for D > 0.4 m, C;
=1/(3D)

Qeg: the geometric average qc values
over the zone of 4D below the tip to a
height of 4D to 8D above the toe after

i = Cs Qe

Cs: shaft correlation coefficient
depends on the soil type

qe: the corrected cone resistance
after correction for pore
pressure on the shoulder and
adjustment to effective stress
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correction for pore pressure on the
shoulder and adjustment to effective
stress

NGI-BRE Ob = Ct(net),avg /K2 dr = Ctcnery k1
method k2= Nt/ 9; ki=10.5 + 13.3 log[q(tnety/ o'
(Almeidaetal. | N =15 for soft and firm intact clay; | qgynen = qt— ovo”
1996; Powell et | Nkt =25 to 35 for fissured to hard clay | gynetavg = average ger value
al. 2001) over 1.5D below the pile tip
Furgo V-K gb = 0.70¢(net),avg ar = ks(z)'Qt(net),z
method (Van ks@z) = 0.16(h/uL) - 0.3[Qx)] °* <
Dijk and Kolk 0.08
2010) uL=1.0 m;
Qt2) = Qt(net),z/ owo” at z
z: depth below ground surface
h = distance between pile tip
and z
SPT method
Meyerhof go = 0.4N1Cn gr = NsNs
(1976) N1i: N value at the pile base ns = 2 for driven piles
Cn: correction factor
Shioi and Fukui | go = npNp gr= NsNs
(1982) np=0.15 (clay), 0.2 (silt), 0.3 (sand) ns = 10 for clay, ns=2 for sand
Bazaraa and Jb = NbNb gr = NsNs
Kurkur (1986) np=0.06 ~ 0.02 ns=2~4

The indirect CPT-based method requires a two-step procedure (e.g., Jamiolkowski et al.

2003, Mayne et al. 2010). The CPT parameters are first utilized to estimate the soil

properties such as the unit weight, friction angle and undrained shear strength. The g, and

fp can then be evaluated using the semi-empirical and theoretical methods based on these

input soil parameters. Table 2.4 presents a listing of relationships for evaluating the soil

parameters using CPT data, which includes unit weight (y), internal angle of friction

(¢), Relative density (Dr), overconsolidation ratio (OCR) and lateral stress coefficient (ko).
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Two key parameters:
(i) Cone tip resistance, g, —>| CPT-based methods
(ii) Sleeve friction, f

| |

Direct method Indirect method

I |

Step 1: Estimation of soil properties
(e.g. unit weight y, preconsolidation stress
o,’, overconsolidation ratio OCR, undrained
shear strength s, friction angle ¢ and
relative density, D,) using q. and f;

Utilizing the scale relationship between
cone penetrometer and pile

The unit end bearing The unit shaft carrying
capacity of the pile, g, can capacity, q;, can be Step 2: Evaluation of pile bearing capacity using
be predicted directly from estimated from either the f semi-empirical and theoretical methods ( e.g.
the g. or g, profile or q. profile total and effective stress approach)

Figure 2.4 The methodology used to estimate the pile shaft and end bearing capacity
from the CPT methods

2.3.1.3 Static pile load tests

Static pile load tests are considered the most accurate method for estimating the load-
displacement behavior of pile foundations. The ultimate bearing capacity can be obtained
through the plotted load-displacement curve from tests and the allowable bearing capacity
can then be calculated. The ultimate failure load for piles is defined as the load when the
pile plunges or rapid displacement occurs under sustained loads. Some criteria define the
failure load as and when the pile settlement exceeds 10 % of the pile diameter or 1.5 inches
(38 mm). However, these criteria do not consider the effect of elastic shortening of piles,
which is substantial for long piles. The settlement limits relate to the superstructure that is
to be supported by the piles, but not to the pile bearing capacity (Fellenius 2005). Various
standards have been developed for defining the failure load from the load-displacement
curve (Davisson 1972, Hansen 1963, Chin 1970, Mazurkiewicz 1972, Van Der Veen 1953,
De Beer 1968, Fuller and Hoy 1970, Butler and Hoy 1977, Decourt 1999).

Davisson (1972) suggested that the ultimate load is the load when the settlement exceeds
the elastic compression of the pile by 0.15 inches (i.e., 4 mm) plus a factor equal to D/120
(D = diameter of the pile), as shown in Figure 2.5. This method assumes that the pile
capacity is reached at a certain settlement and this settlement can be predicted by
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compensating for the stiffness of the pile. This method is commonly used worldwide since

it provides the least estimation of axial bearing capacity from the load-displacement curve

and no extrapolation is required.

Table 2.4 Relationships for evaluating soil properties from CPT data

Property Relationship E?) Reference
Internal 1 q (2.12) Robertson
angle of ¢' =arctan{ —— Iog[ - ]+ 0.29 and
friction ¢’(°) 2.68 Oy Campanella
(1983)
. d. (2.13) Kulhawy and
¢ =17.6 +11I09—W Mayne (1990)
Unit weight,  y =11.46+0.33log[z(m)]+3.1log[ f,(kPa)]+0.7log[q,(kPa)] (2.14) Mayne etal.
7 (KN/m?3) (2010)
Relative 05 (2.15) Kulhawy and
density, D D, =100 Mayne (1990)
o) LJlOOO' .300- OCR“]
(2.16) Jamiolkowski
D, =100{ 0.268In % -0.675 et al. (2001)
1000,
OCR —c (2.17) Kulhawy and
OCR =Cqcx [qt - . J ;Cocr=0.2t00.3 Mayne (1990)
{ 1 ] (2.18) Mayne (2005)
sing'-0.27
0. 192[ ]
_ Oatm
OCR = , Oatm = 100 kPa
(1-sing’ )
Lateral stress  k, =(1-sin ¢').OCR“”¢' (2.19) Kulhawy and

coefficient ko

Mayne (1990)

Hansen (1963) proposed an 80% criterion defining the pile capacity as the load that equals

to 4 times the settlement as obtained for 80% of that load. This method assumes the

relationship between load versus displacement as hyperbolic. The failure criterion agrees

well with the plunging failure of the pile. However, the method of interpolation is not
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suitable for tests that have unloading conditions or where the plunging failure is not reached
(Prakash and Sharma 1990). A simple relation was developed for estimating the ultimate

load by Fellenius (2001) according to Hansen’s 80%-criterion:

1
Q =—— (2.20a)
2/C.C,
C
A= 2.20b
=G (2.20b)

where Qu = capacity or ultimate load, A, = settlement at the ultimate load, C1 = slope of the

straight line and C, = y-intercept of the straight line.

Butler and Hoy (1977) assumed the ultimate load-carrying capacity to be the value at the
intersection of the initial tangents to the load versus settlement curve and the tangent to or

the extension to the final portion of the curve, as shown in Figure 2.5.

2.3.2 Axially loaded piles in unsaturated soils

In recent years, several studies focused on the load-displacement behavior of single piles
and pile groups in unsaturated soils considering the influence of matric suction. For
example, experimental studies were undertaken to understand the influence of matric
suction (Douthitt et al. 1998, Uchaipichat 2012, VVanapalli and Taylan 2012, Fattah et al.
2014, Akrouch et al. 2016, Vanapalli et al. 2018, Al Khazaali and Vanapalli 2019).
Theoretical approaches were proposed to interpret the bearing capacity and settlement
behavior of piles in unsaturated soils (\Vanapalli and Taylan 2012, VVanapalli et al. 2018).
In addition, numerical techniques are also widely used because they are quick and
economical (Georgiadis et al. 2003, Al-Khazaali et al. 2016, Han et al. 2016, Chung and
Yang 2017).
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Q, 4 : Q, (Butler and Hoy 1977)

L} . J—

; -

: P Tangent line

Q, (Davisson 1972)
_."Oﬁset
o )

Figure 2.5 The Davisson offset limit method and Butler and Hoy’s double tangent
method

2.3.2.1 Theoretical approaches

Vanapalli and Mohamed (2007) proposed an approach for predicting the bearing capacity
of surface shallow foundations with respect to matric suction, which is consistent with the
conventional approach used for saturated soils. In this approach, the effective cohesion, c'
term is replaced with total cohesion, c. for determining the variation of bearing capacity of
unsaturated soils taking account the influence of matric suction. The same equation can be
also used for predicting the variation of total cohesion, ca with respect to matric suction:
C, =¢'+(u, —u, ), (1-5"= )tan g’ +(u, —u,, ) . S" tan ¢’ (2.21)
where ygc = fitting parameter with respect to bearing capacity (wsc =1 for nonplastic soil).

A relationship between wsc and plasticity, I, was developed that can be used for fine-

grained soils:

Wee =1.0+0341 ~0.0031 * (222)
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Vanapalli et al. (2018) extended this approach to predict the end-bearing capacity Qpus) of

single piles in unsaturated soils. Three conventional methods originally proposed by

Terzaghi (1943), Hansen (1970) and Janbu (1976) for estimating the end-bearing capacity

of piles in saturated soils were used in extending this approach.

unsaturated soils by Vanapalli et al. (2018)

Table 2.5 Modified model for predicting the pile end-bearing capacity in

Methods ﬁ% Bearing capacity equations Remarks
Modified  (2.23) ¢'+(u, -u,), (1-8" )tang'+ / q': vertical effective
Terzaghi 7| (0, -u,),.. 5" tng Nes, +4N, + J37DN,s, stress at pile base
(1943) tOAR 207554 2)ang D: pile diameter
method where N, =(N, -1)cotg, Ny = : 2 v+ Nei No, Ny- bearing
2c0s®(45°+¢'/2)"  capacity factors
tang'( K, Sc, Sy shape factors (sc =
N, = 2 | cos?g -1 1.3 and s, = 0.6 for round
pile foundation)
Kpy: passive pressure
coefficient
Modified (2.24) ¢'+(u,-u,), (1-8" )tang' + N¢', Ng*, Ny bearing
Hansen b:[(u ) ;Vtan ; N, +7aNid, + J57ON; canacity factors
(1970) ) ,W e , n =1.0 for all except the
method where N, :(Nq —1)00t¢ , Vésic (1975) bearing
, . capacity factors
1 _ A7tang 2 o ’ — —
Ng =e™7 tan®(45°+¢'/2), N, (Nq 1)C0t¢’ dc, dq: depth factors
N; =15(N; —1)tan ¢’ L: pile embedded depth
L d, =1+0.4tan"(L/ D)
D d, =1+2tang'(1-sing')tan"* (L / D)
Modified  (2.25) ¢'+(u, -u,), (1-8" Jtang' + | | . . Nc*, Ng*, Ny*:bearing
Janbu O :[(u u,) ;u, ang NG +aNg+ 257DN; canacity factor which
(1976) LR ' determined by & for
method where N =(N, -1)cotg, different types of soils,

2 '
N; = (tan ¢ +4/1+tan’ ¢') gl20tne)

N; =15(N; -1)tang’

@ varies from 60° in soft
compressible to 105° in
dense soil sand.

Table 2.5 summarizes the equations of these three modified methods. ysc value equal to

unity for soils with no plasticity is used in this study as the soils investigated are
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predominantly coarse-grained soils. More details of this relationship are available in
Vanapalli et al. (2018).

Vanapalli and Taylan (2012) modified three conventional semi-empirical approaches (i.e.,
a method proposed by Skempton (1959), # method proposed by Burland (1973), A method
by Focht and Vijayvergiya (1972) for saturated soils to predict the variation of the shaft

carrying capacity of pile foundations in unsaturated fine-grained soils.

e Modified & method

Oh and Vanapalli (2009) proposed an equation for estimating the variation of the undrained

shear strength, cyunsaty for unsaturated fine-grained soils:
c 5 = Cue 1+M(Sv)/y (2.26)
u(unnsat) u(sat) (Pa /100)
where v and u are fitting parameters. v is 2 for fine grained soil and u« is related to the
plasticity index, Ip:

=9, 80<1 (%)<155

4 =2.1088e°) 155 < | (%) <60.0

where e is Euler’s number. The above relationship was derived from six sets of unconfined
compression test results (e.g., Chen 1984, Ridley 1993, Babu et al. 2005). This approach
has been used by several investigators in recent years (Vanapalli and Taylan 2012, Han et

al. 2016, Yanamandra and Oh 2021) and is valuable for use in geotechnical design practice.

The o method was originally proposed by Skempton (1959) to determine the shaft carrying
capacity of piles placed in saturated cohesive soils extending the total stress approach (TSA)
(i.e., ¢ =0 concept). Extending the same philosophy, the shaft carrying capacity of pile Qs

under undrained loading conditions in UFG soils can be estimated using Equation 2.27.
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Qf(us) = qf X A% = (XCuﬂ'DL

(Y~ )
=aC 1+ _T28Y) DL
o un(sat)( Pa /1013 /ujﬂ.

e Modified g method

(2.27)

The ultimate shaft capacity of a single pile in unsaturated soils Qsus) arises from the
contribution of matric suction Qua-uw) and conventional shaft resistance Qr under saturated

conditions. Qrws) can be written as:

Qs = Q1 +Qu ) = [c; +B(o,)+(u, —u, )(S" )(tan 5')] DL (2.283)

Qe = Q1 +Qy ) =| &+ B(07) +(u, —uw)(S _S’)(tan §')|#DL (2.28b)

(1_ Sr)

where Sy is the residual degree of saturation. The fitting parameter x can be obtained from
the relationships proposed by Vanapalli et al. (2000). For bored piles, the pile-soil interface
angle & is commonly assumed to be equal to the angle of shearing resistance of the
surrounding soil, ¢', for practical purposes.

e Modified A method

The 4 method originally proposed by Vijayvergiya and Focht (1972) was modified to

estimate the shaft carrying capacity of single pile Qsus) With respect to matric suction:

, (U, —Uy) oo
Qf(uS) =4 [o-v(avg) + 2Cun(sat) £1+m S /ﬂ]}”DL (2.29)

All the modified approaches (i.e., « method,  method, and A method) provide a smooth
transition of pile shaft carrying capacity from unsaturated to saturated soil conditions. In
other words, these equations (i.e., Equations 2.27, 2.28 and 2.29) take the form of

conventional equations used for saturated soils, when matric suction equals value of zero.
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2.3.2.2 Experimental studies

Vanapalli and Taylan (2012) have conducted a series of single model pile tests to study the
contribution of matric suction on the pile carrying shaft capacity in unsaturated fine-
grained soils under undrained and drained loading conditions. The schematic of the model
pile test is shown in Figure 2.6. The soil was placed in a 300 mm depth and 300 mm
diameter cylinder tank. It was compacted statically under 350 kPa stress using a specially
designed compaction plate. The soil samples were compacted at four different initial water
contents: (i) w = 13% (i.e., as-compacted condition, referred as ASCOMP-13%), (ii) w =
16% (ASCOMP-16%), (iii) w = 18% (ASCOMP-18%), and (iv) w = 13% in fully saturated
condition (SAT-13%). Axis-translation technique with a modified null pressure plate
(Power et al. 2008) was used to measure the matric suction of soil samples. Model piles
with 20 mm diameter were installed to a depth of 200 mm after the borehole drilling was
done. A 20 mm depth gap under the base of the pile was set up to eliminate the end-bearing
capacity while loading the model pile. Model piles were subjected to a strain rate of 0.0120
mm/min loading to simulate drained loading conditions. This loading rate is consistent with
the tests performed by Gan et al. (1988) and Vanapalli et al. (1996) on the same soil under
drained conditions. A relatively faster loading rate of 1.4 mm/min was controlled to
simulate undrained loading conditions. Table 2.6 shows the comparison between the
measured and estimated undrained shear strength of Indian Head Till. The determination
of « values obtained from the correlation charts (Sowers 1979) and back-calculated from
experimental results are also summarized in Table 2.6. The coefficient, = 0.3 was used
for both the saturated and unsaturated soils based on the value of the soil-pile interface
friction angle. A value of 4= 0.32 was used in the study. The results highlighted a
significant increase in shaft carrying capacity due to the influence of matric suction. The
results calculated by the modified «, and A methods also provide a good agreement with

those measured results in model pile tests.
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Figure 2.6 Test setup for single model pile loading test (Modified after Han et al.
2016)

Table 2.6 Comparison between the measured and estimated undrained shear

strength
[ Back-
Mat.rlc Measured Estimated & from ac
Sample suction S (%) ¢ (kPa) cu (kPa) (Sowers  calculated
(kPa) ’ - 1979) a
SAT-13% 0 100 115 11.5 0.9 0.71
ASCOMP-
18% 55 83 58 60 0.82 0.7
ASCOMP-
16% 110 65 68 71 0.67 0.57
ASCOMP-
13% 205 44 80 62 0.75 0.79

Chung and Yang (2017) conducted a small-scale model pile test in unsaturated clayey soil.
The soil specimens were compacted to two water content of 15 and 21% with a dry density
of 16.64 kN/m®. The model pile with a diameter of 16 mm was embedded 300 mm into
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unsaturated soils. The pile head was subjected to stepwise increasing axial loads. The load-
displacement curve from the experiments showed that when the water content increases,

the ultimate bearing capacity of the single pile decreases significantly.

Vanapalli et al. (2018) carried out experimental studies to investigate the load versus
displacement behavior of single piles in unsaturated coarse-grained soil (i.e., Unimin Sand).
The details of the test program are presented in Figure 2.7(a). The soil container was 300
mm in diameter, 700 mm in height and 8 mm in thickness. The model pile used in the tests
were stainless steel piles with three different diameters (i.e., 38.30, 31.75, and 19.25 mm)
with a length of 350 mm. Two different matric suction distribution profiles were achieved
by setting one water level at 450 mm deep and the other at 650 mm deep from the soil
surface in the compacted sand (Figure 2.7(b)). The water level was raised from the bottom
of the sand to slightly above the soil surface to achieve saturated soil conditions. For
convenience, the average matric suction values of 2 kPa, and 4 kPa were used to represent
the water levels at 450 mm and 650 mm deep from the soil surface, respectively. A vertical
load was applied to the top of the model pile at a rate of 0.7 mm/min to ensure a drained
loading condition.

Figure 2.8 shows a good agreement with less than 10% deviation between the measured
end-bearing capacity values and those calculated by the modified Terzaghi (1943), Hansen
(1970), and Janbu (1976) methods. Relatively high R square values for all cases were
obtained. Among the three methods, the modified Terzaghi (1943) method provides results

that are closer to the measured values compared to the other two modified methods.

Fattah et al. (2020) have conducted a series of model pile tests in saturated and unsaturated
expansive soils. The expansive soil used in the experiment consists of 70% bentonite and
30 % sand. Three soil samples were compacted to three initial degrees of saturation at 70,
87 and 91%. A compression machine with a strain-controlled system was used to apply
axial loads to the model piles. The results indicated that the sharing ratio (i.e., the ratio of
ultimate shaft carrying capacity obtained from pullout test to the total bearing capacity

obtained from compression tests) reduces as the degree of saturation decreases.
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Figure 2.7 Details of test program: (a) Details of the test setup for determining the
load carrying for the model pile (b) Cross-sectional schematic of the testing program
with the water level at 450 mm and 650 mm from the soil surface (Modified after
Vanapalli et al. 2018)

Few experimental studies were conducted to investigate the behavior of pile groups in
unsaturated soils. Al Khazaali and Vanapalli (2019) performed model pile tests to study
the behavior of single model piles and 2 x 2 pile groups in saturated and unsaturated sands.
Model piles of 38.1 mm diameter and 300 mm embedded length with smooth and rough
shafts with three different pile center-to-center spacing (i.e., 3D, 4D, and 5D) for the pile
group, were used in the tests, to investigate the influence of matric suction, the roughness

of soil-shaft interface, dilation, and group effects.
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Figure 2.8 Comparison between measured end-bearing capacity values and those
estimated using the three modified end-bearing capacity equations (modified after
Vanapalli et al. 2018)

The test setup and preparation for pile groups performed in modified UOBCE are shown
in Figure 2.9. First, a square pit was dug in the middle of the soil container in Figure 2.9(c).
The model pile or pile group was then placed in the prepared pit. The sand surrounding the
pile was manually compacted to optimum moisture content while model piles or pile group
was supported by a wooden frame in Figure 14b. The water supply/drainage valve
connected to the soil container was used to control the saturation and desaturation
procedures in the sand. The load of 0.5 mm/s rates was applied at the top of the model pile
or pile groups to simulate a drained loading condition. The results of the tests showed that
the bearing capacity of both single piles and pile groups increased significantly due to the
contribution of matric suction to the shear strength and stiffness of unsaturated soils. The
ultimate bearing capacity increases linearly in the BEZ until suction reached AEV, then
increases nonlinearly in the TEZ and reduces in the RZS. Al-Omari et al. (2019) have
carried out model tests of pile groups in unsaturated soils. Model piles 200 mm in length
with 6 configurations (i.e., single, 2 x 1,3 x 1,2 x 2, 3 x 2 and 3 x 3) were constructed in

saturated soils and unsaturated clay. Three soil samples with different dry densities and
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degrees of saturation were prepared. The results showed that the ultimate load capacity of
the pile group increases as the dry unit weight increases. Significant increases in ultimate
load-carrying capacity were observed when the soil moves from saturated to unsaturated

soil conditions.
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Data cables
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. Water supply/drainage valve
10. Data cable sleeve
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Figure 2.9 Test setup for model pile group test (Modified after Al-Khazaali and
Vanapalli 2019)

2.3.2.3 Numerical simulations

In the early stage of FEA applications to piles in unsaturated soils, Georgiadis et al. (2003)
developed a total stress constitutive model to investigate the influence of the degree of
saturation on pile behavior. Their model incorporates an equation for the yield and plastic
potential surfaces and well reproduces the collapse and wetting characteristics of
unsaturated soils. FEA was performed using the proposed model to simulate the behavior
of single piles in unsaturated soils. The studies showed that the ultimate bearing capacity
of single piles increases with an increase in the GWT depth. The FEA using unsaturated
soil mechanics provides more consistent results with the field data compared to

conventional analysis using saturated soil mechanics.
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Noor et al. (2013) investigated the influence of inundation of collapse soils on the negative
skin friction of pile shafts. Numerical models were performed in PLAXIS to simulate a
single pile passing through the collapsible soil layer. The soil suction was estimated using
unsaturated soil mechanics and the SWCC. The change in some soil properties such as the
modulus of elasticity and void ratio, and irrecoverable volume change during inundation
were considered in the FEA. The predictions from numerical models were used to develop
an analytical model, which provides the guidelines for the design of single piles in
collapsed soils under inundation effects.

Al-Khazaali et al. (2016) and Han et al. (2016) used PLAXIS to simulate the P — &
behaviour of single piles in unsaturated sands and clayey soils, respectively. The influence
of matric suction on the shear strength, elastic modulus and shear strength of the pile-soil
interface was considered in the FEA. They both concluded that the bearing capacity and

slope of the P — & curve of the model pile increases largely with increasing matric suction.

Chung and Yang (2017) performed FEM analysis of single piles in unsaturated clayey soils
under vertical loads using PLAXIS. Prior to performing the numerical simulation, several
tests were conducted to determine the parameters used in the FEA. For example, matric
suction was measured using the contact filter method. An interface direct shear test was
conducted to determine the interface strength reduction factor (Rinterface) and interface
friction angle (). The numerical results showed good agreement with the measured data

from pile load tests.

2.4 The behavior of laterally loaded piles

2.4.1 Laterally loaded piles in saturated soils

Significant research has been published in the literature for analyzing the behavior of
laterally loaded piles, which can be generally classified into four categories: (i) Subgrade
reaction method; (ii) Ultimate state method; (iii) Continuum method and (iv) Numerical

method. The details of these four methods will be introduced in the following sections.
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2.4.1.1 Subgrade reaction (Winkler) method

The behavior of a laterally loaded pile is commonly analyzed by extending the subgrade
reaction method, which is also referred to as the Winkler spring method. Winkler’s (1867)
method is considered the oldest and most well-known method for interpreting the behavior
of laterally loaded piles. The pile is simplified as a beam while the surrounding soil is
represented by a series of nonlinear springs placed along the length of the pile in Figure
2.10.

IR B /4/\/\/\/\/\/—% p

Figure 2.10 p-y models for the analysis of laterally loaded pile (modified after Reese
1997)

The nonlinear behavior of soil can be represented by load-displacement characteristics,
which is also known as the p-y curve, where p is the lateral soil resistance pile (FL™) and y
is the lateral deflection (L). Figure 2.11(a) presents a typical p-y curve. The soil resistance
increases nonlinearly at a decreasing rate until it reaches the ultimate lateral soil resistance
(pu). The initial stiffness ki is an important parameter that influences the load versus lateral
deflection behavior of the pile in the elastic zone. The lateral soil resistance (p) per unit

length prior to reaching py can be expressed as:
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p=k.y (2.30)
where kn is defined as the modulus of horizontal subgrade reaction. Figure 2.11 (b) shows
the decay of kn (FL2) due to the lateral deflection. ks stays constant within a small deflection,
then it starts to decrease nonlinearly with an increase in the lateral deflection of the pile.
For cohesive soils, the modulus of horizontal subgrade reaction (knc) does not change with
an increase in depth (Terzaghi, 1955); however, the modulus of horizontal subgrade

reaction for cohesionless soils (kng) increases linearly with the depth z, that is:

khq =N,z (231)

where np is constant horizontal subgrade reaction (FL).

p | ki
(FL) J p (FL2)
/ i
ﬂ[ 1
Py

y(L) y(L)
(a) (b)

Figure 2.11 (a) A typical p-y curve; (b) Degradation of horizontal subgrade reaction
modulus (modified after Reese and Van Impe, 2000)

The p-y curves have been developed by many researchers based on either field tests or
analytical derivations for different types of soils: clay (e.g., Matlock 1970, Reese et.al 1975,
Murff and Hamilton 1993), sand (e.g., Reese et al. 1974, Rollins et al. 2005, Suleiman et
al. 2014), rock (e.g., Reese 1997, Gabr et al. 2002). Several classic p-y curve models for

soft clay, stiff clay and sand, respectively are succinctly reviewed in the following.
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Matlock (1970) has proposed p-y relations of laterally loaded piles through pile tests in soft
clay under static and cyclic loading. The relationship between soil resistance p and

deflection y for the static loading is expressed as

1
P 0,5[LJ3 (2.32)
pu y50

where py is the ultimate soil resistance per unit length of the pile. ysq is the deflection at

one-half ultimate soil resistance given by
Y = 2.5&,,d (2.33)

where &s0 is the strain at one-half the maximum difference in principal stresses (o1- o3). As
shown in Figure 2.12, p remains constant beyond the deflection 8yso. pu is determined as
the smaller value of the following two equations:

y'z z
=|3 J—|c.d
P, [ + . + dJ : (2.34)

u

p, =9¢c,d (2.35)

where ¢y is the undrained shear strength at depth z, y”is the submerged unit weight, d is the
diameter of the foundation, and J is the coefficient with values ranging from 0.25 to 2.5
that are required to be determined from the experiment. A value of J = 0.5 is satisfactory

for common use (Matlock 1970).
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Figure 2.12 p-y curve for soft clay under static loading (Modified after Matlock
1970)

Reese et al. (1975) have proposed procedures for developing p-y curves for stiff clay below
the water based on the results from a full-scale field lateral load test. The shape of the p-y
curve under static loading conditions for stiff clay is shown in Figure 2.13. Gazioglu and
O’Neill (1984) indicated that there are uncertainties in the p-y model by Reese et al. (1975)
for submerged stiff clay. The influence of softening of the near-surface soil layer could be
significant since it was derived from the tests performed in expansive soils that may have
imbibed water. Stevens and Audibert (1979) compared the p-y models proposed by
Matlock (1970) and Reese et al. (1975) through the results from lateral load tests and
suggested some modifications for the determination of parameters N, and yso. Gabr et al.
(1994) have developed a procedure for the development of a hyperbolic p-y curve based
on the modulus of subgrade reaction from dilatometer tests (DMT) taking account of the
influence of pile-installation on the soil adjacent to the pile. Khalili-Tehrani et al. (2014)
have carried out three full-scale lateral load tests to provide the load-deflection behavior of
reinforced concrete drilled piles. A robust procedure, CES, was introduced for obtaining
stable p-y curves from the measured data. The accuracy of the CES procedure was assessed

by comparing the experimental p-y curves with APl p-y curves.
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Figure 2.13 Characteristic shape of p-y curves in stiff clay below the water table

(Reese and Van Impe 2000)

Reese et al. (1974) proposed a semi-empirical p-y curve for sandy soils based on the data
from two field tests on 24-inch (i.e., 600mm) diameter steel piles at Mustang Island. Long
and Vanneste (1994) investigated the effects of cyclic lateral loads on the pile in sand. The
results of 34 cyclic lateral load tests were analyzed and the lateral response of a pile was
modelled by degrading the soil resistance as a function of cyclic loading characteristics,
soil properties and pile installation method. Zhang et al. (1999) conducted centrifuge tests
for single battered piles embedded in dry sands. Modified nonlinear p-y curves were
developed for battered piles at five different angles in both medium-dense and loose sands.
Sarensen et al. (2010) have extended the p-y curve method for the design of laterally loaded
offshore monopiles. The effect of large pile diameter on the initial stiffness of the p-y curve
was investigated by numerical simulations. API (2011) and DNV (2014) recommended the

p-y curve for laterally loaded piles in the sand by the following equation:

p = Ap, tanh [Ak—z yJ (2.36)

u
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where K is the initial modulus of subgrade reaction and z is the depth. A is a nondimensional

factor depending on cyclic or static loading conditions given by:

A=09 (for cyclic loading)
A:(a.o—o.séj >09  (for static loading)

Kallehave et al. (2012) have found that the current API p-y formulation underestimates the
soil stiffness of sand for large-diameter monopiles. They introduced an approximate
method by modifying the initial slope of the p-y curves, and the modified p-y curves were

benchmarked against full-scale measurements from three wind turbines.

The p-y curve method is widely used for simulating the nonlinear behavior of the soil
around the pile. Due to its simplicity and practicality, the p-y method was included in
design code API (2011) as well as computational programs such as COM624P (Reese 1984)
and LPILE (Reese et al. 1989). However, the subgrade reaction method also has its
limitations. The modulus of horizontal subgrade reaction, k, is not only influenced by the
soil properties, but also by the pile stiffness and loading conditions. Due this reason,
determination of a rigorous value for k is complex. In addition, the continuous feature of
the soil medium is not considered in the subgrade reaction method. For this reason, this
method is not suitable for analyzing pile groups since the interaction effects between

neighbouring piles can not be quantified (Randolph 1981).

2.4.1.2 Ultimate limit state method

The ultimate limit state method is used to estimate the maximum lateral load that piles can
carry. The analysis of laterally loaded piles placed in cohesive soil is typically based on a
total stress approach considering undrained loading conditions. The ultimate lateral soil

resistance py in cohesive soils is generally written in the following form:

p, =N,c,d (2.37)
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where cy is the undrained shear strength of the soil, d is the pile diameter, and N, is the
lateral bearing capacity factor. N, increases from the ground surface up to a critical depth
and then remains constant. Many studies have been focused on the determination of Np

value, as summarized in Table 2.7.

Table 2.7 Variation of the Np value from literature (modified after Su et al. 2018)

Authors Npoatz=0 Npmax

Hansen (1961) 2.57 8.14

Broms (1964a) 0 9

Matlock (1970) 3 9

Reese et al. (1975) 2 11

Sullivan (1977) 2 9

Stevens and Audibert (1979) 4.83 12

Randolph and Houlsby (1984) 2 9.14 (smooth)
3.57 11.94 (rough)

APl RP 2A (1987) 0 9

Some theoretical methods have been proposed for predicting the ultimate soil resistance,

pu, for laterally loaded piles in cohesionless soils. For example, Hansen (1961) developed

an equation for laterally loaded short piles in a c-¢ soil based on earth pressure theory. The

proposed theory was then validated using lateral load tests of 26 wooden model piles,

which presents accurate predictions of the ultimate lateral load of rigid piles. Broms (1964b)
has derived models for predicting the distribution of ultimate soil resistance and bending

moment of piles in cohesionless soils. Unlike Hansen’s equation, which is only suitable for
short rigid piles, Brom’s equations account for both short and long piles under lateral loads.

Several published equations for estimating the ultimate soil resistance in cohesionless soils
are listed in Table 2.8.

Figure 2.14(a), (b) and (c) shows the lateral soil resistance distribution along the pile length

in cohesionless soils assumed by some researchers using theoretical methods (Hansen 1961,
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Broms 1964b, Petrasovits and Awad 1972). However, several investigators have measured
the actual profile of soil pressure along the pile length using pressure transducers
(Radhakrishna and Adams 1973, Chari and Meyerhof 1983, Joo 1985, Prasad and Chari
1999, Nasr 2014, Lin et al. 2015) and found that the measured soil pressure distribution is
different from those presented in Figure 2.14(a), (b) and (c). Prasad and Chari (1999)
suggested that the soil pressure increases with the depth up to 0.6 zc (where zc is the depth
of rotation point) based on experimental results, the pressure then decreases to zero and
increases in the opposite direction, as shown in Figure 2.14(d). A modified method was
proposed to predict the ultimate lateral load capacity of rigid piles based on the soil pressure
distribution. Fan and Long (2005) have assessed existing analytical methods for predicting
the ultimate soil resistance of laterally loaded piles in sand using a FE program (PILE3D).
The results showed that the dilatancy of sands has a significant influence on the ultimate
soil resistance, while it is generally ignored in the theoretical methods. In addition,
Hansen’s (1961) method provides more reasonable predictions of py than the API (1987)
and Broms (1964b) method.

—l— Po6zc

Val Ry s
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Figure 2.14 Profile of lateral soil pressure along pile length in cohesionless soils (a)

Hansen (1961); (b) Broms (1964b); (c) Petrasovits & Awad (1972); (d) Meyerhof et
al. (1981) and (e) Prasad & Chari (1999) (modified after Zhang and Grismala 2005)
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Table 2.8 Published methods for predicting the p, on laterally loaded piles in

cohesionless soil

Methods  Equations Description

Hansen p, = Kq;/zd where Kq is Hansen earth

(1961) pressure coefficient which is a

function of ¢~

Broms P, :3Kp7/2d where Kj is the coefficient of

(1964b) passive earth pressure

Petrasovits p, = (3.7 K,-K, ) yzd wh_ere Ka is the coefficient of

and Awad active earth pressure

(1972)

Reese et Keztangsing = tanj (d +ztan ftana) where As is a function of z/d;

al. (1974)  py=yz|tan(B-g)cosa tan(S-¢) ¢ o B

+K,ztan B(tan gsin g —tana) - K d a= E’IB =45 +E’ Ko is the at

Py = Kadyz(tanB ﬁ_1)+ K, dyztan gtan* B rest earth pressure coefficient
P, = A& 'min( Pyt psd)

APl RP2A —(Cz+C.d)vz: p.=C.dvz where puys is resistance at shallow

(1987) Ps ( 2+C,0)77 Py =Cydy depths, puais resistance at deeper
P, = Min(Pys, Pyy) depth; C1, Ca, Cs are coefficients

that are functions of ¢’

Fleming et =K %/'zd
al. (1992) =7

2.4.1.3 Continuum method

While the soil is assumed as a series of springs in the subgrade reaction method, the soil is
replaced by an elastic continuum in the continuous approach. Poulos (1971a, b) was one
of the pioneering investigators who has proposed appropriate solutions for laterally loaded
piles using the boundary element method (BEM). The pile was represented by a thin strip
in an ideal linear elastic medium and was divided into n segments along the length. The

horizontal displacement at each segment can be solved using Mindlin’s (1936) equation.

Further developments for modelling the pile and soil continuum (Banerjee and Davies 1978,
Kuhlemeyer 1979, Randolph 1981, Davies and Budhu 1986, Verruijt and Kooijman1989,
Ng and Zhang 2001, Klar and Frydman 2002) were based on the finite element method
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(FEM), finite difference method (FDM) and BEM. Banerjee and Davies (1978) performed
an elastic analysis of the behavior of single piles under axial and lateral loads in two-
layered soils. They provided solutions for point load acting at the interface of a two-layered
elastic half-space system using BEM. The results using their method provide reasonable
predictions compared with the experimental data. Randolph (1981) has proposed algebraic
expressions for predicting the behavior of laterally loaded flexible piles using the FEM.
The soil stiffness is assumed to increase linearly with depth. The effect of variations of
Poisson’s ratio, v, on the lateral deformation of a pile can be represented by introducing a

parameter G* given by

G*=G(1+3v/4) (2.38)

where G is the shear modulus. The parameter G* was used to avoid the necessity of
including separate solutions for different Poisson’s ratio values (Randolph 1981). The
characteristic modulus, G, is introduced as the average of G* over the critical length of
the pile. This enables the horizontal displacement of the pile at the ground surface to be
solved from a single pair of expressions. In addition, expressions are proposed to quantify

the effect of interaction between adjacent piles in pile groups.

Considering the soil surrounding the pile as a continuum, Sun (1994) has proposed the
modified VIasov model, which was originally proposed by Vlasov and Leontiev (1966),
for the analysis of laterally loaded piles using variational calculus. A step-by-step
computing procedure was presented for predicting the lateral response of single piles
embedded in a homogeneous elastic medium. Guo and Lee (2001) suggested that Sun
(1994)’s two-parameter model may not provide reliable results for Poisson’s ratio over 0.3.
They used simple expressions and proposed a new load transfer model that overcomes the
disadvantages of the two-parameter model. Moreover, Basu and Salgado (2007, 2008)
extended Sun (1994)’s model and developed analytical solutions for single piles with
circular and rectangular cross sections in a multilayer elastic continuum. Their approach
considers the 3D interaction of the pile-soil system and the solutions that can be quickly

obtained using computer programs.
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2.4.1.4 Numerical method

Many studies have been published in the literature that use numerical methods for
analyzing the behavior of laterally loaded piles (Brown and Shie 1991, Fan and Long 2005,
Yang and Liang 2006, Chik et al. 2009, Ahmadi and Ahmari 2009, Kim and Jeong 2011,
Khodair and Abdel-Mohti 2014, Tzivakos and Kavvadas 2014, Kampitsis et al. 2015, Yu
etal. 2015, Russo 2016, Murphy et al. 2018, Zdravkovi¢ et al. 2020). One of the advantages
of numerical models is their flexibility in implementing constitutive models and boundary
conditions. The numerical modelling approach can provide rigorous predictions
considering the nonlinear behavior of the soil and the pile-soil interface. Both stresses and
deformation can be obtained easily through numerical models. However, substantial
computational power is needed. Also, the accuracy of the results depends on the adopted
constitutive soil models and the calibration of these models (Brgdbak et al. 2009).

Brown and Shie (1991) performed a series of 3D FE models of laterally loaded piles. The
pile was modelled using linear elastic solid elements, while the soil was modelled as a
simple elastic-plastic material obeying the Von Mises criterion. Parametric studies were
conducted numerically to investigate the influence of pile head fixity, pile-soil interface
friction and sloping ground on the p-y curves derived from the model. Ahmadi and Ahmari
(2009) established 3D FE models to study the behavior of laterally loaded piles in clay.
The measurements from two case studies, one performed in Lake Austin and reported by
Matlock (1970) and the other in stiff clay and reported by Reese and Welch (1975), were
compared with the numerical predictions. Moreover, the results from a sensitivity analysis
showed that the optimum dimension of the soil domain is 40 times the pile diameter. Kim
and Jeong (2011) presented a nonlinear 3D FE modelling technique to obtain the lateral
load-transfer curve using PLAXIS 3D Foundation. The simulation technique was validated
by the measurements from full-scale field lateral load tests performed in marine clay in
Korea. Khodair and Abdel-Mohti (2014) have investigated the response of single piles
under axial and lateral loads using a FD software LPILE and two FE software ABAQUS
and SAP2000. The results showed that the bending moment obtained from ABAQUS is
slightly higher than that from LPILE. This is because ABAQUS considers soil continuum,
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while LPILE is based on the discrete features of the soil. In both LPILE and SAP2000, the
soil is represented as a series of nonlinear springs. It was found that the bending moment
and lateral displacement in SPA2000 using more springs shows better agreement with that
in LPILE. Murphy et al. (2018) proposed a 3D FEM approach for modelling the behavior
of laterally loaded monopiles. The hardening soil (HS) model was adopted to simulate the
behavior of the soil stiffness. Cone Penetration Test (CPT) data was used to calibrate the
HS parameters in the numerical model. Their approach provides useful information for
optimizing the design of monotonic piles.

2.4.2 Laterally loaded piles in unsaturated soils

There is limited research that has been devoted to studying the response of laterally loaded
piles in unsaturated soils from experimental and numerical studies (Helmers 1997, Mokwa
et al. 2000, Choi et al. 2013, Stacul et al. 2017, Mahmood et al. 2018, Lalicata et al. 2019).

A series of field tests on laterally loaded piles were performed by Helmers (1997) at five
sites in Virginia, where the foundations soils are unsaturated silts and clays. They
recommended multiplying the theoretical values for soil resistance by a modification factor,
M, with a value of 0.85 to improve the reliability of Hansen's (1961) theory. Mokwa et al.
(2000) proposed an approach for estimating the load versus settlement curves for
unsaturated soils based on the results from Helmers’ (1997) field tests. An average value
of the stress-strain coefficient A times &so of 0.014 was suggested for the p-y formulation
by Evans and Duncan (1982), which was back-calculated using the load-deflection curves

from field measurements.

Choi et al. (2013) have conducted four field tests on single piles subjected to lateral loading
in weathered granite soil. The existing analysis methods including theoretical methods (i.e.,
Hansen’s (1961), Broms’ (1964b), Poulos’ (1971a) methods) and numerical methods using
software LPILE, FAD and ABAQUS were applied to the results to compare with the field
measurements. It was found that the results using ABAQUS give the most accurate

predictions among all the methods. Analyses using LPILE and FAD underpredict the
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lateral load capacity of the pile in weathered granite soil. Also, Broms’ (1964b) and Poulos’

(1971a) methods tend to provide conservative lateral load capacity.

Stacul et al. (2017) developed a hybrid BEM p-y curve approach for single piles
considering the nonlinear behavior of soil. The Modified-Kovacs model was used to
simulate the effect of matric suction by increasing the stress state and the stiffness of
shallow soil layers. Lalicata et al. (2019) conducted a series of centrifuge tests of laterally
loaded piles embedded in saturated and unsaturated silty soils. Two different GWTSs, one
at the ground surface, and the other one at 7 m deep were set up to investigate the influence
of the degree of saturation on the lateral response of piles. They reported a significant
increase in soil stiffness and ultimate lateral resistance in unsaturated soils. The effect of
the degree of saturation is stronger on looser soil due to an increase in capillary forces in
the soil structure.

2.5 Summary

There is a strong relationship between the shear strength and bearing capacity of saturated
soils. Several pioneers who contributed to geotechnical engineering have exploited this
relationship and developed approaches for determining the bearing capacity of pile
foundations. Unsaturated soils, due to the presence of air-water interphase, have more
complex hydraulic and mechanical properties than saturated soils. Due to this reason, many
researchers have focused on developing simple approaches extending the conventional
saturated soil mechanics principles considering the contribution of matric suction. In this
chapter, a comprehensive review of the literature about the shear strength of unsaturated
soils (SSUS) and the variation of SSUS using SWCC and saturated shear strength

parameters is first presented.

The theoretical background for interpreting the bearing capacity of a single pile under
vertical loads in saturated soils is then reviewed. Some empirical methods and theoretical
formulations for estimating the shaft carrying capacity and end-bearing capacity of single
piles are presented. In recent years, more and more studies have been focused on the load-

displacement behavior of single piles and pile groups in unsaturated soils. The studies on
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axially loaded piles in unsaturated soils that focus on the influence of matric suction are
summarized based on experimental studies, theoretical approaches, and numerical
simulations. More studies on different unsaturated soils that include large-scale field tests
are necessary to better understand the strengths and limitations of the proposed modified

approaches for use in the design of foundations in unsaturated soils.

The behavior of laterally loaded piles in saturated soils has been well-studied by several
researchers. Four categories of methods (i.e., subgrade reaction method, ultimate limit state
method, continuum method and numerical method) for analyzing the behavior of laterally
loaded piles in saturated soils are reviewed and discussed. These methods primarily focus
on the behavior of laterally loaded piles in saturated cohesive (cy # 0, ¢ = 0) and
cohesionless soils (c”’= 0, ¢’# 0). Then, both experimental and numerical studies on the
response of laterally loaded piles in unsaturated soils are summarized. Currently, the
understanding of laterally loaded piles in unsaturated soils is still limited for geotechnical
engineers to reliably use them in geotechnical engineering practice. Due to this reason,
there is a need for developing simple models for the rational design of the laterally loaded
piles in unsaturated soils considering the influence of matric suction. Such models are
likely to be well received for use in conventional engineering practice applications. For

this reason, the focus of the research in this thesis has been undertaken in this direction.
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CHAPTER 3

PREDICTION OF THE NONLINEAR BEHAVIOR OF
LATERALLY LOADED PILES IN UNSATURATED SOILS

3.1 Introduction 2

Pile foundations are widely used substructures to carry axial and lateral loads from the
superstructure safely to the soil adjacent to the pile and or/ below significantly limiting the
settlements. The design of pile foundations for supporting high-rise buildings, long-span
bridges, transmission lines, and offshore structures is governed in many scenarios by lateral
loads (e.g., Matlock and Reese, 1962; Broms, 1965). The natural groundwater table (GWT)
is often at a greater depth below the natural ground surface due to the influence of
environmental factors such as the rainfall infiltration, evaporation, and plant transpiration,
particularly in semi-arid and arid regions. However, the current practice for design of pile
foundations is typically based on principles of saturated soil mechanics. Both the ultimate
bearing capacity of pile foundations and their settlement behavior may not be reliably
estimated extending saturated soil mechanics for soils that are in a state of unsaturated
condition because of ignoring the contribution arising from matric suction. Some
researchers have investigated the behavior of piles placed in unsaturated soils under
vertical loading based on model tests and numerical simulations (e.g., Mohamedzein et al.,
1999; Georgiadis et al., 2003; Vanapalli and Taylan, 2012; Liu and Vanapalli, 2019).

Significant research has been published in the literature for analyzing the behavior of
laterally loaded piles, which can be classified into three categories; (i) subgrade reaction
method (Matlock, 1970; Reese et al., 1974; Reese, 1997; Rollins et al., 2005; Suleiman et
al., 2014), (ii) continuum method (Douglas and Davis, 1964; Poulos, 1971; Randolph, 1981;

Guo and Lee, 2001; Colasanti and Horvath, 2010), and (iii) numerical methods such as the

2 The contents presented in this chapter are published as a journal article: Cheng, X., & Vanapalli, S. K.
(2021). Prediction of the nonlinear behavior of laterally loaded piles in unsaturated soils. Computers and
Geotechnics, 140, 104480.

54



finite element methods (FEM) and boundary element methods (BEM) (Brown and Shie,
1991; Yang and Liang, 2006; Kampitsis et al., 2015; Russo, 2016). However, these
methods primarily focus on the behavior of laterally loaded piles in saturated cohesive (cy
# 0, ¢u=0) and cohesionless soils (c’= 0, ¢’# 0). Limited research has been undertaken to
investigate the lateral response of piles in unsaturated soils. For example, Mokwa et al.
(2000) proposed an approach for estimating the load versus settlement curves for
unsaturated soils based on the results of five full-scale load tests. They recommended
multiplying the theoretical values for soil resistance by a modification factor, M, with a
value of 0.85 to improve the reliability of Hansen's (1961) theory. Stacul et al. (2017)
developed a hybrid BEM p-y curve approach for single piles to simulate the effect of matric
suction by increasing the stress state and the stiffness of shallow soil-layers using the
Modified-Kovacs model. Lalicata et al. (2019) conducted a series of centrifuge tests to
investigate the influence of degree of saturation on the behavior of laterally loaded piles.
They reported a significant increase of soil stiffness and ultimate lateral resistance in
unsaturated soils. Currently, there is limited understanding of laterally loaded piles in
unsaturated soils for reliably extending it to conventional engineering practice applications
using simple approaches.

The main objective of the study presented in this Chapter is to propose both an analytical
method and a numerical technique for predicting the lateral response of single piles
embedded in unsaturated soils that are subjected to lateral loads. First, a nonlinear
analytical method is proposed to predict the load versus displacement curve of laterally
loaded rigid piles in unsaturated soils. Considering the variation of lateral soil resistance
along the pile length under three different but distinct states (i.e., pre-tip yield state, post-
tip yield state and ultimate limiting state), the lateral load corresponding to lateral
displacement at ground surface is derived based on force and moment equilibrium
equations. The details of determining the parameters required in the equations are also
described. The published data from seven field studies are used in the validation of the
proposed method. Secondly, 3D finite element analysis (FEA) is performed to simulate the
behavior of laterally loaded piles in unsaturated soils with the aid of ABAQUS software.
The conventional Mohr-Coulomb approach used in ABAQUS does not have the capability

for taking account of the nonlinear shear strength and modulus of elasticity of unsaturated
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soils. However, ABAQUS, has valuable tools such as the user-subroutines that can be
incorporated using constitutive relationships to solve complex nonlinear problems.
Exploiting this feature, a numerical technique based on a user-defined subroutine
(USDFLD: user subroutine to redefine field variables at a material point) is developed
exclusively to incorporate the nonlinear behavior of shear strength and modulus of
elasticity with respect to matric suction to predict the load versus displacement curves. This
approach is validated using two laboratory tests published from the literature: one in
unsaturated silty soil and the other in unsaturated sandy soil. Lastly, the results between
the proposed analytical method and the FEA are also compared and discussed for an
example problem of a single pile with varying GWTs. Good agreements are found between
the predictions using the proposed analytical method and the numerical technique. The
studies presented in this Chapter are useful for the practicing geotechnical engineers to
rationally design the laterally loaded piles in unsaturated soils taking account the influence

of matric suction.

3.2 Background

3.2.1 Ultimate lateral resistance in pure cohesive and cohesionless soil

The behavior of a laterally loaded pile is commonly analyzed extending the subgrade
reaction, which is also referred to as the Winkler spring method. The pile is simplified as
an elastic beam while the surrounding soil is represented by a series of nonlinear springs
placed along the length of the pile (Winkler, 1867; Biot, 1937). The nonlinear behavior of
the soil is commonly represented by load-displacement characteristics, which is also
known as p-y curve. The nonlinear p-y curve and the decay of the modulus of horizontal
subgrade reaction has been introduced in Chapter 2. The analysis of laterally loaded pile
placed in cohesive soils (cu# 0, ¢u = 0) is typically based on a total stress approach under
undrained loading conditions. The py in cohesive soils is estimated using the equation

below:

p, =N,c,d (3.1)
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where cy is the undrained shear strength of the soil, d is the pile diameter, and Nj is lateral
bearing capacity factor. Np value was suggested equal to a value of 9, according to Broms
(1964a) and APl RP 2A (1987).

Broms (1964b) studies suggest that the limiting force on the pile is proportional to the
transversal dimension of the pile in cohesionless soil (¢’= 0, ¢’# 0). The general form for

pu in cohesionless soils is:

p, =K, yzd 3.2)

where Kq is the lateral earth pressure coefficient for cohesionless soil, z is the depth and »
is unit weight of the soil. More details of Kq used in this study are discussed in the later

sections.

Guo et al. (2008) reported that the distribution of soil resistance typically has three distinct
states for a rigid pile under increasing lateral load in cohesionless soils: (i) Prior to tip-yield
state (tip-yield state refers to the lateral force per unit length at the pile tip just before
reaching the limiting state); (ii) Post-tip yield state (lateral load and rotation angle continue
increasing after yielding occurs at the pile tip in this state); (iii) Yield at rotation point state
(with infinite increase in lateral load, the response of the whole pile achieves limiting state).
The distribution of lateral soil resistance on the pile, which is depicted using solid lines, is
mobilized along the py profile shown by two dashed lines (see Figure 3.1). In this study,
along similar lines, three states were assumed for the lateral response of rigid piles in

unsaturated soils.
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Figure 3.1 Profile of lateral soil resistance for (a) Tip-yield state (b) Post-tip yield
state (c) Yield at rotation point state (modified after Guo et al. 2008)

3.2.2 The nonlinear shear strength behavior of unsaturated soil

An unsaturated soil is a multiphase continuum system comprised of soil particles, water,
and air. The presence of an air-water interface generates surface tension within the soil
skeleton that is strongly related to the matric suction that contributes to improving the
mechanical behavior of unsaturated soils. Figure 3.2 shows a short rigid pile embedded in
an unsaturated soil that is subjected to the influence of a lateral load. The soil above the
GWT has negative pore water pressures, whose distribution varies due to the influence of
environment factors. The relationship between the mass of water in the soil and the soil
suction is defined as Soil-Water Characteristic Curve (SWCC). The terms, soil-water
retention curve and soil moisture curve are also used in the literature for defining this
relationship. The SWCC can be divided into three distinct zones of saturation (i.e.,
boundary effect zone, transition zone and residual zone) which are influenced by different
ranges of soil suction values (Vanapalli et al., 1996). In the boundary effect zone, the soil
is typically in a state of saturated condition. The soil behavior in this zone can be interpreted
based on saturated soil mechanics. The shear strength contribution due to matric suction
(¢) in this zone is equal to the angle of internal friction (#). When air enters the largest
pores of the soil, the soil suction is referred to as the air-entry value (AEV). The soil

desaturates rapidly with a further increase in matric suction beyond the AEV. # is less than
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¢ in the transition zone. In the residual zone, there are relatively small changes in the
degree of saturation despite greater increase in the matric suction value. The shear strength
may increase, decrease, or remain constant depending on the soil types and the amount of
drainage in soil pores (Vanapalli, 2009). Similar conceptual behavior can also be extended
for explaining the modulus of elasticity of unsaturated soils.

The determination of unsaturated soil properties from experimental studies can be costly
and time-consuming. Therefore, many researchers have proposed semi-empirical methods
for predicting the nonlinear shear strength of unsaturated soils using the information of
SWCC and saturated shear strength parameters (for example, Vanapalli et al., 1996; Lee et
al., 2003; Tekinsoy et al., 2004; Guan et al., 2010).

Vanapalli et al. (1996) provided the following semi-empirical models for predicting the

variation of shear strength of unsaturated soil considering the influence of matric suction:

A _ ' _ (H_Hr) '
Tt =C + (0, —U, ) tan g’ +(u, uw){—(es _Hr)tan¢ (3.3)
Ty =C +(0, —U, )tan ¢’ +(u, —u,, ) S tan ¢’ (3.4)

where ¢' and ¢ are the effective shear strength parameters, (on — Ua) is net normal stress,
(ua — uw) is matric suction, € is volumetric water content, &, & is saturated and residual
volumetric water content respectively, S is the degree of saturation and x is a fitting
parameter that related to the plasticity index, I, (Garven and Vanapalli, 2006). Equations
3.3 and 3.4 can provide reasonable predictions of the shear strength in the boundary effect
zone and transition zone. However, some recent studies showed that the shear strength
might be overestimated at high suctions, especially for clayey soils since these equations
do not account for contributions arising from capillary water and absorptive water (Sheng
et al., 2011, Zhou et al., 2016). Experimental studies performed by several researchers
suggested that the slope of shear strength and net normal stress relationship are
approximately the same, which means that the internal friction angle ¢' is not influenced
by matric suction (Ho and Fredlund, 1982; Fredlund and Rahardjo, 1993; Vanapalli et al.,
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1996). Due to this reason, the contribution of matric suction towards shear strength can be
incorporated as apparent cohesion (ca) using Equations 3.3 and 3.4 respectively (e.g., Oh
and Vanapalli, 2011):

— ' _ (H_Hr) '
c, =¢'+(u, UW){—(QS vy tan ¢ (3.53)
c,=c'+(u,-u,)S" tang' (3.5b)

Equations 3.5a and 3.5b were employed in this study to derive necessary equations.

As shown in Figure 3.2, z¢ is the depth of the center of rotation. For rigid pile, the lateral
displacement of pile y at the depth z has a linear relationship with the displacement at the

ground surface yo given by:

Zc —Z
y= . Yo (3.6)
c

TH u

P i " (U — uy) u,—
? i Pile  Equilibrium Flooding (U= ) silts / Clays

77 x i T - e
[ z. Evaporation *, \ Residual
. '\ Residual zone ya

zZ i value

i R Y = o Plastic

T JL ; H R © ‘ Transition  Clays
! unsat "
Center of : JAEV zone
i : Unsaturated R T Nt R R | /
! rotation T

zone ! Boundary

. I effect ,

d GWT : zone =

______________________ N 1 I 1 e
— 0 25 50 75 100 S (%) 0 T
Hew Saturated zone “
sal
@® Soil

uy =+ (Hsap-70)

Figure 3.2 A laterally loaded rigid pile in a typical unsaturated soil
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3.3 Proposed method for ultimate lateral resistance in unsaturated soils

In this study, an analytical method is proposed to estimate the ultimate lateral resistance
for a short rigid pile that is homogeneous and isotropic in an unsaturated soil. The

characteristic length of the soil-pile system, T, is defined as:

T=

a1

Pr (3.7)

where E, is modulus of elasticity of pile, I, is moment of inertia of the pile section. Eplp is
the flexural stiffness of pile. nn has been defined in Equation 2.31. The pile is considered
long if its length > 4T. However, if pile length < 2T, it can be considered a short rigid pile
(Davisson and Robinson, 1965; Tomlinson and Woodward, 2007; IS 2911, 2010).

In many scenarios, the entire rigid pile is embedded in unsaturated soils. The ultimate soil
resistance py of a pile embedded in unsaturated soils arises from cohesion and friction
components of shear strength that are influenced by matric suction and are respectively,

Puc and pug.

pu = puc + puq (38)

Pug Can be expressed as Equation 3.2. pyc under drained loading conditions can be written

in a similar form that is consistent with undrained conditions (i.e., Equation 3.1):

pLIC = chad (3'9)

where K is the lateral earth pressure coefficient for cohesion component, cais the average
apparent cohesion of unsaturated soil that has been defined in Equations 3.5a and 3.5b

considering the influence of matric suction.

As discussed earlier, prior to the lateral soil resistance p reaches py, p is proportional to the
lateral deflection y at any depth. The lateral soil resistance in unsaturated soils is defined

as:
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p=k,y=(Ke+ky)Yy (3.10)

where knc and knq are the modulus of horizontal subgrade reaction for cohesion component
and friction component, respectively.

The distribution of lateral soil resistance along the pile varies in pre-tip yield state, post-tip
yield state and ultimate limiting state. The details of predicting the load-displacement

behavior of piles for three different states are described in the following sections.

3.3.1 Pre-tip yield state

Assume a single rigid pile with an embedded length L is subjected to a lateral load H with
eccentricity e. The rotation point is at the depth of zc and the lateral displacement is zero at
the rotation point. The lateral displacement at the ground surface yo increases as H increases.
Figure 3.3(a) and (b) show the profile of soil resistance along the pile for the cohesion and
friction components, respectively. In this state, H and yo are relatively low. The lateral soil
resistance on the upper part of the pile from the ground surface to a depth of zo starts to
achieve the ultimate state as the pile rotates. At depth from 0 to zo, p follows the py profile.
In Figure 3.3(c), pu at any depth of z are the sum of these two components, which can be

written as:
Py, = P, =(KC, +K,yz)d (0<z<z,) (3.11)

where po-z0 is lateral soil resistance at the depth from 0 to zo.

62



“Puc I Puc

(@) (b) ()

Figure 3.3 Profile of lateral soil resistance in pre-tip yield state for (a) cohesion

component (b) friction component (¢) unsaturated soils

There is no soil yielding in the remainder part of the pile from depth of zo to L (i.e., prior
to the pile tip reaching its limiting state). From Figure 3.3(b), knq is proportional to the
depth z and y is a linear function of z; thus, the distribution of p on the remainder part of
the pile is a nonlinear curve. The lateral resistance of unsaturated soils from depth of zo to

L can be expressed by combining Equations 2.31 and 3.10:
Po-r, = P, =(KcC, +Kyp2z)d (z<z<L) (3.12)
Therefore, force and moment limit equilibrium equations can be given by:

H —LO p,dz —L: pdz =0

0 . (3.13)
He+_“Z p,zdz +LO pzdz =0

Substituting Equations 3.6, 3.10,3.11 and 3.12 into Equation 3.13, we have:

H _[chazo +%quzozjd +%|:th2(: (ZO - L)+%(nhzc _khc)(202 - Lz)_%nh (203 - L3):| =0 (314)

C

63



1 1 1 1 1
He+(§ K.C,z, +§quzo3)d —%{Ekhczc(zoz - L2)+§(nhzc —khc)(zo3 - L3)_Znh (zo4 - L“)}:O (3.15)

[

At depth z = zo, we have py = p. Thus, the relationship between zo and z; can be obtained

by:

Z —17
(KC, + K rzo)d = (ki +1,2, )"Z—0 Yo (3.16)

C

If the value of yo is determined, three unknown variables zo, zc and H can be solved by
combining Equations 3.14 — 3.16. In other words, using these equations, the relationship

between lateral load H and displacement yo can be plotted.

When the lateral soil resistance at the pile tip reaches the ultimate value py, yielding occurs
at the pile tip. Therefore, if p at the pile tip does not exceed pu, Yo satisfies the following

equation which is obtained by substituting z = L into Equations 3.11 and 3.12:

z,—L
_(khc + nh L) CZ yO < (cha + qu/L)d (317)

The equations for pre-tip yield state are suitable for this situation. After the pile tip yields,

the distribution of soil resistance will transfer to post-tip yield state.

3.3.2 Post-tip yield state

As the lateral load H and lateral displacement yo continue to increase after the pile tip yields,
the limiting soil pressure is mobilized not only on the upper part of the pile (from the depth
of 0 to zo) but also on the lower part from the pile tip up to the depth of z1. Figure 3.4(a)
and (b) show the profile of lateral soil resistance for cohesion and friction component,
respectively. Then, p at any depth of z from 0 to zo for unsaturated soils, as shown in Figure

3.4(c), can be written as:
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Po-s, = P, =(KeC, +Kyyz)d (0<2<3,) (3.18)
At depth of z from z1 to L, the lateral soil resistance is the negative value of py:

P, =P, =—(Kc, +Krz)d (z<z<L) (3.19)
Since there is no yielding in the soil from depth of zo to z1, p in this zone is:

Py = (Kpe +12)Y (z,<2<2) (3.20)

Therefore, force and moment limit equilibrium equations can be expressed as:

y 1 ) (3.21)
L bz (=) 5 0l ) (2 -52) -3 (2 -27) |0

1 1
He+{§ K., (2, +2, - L2)+§ Koy (2o’ +2° - LS)}d
(3.22)

As shown in Figure 3.4, at z = zo, we have py = p. The relationship between zo and z; can

be given by:

(k.C, +k20)d = (K +nhzo)@ (3.23)
Atz =z, p is equal to -pu. The relationship between z; and zc can be written as:

(K +1, L)@ ——(kc, +k,yz)d (3.24)

C
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Figure 3.4 Profile of lateral soil resistance in post-tip yield state for (a) cohesion

component (b) friction component (c) unsaturated soils

If the value of yo is determined, four unknown variables zo, z1, zc and H can be solved with
the aid of Equation 3.21 thru 3.24. In addition, the lateral load versus displacement curve

can also be obtained.

3.3.3 Ultimate limiting state

Zo and z: tend to approach to the same value as z¢ due to significantly large increases in the
lateral displacement at the pile head. As shown in Figure 3.5, the limiting force will be
fully mobilized on the entire pile in this state. However, this state is practically unreachable;
yet it can provide a useful upper bound for lateral load and bending moment. Thus, from
the depth of 0 to zc, p equals to py and from the depth of zc to L, p equal to - pu. Therefore,

force and moment limit equilibrium equations can be expressed as:

H

lim

+K.c,d (L—220)+%Kq7d (LP-227)=0
(3.25)
H

lim

e+%KCcad (22 - L2)+% Kyyd (22 -1%)=0

The unknown variables zc and limiting load Hiim can be obtained by solving Equation 3.25.
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Figure 3.5 Profile of lateral soil resistance in ultimate limiting state for (a) cohesion

component (b) friction component (c) unsaturated soils

Figure 3.6 shows a flow chart of the proposed analytical method. yo starts from a relatively
small value and continues increasing following a loop until it reaches a specific upper limit
of the displacement (ys) as designated by users. A MATLAB program was developed to
provide solutions for all the equations.

3.3.4 Determination of lateral earth pressure parameters
3.3.4.1 The lateral earth pressure coefficient for friction component Kq

Table 2.8 in Chapter 2 summarizes the published methods from the literature for predicting
the pu on laterally loaded piles in cohesionless soils. To determine the coefficient Kq for
this study, a simple FE model was established to simulate an example case using ABAQUS.
The ultimate soil resistance at given depths from the FE model are compared with the
results calculated using the published equations listed in Table 2.8. It is assumed that a
single pile with a length of 600 mm and a diameter of 60 mm is embedded in a saturated
Unimin Sand under lateral loading. The internal friction angle of the soil, ¢’ is 35.3°. The
saturated and dry unit weight is 20.4 kN/m? and 16.05 kN/m?3, respectively (Vanapalli et
al., 2018). In the numerical model, the single pile was modelled as a linear-elastic material.

The elastic modulus of pile is 20 GPa and the Poisson’s ratio is 0.15 (Potts and Zdravkovi¢,
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2001). The sand was modelled as an elastic perfectly plastic material extending Mohr—
Coulomb constitutive model. The Poisson ratio of the soil is 0.334 and the void ratio is
0.55. The saturated elastic modulus of the sand is 2000 kPa (Al-Khazaali et al., 2016). The
dilation angle was considered 10% of ¢’ according to DS 415 (1984). The pile-soil
interface friction angle (&°) was assumed 2/3¢' (Potyondy, 1961). Both Fan and Long (2005)
and Kim and Jeong (2011) have reported that the lateral soil resistance can be obtained

from the soil elements closest to the pile.

Pile: L, d, e;
Unsaturated soils properties
(e.g. ¢, ¢, % Esary SWCC);

Determine c,, Eynsa Kes Koy Mumaxs Kimax |

Determine n,, and k;

!

Solutions for H assuming
Pre-tip yield state

Loop

Yes
if |p| Sp,atz=L

Plot H and yy; Yes
if Yo S Vs
No

Figure 3.6 Flow chart of the proposed method

Figure 3.7 shows a pile-soil system with a lateral load applied in the x-direction and
positions of Gauss points in a soil element. The stresses oxx and oxy at Gauss points in the
soil elements closest to the pile, which are shown on the circumference with short dashes
in Figure 3.7, were first selected from ABAQUS. The x-component stress at each Gauss

point, Tx, was calculated by the component of stresses ox and oyy in the x direction:
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T, =0o,n,+on, (3.26)
where ny and ny are components of unit normal along the x-, and y- directions, respectively.
nx and ny are given by:

X Yy
n, =coso, = S ,n, =cosd, = g

X X [ng + ygz y y ,ng + ygz (3_27)

The total soil resistance, px, can be estimated by integrating the x-component stress over
the circumference of the closest Gauss points in the soil elements surrounding the pile.

Therefore, pxcan be obtained by:

p, = jTXdL (3.28)

Interface
Y G (Xg’yg) Gauss points

Soil element

Figure 3.7 A pile-soil system with a lateral load applied in the x-direction and the

positions of Gauss points

The ultimate soil resistance versus depth using the published methods and FEA is shown
in Figure 3.8. The ultimate soil resistance increases linearly using Broms (1964b),
Petrasovits and Awad (1972) and Fleming et al. (1992) methods. The ultimate soil
resistance estimated using both Hansen (1961) and API (1987) methods is less than that

using other methods near the ground surface and then become larger at a greater depth. The
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FEA predictions are typically larger than the results using the above theoretical methods.
This is because the ultimate soil resistance of laterally loaded piles increases with soil
dilatancy that was considered in the FEA. However, theoretical methods ignore the volume
change characteristics of sands when subjected to shearing. Figure 3.8 shows that FEA
predictions are closer to Fleming et al. (1992) method. Due to its simplicity, the equation

proposed by Fleming et al. (1992) has been used in this study to provide reasonable results

for predicting pu, that is:

K, =K,? (3.29)
Pu (KN/m)
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Figure 3.8 Comparisons of the ultimate soil resistance versus depth calculated using

published methods and using FEA in ABAQUS

3.3.4.2 The lateral earth pressure coefficient for cohesion component Kc

Evans and Duncan (1982) proposed an equation for predicting the ultimate soil resistance
for c-¢ soils by introducing a dimensionless modifying factor C, to account for 3D effect

of the passive wedge in front of the pile. Cecconi et al. (2019) proposed a simple profile of
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ultimate soil resistance extending Broms (1964b) theory to soils possessing both cohesion
and friction. They reported that the 3D effect factor can be applied to the shear strength.
Extending this concept, for a plane-strain (2D) problem, the net limit pressure for a
perfectly smooth pile embedded in pure cohesionless soil is the difference between the

passive pressure in front of the pile (onp) and the active pressure behind the pile (oha):

Pueoy /d =0y, — 0y :(Kp - Ka)7z (3.30)

where Ka is the coefficient of active earth pressure. The py for cohesionless soil in this study

is expressed as:
Pucoy /0 = K 2yz (3.31)
Then, the 3D-effect factor « is the following ratio (i.e., pu@ap) / Puep)):

2
Kp
K, - K

p a

o=

(3.32)

For unsaturated soil (ca # 0, ¢ # 0), a cohesion term can be added into Equation 3.30 (2D

problem), which takes the form:
Puioy /0 =0y — O = ZC(‘ [K, +\/K_a)+(Kp -K,)rz (3.33)

The same 3D-effect factor « can be applied to both cohesion and friction terms of shear

strength in the 3D problem, to obtain the relationship:
Pumy ! d =26 ((JK, +[K, ) +a (K, -K, )2 (3.34)

Combining Equations 3.32 and 3.34, the lateral earth pressure coefficient for cohesion

component K¢ can be derived as:
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2
2K,

Kc :W (335)

3.3.4.3 The modulus of horizontal subgrade reaction nh and knc

The modulus of horizontal subgrade reaction knq for sands is a nonlinear function of lateral
deflection of piles that decreases with an increase in lateral deflection. Several researchers
have studied the degradation of knq with shear strain y around the pile for laterally loaded
piles (Blaney and O’Neil, 1986; Prakash and Kumar, 1996; Miwindo, 1992). Prakash and
Kumar (1996) proposed an equation to represent the relationship between knq and shear
strain yin sands. knq is proportional to the depth z (kng = nnhz), then the constant horizontal

reaction subgrade n, can be expressed as:

n,

=0.052y (3.36)

h max

where nhmax 1S maximum value of nnat a strain of < 0.002. Mwindo (1992) reported that
yis related to the lateral displacement yo at the ground surface. The average shear strain

around pile ycan be expressed as:

1+v
2.5B Yo

y= (3.37)

where B is the diameter of pile and v is the Poisson's ratio. Reese and Van Impe (2000)
recommended the variation of nnmax for sands above and below GWT based on the relative
density Dr (%), as summarized in Table 3.1. Table 3.1 also provides the relationship
between the corrected SPT N-values, relative densities and friction angles of soils
(Skempton, 1986).

The modulus of elasticity of unsaturated soil is significantly influenced by matric suction
(Vanapalli and Mohamed, 2007). Oh et al. (2009) proposed a semi-empirical model for
predicting the variation of elastic modulus of unsaturated soils (Eunsat) taking into account
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the influence of matric suction. Their method requires the information of SWCC along

with two fitting parameters « and /£ for predicting Eynsat:

E e = By {1+aLUW))(S" )} (3.38)

(P, /1013

where Esa is modulus of elasticity of soil under saturated conditions, and P, is atmosphere
pressure (101.3 kPa). The fitting parameter « is related to plasticity index for fine-grained
soils. The value of « for coarse-grained soil ranges from 0.5 to 2.5 depending on the footing

size. The fitting parameter S equal to 1 for coarse-grained soils and 2 for fine-grained soils.

Table 3.1 Recommended values of m for sandy soil

3 Nhmax

Soil Nhmax (MN/m ) (MN/m3)
N1(60) Dr (%) ¢’ (°) (above the

compactness GWT) (below the

GWT)

0-3 0-15 <29 Very loose - -
3-8 15-35 29-30 Loose 6.8 5.4
8-25 35-65 30-36 Medium 24.4 16.3
25-42 65-85 36-41 Dense 61 34
42-58 85-100 >41 Very dense - -

The water content near ground surface varies due to the influence of environmental factors
such as the rainfall, evaporation, and evapotranspiration. The matric suction profile
variations associated with these factors can be estimated by numerical techniques using
constitutive relationships for unsaturated soils. There are commercial software packages
such as SIGMA/W and VADOSE/W that can be used for simulating the physical processes
of evaporation and infiltration in unsaturated soils and predicting the changes in suction
profile in response to environmental variations. The input data typically includes initial soil
conditions, climatic parameters (e.g., recorded rainfall data, GWT location and surface

runoff data) and soil properties (e.g., SWCC, permeability functions and thermal

73



conductivity functions). Adem and Vanapalli (2013) provide more details of such an

approach.

The matric suction also can be measured directly in the field using instruments such as
tensiometers in coarse-grained soils with low suctions or using thermal conductivity
sensors or filter paper method in fine-grained soils. However, such approaches can be
cumbersome and time consuming. For this reason, it is reasonable to assume negative pore
water pressures of linear or nonlinear variation above the GWT based on supporting results
from limited field studies. Since the pore-air pressure component of matric suction is
generally atmospheric in the field, the matric suction, (ua - uw), is equal to negative

porewater pressures.

Alternatively, the information of variation of degree of saturation and volumetric water
content above the GWT can be obtained from simple tests collecting soil samples or using
Time Domain Reflectometry (TDR), respectively. Since SWCC is defined as a relationship
between volumetric water content or degree of saturation and matric suction, information
of matric suction can be derived from the SWCC measured using an undisturbed soil
sample collected from the field once measured degree of saturation or volumetric water

content is gathered from the field.

Any of the above techniques can be used for gathering the suction profile and degree of
saturation. Using the gathered information, the variation of elastic modulus of unsaturated
soils (Eunsat) With respect to the depth can be predicted using Equation 3.38.

Many researchers have reported that some factors such as the pile flexural stiffness and
diameter have an influence on the modulus of horizontal subgrade reaction knc (Glick, 1948;
Yoshida and Yoshinaka, 1972; Zhang, 2009; Phanikanth et al., 2013). Therefore, the
equation proposed by Glick (1948) was modified by replacing Es with Eunsat for unsaturated

soil (Equation 3.38) and used in this study to predict the value of kncmax.
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(ua _UW) B
87(1-v)E, {1+a(Pa/101.3)(s )}

2L

c, (1+v)(3—4v){2|n(d)—0.443}

k —

hcmax

(3.39)

where Knemax 1S the maximum modulus of horizontal subgrade reaction (i.e. the initial
straight-line portion of the p-y curve), constant C; is equal to 1.13 and v is the Poisson's
ratio. knc degrades with an increase in the lateral deflection yo. If khemax IS known, ki at any
given yo can be determined considering the nonlinearity of knc. The following equation

proposed by Zhang and Ahmari (2013) can be used for the estimation of kpc:

k -0.5
e 0.058(%) (3.40)

hcmax

3.4 Validation for the proposed analytical model

In this section, the proposed analytical method is validated providing comparisons with the
results of four and three field studies published by Truong (2017) and Choi et al. (2013),

respectively.

3.4.1 Field tests conducted by Truong (2017)

Field load tests were carried out by Truong (2017) to investigate the behavior of laterally
loaded piles in unsaturated residual soil at Bullsbrook site, which is 45 km Northeast of
Perth in Western Australia. The residual soil is a material resulting from the weathering
and decomposition of parent rocks. Many of residual soils are unsaturated and their shear
strength properties are characterized by both cohesion and friction components. Table 3.2
provides the summary of soil properties and shear strength parameters for two unit of
samples; namely, Unit B1 that extends from 0.5 m to 1 m and Unit B2 that lies below. Four
steel pipe piles with an outer diameter of 127 mm, wall thickness of 19 mm and length of
2 m were used in the field tests. After pile installation, the top 0.5 m of the soil layer was

excavated to the upper level of Unit B1. Cone Penetration Tests (CPTs) were performed
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within the test area of each pile that was labelled P1, P2, P3 and P4. The average values of
corrected tip resistance (qt), normalized cone resistance (Qy), friction ratio (Fr), and soil
behavior type (Ic) from depths between 0.5 m to 2 m are presented in Table 3.2. According
to the CPT-based soil behavior type chart from Robertson (2016), the tested residual soil
is classified as a dense dilative sandy clay or clayey sand. The elastic modulus of the

residual soil (Es) can be estimated using the Robertson and Cabal’s (2015) equation:

Es =0 (qt _GVO)

3.41
e = 0.015X|:10(0.55Ic+1,68)i| ( )

where oy is in-situ total vertical stress. The mean values for degree of saturation and matric
suction of the residual soil are 0.53 and 97 kPa, respectively. The calculated average
apparent cohesion is 38 kPa using Equation 3.5b. The coefficient K¢ and Kq was estimated
as 19.45 and 13.61 based on friction angle using Equations 3.35 and 3.29 respectively. The
Poisson’s ratio of the foundation soils was assumed 0.33 based on the type of soil. The
values of knemax and knc at any given depth were calculated using Equations 3.39 and 3.40
respectively. Based on the relative density and friction angle of the soil, the values of Nhmax

for all four cases were determined to be 45 MN/m? using Table 3.1.

Table 3.2 Summary of pile and soil properties from field load tests

Pile and

CPT L e Oft,avg Q Fr I Es Khemax ; Nhmax ;
parameters (m) (m) (MPa) (%) (MPa) (MN/m?®) (MN/m?®)
P1 1.39 026 6.5 5296 55 21 66.3 77.79 45
P2 141 026 8 6521 46 20 716 83.55 45
P3 135 021 8 6521 33 19 598 70.89 45
P4 148 025 6.25 5092 46 20 588 67.50 45
Soil Clay Silt Sand Gravel w S c’ ¢’ (°) 7 bulk

%) () ) (W) (%) (%) (kPa) (kN/m°)
Unit B1 28 20 43 9 13 43 5 35 16.7
Unit B2 20 22 49 9 16 63 5 35 18.3
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The values of ny corresponding to displacement yo can be estimated using Equations 3.36
and 3.37. Figure 3.9 shows lateral load versus deflection curves for P1-P4 cases. The

predictions using the proposed analytical method is consistent with the field test data.

80
¢ P1-Measured ——P1 - Predicted A P3-Measured  ——P3 - Predicted
" o P2-Measured  — - —P2 - Predicted 70 | o P4-Measured — - -P4-Predicted
60

1 1 1 1 1 1 D fu3 L L 1 1 1 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
Yo (mm) Yo (mm)
(@) (b)

Figure 3.9 Comparisons of lateral load-deflection curves between predicted results

by using proposed analytical method and the measured data by Truong (2017)

3.4.2 Field tests conducted by Choi et al. (2013)

Choi et al. (2013) have conducted three field tests on single piles subjected to lateral
loading in unsaturated soils. The site for the rigid bored pile tests is in Iksan city, South
Korea, that is predominantly comprised of weathered granite soil. Table 3.3 summarizes
the details of three pile load tests. A 2 m thick silty clay above the weathered granite soil
was removed before the field tests started. The groundwater table was 8 m deep from the
ground surface. The relative density of the soil varied from 30% to 35% and the unit weight
was 18 kN/m?®. The cohesion of granite soil varies from 0 to 35 kPa with an average value
of 20 kPa. The natural water content was 24.9 % and the void ratio was 0.85. The internal
friction angle of soil was 30°. The coefficient K¢ and Kq was estimated as 15.59 and 9 using
Equations 3.35 and 3.29, respectively. The elastic modulus of soil was 30 MPa and Poisson

ratio was 0.3. The value of the coefficient knc can be determined based on pile lengths and
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diameters using Equations 3.39 and 3.40. Since the soil is loose to medium dense, Nhmax
can be estimated to fall in range from 12 to 18 MN/m?® based on the information
summarized in Table 3.1. nn corresponding to displacement yo can be found using
Equations 3.35 and 3.37. The lateral load versus deflection curves of 3 cases are presented
in Figure 3.10. There are good comparisons between the predicted results and the measured
data. For case 3, the upper bound curve using the cohesion of 35 kPa and lower bound
curve using the cohesion of 20 kPa were presented in Figure 3.10. The predicted results
closely matched with the measured data when an average cohesion value of 30 kPa was

used.
Table 3.3 Soil properties and other details of the model pile tests
Case , )0 ¥ total
No. L (m) d (m) e (m) c’(kPa) ¢'(°) (kN/mg) L/d e/d
1 1.2 0.4 2 20 30 18 3 5
2 2.4 0.4 2 20 30 18 6 5
3 2.4 0.4 0.15 20-35 30 18 6 0.375
350
— . —. Predicted
300 F --- Upperbound
o c'=35kPa
A Measured data \
250 o Cased  _._—.— =~
//"" o.__ﬂ..-o—"
3200 - ,‘g‘of,ff _?-.?-':\ci:.}lfl_k-lia‘-
- lo.r" ’_--"’—-_-—.-._
T150 .{f'#./?.‘/-""- Y~ Lowerbound
é. 27 ¢'=20kPa
100 | g‘_’;-
8,/ L _Cia-s:e_-z ______
50 -§"6 o o© o o o o
Case 1
0 1 il |- ~ :‘ 1 41
0 10 20 30 40 50
Yo (mm)

Figure 3.10 Comparisons of lateral load-deflection curves between predicted results

using proposed analytical method and the measured data by Choi et al. (2013)
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3.5 The proposed numerical approach and its validation

FEA was performed to simulate the behavior of single piles subjected to lateral loading in
unsaturated soils in ABAQUS. As detailed in earlier sections of this Chapter, modified
Mohr-Coulomb model and modified stiffness have been used in ABAQUS to interpret the
nonlinear shear strength and modulus of elasticity behavior of unsaturated soils
respectively taking account of matric suction. This is achieved through the USDFLD using
appropriate constitutive models (i.e., Equations 3.4 and 3.5b). The USDFLD allows the
user to define field variables at every integration point of an element and calculate the
material properties taking account of the influence of field variables. The material
properties of the unsaturated soil can be defined as functions of field variables such as pore
water pressure or degree of saturation in a material point. In other words, the contribution
of matric suction towards cohesion at any point can be incorporated into apparent cohesion
via the USDFLD. The input parameters for the numerical model only include the shear
strength parameters of the saturated soil, saturated modulus of elasticity and the SWCC.

To validate the proposed numerical method, the results of two pile model tests under lateral
loading, one in unsaturated silty soil by Lalicata et al. (2019) and the other in unsaturated

sandy soil by Mahmood et al. (2018), were simulated using the proposed numerical method.

Lalicata et al. (2019) conducted a series of centrifuge tests to investigate the behavior of
laterally loaded piles in saturated and unsaturated soils. The study was performed in a rigid
cylindrical container at 100 g (g is the gravity acceleration) using the IFSTTAR centrifuge
facilities in Nantes. These results simulated for the prototype single pile with diameter of
1.2 m that was embedded 15 m into a silty soil named B-grade kaolin. The parameters used
in the FEA are summarized in Table 3.4. The soil consists of approximately 90% fine silt
and 10 % clay that was compacted at a water content of 15% to achieve an initial void ratio
eini Of 0.93. A horizontal load was applied at 3.5 m above the soil surface. As shown in
Figure 3.11, the SWCC of B-grade kaolin obtained from the experiment was fitted by the
Fredlund and Xing’s (1994) equation:
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where C(y) is the correction function, y is matric suction, e is Euler’s number, and the
SWCC fitting parameters are a = 26.556, n = 1.308, m = 0.51.

s=[C()] (3.42)

Table 3.4 The material parameters used in the FEA

Pile Soil
E c' ¢’
3 Yd ¥ sat -

yONM) - vpay Y kNim?) (kNImP) (kPa) () MY
Lalicata et 7 39000 02 153 261 5 22 093 025
al. (2019) e | o
Mahmood
etal. 24 20000 02 1545 1953 0 38 058 0.3
(2018)

The saturated coefficient of permeability kst of B-grade kaolin was 4x10-°m/s. Since there
is no information of the effective cohesion, ¢c”and modulus of elasticity of soil in saturated
conditions, values of 5 kPa and 8 MPa were respectively used in the FEA that provide a
reasonable load versus displacement behavior compared to the measured data. The average
Eunsat along with pile depth was estimated as 17.2 MPa at GWT =7 m using Equation 3.38.
Figure 3.12(a) summarizes the load versus lateral deflection curves of the pile in saturated

and unsaturated soil conditions.

Mahmood et al. (2018) performed a series of laboratory tests on laterally loaded piles in
unsaturated sandy soils. The model pile with 16 mm in diameter and 600 mm in length was
embedded 500 mm into the soil. The soil properties are presented in Table 3.4. The
unsaturated soil conditions were achieved by lowering the water levels to predetermined
depth values using a water supply valve. Static lateral loads at different levels (i.e., 20, 40,
60, 80, 120 N) were applied on the head of pile. The measured SWCC was fitted using
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Equation 3.42 assuming the fitting parameters a = 7.822, n = 1.285, m = 1.278, as shown
in Figure 3.11. The dilation angle of sandy soil ¢’ was estimated as 3.8° (i.e., 10% of ¢').
The saturated elastic modulus of the sandy soil was estimated to be 10 MPa. Since sand is
non-plastic soil, the fitting parameter = 0.5 and =1 were used. Therefore, the average
values of Eunsat along with pile depth for GWT at 350 mm and 500 mm deep were estimated
as 14.87 MPa and 19.3 MPa, respectively using Equation 3.38. Good comparisons were
found between the measured and predicted results for different water levels in Figure
3.12(b). Thus, the proposed numerical method has a reasonable level of accuracy and
reliability for capturing the laterally loaded pile behavior taking account of the influence

of matric suction.

100 # =3
kY Lalicata et al. (2019)

v unsaturated clay
80 VS (a=26.556,n=1.308,

Mahmood et al.
(2018)
unsaturated sand

(a=7.822,n=
60 1.285, m=1.278)

N m = 0.51)

S (%)

40

20

u L L
0.1 1 10 100 1000 10000
(U - uy) (kPa)
z Measured _ _ _ Best-fit

Figure 3.11 Measured SWCC and fitting curves for the two investigated soils
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Figure 3.12 Comparisons between the numerical results and measured data by (a)

Lalicata et al. (2019) (b) Mahmood et al. (2018)
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3.6 Numerical modeling analysis

This part of the study has been undertaken for two reasons: (i) to provide information of
using the proposed numerical approach for preliminary studies and (ii) to provide

comparisons between the FEA and the analytical method.

3.6.1 Numerical model description of laterally loaded piles in Indian Head till

In this section, example problems of laterally loaded piles in Indian Head till (IHT) using
3D FE models are described considering various scenarios. Two different piles of 0.4 min
diameter and embedded lengths of 2 and 3 m subjected to loading with two eccentricities
e = 0.5 and 1.5 m, respectively were placed in soils which GWTs depths varied (i.e., 0 m,
2 m, 4 mand 6 m). The details of pile parameters used in the FEA are summarized in Table
3.5.

Table 3.5 Model parameters used for piles in the FEA

Pile Pile Loading
No. embedded diameter, eccentricity, L/d e/d
length, L(m) d(m) e (m)
1 2 0.4 0.5 5 1.25
2 2 0.4 15 5 3.75
3 3 0.4 0.5 7.5 1.25

IHT is a glacial till that is widely distributed in Indian Head, Saskatchewan, Canada. The
soil has 28% sand, 42 % silt and 30 % clay with a liquid limit (w) and plastic index (lp)
values of 32.5 % and 15.5 %, respectively. The soil properties of IHT are summarized in
Table 3.6. Han et al. (2016) previously measured the drying path SWCC of IHT using a
modified null pressure plate. The measured SWCC data was fitted by Fredlund and Xing
(1994) equation (i.e., Equation 3.42) which yielded the fitting parameters a = 12.23, n =
1.55, m = 0.54. Figure 3.13 shows the measured and best-fit SWCC of IHT. With the aid
of the SWCC, water content or degree of saturation can be estimated for different values

of matric suction. Therefore, the shear strength of unsaturated soils can also be estimated
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using Equation 3.4. The IHT is assumed to be in a state of hydrostatic conditions, so pore
water pressure is linearly distributed above the GWT (i.e., Uw = - % Nunsat, Where hunsat is the
height above the GWT).

100 oy 7y
<4 __
* \ - -
90 } AEV
80 [ Boundary Transition Residual
effect zone zone zone
;\?70 [« g g >
60 |
50
40 Residual
conditions
30 1 1
1 10 100 1000
(U, - uy) (kPa)
¢ Measured —Fitting curve

Figure 3.13 The measured and best-fit SWCC of IHT (modified after Han et al.,
2016)

Considering the symmetry of the pile-soil system, half of the 3D pile and soil domain was
established. Figure 3.14 shows the geometry of the three-dimensional model. The size of
the pile-soil domain is 25d x 12.5 d x (L+10 d), where L is the pile embedded length, d is
the pile diameter. The single pile was modelled as a linear-elastic material using eight-node
linear brick elements (C3D8). The pile modulus of elasticity E; is 20 GPa and the Possion’s
ratio vis 0.15. The IHT was modelled as a linear-elastic, perfectly plastic material with a
Mohr-Coulomb constitutive model using eight-node stress—pore-pressure coupled brick
elements (C3D8P). The USDFLD provides access to the solutions from previous increment
and updates the field variables for the current increment during the operation process. The
SWCC of IHT was imported into ABAQUS by adding “Sorption” material properties with

a range of degrees of saturation and corresponding matric suction values. The unsaturated
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modulus of elasticity, Eunsat Was determined using Equation 3.38. For the convenience of
achieving geostatic equilibrium, average value of Eynsat along with pile depth is defined as
a uniform elastic modulus of soil. The fitting parameter « and £ were estimated as 1/10
and 2 for IHT soil, respectively. For a typical case of L = 2 m pile, the values of Eynsat for
GWT at 2, 4, 6 m were 11.84, 17.25 and 20.14 MPa, respectively. The hydraulic
conductivity of unsaturated soils assumed to vary with the degree of saturation according
to Brooks and Corey (1964):

k=k,S* (3.43)

where the saturated permeability ksa: of IHT was 5x107°m/s. The parameter A was estimated

as 2. The pore water pressure of all the nodes at GWT surface was set to zero.

Table 3.6 Soil Properties of IHT

/ /7 (O E
WL (%) Ip (%) ?fj,t\llmg) ya (KN/m3) ¢’ (kPa) ¢ (°) (an) USCS
325 155 20 16.7 9 23 7000  CL

The dilation angle of IHT was assumed as zero. The coefficient of earth pressure Ko was
equal to 0.61 according to empirical relationship (i.e., Ko = 1-sing” by Jaky, 1944). A
surface-to-surface contact algorithm was used to simulate small sliding and gapping at the
pile-soil interface. The pile-soil interface friction angle () was assumed 15.3°, that is
equal to 2/3¢” The displacements at the bottom of the model and in the direction
perpendicular to the symmetry planes were fixed. The local meshes adjacent to the pile
were refined to improve the computational accuracy. For a typical case of pile length L,
diameter, d and eccentricity e, with values of 2, 0.4 and 0.5 m respectively, the pile and
soil cylinder were discretized with 96 C3D8 elements and 4400 C3D8P elements
respectively. A lateral load was applied on the pile top surface in the x direction, as shown

in Figure 3.14.
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3.6.2 The comparison between FEA and analytical method

Figure 3.15 shows the comparisons of the FEA and the analytical method as load versus
lateral deflection curves for varying GWTs of a typical case (i.e.,L=2m,d=04m,e=
0.5 m pile). The average matric suction along the pile length was used in calculating the
proposed analytical method. The average apparent cohesion was calculated using Equation
3.5b which yielded values of 12.48 kPa, 17.8 kPa and 21.9 kPa for the soil at GWT =2, 4
and 6 m, respectively. The coefficient K¢ and Kq was estimated as 12.28 and 5.21 based on
the friction angle, using Equations 3.35 and 3.29, respectively. The value of the coefficient
knc Was determined based on the unsaturated modulus of elasticity and pile slenderness
ratio using Equations 3.39 and 3.40. Since the soil was loose, Nnhmax Was estimated as 2
MN/m? based on the information summarized in Table 3.1. nn corresponding to
displacement yo can be obtained using Equations 3.36 and 3.37. The difference between
the results using numerical modeling and the analytical method is less than 12% suggesting
that the comparison between the results from these two proposed methods is satisfactory.
The GWT has a significant influence on the lateral response of piles. As the GWT moves
deeper from the soil surface, a considerable increase in lateral load can be observed
compared to saturated conditions (i.e., GWT = 0 m). The load-carrying capacity of a
laterally loaded pile can be defined as the value at the intersection of the initial tangents to
the load versus displacement curve and the tangent to or the extension to the final portion
of the curve (Prakash and Sharma, 1990). The locations of load-carrying capacity (Hu) for
four GWTs are indicated in Figure 3.15. The value of Hy for GWT depth of 2 m is 25.9
kPa, which is 1.59 times that of saturated conditions (16.2 kPa), while the H, for GWT
depth of 4 and 6 m is 2.26 and 2.83 times higher, respectively. This is because the average
matric suction of the soil increases as GWT locates at a greater depth. The soil stiffness
and shear strength in unsaturated soils increases with matric suction, thereby leading to
higher lateral soil resistance than that in saturated soils that are typically associated with

lower stiffness and shear strength.
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Figure 3.14 Geometry of the 3D FE model

Hu can be determined by double tangent method for various scenarios of GWT as discussed
earlier (see Figure 3.15). Hy arises when the deflection is typically between 8 to 15 mm,
which is 2 % to 3.75 % of pile diameter. Figure 3.16 shows the comparison of load versus
lateral deflection curves at GWT depth of 4 m between predictions using FEA and
analytical method with varying pile embedded lengths and load eccentricities as shown in
Table 3.5. The average cohesion of the soil at GWT =4 m is 17.8 kPa and 16.6 kPa for L
=2 m and 3 m pile, respectively. It can be observed that the predictions using proposed
analytical methods are in reasonable agreement with the FEA results. The differences
between these two methods may be due to the use of average matric suction in the analytical
method, while the matric suction is simulated as linearly distribution above the GWT in

the numerical model.
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Figure 3.15 Comparisons between the FEA and the analytical methods in IHT with

varying GWTs
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Figure 3.16 Load versus lateral deflection curve at GWT =4 m with varying L and e
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3.7 Summary and conclusions

In this Chapter, a nonlinear analytical method has been proposed for estimating the load
versus displacement curve of laterally rigid piles in unsaturated soils. Taking account of
the variation of lateral soil resistance along the pile length at three different states (pre-tip
yield state, post-tip yield state and ultimate limiting state), the lateral load corresponding
to lateral displacement at ground surface were derived. The lateral earth pressure
coefficient for cohesion component K¢ required in the solutions was derived considering
the 3D effect factor for drained loading. Good comparisons were achieved between the
results of this method and published data of seven field pile tests in unsaturated soils (see
Figure 3.9 and 3.10). In addition, a series of 3D FE analyses were performed using a
numerical technique that was developed to simulate the behavior of laterally loaded piles
in unsaturated soils. The developed numerical technique was implemented as USDFLD
into ABAQUS for modeling the variation of load-displacement curves considering the
influence of matric suction in the shear strength and the elastic modulus of unsaturated
soils. The required information for modeling includes only the shear strength parameters
of the saturated soil, saturated modulus of elasticity and the SWCC. The proposed
numerical method was validated using two experimental studies from literature (see Figure
3.12 (a) and (b)). In both cases, the comparisons between numerical results and measured
data are satisfactory. Compared with the analytical method developed only for short rigid
pile, the numerical method can be used for pile with varying lengths or stiffness, including
short, intermediate, and long piles or non-rigid piles. In addition, the results between the
proposed analytical method and the FEA were compared using an example problem in an
unsaturated soil with varying GWTs for two different piles. Good agreement was also
found between the predictions using the proposed analytical method and the numerical
technique. The studies presented in this paper are simple and promising for the
geotechnical engineers to use in practice for the design laterally loaded piles in unsaturated

soils.
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CHAPTER 4

PREDICTION OF THE END-BEARING CAPACITY OF
AXTALLY LOADED PILES IN SATURATED AND
UNSATURATED SOILS BASED ON THE STRESS

CHARACTERISTICS METHOD

4.1 Introduction 8

The design of pile foundations in unsaturated soils is typically based on the principles of
saturated soil mechanics in conventional engineering practice. However, the presence of
the air-water interface that generates due to surface tension effects within the soil skeleton
has a significant influence on the mechanical behavior of unsaturated soils. Extending the
conventional soil mechanics approach to unsaturated soils leads to unreliable estimations
of the pile behavior due to ignoring the influence of matric suction. A significant vadose
zone layer (i.e., unsaturated soil zone) that is above the ground water table is widely
observed in semi-arid and arid regions due to the cumulative influence of environmental
activities such as rainfall infiltration, evaporation, and plant transpiration. In these regions,
in many scenarios, the entire or a portion of the pile is in unsaturated zone throughout its
design life. In recent years, several studies focused on investigating the ultimate bearing
capacity of single piles suggest that the matric suction contributes to an increase in the
bearing capacity by 2 to 5 times in coarse-grained soils (Vanapalli et al. 2018) and 2 to 6

times in fine-grained soils (VVanapalli and Taylan 2012, Pujiastuti et al. 2022).

The axial bearing capacity of driven piles in unsaturated soils is significantly influenced
by the pile-soil interface and the soil properties surrounding the pile. Various approaches
are available to consider the effect of degree of saturation, water table depth and matric

suction on the bearing capacity of single piles in unsaturated soils. For example, several

3 The contents presented in this chapter are published as a journal article: Cheng, X., & Vanapalli, S. K.
(2023). Prediction of the end-bearing capacity of axially loaded piles in saturated and unsaturated soils based
on the stress characteristics method. International Journal of Geomechanics, 23(7), 04023104.
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investigators have undertaken laboratory and field investigations to interpret pile shaft-
carrying capacity and end-bearing capacity using the shear strength parameters of the
saturated soil and the Soil Water Characteristics Curve (SWCC) (Douthitt et al.1998,
Uchaipichat 2012, Vanapalli and Taylan 2012, Fattah et al. 2014, Akrouch et al. 2016,
Vanapalli et al. 2018). Numerical techniques have also been increasingly used due to the
advantages associated with obtaining quick results at a relatively low cost (Georgiadis et
al. 2003, Han et al. 2016, Chung and Yang 2017, Cheng et al. 2021). Limited efforts have
been undertaken to study the response of driven piles in unsaturated soils under axial
loading. Mahmoudabadi and Ravichandran (2019) proposed a framework that incorporates
the climate parameters into computing the axial capacity and settlement of driven piles.
However, studies relating to the determination of the end-bearing capacity of driven piles
taking account the influence of matric suction and the pile-soil interface roughness are

limited.

The ultimate bearing capacity, Qu, of a pile under axial loading is typically estimated as

the sum of the end-bearing capacity Qs, and the shaft carrying capacity Qs as given below:

Qu =Qs +Qb = fsAE +qub (41)

where fs is the unit pile shaft carrying capacity, As is the surface area of the pile, g is the

unit end-bearing capacity and Ay is the area of the pile tip.

Four different methods are widely used for determining or estimating the bearing capacity
of pile foundations assuming saturated soil conditions; namely, static pile load tests (Vesic¢
1970, Altaee et al. 1992, Paik et al. 2003, Karlsrud et al. 2014, Yang et al. 2015), dynamic
methods (Hery 1983, Rausche et al. 1985, Fellenius 2006); static analysis (e.g., total and
effective stress approach) (Skempton 1959, Vesi¢ 1963, Burland 1973, Vijayvergiya and
Focht 1972), and direct or indirect use of results from in situ tests (Nottingham 1975,
Schmertmann 1978, Bustamante and Gianeselli 1982, Eslami and Fellenius 1997, Lehane
et al. 2005, Jardine et al. 2005). Both static and dynamic pile load tests are expensive and
time-consuming. Due to this reason, several researchers focused on proposing methods

extending static analysis (i.e., theoretical methods) for estimating the pile load capacity. In
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recent years, cone penetration tests (CPT) have been widely used to estimate pile capacity
because they are low cost in-situ tests with several similarities to static pile load tests (Hong
et al. 2010, Alkroosh and Nikraz 2012).

The stress characteristics method (SCM) is a valuable tool for providing rigorous solutions
to plasticity problems in soil mechanics by solving the limit equilibrium equations together
using yield equations (Sokolovskii 1960, Harr 1966, Martin 2004). The SCM that is also
referred to as the slip line theory has been widely used to solve a variety of problems,
especially for shallow foundations and retaining walls (Martin 2005, Bolton and Lau 1993,
Kumar and Chitikela, 2002, Santhoshkumar and Ghosh 2021). Some researchers used
SCM to investigate the behavior of piles in saturated soils (Gui 2006, Veiskarami et al.
2011, Valikhah et al. 2019). To the best of the authors knowledge, no studies have been
undertaken in the literature to investigate the response of piles in unsaturated soils using
the SCM. For this reason, in this Chapter, a general framework has been developed for the
prediction of the end-bearing capacity of axially loaded piles in both coarse- and fine-
grained saturated and unsaturated soils based on the SCM. The families of hyperbolic
differential equations associated with the SCM for an axisymmetric problem were solved
by the iterative finite difference method. MATLAB code has been developed as a part of
this Chapter that can provide solutions for the finite difference equations extending
iterative technique for implementing this procedure. The proposed method was validated
using the measured results for eleven driven pile load tests in saturated soils and two in
unsaturated soils. Comparisons between the predictions made by the proposed method and
several published theoretical methods (i.e., direct CPT methods and static analysis
approach) and measured data, suggest reasonable predictions. In addition, finite element
analysis (FEA) was performed to simulate the procedure of pile penetration in unsaturated
soils and the pile load test using commercial software ABAQUS. The Arbitrary
Lagrangian-Eulerian (ALE) adaptive mesh technique was employed in the FEA to alleviate
the large-deformation problem that is typically associated with the convergence difficulties.
The ultimate bearing capacity derived from the FEA as well as the computed results using
the proposed analytical method were compared against the measurements from a model
pile test conducted by Kong et al. (2005). The proposed generalized framework extending

the SCM is a useful tool for predicting the end-bearing capacity of piles in saturated soils
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extending conventional soil mechanics and in unsaturated soils considering the influence

of matric suction.

4.2 Methodology

4.2.1 The nonlinearity of shear strength and bearing capacity of unsaturated soils

Vanapalli et al. (1996) proposed a semi-empirical model to predict the nonlinear shear
strength of unsaturated soils, zunsat, Using the saturated shear strength parameters (c' and ¢')
and the SWCC. In this model, the SWCC information is typically expressed as a

relationship between either degree of saturation or volumetric water content versus suction:

Tyt = C +(0, —U, )tan g’ +(u, —u, ){% tan ¢’ (4.2a)
Tunsat = c'+ (Gn —u, ) tan ¢, + (ua —U, )|:((Z __Hé)) tan ¢, (42b)

where (on — Ua) IS net normal stress in which o is the normal stress and ua is the atmospheric
pressure, Uw IS pore water pressure, (Ua — Uw) 1S matric suction, S is the degree of saturation,
Sr is the residual degree of saturation, &is volumetric water content, &sand & is saturated
and residual volumetric water content, respectively. The contribution of matric suction
towards the bearing capacity of unsaturated soils can be expressed as a form of total
cohesion, ct, which is calculated by taking into account the contribution of matric suction,

as given below:
¢ =¢'+(u,-u, ), (1-8" Jtang'+(u, ~u, )., S" tang (4.3)

where (Ua — Uw)b IS the air-entry value (AEV), (Uua — Uw)avr IS the average matric suction

within the influence zone and s the fitting parameter with respect to bearing capacity. y
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equal to unity for soils with no plasticity is used in this Chapter as the soils investigated

are predominantly coarse-grained soils.

4.2.2 Modified stress characteristic method considering the influence of matric

suction

A single pile is considered in this study with an embedded length, L and diameter, D. Only
half of the section is considered because of the axis symmetry of the pile foundation. It is
assumed that the shaft resistance of the pile has been fully mobilized so that the estimation
of pile end-bearing capacity is separate from that of shaft resistance. It is also assumed that
the soil mass is rigid-plastic, obeys the Mohr-Coulomb failure criterion (i.e., z = ci+ (on—
Ua)tang”) and associate flow rule. Figure 4.1 shows the definition of various stress variables
and the Mobhr circle for unsaturated soils under failure characteristics. In the coordinate
system shown in Figure 4.1(a), r and z are the radial and vertical coordinates, respectively.
@ is the angle between the net major principal stress direction (o1 — Ua) and the positive z
axis. The counter-clockwise rotation with respect to the positive z-axis is considered

positive in this analysis.

(@)
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T (@— p) characteristics
Yield plane

(¢ + p) characteristics

(b)

Figure 4.1 (a) Sign conventions and notations (b) Mohr circle for unsaturated soils

at failure condition

The stress components shown in Figure 4.1(a) (i.e., or, 0z, ) are expressed in terms of

two variables; namely, T and R as follows:

o, =T —Rcos2¢
o, =T +Rcos2¢ (4.4)
7,, = Rsin2¢

where or and o; are normal stresses in the r and z axis, respectively, =, is shear stress, T
represents net mean stress and R represents the radius of Mohr circle as shown in Figure
4.1(b). The expression of T and R can be written as:

T= (Gn —ua)
- (4.5)

(o, —u,)sing’'+c, cos ¢’

where (on— Ua) IS net mean stress, ¢' is the internal friction angle and ctis the total cohesion

of unsaturated soil that has been defined in Equation 4.3 incorporating the influence of
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matric suction. Pore air pressure can be assumed to be equal to atmospheric pressure in the
field (i.e., ua = 0); due to this reason, the net mean stress (on— Ua) is equal to the total mean
stress o. The friction angle ¢' is constant since the influence of matric suction on ¢' is
negligible in conventional soils (\Vanapalli et al. 1996). Total cohesion c: can be constant
or vary with depth depending on the soil profile. For the axis-symmetric case, the static

equilibrium equations can be written as:

%0, , 07 (9 =9)

=0
or oz r
4.
or, Oo, 1, ( 6)
—P =
or 15/4 r

where yis the unit weight of the soil and oy is the circumferential stress component. The
Haar and von Karman (1909) hypothesis states that oy is equal to either major or the minor
principal stress. Following Cox et al. (1961) and Bolton and Lau (1993), the value of oy is
equal to the net minor principal stress oz in this study (i.e., as small as possible). Combining
the equilibrium equations (i.e., Equations 4.4 and 4.5) and yield equations (i.e., Equation
4.6) and following the stress characteristics method, the ordinary coupled differential

equations along the (¢ + ) characteristics are given below:

dr T ¢
= —t | Z_Z
. an(o+u) where u [4 2} 4.7)
2R , OcC, ,
do+ ()S(é,d(p:(br —b, tang —EJdr+(bZ +b, tan ¢') dz (4.8)

Along similar lines, the differential equations for the (¢ — ) characteristics are given as

follows:

%ztan(go—y) (4.9)
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,d(p:(b, +b, tan¢'+%jdr+(bz—b, tan ¢')dz (4.10)

where u denotes the angle between the direction of o1 and the direction of two families of

characteristics as shown in Figure 4.1. The variables brand b, are expressed as follows:

R(cos2p-1)
r
Rsin2¢
I

b:

r

(4.11)
b, =y

A

Four unknown variables (i.e., spatial variables r and z, field variables o and ¢) can be
obtained by solving Equations 4.7 to 4.11 from imposed boundary conditions. As shown
in Figure 4.2, a new Point C lies on the intersection of the (¢ +4) characteristics line from
Point A with the (¢ — ) characteristics line from Point B. The variables for the new point
C (rc, zc, oc, ¢c) can be obtained, if four variables are known for two points A (ra, za,
oa, ga) and B (rs, zg, oB, ¢8). The finite difference forms of governing equations of the

stress characteristics method can be summarized as below:

For the (¢ + 1) characteristics:

el — tan (g + ) (4.12)

7. -7,

R, +R: B _ B ,_% 3
Oc—O0p+ cosg’ ((Pc ¢A)—(br,Ac b, ac tan ¢ P j(rc rA) (413)
+(b, ac + 0, pc taN @) (2c — 2,)
For the (¢ — w) characteristics:
- —r,
——-=tan (@ — 4) (4.14)

Zc— g
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R, +R , OC
Oc —O0p — (?OS¢'C ((pc_(pB):(br,BC_'_bz,BC tan ¢ +a_ztj(rc_rs)

+(bz,Bc - br,BC tan ¢')(Zc - ZB)

(4.15)

oc and ¢c are initially approximated to (oat+os—oc’) and (ga+@e—g¢c’), respectively. oc'’
and ¢’ are the known solutions of Point C’ which locates diagonally opposite to Point C
in the current cell of the mesh. oac is initially set to (oa+oc)/2 and osc is set to (os+oc)/2.
@ac IS initially set to (pa+ec)/2 and gsc is set to (gs+¢xc)/2. Then, rc and zc are obtained
from Equations 4.12 and 4.14. Substituting these values into Equations 4.13 and 4.15
results in oc and ¢c becoming known. The proportion changes in the stress parameter oc
and ¢c are computed to check the convergency at the end of iteration. This process is
repeated until the until acceptable convergence is achieved for both o-and ¢. The allowable
error in this study is set to 10°. A MATLAB code was developed to provide solutions for
the finite difference equations and implement the iterative procedure. The computational

procedure for the analysis is shown in the form of a flow chart in Figure 4.3.

C'I

(rA,zA! Oa, ¢A)

(rc, ZC: Oc (DC)

Figure 4.2 Computation of a new point C from two known points A and B
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4.2.3 Boundary conditions

Figure 4.4 shows the failure zone and failure surface pattern around the pile tip suggested
by Meyerhof (1951) and De Beer (1963). When a pile is driven into the soil, a logarithmic
spiral shaped failure surface is assumed to generate below the pile base that extends all the
way back to the pile shaft. The height and depth of the spiral surface increase as the soil
friction angle increases and can vary between 4 to 9D above the pile tip (Altaee et al. 1992,
Shariatmadari et al. 2008) and 1.5 to 4D below the pile tip (Janbu 1976, Bowles 1988),

respectively.

]
Determine input parameters:

Pile: type, size and depth;

Soils: GWT depth, ¢’, ¢, y, SWCC, (U — Uy)s, (Ua —Ug)res (Ua —
Up)avrs S

A 4
Read initial conditions: , 2, gand ofor
known points A and B;
Initial assumption for o¢ p¢

v
" Oac=(0c* 0a)l2, Pac=(pc + pa)i2 ‘

| Tgc = (Oc+ Og)I2, Pac = (Pc+ Pe)l2 “—

!

Compute r,, z.for point C using Eq. (4.12) and (4.14);
Compute a,, ¢ for point C using Eq. (4.13) and (4.15);

1 A Ag,
Compute error expressions |%| and |ﬂ—‘|

—Ta
No if |%| < allowable
error
Yes
No
A
It |UL| <allowable
‘ error
, Yes

Store the results for r, 2, @, o,
and move to the next point

No
Last point for the
zone?

Yes

End

Figure 4.3 Flow chart for explaining the iterative procedure to compute stress field

Figure 4.5(a) illustrates a complete mesh of the characteristic lines near the pile base for

the right half of a pile foundation. There are three different zones generated during the
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plastic flow of the soil due to ultimate load: namely, passive zone, radial shear zone and
plane shear zone. The detailed procedures for obtaining these variables for different zones
can be found in the literature (e.g., Sokolovskii 1960, Graham 1968, Gui 2006).

In this study, the ko state (i.e., no horizontal displacements near the pile shaft) were assumed
since the state of soil adjacent to the pile shaft shows better agreement with the
experimental results (\VVeiskarami et al. 2011). In the passive zone, variable z at any point
on the pile shaft surface OA is known, and the corresponding r and ¢ equal to zero. The
variable o-along OA using Mohr circle relations (i.e., Equations 4.4 and 4.5) can be written

as:

o, +C, COS¢@' oS 2¢
o=

1-sing’'cos2¢p (4.16)

where on is the horizontal soil pressure.
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Figure 4.4 The logarithmic spiral failure surface around the pile tip by (a) Meyerhof
(1951) (b) De Beer (1963)
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The remainder points in the passive zone can be obtained subsequently from the boundary
conditions of OA, and then OB becomes the known boundary conditions for the radial fan
zone. In the radial shear zone, the singular point O can be regarded as a degenerate (¢ — 1)
characteristic with the same r and z but varying cand ¢. The relationship between o and
@ s given by:

2R

sin2yd¢:o (4.17)

do+

Following Meyerhof (1951) and Randolph et al. (1994), a conical wedge with a base angle
of (45°+¢'/2) is assumed beneath the pile base. The angle of plane shear zone depends on
the roughness of the conical wedge. The following relationship can be derived for the
interface on the conical surface OD:

p :%+%{5—arcsin[$ﬂ (4.18)

where ¢p is the inclination of major principal stress at the conical surface OD, ¢'is the
friction angle of pile-soil interface. Lastly, the unit end-bearing capacity, g», can be
calculated by integrating the vertical pressure, gr, along the conical surface beneath the pile

base as follows:

4 (b2
%= IO 27r-qedr (4.19)
dz
= —- 4.2
qf Gz+rrz dr 7/2 ( 0)

where the normal stress or and shear stress z; at each point along surface OD were obtained

from Equations 4.4 and 4.5.
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Figure 4.5 (a) Mesh of the characteristic lines around the pile base and (b) Pore

water pressure profile for three different scenarios

4.2.4 Computation procedures for different scenarios of GWTs

The term dci/oz in Equations 4.8 and 4.10 depends on the distribution of soil suction profile
along the depth. In this study, dc/oz is equal to zero as the concept of average (i.e.,
representative) matric suction at the centroid of the influence zone near the pile tip is used
in Equation 4.3 to compute c; for the sake of simplicity. Many researchers (e.g., Oh and
Vanapalli 2011, Vahedifard and Robinson 2016, Vanapalli et al. 2018, Zhang et al. 2020)
suggest that using the average value as representative matric suction can provide reliable

estimations of bearing capacity of foundations in unsaturated soils.

The contribution of matric suction towards the end-bearing capacity of single piles changes
as the GWT depth varies. As illustrated in Figure 4.5(b), in this study, three different
scenarios with varying depths of GWTSs located above, within and below the influence zone
were considered. The influence zone was assumed to be around 6—8D above the pile base

and 0.7-4D below the pile base, which is consistent with Schmertmann (1978) and de
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Ruiter and Beringen (1979). The pore-water pressure profile along the depth under the
three different conditions is shown in Figure 4.5(b). The matric suction is linearly
distributed under hydrostatic conditions (i.e., (Ua— Uw) = —ywhunsat, Where yw is the unit
weight of water and hunsat is the height above the GWT). In some circumstances, the matric
suction profile becomes nonlinear under different moisture flux boundary conditions due

to the influence of environmental factors.

For Scenario 1, the GWT is located above the influence zone around the pile tip. The soil
in the influence zone is saturated and (uUa — uw)avr IS zero. Total cohesion, (ct) for
computing the end-bearing capacity of piles in saturated soils is equal to the effective
cohesion, (c'). For Scenario 3 where the GWT is located below the influence zone of the
pile tip, the entire influence zone is in a state of unsaturated condition. (Ua— Uw)avr IS taken
as the centroid of matric suction between the upper and lower limit of the matric suction,
(ua — uw)u and (ua — uw)i, respectively. Total cohesion (ct) is computed by adding the
apparent cohesion to effective cohesion ¢’ considering the contribution of matric suction
(i.e., Equation 4.3).

For Scenario 2, where the GWT is located within the influence zone, the average soil unit
weight should be modified considering the influence of matric suction as follows:

- ' ' hunsat

Y=y +(7—7)h— (4.21)
where yis the modified average unit weight, y ' is the effective unit weight and h; is the
length of the influence zone. The remainder of the calculations will be the same as

discussed for Scenario 3.
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4.3 Validation and comparisons

4.3.1 Case studies in saturated soils (Scenario 1)

The end-bearing capacity of driven piles in saturated soils has been computed for 11 pile
load tests. All the information related to the soil description from the site investigation,
including CPT records for undertaking rigorous analyses using the proposed approach are
summarized in Table 4.1. In these pile load tests, piles are driven into dense sands to
transfer large loads from the topsoil to a stronger stratum below. The internal friction
angle ¢’ is obtained from CPT records using the following relationship provided by
Kulhawy and Mayne (1990) was used for certain soils that did not provide the information
for ¢”:

' q
degrees)=17.6+11lo 0
¢'(degrees) T (4.22)

where qc is cone tip resistance. The square-shaped piles can be simulated by idealizing
them as circular piles with equivalent cross-sectional areas to achieve the same shaft and
base load (Poulos and Davis 1968). The predictions of pile end-bearing capacity were made
using the proposed approach for Scenario 1. Comparisons between the measured and
predicted end-bearing capacity of piles in saturated soils are shown in Figure 4.6. The
predictions are in good agreement with the field measurements with a high coefficient of

correlations (R?) value.

4.3.2 Case studies in unsaturated soils (Scenario 2 and 3)

The predictions using the proposed approach are compared against the measurements for
two pile load tests in unsaturated soils reported by Beringen et al. (1980) (for Scenario 2)
and Fellenius et al. (2007) (for Scenario 3), respectively. The details of pile and soil

properties for these two sites are summarized in Table 4.2.
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Table 4.1. Summary of the pile load tests information used in the present study

Pile Soil
. Material Soil
Pile L BorD Measured
No. . and Qeavg® @' (°) typeat References
No. (m)  (mm) shape® pile tip Qv (kN)
1 J2 9.1 320 S,C - 34 Sand 296 Tavenas (1970)
2 J3 12.2 320 S,C - 34 Sand 356 Tavenas (1970)
3 Ja 152 320 S,C - 34 Sand 372 Tavenas (1970)
4 J5 18.3 320 S,C - 34 Sand 372 Tavenas (1970)
Gregersen et al.
5 A 8.0 280 CC 3.0 30 Sand 60 (1973)
Gregersen et al.
6 D/A  16.0 280 CC 4.5 31 Sand 110 (1973)
7 ':'SV! 9.2 273 S, P 4.0 32 Sand 355 O'Neill (1988)
Campanella et
8 UBC3 16.8 324 S, P 2.0 31 Sand 315 al. (1989)
TWN Yen et al.
9 TP6 343 609 S,C 9.5 33 Sand 1650 (1989)
BGH Altaee et al.
10 D1 11.0 285 C S 3.2 34 Sand 360 (1992)
Pando et al.
11 P1 16.8 610 C S 6.0 35 Sand 689 (2003)

aExterior width of square piles or the diameter of circular piles

b Material from which pile was made: S = steel; C= concrete. Pile shape: S = square; C = circular; P = pipe
¢ Average value of cone tip resistance (qc) in the influence zone near the pile tip (Pile load tests reported by
Tavenas (1970) have no information of average qc value)

Table 4.2 The pile and soil properties in pile load tests for Scenario 2 and 3

Pile Soil
D . GWT y (kN 0 c’ ?'(°)  Ceavg

LM mmy SRy ey W) ey tip  (MPa)
Scenario 2
Beringenetal. 525 356  Verydense 3.2 20 15-20 O 42 20
(1980) sand
Scenario 3
Felleniusetal. 6 350  Siltysand 11 18 16.2- 2.0 36 5.1
(2007) 22.5
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The end-bearing capacity information was not available for the case studies summarized
in Scenario 2 and 3 (see Table 4.2). For this reason, the total bearing capacity was computed
and compared with the measured data information that was available. The total bearing
capacity was obtained as the sum of pile shaft carrying and end-bearing capacity. The end-
bearing capacity, g», was calculated using the proposed approach while the shaft carrying
capacity, fp, was obtained using the method proposed by Vanapalli and Taylan (2012), the
equation of which is given below:

Quuy =| ¢ +B(0})+(u, ~u,)(8*)(tang') | zDL (4.23)

where gis the Burland-Bjerrum coefficient and o' is vertical effective stress at the middle
of the pile shaft. The coefficient fequals to Ktand, where K is the lateral earth pressure
coefficient and ¢'is the friction angle of the pile-soil interface. The value of K depends on
various factors such as the method of pile installation, soil type, and the material of the pile,
and can be related to the earth pressure coefficient at rest, Ko. Table 4.3 presents
recommended values for the ratios K/Ko and o/¢. For both pile case studies, K is

determined as 1.5Ko and 6/¢is 0.7 based on pile and soil type.
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Figure 4.6 Comparisons between the predicted and measured end-bearing capacity

for the case studies in saturated soils
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Beringen et al. (1980) performed a series of pile load tests at Hoogzand/Oostermeer in the
Netherlands to study the design of offshore pile foundations. The tested pile is 356 mm in
diameter and 5.25 m in length. The upper 2 m of sand consists of different proportions of
sand, silt and clay but is predominantly sand. Underneath is a layer of very dense and
overconsolidated sand at a depth of between 2.5 m to 10 m. The saturated and unsaturated
unit weights were 20 kN/m®and 21 kN/m?, respectively. Since the GWT is located at a
depth of 3.2 m, which is within the influence zone, the soil unit weight was modified as
20.3 kN/m?3 using Equation 4.21. The water content in the influence zone ranges from 15%
to 20% and the void ratio varies between 0.5 to 0.55. Prediction models for the SWCC are
desirable in engineering practice where time and/or resources are limited and the actual
SWCC is not available. The van Genuchten (1980) equation is widely used for predicting
the effective degree of saturation, Se as a function of matric suction. The relationship can
be expressed in terms of the degree of saturation or volumetric water content as given

below:

(1-1/n)
S-S, _0-6, _ 1 (4.24)
1-S, 6-6 |1+(alu,-u,|)

where « and n are fitting parameters. The recommended values of o and n given by Wdsten
et al. (1999) and Carsel and Parrish (1988) based on soil classifications are utilized in this
study to predict the SWCC of unsaturated soils, as presented in Table 4.4. The van
Genuchten (1980) model parameters « and n recommended by Wosten et al. (1999) for
coarse soil were determined as 0.0383 and 1.1377, respectively, based on the soil
classification information. The values of « = 0.075, n = 1.89 recommended by Carsel and
Parrish (1988) for sandy loam were used for predicting the SWCC. These two predicted
SWCCs are presented in Figure 4.7. “This study @’ and ‘This study ®* in Figure 4.8 represent
the computed results using recommended « and n values by Waosten et al. (1999) and Carsel

and Parrish (1988), respectively.
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Table 4.3 Recommended values of Kand &

Recommended values

Reference of Kand 5 Pile or soil type
Kulhawy (1984) K/Ko=10.7-1.2 Smooth steel pipe piles, H piles or concrete
piles (Small-displacement piles)
K/Ko=1.0-2.0 Smooth steel pipe piles, H piles or concrete
piles (Large-displacement piles)
Das (2004) K/Ko=1.0-1.4 Small-displacement piles
K/Ko=1.0-1.8 Large-displacement piles
Yang et al. (2006) K/Ko=1.2-15 Driven steel pile, alluvium and completely
decomposed granite
Kulhawy (1984) o/¢=0.5-0.7 Smooth steel pipe piles or H-piles
0/9=0.8-1.0 Smooth concrete piles
Yang et al. (2006) &/p=0.7-0.9 Driven steel pile, alluvium and completely

decomposed granite

Table 4.4 van-Genuchten parameters for two SWCC models

SWCC

n

model Soil texture 0r 0 a (L) (dimensionless)
SWCC-A  Coarse (Clay < 18% and 0.025 0.403 0.0383 1.3774
(Wostenet  sand > 65%)
al. 1999) Medium (18% < clay < 0.010 0.439 0.0314 1.1804
35% and 15% < sand or
clay < 18% and 15% <
sand < 65%)
Medium Fine (Clay < 0.010 0.430 0.0083 1.2539
35% and sand < 15%)
Fine (35% < clay < 60%) 0.010 0.520 0.0367 1.1012
Very fine (60% < clay) 0.010 0.614 0.0265 1.1033
SWCC-B Clay 0.068 0.38 0.008 1.09
(Carsel and  Clay loam 0.095 0.41 0.019 1.31
Parrish Loam 0.078 0.43 0.036 1.56
1988) Loamy sand 0.057 0.41 0.124 2.28
Silt 0.034 0.46 0.016 1.37
Silt loam 0.067 0.45 0.020 1.41
Silty clay 0.070 0.36 0.005 1.09
Silty clay loam 0.089 0.43 0.010 1.23
Sand 0.045 0.43 0.145 2.68
Sandy clay 0.100 0.38 0.027 1.23
Sandy clay loam 0.100 0.39 0.059 1.48
Sandy loam 0.065 0.41 0.075 1.89
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To validate the proposed approach, further comparisons with other methods (i.e., semi-
empirical approaches and direct CPT methods) have been made. Table 4.5 presents three
semi-empirical approaches proposed by Vanapalli et al. (2018) that have been commonly
referenced for predicting the pile end-bearing capacity in unsaturated soils. In addition,
direct CPT methods have been widely used during the last several decades for evaluating
the bearing capacity of full-scale piles from CPT parameters (i.e., cone tip resistance gc and
sleeve friction fs) based on scale relationships between the cone penetrometer and a single
pile (e.g., Schmertmann 1978, Karlsrud et al. 2005, Schneider et al. 2008). Four well-
known direct CPT methods that provide design equations for evaluating both g, and f, are

summarized in Table 4.5.

Figure 4.8(a) shows the comparisons of total bearing capacity using all different methods
with measured data. The measured total ultimate load is 1950 kN whereas the computed
values using two SWCC models in the proposed approach are 1815.6 kN and 1895 kN,
respectively, which are slightly lower than the actual value. The difference between the
field measurement and the predictions is approximately 6.8% and 2.8%, respectively. The
modified Janbu method, as well as the direct use of CPT methods, suggested by
Schmertmann (1978) and de Ruiter and Beringen (1979) also show good agreement with

measured values.

Fellenius et al. (2007) reported static load test results for a square pile with a width of 350
mm embedded to a length of 6 m driven in residual soils. The soil at the site is a weathered
granite that is subject to high mean annual precipitation. The grain-size analysis shows that
the soil consists of 10% clay, 30% silt, 40% sand and 20% gravel, which are classified as
“sand and silt with some gravel and some clay”. The ground water table was located at a
depth of 11 m. The water content of the soil varies from 16.2% to 22.5% and the degree of
saturation ranges from 56 % to 86%. A CPTu profile was carried out and the pore water
pressure measurement (i.e., uz profile) within 8 m depth from the natural ground surface
shows a negative value of 10 to 20 kPa (i.e., matric suction), indicating that the soil is
unsaturated. The average cone resistance Qcavg in the influence zone is 5.1 MPa. The

effective cohesion is estimated as 2 kPa according to Ortiz et al. (1986).
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Table 4.5 Summary of different methods for estimating the bearing capacity of piles

Method  Reference Unit e_nd-bearlng Unit _ shaft  carrying Average zone
capacity capacity of qc

Static Vanapallietal.  Modified Terzaghi Same with Vanapalli and -

analysis  (2018)? (1943): Taylan (2012):

G, =Ns, +a'N, +%yDsty ¢’ +B(o))+
Modified Hansen Q= (u,-u,)(8*)(tan¢")
(1970):

0, =N, +7aN;d, + %5 7DN; DL
Modified Janbu (1976):
GN; +a/N; + 3/ yDN;
Direct Schmertmann Ob=(Qc1+ Qc2)/2 < 15 In sand: 8D above &
CPT (1978)° MPa 8D 0.7D to 4D
(in sands) and 10 MPa de; 8_D LA+ below
(in silty sands) Q=0 |,
> A
d=8D
Dutch method In sand: In sand: Same with
(de Ruiterand  similar to Schmertmann ~ g¢= min [ fs, q/300 for ~ Schmertmann
Beringen 1979)°  (1978) compression, qc,/400 for ~ (1978)
tension, 120 kPa]

LCPC method Qb = Kb Qeq (ip) O = Qeq (side) / Ks 1.5D above
(Bustamante &1.5D below
and Gianeselli
1982)¢
Unicone Ob = CtQeg 0r = CsQe 2D or 8D
method (Eslami above &
and Fellenius 4D below
1997) ©

Note: 2q’ = vertical effective stress at pile base; N¢, Ng, Ny, N¢“, Ng, N7, Ne*, Ng* and N,*: bearing capacity
factors; s, s,= shape factors (sc= 1.3 and sy = 0.6 for round pile foundation); 7 = 1.0 for all except the Vésic
(1975) bearing capacity factors; d., dq = depth factors °qe;= the minimum average gc of zones 0.7D to 4D
below the pile tip; qc2 = the average minimum ¢ of zones 8D above the pile tip; asaa depends on the L/D
ratio; °qc.= the arithmetic average of g in the influence zone; °qeq= equivalent average of g values; k, = 0.375
for sand and gravel; ks = 30—150 depends on the soil type, pile type and installation procedure ¢C; = the toe
correction coefficient (generally taken as 1, for D > 0.4 m, C; =1/(3D)); geg = the geometric average q. values
after correction for pore pressure on shoulder and adjustment to effective stress; Cs = shaft correlation
coefficient; ge: the corrected cone resistance

Fellenius et al. (2007) suggest that the dominant soil type is silty clay to silty sand
according to the CPTU-based soil classifications. The van Genuchten (1980) parameters «
and n recommended by Wasten et al. (1999) for medium soil were determined as 0.0314

and 1.1804 respectively. « = 0.010, n = 1.23 recommended by Carsel and Parrish (1988)
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for silty clay loam were used. Figure 4.8(b) shows the comparisons between predictions
using other methods and the proposed approach with two different SWCC prediction
models. The measured pile-head load-displacement curve is superimposed in Figure 4.8(b).
The ultimate limit load is 1312 kN while the computed values using the two SWCC models

are 1329 kN and 1096 kN, respectively, with a difference of approximately 1.2 % and
16.5%.
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Figure 4.7 The predicted SWCCs using different van Genuchten (1980) parameters

for Scenario 2 and 3

The modified Terzaghi’s method provides conservative estimates for most of the cases
because the assumption of Terzaghi (1943)’s failure pattern arises only from the soil below
the base of the foundation which is not consistent with the actual soil movement. The
modified Janbu’s (1976) method assumes a reliable failure surface around the pile base
that is shown in Figure 4.4(a); hence it provides better agreement with the measured values.
Among four direct CPT methods, the method presented by Schmertmann (1978) provided
the most consistent predictions with the measured pile bearing capacity. As reported by
Fellenius (2007) and Niazi and Mayne (2013), CPT methods are empirically derived for
specific piles tested in certain geomaterials, and therefore they need to be calibrated for
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their use in soils of different regions that likely have different geological histories. The
empirical correlations between CPT and pile static load tests depend largely on the specific
stress histories at the site that are influenced by the soil formation and geology. Due to this
reason, the CPT methods are sensitive and provide results that may agree or disagree with

the measured data compared to static pile tests.

The predictions for three different scenarios based on the available information suggest
that the proposed approach can reasonably estimate the end-bearing capacity with
relatively good agreement with measured results. CPT methods can capture the actual
behavior of soil including the contribution arising from matric suction. In addition, one of
the key advantages of the proposed analytical method is that it can predict the pile bearing
capacity considering environmental factors such as rainfall, evaporation, or
evapotranspiration. The matric suction profile variations affected by these factors can be
employed in the program so that the change in ultimate bearing capacity can be predicted

using the proposed method.
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Figure 4.8 Comparisons between measured and computed pile bearing capacity

using different methods for (a) Scenario 2 and (b) Scenario 3
4.4 Finite element model

In recent years, with the rapid growth of computational techniques, numerical analyses
based on the finite element (FE) methods have been extensively used for simulating the
behavior of pile foundations considering the nonlinear response of soils. Therefore, in this
study, finite element analysis (FEA) was undertaken to model a pile load test reported by
Kong et al. (2005) using FE software ABAQUS. Kong et al. (2005) conducted a model pile
load test in unsaturated sands with different dry density conditions under various matric
suction values. The gassy sand, which contains some clay particles, is collected from 50 m
deep stratum in Hangzhou Bay Bridge site, China. The SWCC for two fine sand samples
is presented in Figure 4.9. During the test, a stainless-steel pile with a length of 30 mm and
an outside diameter of 18 mm is first penetrated 180 mm depth of gassy sand. Then the
static load test is performed to investigate the ultimate bearing capacity of pile foundations
after the installation of the pile. These two stages of pile loading were simulated with the

aid of ABAQUS and the influence of matric suction was considered in the numerical model.
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The measured results from Kong et al. (2005) were compared with the numerical

predictions as well as results from the proposed analytical method.

A 2D axisymmetric model around the central line of the pile is established considering the
axisymmetric geometry of the pile-soil system and loading conditions. Since pile
penetration is a dynamic process, ABAQUS/Explicit solver was utilized for this stage due
to the distinct advantages of improving calculation time. The following pile load test is a
static loading process; for this reason, it was calculated with ABAQUS/Standard (i.e.,
implicit solver). In ABAQUS, it is not possible to incorporate both the implicit and explicit
solvers from a single analysis (Dassault Systemes Simulia 2016). Therefore, in this study,
two models were established to separate dynamic and static analysis. In the first model,
dynamic analysis was performed using ABAQUS/Explicit to simulate pile penetration.
Then, the model results of soil elements such as deformed soil mesh, and its associated
stress and strain state at the end of the analysis were imported to the second model as the

initial state so that the static analysis can continue using ABAQUS/Standard solver.

Since the elastic modulus of the pile is significantly greater than that of soil, the pile is
modelled as a rigid body in the FEA. The whole pile region is defined as a rigid body using
rigid body constraints; this facilitates in constraining the motion of the whole pile to the
motion of a reference point. The reference point (RP) on the top of the pile is shown in
Figure 4.10. Sheng et al. (2005) found that a pile with a flat end or a cone angle larger than
90° can hardly be driven into soil in the finite element modelling using ABAQUS, due to
massive element distortion and convergence difficulties. They also concluded that if the
cone angle is less than 60°, the analysis requires relatively small-time steps that can
significantly increase analysis time. Therefore, the pile tip is conical with a cone angle of
60° in the current numerical analysis which is consistent with the approach used by Sheng
et al. (2005) and Rooz and Hamidi (2019). The soil is modelled as a linear-elastic, perfectly
plastic material based on Mohr-Coulomb constitutive model. The soil properties of two
fine sand samples that are used in the FEA model are summarized in Table 4.6. The
Poisson’s ratio is assumed to be 0.3 for sand. Using Equation 4.3, the total cohesion for
three different soil samples of sand #1 with uniform matric suction at 20, 50 and 100 kPa

are calculated as 9.5, 16.2 and 25.4 kPa, respectively. Similarly, the computed total
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cohesion for soil samples of sand #2 with matric suction at 20, 50 and 100 kPa are 10.8,
18.7 and 30.8 kPa, respectively. The elasticity of modulus of both sands with (Ua- uw) =0
(i.e., saturated), 50 and 100 kPa are 7000, 14286 and 10811 kPa, respectively, which are
derived from the deviator stress versus axial strain curves of triaxial tests under various
matric suction (Kong et al. 2005). Since the deviator stress versus strain curve for sand
with (ua - uw) = 20 kPa is not provided, it is estimated to be 9914 kPa using linear
interpolation method. Figure 4.10 shows the geometry and mesh of the axisymmetric
model. Four-node quadrilateral axisymmetric elements (CAX4) were used to model both

pile and soil.

Table 4.6 The soil parameters of gassy fine sand used in the FEA model

Dry Swee Internal Modulus
density, Matric Residual Effective friction Total of
Soil Y suction esidua cohesion, I cohesion, lastici
(g/em?) (kPa) AEV  suction ¢ (kPa) an,g oe, ca (kPa) elasticity,
(kPa) values ¢ () Es (kPa)
(kPa)
Fine 20 9.5 9914
sand #1 1.50 50 25 15.0 2.0 34.5 16.2 14286
100 25.4 10811
Fine 20 10.8 9914
sand #2 1.63 50 3.0 20.0 2.0 345 18.7 14286
100 30.8 10811

Unlike the numerical simulation of bored piles, the pile penetration progress involves large
stress and strain change and severe distortion of soil elements. Several researchers
highlighted challenges associated with large deformations (Wang et al. 2015, Abu-Farsakh
et al. 2015). The standard Lagrangian approach, which is typically used in ABAQUS, often
leads to contact problems, mesh distortions and terminating the analysis when the process
undergoes large deformations. Therefore, an Arbitrary Lagrangian-Eulerian (ALE)
adaptive mesh technique was applied to the soil elements adjacent to the driven pile to
encounter convergence difficulties. The ALE adaptive mesh method allows the mesh to
deform independently of the material but the mesh topology (i.e., number of elements and
nodes and their connectivity) is maintained. Subsequently, the solution variables can be

remapped from the old mesh to the new mesh. The ALE adaptive mesh method can
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generate a smoother mesh at regular intervals to reduce element distortion and maintaining
a high-quality mesh even under excessive deformation. This method has been commonly
used to simulate the penetration of conically tipped piles in ABAQUS (Zhang et al. 2013,
Wang et al. 2015, Yang et al. 2020). Figure 4.10 shows the region of the ALE adaptive
mesh domain. The soil elements near the pile were subjected to ALE adaptive mesh control.
The default remeshing frequency, which refers to how often the mesh is adapted, was set
to once every 5 increments as a typical adaptive mesh without Eulerian boundaries requires
adaptive meshing every 5-100 increments (Dassault Systemes Simulia 2016). The default
number of mesh sweeps was set to 1. During every sweep, the nodes are relocated based

on the current locations of adjacent nodes to reduce element distortion.
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Figure 4.9 SWCC of two soil samples from gassy sand (modified after Kong et al.
2005)

Numerical analyses were performed in three main steps. In the first step, before the
initiation of pile driving process, the pile is initially placed right above the soil surface. A
small opening is made on the soil below the pile tip to facilitate the computational
penetration of the pile upon driving (Mabsout and Tassoulas 1994), as shown in Figure
4.10. Gravitational stresses are applied to both pile and soil to obtain a geostatic
equilibrium initial state. In the second step, the prescribed boundary conditions were
released and the interaction between pile and soil are activated. A prescribed vertical
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displacement of 180 mm was applied on the pile head to simulate the pile penetration at a
constant loading velocity. The pile-soil interface was modelled by a surface-to-surface
contact model, where the pile was regarded as the master surface and the soil as the slave
surface. The contact between pile and soil surfaces is governed by kinematic constraints in
the normal and tangential directions. In the last step, the model results including deformed
mesh and its associated stress state of soil from the second step were imported at the
beginning of this step. The static load test was then simulated by applying an additional
displacement on the pile head until failure. The total pile resistance is taken as the vertical

component of the total reaction force on the pile.
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Figure 4.10 Axisymmetric model and ALE mesh domain for the simulation of pile

penetration
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4.4 Results and Discussions

The soil around the pile was pushed downwards and sideways during the pile penetration,
which can be clearly seen from the deformed mesh in Figure 4.11(a). It can also be seen
that due to the implementation of the ALE technique, the soil elements around the pile are
not severely distorted even though the deformation and displacement in the pile-soil
interface are large. The soil elements directly under the pile cone are compressed. The soil
zone adjacent to the pile shaft is under the plastic state. As shown in Figure 4.11(a) and (b),
the plastic zone enlarges and moves downwards as the pile is driven to a greater soil depth.
Figure 4.11(c) shows the computed stress contour at the end of pile penetration. The radial
stress (S11) is high near the pile cone and reaches a maximum value of 1109 kPa at the
intersection of the pile shaft and cone. It is observed that the shape of radial stress
distribution around the pile tip has a logarithmic spiral failure surface as assumed in the
proposed analytical method. The vertical stress (S22) has its maximum value of 684.1 kPa
at the same crossing point as the maximum S11. Compared with the radial stress bulb, the
vertical stress concentration bulb below the pile cone is larger in the vertical direction
(extends to 4D), and smaller in the radial direction (extends to 1.8D). The maximum shear
stress (S12) is 430.4 kPa, which is mostly concentrated at the pile cone. The stress
concentration occurring near the cone shoulder is due to the inclined surface of the cone

and the interface friction.

Figure 4.12 shows the comparisons between the FEA predictions and measurements
reported by Kong et al. (2005) for two kinds of fine sands with matric suction at 20 kPa.
The load versus displacement curves derived from the FEA are in good agreement with the
experimental data for both sands. This agreement validates the feasibility of using the ALE
technique and incorporating the effect of matric suction in modelling the driven piles in

unsaturated soils.
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Figure 4.11 Typical stress contours at the end of pile penetration for fine sand#1

with (u-uw) = 50kPa (a) PEEQ at Pile penetration depth = 90 mm (b) PEEQ at Pile

penetration depth = 180 mm (c¢) stress contours (PEEQ: equivalent plastic strain;

S11: radial stress; S22: vertical stress; S33: circumferential stress)

The ultimate bearing capacity computed from the proposed analytical method is also
compared against the measurements from Kong et al. (2005). The coefficients K = 1.2Kg
and o= 0.7¢are used in Equation 4.23 for computing the shaft carrying capacity of the pile.
The total bearing capacity is obtained by summing the end-bearing and shaft carrying
capacity. Table 4.7 presents the ultimate bearing capacity of piles in unsaturated gassy

sands with matric suction at 20, 50 and 100 kPa using both FEA and analytical methods.
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From Figure 4.13, all the predictions from both methods are within the 20% deviation line
compared with the measurements. The FEA predictions are consistent with the measured
data with a high coefficient of correlations (R?) value of 0.9966. A few predictions from
the proposed method overestimate the ultimate bearing capacity due to the errors caused

by the separation of computing the end-bearing and shaft capacity.
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Figure 4.12 Comparisons between the FEA results and measured data from Kong et

al. (2005) for soil with (za- uw) =20 kPa

Table 4.7 The ultimate bearing capacity of piles in gassy sand using different

methods
Fine sand#1 Fine sand#2
L\flﬁlr(l)% Measured gEA Proposed method Measured EEA _Proposed method
k) N Ry M) MN) QM) Q) QM) Q) Q(N) QuN)
20 304 332 263 99.8 3628 495 565 398.9 100.2 499.1
50 378 453 311.6 168 479.6 727 791 512.2 188.7 700.9
100 555 612 450.2 262.6 712.8 1054 1178 6629 3158 978.7

120



The results from this study suggest that the FEA can provide results that are close to the
measured values than the proposed analytical method. This can be attributed to the
advantage of taking account of the friction angle dependency and considering different soil
shear strength values for different stress level, in the FEA in comparison to the proposed
method. Another advantage of the FEA lies in its ability to generate output data, such as
load-displacement behavior and stress distribution along the pile under different
displacements, whereas the proposed analytical method restricted to providing only the
end-bearing capacity of the pile. However, simulating a driven pile using FE approaches
can contribute to convergence problems both in dynamic and static analyses. Solving large
deformation geotechnical problems can be challenging especially when dealing with more
complex soil-structure interactions such as the driven piles behavior. The proposed
analytical method, on the other hand, provides geotechnical engineers with relatively quick
and reasonable and reliable estimations of the bearing capacity for a driven pile embedded
in unsaturated soils. It only requires input parameters that include pile (i.e., length, diameter,
and material), soil properties (i.e., saturated shear strength parameters ¢’, ¢”and unit weight
y) and the SWCC. This method is promising for use in conventional geotechnical
engineering practice for the design of pile foundations both in saturated and unsaturated

soils.
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4.5 Conclusions

In this study, a generalized analytical approach has been developed for determining the
end-bearing capacity of driven piles for both saturated and unsaturated soils based on the
stress characteristics method (SCM) which is also referred to as slip line theory. The novel
contribution of this study includes the development of a rational approach for the
interpretation and prediction of the end bearing capacity of driven piles extending the
principles of unsaturated soil mechanics. The finite-difference forms of the governing
equations of the SCM were solved with the aid of a MATLAB program that was developed
with a feature of providing graphical output to visualize the results. Eleven case studies of
driven piles in saturated soils and two in unsaturated soils were examined. The comparisons
showed that the proposed method that is based on the SCM, and the principles of
unsaturated soil mechanics provide reasonable predictions. Lastly, numerical analysis was
undertaken to simulate a model test of driven piles in unsaturated sand reported by Kong
et al. (2005). Both dynamic and static analysis was involved in the numerical analysis to
simulate the pile driving and the following pile loading. ALE adaptive mesh technique was
applied to prevent severe distortion of soil elements due to the large deformation between
the pile and soil interface during the pile penetration. Both FEA predictions and computed
ultimate bearing capacity of piles using the proposed approach are in good agreement with
the measured data. The advantages of the proposed analytical method providing relatively
quick and reliable estimations of the bearing capacity for a driven pile embedded in

unsaturated soils are highlighted.

This study highlights the need for considering the influence of matric suction for the
reliable design of pile foundations in unsaturated soils. The proposed SCM approach
presented in this paper is robust yet simple. The required information only includes pile
properties, the shear strength parameters of the saturated soil and the SWCC. Hence, the
proposed approach is of significant interest for practicing engineers for implementing the

rational design of driven piles extending the mechanics of saturated and unsaturated soils.

122



CHAPTER 5

NONLINEAR ANALYSIS OF LOAD-DISPLACEMENT
BEHAVIOR OF SINGLE PILE AND PILE GROUPS IN
UNSATURATED SOILS

5.1 Introduction®

Many regions in the world are experiencing drying trends because of global warming
effects, especially in Africa, southeast of the United States, eastern Australia and Eurasia
(Dai 2013, Ma and Yang 2017, Deng et al. 2020). The arid and semi-arid regions of the
world cover 1.9 x 10" km?and 2.3x 10’ km?, respectively that account for 13 and 15 % of
the Earth’s land surface and represent the most common habitat on earth after oceans
(Huang et al. 2016, Mares 2017, Meslier and DiRuggiero 2019). The natural groundwater
table (GWT) is typically at a great depth in semi-arid and arid regions and the soils above
itare in a state of unsaturated condition. Unsaturated soils are tri-phase materials comprised
of solids (i.e., soil particles), liquid (i.e., water) and gas (i.e., air). The air-water interface
has a significant impact on the behavior of unsaturated soils since it generates capillary
tension within the soil skeleton that is strongly related to the soil suction that contributes
towards improving the mechanical behavior of unsaturated soils (Fredlund and Rahardjo,
1993). Therefore, the hydraulic and mechanical properties of unsaturated soils are complex

in comparison to saturated soils.

Conventional pile foundations are typically long slender axial columns that have been used
for centuries to support structures such as high-rise buildings, bridges, and transmission
towers. In the current foundation engineering practice, pile foundations in some scenarios
are used as single piles to transmit loads from the superstructure to deeper strata. However,

in many scenarios they are installed in groups to carry larger loads and alleviate settlement

4 The contents presented in this chapter are from a manuscript that has been submitted to an international
journal for review: Cheng, X., & Vanapalli, S. K. Nonlinear analysis of load-displacement behavior of single
pile and pile groups in unsaturated soils (Under peer review with an international journal)
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problems. The analysis of the load-displacement response of pile groups is a three-
dimensional problem. It is quite challenging to estimate the nonlinear behavior of pile
groups under axial loading. Several researchers proposed theoretical methods to investigate
the behavior of single piles and pile groups. One of the widely used methods, load transfer
method (LTM), is based on the load-displacement relationship at the pile head extending
the Winkler model (Coyle and Reese 1966). In their method, the soil was assumed as a
linear-elastic material and employed the concentric cylinder model to describe the
attenuation of shear stress with a radial distance from the pile. These idealizations have
been used to establish linearly elastic springs for axially loaded piles which are widely used
in practice. Following the same approach, a variety of linear or nonlinear load transfer
models were developed, such as the linear-elastic model (Randolph and Wroth 1978,
Verbrugge 1981, Chow 1986), the elastic-perfectly plastic model (Bagulin et al. 1982,
Matyas and Santamarina 1994), the power law model (Vardanega et al. 2012), the
hyperbolic model (Kraft et al. 1981, Hirayama 1990, Zhu and Chang 2002, Zhang et al.
2010), and the trilinear model (Frank and Zhao 1982, Frank 1985, Liu et al. 2004). The
LTM for single piles has also been extended to analyze the nonlinear responses of pile
groups considering the group effects (Chow 1986, Lee and Xiao 2001, Wang et al. 2012,
Zhang and Zhang 2012, Comodromos et al. 2016). The applicability of these theoretical
methods for pile groups has been well-established from case studies and numerical results
over the last two decades. In addition, some rigorous computer-based methods have been
developed by researchers, such as the boundary element method (BEM) which is based on
elastic continuum theory to model the elastic behavior of soils (e.g., Banerjee and Davis
1978, Mendonca and De Paiva 2003, Ai and Han 2009, Leung et al. 2010), and the finite
element method (FEM) in which not only the nonlinear behavior of soil can be considered,
but also the processes of pile construction can be simulated (e.g., Pressley and Poulos 1986,
Comodromos et al. 2009, Ladhane and Sawant 2016). However, previous studies have
mainly focused on dry or saturated soils. The current design codes for pile foundations
assume the soil is saturated ignoring the contribution of matric suction in unsaturated soils.
Such approaches can lead to unreliable estimations both with respect to load carrying

capacity and settlement behavior.
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In recent years, several researchers developed tools for the design of pile foundations in
unsaturated soils. Several studies that focused on investigating the behavior of piles in
unsaturated soils have highlighted the need for considering the influence of matric suction.
For example, matric suction has been found to contribute towards an increase in the
ultimate bearing capacity of single piles by 2-5 times in unsaturated coarse-grained soils
(\Vanapalli et al. 2018) and 2-6 times in fine-grained soils (Vanapalli and Taylan 2012,
Fattah et al. 2014, Pujiastuti et al. 2022). There are limited experimental studies that were
conducted to investigate the load-displacement behavior of pile groups in unsaturated soils
(Al-Khazaali and Vanapalli 2019, Al-Omari et al. 2019, Pujiastuti et al. 2022). The results
from pile load tests suggest that the ultimate bearing capacity of pile groups increases
significantly due to the contribution of matric suction towards the shear strength and
stiffness of unsaturated soils. Those studies provide insight into the pile-soil interaction
and the matric suction contribution in unsaturated soils. However, the load transfer
mechanism of pile foundations embedded in unsaturated soils has not been fully
investigated in the literature. Therefore, more rigorous methods are necessary for the
rational design of pile foundations in unsaturated soils which requires a better
understanding of the principles of unsaturated soil mechanics combined with the load

transfer mechanisms.

The focus of this study is directed to investigate the influence of unsaturated conditions on
the performance of single piles and pile groups under axial loadings. A modified load
transfer method (MLTM) is first proposed to predict the load-displacement response of
single piles considering the nonlinear shear strength and modulus of elasticity of
unsaturated soils with respect to matric suction. The nonlinear relationship between the
pile shaft shear stress and pile-soil relative displacement along the pile shaft is described
by a hyperbolic function, while the pile base resistance and displacement at the pile base
follow a bilinear model. The proposed analytical approach was then extended for the
analysis of pile groups considering the interaction effects between individual piles in a
group. Iterative procedures for obtaining the solutions to load-displacement curves of both
single pile and pile groups are developed using MATLAB. The proposed approach was
validated against two single pile tests in the field on one instrumented bored pile in

Piedmont residual soil in Atlanta and another in the residual soil in Portugal. A model pile
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group test from the literature was also used to validate the proposed approach for the
analysis of pile groups. In addition, 3D FEA is performed to simulate the behavior of pile
groups in unsaturated soils using ABAQUS software. The conventional Mohr-Coulomb
model used in ABAQUS does not have the capability for taking account of the nonlinear
shear strength of unsaturated soils. Thus, a user-defined subroutine (USDFLD: user
subroutine to redefine field variables at a material point) that can be incorporated into
constitutive relationships is written and implemented to model the nonlinear mechanical
behavior of unsaturated soils with respect to matric suction. Good comparisons were
observed between both the analytical method and numerical analysis with the experimental
data. The proposed methods can provide valuable insight into implementing the
unsaturated soil mechanics into the rigorous design of both single piles and pile groups in

unsaturated soils.

5.2 Background

The LTM describes the pile shaft and base resistance mobilization as functions of axial
pile-soil relative displacement (Frank et al. 1991). The pile is divided into several segments
of equal lengths for extending the LTM (Figure 5.1(a)). The nonlinear interaction between
a pile segment and surrounding soil can be replaced by a series of independent Winkler
springs, which are distributed along the pile shaft and at the pile tip to represent the
mobilization of the pile shaft shearing (t-z curve) and end bearing (g-z curve), respectively.
Using the t-z curve or g-z curve, the nonlinear relationship between the pile shaft shear
stress or end bearing resistance and relative axial displacement can be described

mathematically.

The relationship between shaft shear stress and pile-soil relative displacement is commonly
described as a hyperbolic function (Wong and Teh 1995, Kim et al. 1999, Basarkar and
Dewaikar 2006, Zhang et al. 2010). Several researchers from their studies (Desai and
Drumm 1985, Zong-ze et al. 1995, Zhang and Zhang 2009), have suggested using a
hyperbolic model to reasonably capture the soil shearing behavior on the pile-soil interface.

As shown in Figure 5.1(b), at a given depth z, the shear stress on the pile-soil interface
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increases nonlinearly at a decreasing rate with the increase in the pile-soil relative
displacement. When the pile-soil relative displacement at a given depth z, w(z), reaches a
limiting displacement wy, the shear stress 7 (z) achieves the ultimate shear stress z. Here,
a hyperbolic function-based load transfer model is employed to describe the relationship
between the pile shaft resistance and relative displacement, which can be written as follows:

w(z)
r(z)= i+RsfM

T w(z) > W,

w(z) <w,
(5.1)

where w (2) is the pile-soil relative displacement due to the applied axial load, 7 (z) is unit
shaft shear stress at depth z, Rsris a failure ratio (Rst = /@, z is the shear stress at which
w(z) is infinity). Rsf is found to be in the range of 0.8 to 0.95 as recommended by Clough
and Duncan (1971). Ksi represents the initial shear stiffness (i.e., the initial tangent of the
t-z curve), which can be obtained from the equation suggested by Wong and Teh (1995) as

follows:

g_gm(%] (5.2)
rO

where Go is the maximum shear modulus which refers to the shear modulus at a small strain
(typically <0.001%), ro is the pile radius and rm is the maximum radius at which the shear
stress of soil induced by the pile becomes negligible. Empirically, rm has been found to be
related to the embedded length of pile, L, and Poisson’s ratio, v (Randolph and Wroth
1978);

r,=25p,(1-v)L (5.3)

where pm is a non-homogeneity factor (= ratio of Go at pile mid-depth to Go at the pile tip).
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Figure 5.1 Schematic of LTM for an axially loaded pile

The relationship between the pile base resistance and the pile base displacement is
characterized by a bilinear model, as shown in Figure 5.1(c). The bilinear relationship
between the displacement at the pile base, wy, and the mobilized unit base resistance, qp, is

expressed as

g = {kblwm W, <SSy,
° Ky Sty + Kyo (Wb =Sy, )v W, > Sy,

(5.4)
where ko1 and kno are the compressive rigidity of the pile-base soil in the first and second
stage of the pile loading, respectively; and Spy is the pile base settiment related to the limit
shear stress in the first stage. Three required parameters ky1, ko2 and Spy can be determined
experimentally or back-calculated from field load tests. The variation of ks1 can be
conveniently esimtated using the following equation as suggested by Randolph and Wroth
(1978):
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4G,

K = "2
"o (l-u,)

(5.5)

where Gy, is the average shear modulus of the soils in the range from pile base to 8ro below
the pile base, vy is Possion’s ratio of the soil in the range from pile base to 8ro below the
pile base. The value of kn> can be predicted using the equation proposed by Zhang et al.
(2010):

.Mk
b2 = =T kL
APL | 1 "= (5.6)
AN~ EA
oA P

where AP is the increased load at the pile head when wy is larger than the limiting pile base
settlement of the first stage of g versus wy curve (i.e., Shu), AW is the increased settlement
at the pile head induced by AP, L is the pile length, E, is the modulus of elasticity of pile,
Ap is the cross-section area of the pile and ki is the ratio of the load increment to the
settlement increment at the pile head, ki=APyAw:. Both hyperbolic and bilinear models are
reliable and relatively simple. Hence, these two models are used to predict the behavior of

single piles and pile groups in unsaturated soils.

5.3 The proposed MLTM for single piles in unsaturated soils
5.3.1 Influence of matric suction on soil properties

The shear strength and modulus of elasticity of unsaturated soils are two key parameters
governing the bearing capacity and settlement of pile foundations in unsaturated soils,
respectively. Experimental studies demonstrate an increase in shear strength and elastic
modulus of unsaturated soils as soil suction increases (Gan and Fredlund 1988, Escario and
Séez 1986, Nam et al. 2011). Therefore, the mechanical properties of unsaturated soil vary
with respect to matric suction profile along the depth. The matric suction is significantly

influenced by the change in water content in the soil. Typical distributions of matric suction
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above the GWT can be categorized into three cases (i.e., uniform, linear and nonlinear

distribution profiles) based on the influence of environmental conditions (e.g., water

infiltration, evaporation and evapotranspiration), as shown in Figure 5.2(a).

The Soil Water Characteristic curve (SWCC) is a useful tool to describe the relationship
between the water storage capacity within the voids of soil and different values of matric
suction. The air-entry value (AEV) and residual suction, (ua— uw)r are two key points of
SWCC as illustrated in Figure 5.2(b). AEV is the suction value at which air enters the
largest soil pore and initiates the soil desaturation. The relationship between shear strength
and matric suction up to AEV is linear; however, it becomes non-linear for suction values
greater than the AEV (Gan et al. 1988, Vanapalli et al. 1996). The residual suction is the
value beyond which the water phase is discontinuous and an increase in matric suction has

a marginal influence on the degree of saturation.

(u,— uy) = ¢y(hy-2)3+cy(h,-2)? +c3(h,-z)*+ ¢,
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Figure 5.2 (a) Matric suction profile (b) SWCC

5.3.2 The computation process of proposed MLTM

Figure 5.3 illustrates the computation process of the proposed MLTM. The details will be

elaborated in the following.
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5.3.2.1 Step 1: Input parameters

First, the input information related to the soil and pile properties is gathered. The input
parameters include pile properties such as pile length, diameter, material and elastic
modulus, soil properties include conventional soil properties (e.g., unit weight, void ratio,
specific gravity and saturated shear strength parameters), matric suction profile and SWCC.
The variation of matric suction along the pile length can be written in the following general
form (Figure 5.2(a))

(u,—u,)=c(h, —2)*+c,(h, —2)" +c,(h, —2)+c, (5.7)

where hy is the height of GWT, and c, ¢z, ¢z and c4 are curve-fitting constants. For special
cases such as the uniform matric suction that is a constant with depth, ct=c2=¢3=0, ¢4 =
(Ua — Uw)avg, Where (Ua — Uw)avg IS the average matric suction along the depth; For linearly
distributed matric suction under hydrostatic conditions, c1 = ¢2 = ¢4= 0, C3 = v, Where u

is the unit weight of water.

The degree of saturation, S, can be expressed as a function of matric suction, (ua— uw) via
the SWCC (Figure 5.2(b)). Equation 5.8 proposed by Fredlund and Xing (1994) is used in
this study to predict S based on the matric suction profile:

(5.8)

where C(¢) is correction factor, ¢ is soil suction, e is Euler’s number and a, n, m are fitting

parameters.
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Figure 5.3 The computation process of the proposed MLTM

5.3.2.2 Step 2

The ultimate shaft shear stress for saturated soils under drained conditions, zy, can be

determined utilizing the soil effective shear strength parameters based on Coulomb’s

_Ko'tans =K. | K o tan| ¢ &
7, =Ko, tano' =K, { <. jaz tan {¢ ((ﬂﬂ (5.9

where K is lateral earth pressure coefficient (the ratio of mobilized horizontal effective

friction law:

stress o'n to vertical effective stress o'z), ¢ is the effective friction angle of the pile-soil

interface, ¢’ is effective internal friction angle of soil and Ko is at rest earth pressure
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coefficient. The coefficient K is influenced by various factors including soil type and
properties, pile type and stiffness, pile installation method, and can be related to Ko. The
value of 6" is typically less than ¢'; however, for bored piles with rough surfaces, 6’ can
be assumed as 1.0¢'. Table 5.1 summarizes the recommended values of K/Ko and o'/ ¢’ for

different pile and soil types.

Table 5.1 Recommended K/Ko and 67¢’ for different pile and soil types

Reference Values Pile and soil conditions
Tomlinson and K/Ko=1.0-2.0 Driven piles, large displacement
Woodward (2007) K/Ko=0.75-1.25 Driven piles, small displacement
K/Ko=10.7-1.0 Bored piles and cast-in-place piles
K/Ko = 0.5-0.7 Jetted piles
Yang et al. (2006) K/Kg=1.2-1.5 Driven steel pile, alluvium, and
completely decomposed granite
Kulhawy and Mayne o'lg'=0.5-0.7 Smooth steel pile piles or H piles
(1990) o'lg'=1.0 Rough concrete piles
o'lg'=0.8-1.0 Smooth concrete piles
Tomlinson and o'lg'=1.0 Cast-in-place concrete piles, sand
Woodward (2007) S'lg'=0.8-1.0 Precast concrete, sand
o'lg'=0.8-0.9 Timber piles

Several empirical or semi-empirical models have been proposed in the literature for
predicting the shear strength of unsaturated soils, zunsat, Using the information of saturated
shear strength parameters and the SWCC (e.g., Vanapalli et al. 1996, Khalili and Khabbaz
1998, Rassam and Cook 2002). Equations 5.10a and 5.10b are two semi-empirical models
proposed by Vanapalli et al. (1996) to predict the nonlinear variation of zunsat With respect
to (ua — uw) in terms of volumetric water content, 6, or degree of saturation, S, which can
be derived from the SWCC:
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Tyt =C (0, —U, ) tan g’ +(u, —uw)(g 2 ]tan ¢ (5.10a)

Ty =C +(0, U, )tang'+(u, -u,, ) S tan g/ (5.10h)

where ¢’ is effective cohesion, ¢ is effective internal friction angle, (on — Ua) is net normal
stress in which on is the normal stress and ua is the atmospheric pressure, uw is pore water
pressure, (Ua — Uw) IS matric suction, #sand &, is saturated and residual volumetric water
content, respectively. Equation 5.10a requires the residual water content that can be
identified from the SWCC. Equation 5.10b requires a fitting parameter « that is related to
the plasticity index, I, (Garven and Vanapalli 2006). x equals to 1 for predicting the
variation of shear strength of unsaturated sandy soils (i.e., Ip = 0). The third term in
Equation 5.10a and 5.10b (i.e., (ua — uw)[(€ — &)/(& — G)]tang’ or (ua — uw)S*¥tang’),

represents the contribution of matric suction towards the shear strength.

Matric suction has also been found to have a significant influence on the interface behavior
between unsaturated soils and different construction materials (Sharma et al. 2007, Hamid
and Miller 2009, Hossain and Yin 2010). Hamid and Miller (2009) performed a series of
interface direct shear tests between unsaturated silt and steel (smooth and rough surfaces).
They suggested the following equation for determining the ultimate shear stress of

unsaturated soil-structure interface, which is similar in form to Equation 5.10a

Ty =C +(0, —U, )tan &' +(u, —uw)[g_'gr jtan &' (5.11)

S r

Incorporating the contribution of (ua — uw) and combining Equations 5.9, 5.10a, 5.10b and
5.11, the ultimate shaft shear stress can be calculated as follows using the information of

matric suction profile and SWCC.
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Ty =C + Ko tan 5’+(ua—uW)Mtan o' (5.12a)

(95 —6’[)
T, =C'+ Ko, tan &' +(u, -u, )S" tan &' (5.12b)

Assume a single pile is divided into n segments and the length of segment j is AL;. The

average ultimate shear stress for a segment at depth z can be calculated using Equation 5.13

[ 2 (2)0l2
;o Tuew T (5.13)

o AL,

The maximum shear modulus of unsaturated soils Gows) can be determined from both
laboratory tests and seismic field tests (e.g., Kawaguchi et al. 2001, Lee and Santamarina
2005). Empirical or semi-empirical equations have also been proposed for estimating Go(us)
in unsaturated soils considering the water content and matric suction (e.g., Mancuso et al.
2002, Mendoza and Colmenares 2006, Sawangsuriya et al. 2009, Lu and Kaya 2014). Oh
and Vanapalli (2014) proposed a similar model for predicting the variation of Gows) with
respect to (ua — Uw) in unsaturated sandy soils using the saturated maximum shear modulus,
Gosatyand SWCC

u, —u,
Gowsy = Gogay | 1€ W(Sf) (5.14)

where ¢and & are fitting parameters. The fitting parameter &equals to 0.5 and 1 for the
soils classified as SP and SW, respectively. The fitting parameter £'is strongly related to
the coefficient of uniformity Cu. The value of ¢ decreases from 0.035 to 0.025 as Cu
increases up to 2. More details of the relationship between ¢ and Cy can be found in Oh
and Vanapalli (2014).
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5.3.3 Step 3 and output

In the Step 3, the values of z,j and Gos) derived from Equations 5.13 and 5.14 respectively,
can be introduced into Equation 5.1. The hyperbolic model along the pile shaft can be
extended for load displacement analysis of piles in unsaturated soil considering the
influence of matric suction. One of the key parameters to be determined in the pile base
bilinear model is the pile base settlement related to the limit shear stress, Spy. The value of
Swu IS influenced by various factors that include the soil properties, pile type, loading
method and environmental factors. Therefore, for the sake of simplicity, it is recommended
to determine it experimentally or through back-analysis of field load test results (Liu and
Vanapalli 2019).

After all the required parameters for both hyperbolic and bilinear model are determined,
the load transfer iteration computation can be performed. The detailed step-by-step
computational procedures are summarized in the Appendix. The output results include the
nonlinear load-displacement curve at the pile head, axial load distribution along the pile at

any settlement.

5.4 MLTM for group piles in unsaturated soils

5.4.1 Interaction between pile shafts

The proposed MLTM for single piles in unsaturated soils is extended for the analysis of
pile groups considering the interaction effects between individual piles. The interaction
between a pair of identical adjacent piles, i and j is shown in Figure 5.4. The center-to-
center pile spacing is denoted as ri;. The shaft displacement of pile i, wi., can be regarded
as the sum of the displacement due to its own loading, wii, and the additional displacement
induced by the adjacent pile j. wii, can be obtained using the proposed approach for single
piles (i.e., Equation 5.1). The additional displacement induced by the adjacent pile j can be
further regarded as two components. The first component is the displacement induced by
the loading of pile j, wij.. The second component, w’jj,, is the negative displacement caused

by the reinforcement effect of pile j, which is in the opposite direction to the pile group
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movement. Caputo and Viggiani (1994) reported a case history of pile load tests on two
identical adjacent piles and concluded that the load versus displacement relationship for
the loaded pile is highly nonlinear, whereas the displacement of load-free piles increases
linearly as the applied load increases on the loaded pile (see Figure 5.4). Therefore, the
interaction effect between a pair of identical piles can be considered as linearly elastic (Lee
and Xiao 2001, Leung et al. 2010, Wang et al. 2012).
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Figure 5.4 Illustration of the interaction effect between two adjacent piles reported

by Caputo and Viggiani (1994)

The additional elastic displacement at a given depth z for pile i, wijz, induced by the shear
stress of adjacent pile j,zz, can be calculated extending the elastic theory proposed by
Randolph and Wroth (1978).

W, =71 In{rﬂ] 515
ijz = j.z ( . )
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In order to obtain simplified solutions, Lee and Xiao (2001) assumed that the shaft shear
stress on each individual pile at a given depth z is identical (i.e., ziz=7j.forj=1ton,j#1i).
They verified that the difference between the methods with or without extending this
assumption is quite small using the results from field pile-group tests reported by O’Neil
(1981). Zhang et al. (2010) and Li et al. (2020) also reported that this assumption provides
relatively accurate results and can be considered reliable. For this reason, in this study, the
shear stresses for all piles in an m-pile group is assumed to be identical for the sake of
developing a simpler solution and reducing the computational time. Equation 5.15 can be

written in an incremental form as
Aw; , =——Ar;, (5.16)

where Ksij; is the initial shear stiffness of the soils around pile i due to the shear stress, 7.

Ksij,- can be derived from Equations 5.15 and 5.16:

SN Y (5.17)
Ksij,z G0 f .

i
The shaft shear stress on the pile i, 7z, spreads to pile j and induces a shear stress on pile j

that is denoted as 7jjz, which can be expressed as
ij.z :_’ro (518)

Due to the shear stress zjj. applied on pile j, the surrounding soil of pile j tends to move
upwards and zjj; can be regarded as negative skin friction that pulls pile j down.
Accordingly, pile j generates a counter shear stress that is the same value as zjj; in the
opposite direction. The effect of z7j, on pile j may reduce the elastic displacement of pile
I. This is referred to as the reinforcement effect. The vertical displacement of pile i due to

the reinforcement effect, namely, w'ij, can be expressed using Equation 5.19 below.
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The initial shear stiffness of the soils around pile i, K%z, induced by the shear stress zfj;

is given by

S (5.20)
Ko TG '

sij,z 07%ij ij

For a group of m piles, the overall shaft displacement of pile i at depth z due to its own load
and loads from other piles can be expressed as

Wi Z iz Z Wi,z (521)

J=1, j=i J=1, j=i

Assuming the t-z curve for an individual pile i in a group also follows the hyperbolic
relationship which is similar to that for single piles from Equation 5.1, the relationship

between shaft shear stress and pile-soil relative displacement for pile i can be expressed as

(5.22)

where zyus)2 IS the ultimate shear stress at depth z and Ksi, represents the generalized
equivalent initial stiffness of t-z curve for pile i, the value of which can be obtained by
substituting Equations 5.2, 5.17 and 5.20 into Equation 5.23

1 m
K. K. +ZK _ZK’

si,z sii,z  J=LJ#A Thsijz o J=EL A T Nsijz

(5.23)
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where Kiii; represents the initial shear stiffness of the soils around pile i induced by its own

loading.

5.4.2 Interaction between pile bases

In this study, the interaction between the pile shafts and pile bases is considered uncoupled
(Lee and Xiao 2001, Wang et al. 2012). The overall pile base displacement for pile i, wip,
is composed of two parts. One part is the nonlinear displacement due to its own loading,
Wiip, and the other one is the additional displacement caused by loadings of other piles in
the group, wij,. For a group of m-piles, the interaction effects on the pile base displacement

can be considered following the principle of superposition. Then, wiy can be written as

m
Wiy =Wt z Wi b (5.24)
j

j=1, j=i

where wiip can be derived from Equation 5.4:
(5.25)

Following the assumption of treating the pile base as a rigid punch on the surface of a soil
medium, the load at some distance of the pile base appears as a point load. The interaction
between pile bases can be expressed using the solution reported by Randolph and Wroth
(1978):

9 (1-v)

" 5.26
Ib 271G, (5.26)

where g is the unit base resistance of pile j. For the same reason as that used for the shaft

shear stress, it is assumed that the unit pile base resistance for all the piles in an m-pile
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group are identical (i.e., gip = Qjp ,for j =1to n, j #i). Equation 5.26 can be written in an

incremental form as

1

AW, =——AG; , (5.27)
Kii o

where Kijp is the initial shear stiffness of the soils at the base of pile i induced by adjacent
piles. Kijb can be derived from Equations 5.26 and 5.17:

—= (5.28)

The relationship between the displacement at the pile base, and the mobilized unit base
resistance, i, for an individual pile i in a group can be also described by a bilinear function

similar to single piles. Such a relationship is summarized below.

aw, Wiy < Sy
=4 _ _ 2
e bw; , +b ﬁ_l Sp Wy, > Sy, (.29)
y kb2 )
where a = 1 rln 1 b= 1 %n 1
) S (5.30)
kbl =1 j#i Kij b kb2 =1 Kij b

The load-displacement curve of pile groups can then be calculated using MATLAB. The

detailed computational procedures are summarized in the following.

5.4.3 Algorithm for load-displacement analysis of single piles and pile groups

The procedures for calculating the load-displacement curve of single piles and pile groups
in unsaturated soils are similar. However, the procedure used for pile group is complex

since it also must account for the interaction effect between piles in a group. Both
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procedures require to call a function namely FINDQWS, which is written for obtaining
output of the load and displacement at the head of an individual pile. The only input
parameter for this function is pile base displacement. The detailed computational procedure
is described as follows:

1. A pile with length of L is divided into n segments and numbered from the pile head to
base (Figure 5.5(a)). The corresponding pile base load, Qun for a given pile can be
calculated taking account of the base displacement. For single piles, Qunis determined
using Equations 5.4-5.6. For an individual pile i in a group, Qu,nis obtained using Equations
5.29 and 5.30.

2. For the first trial, assume the average shear stress around segment n, z, as a certain
percentage of the average ultimate shear stress zn (for example, set 7 = 0.37,n). Based

on the input soil parameters, z, can be calculated using Equation 5.13.

3. The pile-soil relative displacement at the middle point of segment n, wm . is calculated.
For single piles, wmn can be derived from Equation 5.1. For an individual pile i in a group,

Wm,n IS calculated using Equations 5.22 and 5.23.

4. The load at the top of the segment n, Qtn, can be computed as:
Qt,n :Qb,n +C'Tn AL (531)

where C is the circumferential area and AL is the length of the segment.

5. The elastic deformation of the pile segment n can be calculated using:

Qun (AL
LR (7} (5.32)

where E, is the elastic modulus of the pile, Ap is the area of the pile base, and the average

axial load of the segment, Qmn equals to (Q¢n + Qbn)/2.
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Figure 5.5 Schematic diagram of load transfer model

6. The new displacement at the middle point of the pile segment n, w'mn, can then be

determined using the following equation:
W, =W, +S, (5.33)

7. Check the convergence. If the deviation between the new computed displacement W'mn
and wm, exceeds the allowable error, ¢ (e.g., 107°), Steps 2-6 will be repeated with a
different assumed value of average shear stress z. If Wmp is less than W'mn, increase z by
a very small amount and apply it in Step 2. Otherwise, if wmn is larger than w'mp, decrease

T by a very small amount and apply it in Step 2.

8. If w'mn and wmp agrees within the allowable tolerance, move on to the next segment (n
— 1). The top axial force of the segment will be the bottom axial force of the next segment
(n — 1) as shown in Figure 5.5(c) and (d). Similarly, the top displacement of the segment
n, we, n Will become the bottom displacement of the next segment (n — 1), which can be

obtained as follows:
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Qo1 =CQin (5.34)
Wb,n—l = Wt,n = 2Wm,n _Wb,n (535)

9. Repeat steps 2-8 from pile segment n until the load and displacement at the top of
segment 1 (i.e., Qi1 and we1) are obtained. The values of Qi1 and w1 are recorded for

developing the load-displacement curve. Figure 5.6 illustrates the flow chart for function

FINDQWS.

| Function: FindQws |

Input: pile base displacement;
Set segment number j =n.

|
l l

For a single pile: For an individual pile in a
Calculate Q,; using group: Calculate Q,; using
Equation 5.4 - 5.6 Equation 5.29 — 5.30
Determine ¢, Determine 7,
(Initially assume 7= 0.37,)) (Initially assume 7= 0.37,))

Calculate w,,; of segment j
using Equations 5.22 and
5.23

Calculate w,, ; of segment
J using Equation 5.1

|
Calculate the new displacement w',, ;
using Equations 5.34 - 5.36

|
Try a different |._N® W NO_ [Ty a different
assumed 7 assumed g
Yes
Move on the next segment;

Assign Q4 and w, , for segment (j-1)
using Equations 5.37 - 5.38. Setj =/ -1

[ Output:Q, ; and w;, }

Figure 5.6 Computational flow chart for function FINDQWS
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The algorithm for predicting the load-displacement curve of single piles in unsaturated

soils is summarized below:
1. Input parameters.
2. Assume a small pile base displacement of segment n, wp .

3. Call function FINDQWS using the assumed wp to obtain the load and displacement at

the pile head, Q1 and wx1.

4. Assume a different pile base displacement wy . Repeat step 3 until the whole range of
load- displacement curve of the pile is obtained.

For pile groups with perfectly rigid pile caps in unsaturated soils, the load versus
displacement curve can be calculated using a bisection method. The detailed procedure is

described below:

1. For a group of m piles with perfectly rigid pile cap, the displacement at the top of each

pile is assumed to be identical and a specific value of pile cap displacement, Weap, is given.
2. Assume a small pile base displacement for pile i, Wipn.

3. Call function FINDQWS using the given wip to obtain the load and displacement at the
pile head, Qit1 and wit1.

4. Assume a large pile base displacement for pile i, W'ip n.

5. Call function FINDQWS using the given w'ip n to obtain the load and displacement at the

pile head, Q'it1 and W'it 1.

6. Then, the average displacement at the pile head wit1(avg) Can be calculated (i.e., Wit 1(avg)
= (wit2+w'it1)/2). If the difference between wit1(avg) and the assumed pile cap displacement
Weap eXceeds the allowable error, check if the value of (Wit,1(avg) — Weap) - (Wit 1(avg) — W'it,1) 1S
greater than zero. If so, replace wW'it1 with wit1(avg). Otherwise, replace wit1 With Wit 1(avg).

Repeat Steps 2-5 until wit1avg) and Weap agree within the allowable tolerance.
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10. Repeat steps 2-6 for all the piles in the group (i =1 to m). The axial load of the pile cap,

Qcap is the sum of the load on the top of each pile, that is

Qcap = iQit,l (536)

11. Assume a different pile cap displacement wcap and repeat steps 2-10 until the whole

range of load-displacement is obtained.

On the other hand, for the case of a pile group with a perfectly flexible pile cap, a similar
computational procedure can be used to predict the load-displacement curve. The load on
the top of each pile is assumed to be identical and a specific value of pile load, Qcap, Will be
given. The computational flow chart for analyzing the behavior of single piles and pile

groups is presented in Figure 5.7.

Single pile
[ Input parameters ]

I

Divide a pile into n

Pile group with m piles

(perfectly rigid cap)
Input parameters

Note: For the case of a |

segments;
Assume a small pile
base displacement w, ,

Assume a small cap

displacement w,,

I

 perfectly flexible pile

1 B
' cap, assume uniform

i pile-head load Q;,,0n
i all piles

Call FINDQWS

[ Obtain Q,, and w,, ‘

Use a different assumed w, , until
the whole range of load-
displacement curve is obtained

Record Q;; and wy ;;
Move on to next pile;
Setj=j+1

Use a different assumed w,,,
until the whole range of load-
displacement curve is

obtained

]

w,, , for pile i (Initially i=1)

Assume a small pile base displacement

Call FINDQWS to
obtain Q;; and w; ,

Assume a large pile
base displacement w’, ,
|
Call FINDQWS to
obtain Q)4 and w4

| Witgavg) = (WeatWea)l2 ‘

Yes
| Witavg) = Woapl <67

No

(Wi 1(avg)Waap) (Wi 1(avg) = Wa1) >0

Yes No

| L

Replace w' 4
With Wy 1(aug ‘

Replace w;
with Wy 4.,

Figure 5.7 Flow chart for analyzing the response of single piles and pile groups
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5.5 Validation-Single pile

Three pile load tests in unsaturated soils including two performed on single piles and one
on pile group from the literature are used to validate the reliability of the proposed method

for predicting the load-displacement curve of single piles and pile groups.

5.5.1 Single pile load tests in Piedmont residual soils

A static load test was performed on a bored pile in Piedmont residual soils at the Georgia
Institute of Technology, Atlanta (Mayne and Harris 1993). The Piedmont soils are
primarily the product of in-place weathering of gneisses, granites and schists. The soil
strata have an 18.5 m layer of residual, silty silica sand overlying partially weathered rock.
The residual soils in Piedmont consist of around 70% sand and less than 10 % clay fractions.
The GWT is located 17 m below the ground level. The tested pile is 16.8 m in length and
0.76 m in diameter. The pile is divided into 17 segments of 1 m thickness for the first 16
segments and 0.8 m thick for the 17" layer. The degree of saturation, S, for each layer is
obtained using the water content w, void ratio e and specific gravity Gs (i.e., S = wGs/e,
where Gs=2.67). The corresponding matric suction for each layer is derived from the
SWCC, which can be predicted using van Genuchten’s (1980) fitting equation. Based on
the soil classification information, the fitting parameters « and n for van Genuchten (1980)
were determined as 0.0383 and 1.3774, respectively, according to Waosten et al. (1999) for
coarse soil. The small-strain shear modulus Gos) for each layer is provided by Harris and
Mayne (1994) as summarized in Table 5.2. The effective cohesion is determined as 0 kPa
from the consolidated undrained triaxial tests. The at rest lateral earth pressure coefficient
Ko, was taken as 1-sing’. According to Table 5.1, for bored piles, the values for K/Ko of
0.70, 0.80 and 0.90 were used for the whole deposit. The values for Rst of 0.85,0.90 and
0.95 were assumed in Equation 5.1. The elastic modulus for the steel pile is determined as
210 GPa. ¢ is determined as 1.0¢ ' for bored piles. The average ultimate shear stress for
each layer at depth z, 7,2, can be calculated using Equation 5.13. Using the back-analysis
of the test pile base results from Mayne and Harris (1993), the values of parameters ko1, ko2
and Spy in Equation 5.4 are determined as 46,735 (kN/m), 12,654 (kN/m) and 21.25 (mm),
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respectively. The soil properties and input parameters for MLTM along the pile shaft are

summarized in Table 5.2.

Table 5.2 Soil properties and input parameters for MLTM along the pile shaft

AH 2 w (U—Uw) ¢ v w2 (KP2) Gows)
0 € S (%) o K/Ko K/Ko K/Ko

(m) (m) (%) (kPa) () (kPa)  _ 07 =08 =09 (MPa)

1 0.5 19.1 0.7 72.85 4593 34 8.25 24.29 2453 2478 7

1 15 19.1 0.7 72.85 4593 34 24775 27.72 28.46  29.19 21

1 2.5 19.1 0.7 72.85 4593 34 4125 3116 3238 3361 36

1 3.5 195 0.7 74.38  42.33 34 5775 3326 3497 36.69 50

1 4.5 19.8 0.73 7242 47.00 34 7425 38.41 40.62 42.83 64

1 55 19.8 0.73 7242 47.00 37 90.75 4471 4743 50.15 78

1 6.5 195 0.73 7132 49.79 33 107.25 4526 4843 51.61 93

1 7.5 18 0.74 64.95 69.24 31 12375 5226 55.87 59.47 107

1 8.5 19.2 071 7220 4754 31 140.25 49.23 53.32 5741 121

1 9.5 188 0.76 66.05 65.43 33 156.75 60.51 65.15 69.78 136

1 105 184 0.83 5919 93.32 34 17325 68.60 7375 7891 150

1 115 16.2 073 59.25 93.01 35 189.75 7270 78.36 84.03 164

1 125 173 0.74 6242 78.87 37 206.25 78.19 84.38  90.56 178

1 135 181 069 70.04 53.24 35 22275 72.67 79.32 85.97 193

1 145 165 067 6575 6642 38 239.25 8441 91.60 98.78 207

1 155 147 0.67 5858 96.36 36 255.75 87.23 94.89 10255 221

08 164 147 0.67 5858 96.36 36 270.6 94.93 103.04 111.14 236

Following the proposed calculation procedure, the response of a single pile in unsaturated

Piedmont soils can be calculated. Figure 5.8(a) and 5.8(b) show comparisons of load-

displacement curves at the pile head between the measured results and calculated values

using different K/Ko and Rsf values. The computed results are generally consistent with the

measured axial load along the pile shaft at different loading levels. The calculated load-

displacement curve using K/Ko = 0.7 and Rst = 0.95 closely matches with the measured

results. It can be observed that the pile displacement decreases with an increase in the ratio

K/Kq at the same loading level. On the other hand, the influence of the hyperbolic curve

fitting coefficient Rss on the pile behavior is insignificant and hence has negligible influence

in practical applications.
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Figure 5.8 Comparisons between the measured and predicted load-displacement

curve at the pile head

5.5.2 Single pile load tests by Fellenius et al. (2007)

Fellenius et al. (2007) performed static piles load tests on the campus of the Faculty of
Engineering of the University of Porto, Porto, Portugal. The soil in the north-western

region of Portugal is dominantly residual saprolitic soil, the thickness of which can
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sometimes attain more than 20 m, with more common values of 5 to 10 m. The GWT is at
10-12 m depth. Grain size analysis shows that the residual soil consists of around 40 %
sand size, 20% gravel size, 30% silt size and 10% clay size. Based on CPTU-based soil
classifications, the dominant soil can be classified as “silty clay to silty sand”. The total
unit weight is 18 kN/m3 The natural water content ranges from 16.2 % to 22.5% and the
degree of saturation is between 56% to 86%. The effective cohesion is 4.5 kPa and the
internal friction angle is 36°. The tested bored pile is 6 m in embedded length with 600 mm
in diameter, and an elastic modulus of 20 GPa. Table 5.3 summarizes some key properties
used as input parameters of MLTM along the pile shaft. The soil is divided into 12 layers
with a 0.5 m-thickness of each layer. The values of (ua— uw) along the depth are obtained
based on the U2 pore-pressure measurements. The negative pore water pressure (i.e.,
matric suction) above an 8 m depth is about 5 to 25 kPa. The degree of saturation is back-
calculated using the SWCC and measured matric suction profile. The fitting parameters «
and n were determined as 0.0383 and 1.3774 using van Genuchten (1980) SWCC model,
respectively (Wasten et al. 1999). The average horizontal stress index, Kp, given by da
Fonseca et al. (2007) along the pile length is 6.647. The at-rest coefficient Ko was calculated

as 1.04 using the following correlation between Ko and Kp (Marchetti 1980).
OCR=(0.5K, )™

( H D) sing’ (537)

K, = (1-sing')OCR™)

where OCR is the overconsolidation ratio. Based on site conditions, the values for K/Ko of
0.80, 0.90 and 1.0 and Rsf of 0.85,0.90 and 0.95 were adopted for the entire deposit. The
interface friction angle &' is determined as 1.0¢' for bored piles. The average ultimate shear
stress for each layer at depth z, =, was calculated using Equation 5.13. The values of the
parameters ko1, ko2 and Spy are derived by the back-analysis of field load test results, which
are determined as 31,782 (kN/m), 4,492 (kN/m) and 2.95 (mm), respectively. The small-

strain shear modulus Gos) is obtained from CH shear waves by da Fonseca et al. (2007).

Based on the proposed algorithm, the load-displacement curves at the pile head were

calculated and shown in Figure 5.9. Different values of K/Ko and Rsf were adopted and
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compared with the measured data. From Figure 5.9(a) and 5.9(b), it can be observed that

at the same pile head displacement, the pile head load increases slightly with an increase

in K/Ko and decrease in Rst. The comparison reveals good agreement between the computed

results and measured data using the values of K/Ko =1.0 and Rss = 0.90.

Table 5.3 Input parameters of modified LTM along the pile shaft

Tu,z (kPa)

Meom W 8 (Urth) 970 T ke KKy oo

(m) (%) (%) (kPa) () (P)  _og _p9 =10 (MP3)
05 025 191 07 9420 925 36 45 135/ 1391 1425 10150
05 075 191 07 9770 450 36 135 1590 1692 17.95 115.32
05 125 191 07 97.80 434 36 225 2126 2297 2467 12915
05 175 195 07 9521 800 36 315 2918 3157 3396 13031
05 225 198 073 8657 2000 36 405 4169 4477 47.84 13148
05 275 198 073 9373 1000 36 495 4139 4515 4801 13492
05 325 195 073 9524 796 36 585 4556 5000 5445 13608
05 375 18 074 87.93 1800 36 675 57.02 6215 67.27 13838
05 425 192 071 87.93 1800 36 765 6249 6830 7411 142.95
05 475 188 076 8526 2200 36 855 7008 7658 8307 14524
05 525 184 083 8591 2100 36 945 7503 8221 8939 14981
05 575 162 073 8337 2500 36 1035 8254 9040 9826 15210

The results summarized for the above two cases suggest that the proposed MLTM for

predicting the response of single piles in unsaturated soils is reliable.
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Figure 5.9 Comparisons between the measured and calculated load-displacement

curves

5.6 Validation-Pile group

5.6.1 Model pile tests conducted by Al Khazaali and VVanapalli (2019)

Al Khazaali and Vanapalli (2019) have performed a series of model pile tests in saturated
and unsaturated sands to study the influence of various saturation conditions on the
behavior of pile groups by varying the GWT depths at 0 (i.e., ground surface), 300, 400
and 550 mm. In this study, the measured response of pile groups with two different pile
center-to-center spacings, s (i.e., 3D and 5D) were used to validate the proposed method.
For both field cases of single piles, the local g-z curves are measured in the literature, and
they were used to calibrate the proposed bilinear model at the pile base. However, for the
model pile group test, the g-z curve is not available; thus, a 3D numerical technique is
developed which utilizes the commercial finite-element software ABAQUS. Besides,
numerical modeling predictions are also compared with measurements. The detailed

calculation using both methods are described as following.

152



5.6.2 Calculation using proposed approach

The soil properties of Unimin Sand are summarized in Table 5.4. As presented in Figure
5.10, a best-fit analysis was performed for the measured drying path of SWCC using
Equation 5.8 with values of a = 16.673, n =4.341, m = 177.27. The SWCC can be divided
into three zones as boundary effect zone, transition zone and residual zone and they are
separated by AEV and (ua— uw)r (see Figure 5.10). The AEV and residual suction value, (Ua
— Uw)r Were determined as 3.8 and 7.8 kPa, respectively. This is obtained graphically from
the matric suction values corresponding to the intersection of two linear tangent lines in
SWCC (Vanapalli et al. 1998). With the aid of the SWCC, degree of saturation or water

content information can be obtained for various soil suction values.

Table 5.4 Basic soil properties of Unimin 7030 Sand (from Al-Khazaali and
Vanapalli et al. 2019)

Soil Property Value
Specific gravity, G 2.65
Maximum dry unit weight, yamax (KN/m?) 16.3-16.7
Total unit weight, y (kN/m?) 18.6
Saturated unit weight, ysst (KN/m?®) 20.4
Average void ratio, e 0.606
Range of relative density, D; (%) 60-70
Effective cohesion, ¢’ (kPa) 0

Internal friction angle, ¢’(°) 35.3
Pile-soil interface friction angle for smooth shaft surface, 67 (°) 24

The matric suction profile for different GWT conditions in the soil container were
measured using tensiometers at different depths: 150mm, 300 mm, 450 mm and 600 mm
as shown in Figure 5.11. Best-fitted analyses are undertaken using Equation 5.7 to estimate
the nonlinear relationship between the matric suction and depth. The curve-fitting constants
C1, C2, €z and ¢4 in Equation 5.7 are determined as 4.17, -28.08, -1.05 and 2.73 for GWT =
300 mm, -170.7, 60.45, -8, and 4.45 for GWT = 400 mm and -121.7, 64.7, -9.8 and 6.15
for GWT = 550 mm, respectively (see Figure 5.11).
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Figure 5.10 SWCC of Unimin sand (modified from Vanapalli et al. 2018)
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Figure 5.11 Matric suction profile for different GWT conditions

The modulus of pile and pile cap are both determined as 210 GPa. The Poisson’s ratio, v,
is 0.334. The modulus of elasticity of the soil under saturated conditions, Esa, is assumed
to be 4000 kPa. Experimental studies performed on unsaturated soils suggest a strong
dependence of elastic modulus on both matric suction and volumetric water content values
(Fredlund et al. 1975, Edil et al. 1981, Costa et al. 2003, Sawangsuriya et al. 2009). The
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modulus of elasticity of unsaturated soil, Eunsat, Can be calculated using a semi-empirical

model proposed by Oh et al. (2009)

Eunsat = Esat |:1+ (24 (

(ua _UW)

P /101.3

i(s7)

(5.38)

where Pa is atmospheric pressure (101.3kPa), and « and g are two fitting parameters. Since

Unimin sand is a non-plastic soil, both fitting parameters aand Sequal to unity. The

maximum shear modulus (Gows)) of the soil along the depth can then be estimated using

the relationship between shear modulus and elastic modulus. The friction angle of pile-soil

interface &' is given as 24°. The at rest lateral earth pressure coefficient Ko equals to 0.42.

The values for K/Ko and Rst is assumed to be 1.0 and 0.90, respectively. It is noted that the

parameters ko1, ko2 and Spy are back calculated by the load-displacement curve at the pile

base obtained from numerical modelling analysis.

Table 5.5 Input parameters of MLTM along the pile shaft for different GWT

scenarios
GWT =0 mm GW'Ir;";300 GWT =400 mm | GWT =550 mm
Layer | AH o'vo Ko kba | Sbu | kor | kb2 | Seu Kb Koz Sbu Kb Kb> Sbu
No. (m) z(m) (kPa) [ 126 | 714 [001 [ 152 [ 124 [ 001 | 177 [ 152 | 0.01 | 246 | 169 | 0.005
Tuz Gows) | . Gous) Tz Gous) T,z Gous)
(kPa) | (MPa) | (kPa) | (MPa) | (kPa) | (MPa) (kPa) | (MPa)
1 0.03 | 0.015 | 0.279 | 0.05 1.58 1.34 |5.35 188 |6.12 1.46 5.71
2 0.03 | 0.045 | 0.837 | 0.16 1.58 141 |5.21 198 |6.21 1.67 6.01
3 0.03 | 0.075 | 1.395 | 0.26 1.58 145 |4.99 2.09 |6.24 1.84 6.16
4 0.03 | 0.105 | 1.953 | 0.36 1.58 147 | 4.68 2.20 | 6.25 1.97 6.21
5 0.03 | 0.135 | 2.511 | 0.47 1.58 152 | 4.50 231 | 6.26 2.09 6.19
6 0.03 | 0.165 | 3.069 | 0.57 1.58 153 |4.16 242 | 6.27 2.18 6.13
7 0.03 | 0.195 | 3.627 | 0.68 1.58 147 | 3.64 252 |6.28 2.28 6.06
8 0.03 | 0.225 | 4.185 | 0.78 1.58 1.39 |3.04 2.60 | 6.27 2.46 6.24
9 0.03 | 0.255 | 4.743 | 0.88 1.58 1.28 | 2.35 2.65 |6.20 2.68 6.56
10 0.03 | 0.285 | 5.301 | 0.99 1.58 1.14 | 1.58 259 |5.72 2.83 6.66

Note: The units for Koz, kb2 and Spy are KN/m, kN/m and m, respectively.
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Table 5.5 shows the values of some key input parameters of MLTM for different GWT

scenarios. For each pile in a 2x2 symmetric pile group that consists of 4 individual piles,

center-to-center pile spacings, s, from other three piles, rij1, rij2 and rijs, are s, s and J2s,
respectively. Following the proposed calculation procedure for the case of a perfectly rigid

pile cap, the load-displacement behavior of the pile group can be calculated.

5.6.3 Finite element analysis (FEA)

Three-dimensional numerical analyses of a 2 x 2 pile group using ABAQUS were
undertaken to investigate the effects of varying GWT depths and interaction between piles
in a group using the pile load tests conducted by Al Khazaali and Vanapalli (2019). Both
the pile group and pile cap were modelled as a linear-elastic material using eight-node
linear brick elements (C3D8), with Young’s modulus of Ep = 210 GPa. The density and
Poisson’s ratio of piles were 7850 kg/m® and 0.3, respectively. The unsaturated soil was
modelled as a linear elastic perfectly plastic material obeying the Mohr-Coulomb criterion
using eight-node stress—pore-pressure coupled brick elements (C3D8P). Since
experimental studies indicated that the internal friction angle ¢' is not influenced by matric
suction (e.g., Ho and Fredlund 1982, Fredlund and Rahardjo 1993, Vanapalli et al. 1996),
the contribution of matric suction towards shear strength can be incorporated as apparent
cohesion (ca) based on Equations 5.10a and 5.10b, respectively (e.g., Oh and Vanapalli,
2011)

NG _ (g_er) '
c, =c'+(u, uw){(as _gr)tan¢ (5.39a)
¢, =c'+(u,—u,)S" tan¢' (5.39b)

The variation of c, along the depth (Figure 5.12(a)) was introduced to the ABAQUS by
implementing a user subroutine USDFLD so that the nonlinear shear strength of
unsaturated soil can be interpreted in the numerical models. The USDFLD allows the user

to define field variables (i.e., pore water pressure or degree of saturation) and calculate the
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corresponding material properties of unsaturated soils in every material point. More details
on how USDFLD is incorporated in ABAQUS to simulate the mechanical behavior of
unsaturated soils are available in Cheng and Vanapalli (2021). The variation of Eunsat With
respect to depths for different GWTSs scenarios is shown in Figure 5.12(b). For the sake of
simplicity, an average value of Eynsat from the pile head to 1.5 times the diameter below the
pile base was used as a uniform elastic modulus of soil in the model. The SWCC of Unimin
sand was imported into ABAQUS by adding “Sorption” material properties with a range
of matric suction and corresponding degrees of saturation values. The saturated
permeability ks of Unimin sand is assumed as 1 x 10~ * m/s. The pore water pressure of
all the nodes at GWT surface was set to zero. The dilation angle for sand was calculated as
10% of the effective angle of internal friction ¢’ (Bolton 1986).

The pile-soil interaction is simulated by defining tangential and normal contact behavior,
where the surface of pile components was defined as “Master surface” and the soil
components as “Slave surface”. The tangential contact between surfaces pile and

unsaturated soil using a coefficient of friction of 0.44 (i.e., tan o).

Boundary Transition
effect zone zone

c, (kPa)
N

U 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

(u; —uy) (kPa)

(@)
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Figure 5.12(a) The variation of ca with respect to (#za — uw) (b) The variation of Eunsat

with respect to depths for different GWTs scenarios

For boundary conditions, the displacements at the bottom of soil mesh and in the direction
perpendicular to the symmetry planes were fixed. Figure 5.13 shows the 3D FE meshes
and dimensions of the pile-soil system. The meshes for the pile group and surrounding soils

were refined to analyze the interactions between piles and soils better.

For a 2x2 pile group which consists of 4 piles with 38 mm in diameter and 300 mm in
length, the pile and soil system were discretized with 640 C3D8 elements and 11160
C3D8P elements, respectively. There were two steps in the FE analyses: (1) the geostatic
step. The holes for placing or casting the pile group are pre-excavated to minimize the pile
installation effect. A gravity load is applied to the soil body to replicate the in-situ stress
state of a soil under gravity prior to the pile installation. (2) In the loading step, the pile
group and pile cap were placed in the pre-excavated hole and each pile head was tied with
the pile cap. A prescribed vertical displacement was then applied on the top of the pile cap

in the z direction, as shown in Figure 5.13(a).
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Figure 5.13 (a) Geometry and meshes of a 2x2 pile group-soil system (b) Schematic

plan view

5.6.4 Comparisons with measured results

As shown in Figure 5.14 and Figure 5.15, the measured load-displacement curves of 2x2
pile group for different GWT scenarios and pile center-to-center spacings (i.e. s=3D and
5D) were compared with the numerical predictions as well as results from the proposed
analytical method. It can be observed that the pile group capacity increases with the
lowering of the water table. Lowering the water table will develop matric suction. The
matric suction applies tensile stresses on the soil particles and their packets. This is mainly
because higher matric suction contributes to an increase in soil stiffness and shear strength
of unsaturated soils, thereby leading to higher bearing capacity.
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Figure 5.14 Load versus displacement curves of a pile group for different GWT

scenarios (s=3D)
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Figure 5.15 Load versus displacement curves of a pile group for different GWT

scenarios (s=5D)

The results from both the proposed approach and 3D numerical models highlight relatively
good agreements with the experimental data for most cases. In addition, the load-
displacement curves from the 3D FE model match more closely with the measured data
compared to the present analytical method. This may be attributed to several factors. Firstly,

numerical analysis considers the impact of dilation. Some research studies have been

161



undertaken to study the dilation effect of unsaturated interfaces (Hamid and Miller 2008,
2009; Hossain and Yin 2014). From these studies, it is concluded that the unsaturated
interface exhibits strain-hardening behavior prior to reaching peak strength due to the
impact of dilation. As the GWT is lowered, sand dilatancy increases due to matric suction,
resulting in a steeper slope in bearing capacity. However, in the proposed MLTM, this
factor is not considered. Secondly, load transfer methods often involve simplifying
assumptions and idealizations to model the soil-pile interaction. These assumptions may
not fully capture the complex behavior of the soil and pile system, leading to discrepancies

between predicted and measured responses.

5.7 Summary and conclusion

A better understanding of the load transfer mechanism using the principles of unsaturated
soil mechanics is required for the rational design of pile foundations that are in soils that
are not in a state of saturated condition. In this study, a modified load transfer method
(MLTM) is first proposed to predict the nonlinear load-displacement behavior at the pile-
soil interface for single piles in unsaturated soils considering the influence of matric suction.
The nonlinear relationship between shaft shear stress and pile-soil relative shaft
displacement is described by a modified hyperbolic load transfer model, while the
relationship between pile base resistance and base displacement is described using a
bilinear model. Two pile load tests performed in unsaturated residual soils are used to
validate the reliability of the proposed method for predicting the load-displacement curve
of single piles. In addition, the analysis for single piles is extended to pile group to account
for the interaction effect between individual piles. Highly effective iterative procedures
were developed using MATLAB to obtain the solution to load-displacement curves for
both single piles and pile groups incorporating the input parameters. A model pile group
test in various unsaturated conditions has also been used to provide the validity of the
proposed approach. Lastly, a 3D numerical analysis of a 2 x 2 pile group using ABAQUS
is undertaken to investigate the effects of varying GWT depths and interaction between
piles in a group. Both FEA and analytical methods provide good comparisons with the

measurements from the model pile group test. It is envisaged that both proposed numerical
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and analytical methods will be useful to geotechnical engineers for reliable estimates of the

load-displacement response in the design of pile foundations in unsaturated soil conditions.
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CHAPTER 6

NUMERICAL ANALYSIS OF PILE FOUNDATIONS IN
SATURATED AND UNSATURATED SOILS

6.1 Introduction®

The analyses of pile foundations should be undertaken to ensure that pile can fulfill its
functions under various working loading conditions taking account of both practical and
economical factors. The determination of the ultimate bearing capacity of piles that is
required in the analysis of pile foundations has always been a challenge to geotechnical
engineers. Many attempts have been made to develop alternative methods for evaluating
the behavior of pile foundations that are relatively low in cost and simple since the full-
scale pile load tests are expensive and time-consuming. Theoretical approaches (e.g., total
and effective stress approaches) have been proposed by researchers that utilize the shear
strength parameters with simplified assumptions which provide reasonable agreements
with full scale tests (Skempton 1959, Vesi¢ 1963, Hansen 1970, Vijayvergiya and Focht
1972, Burland 1973). In-situ tests such as Standard Penetration Test (SPT) or Cone
Penetration Test (CPT) also have been widely recognized as a useful technique that provide
essential soil information in the design of pile foundations (Hong et al. 2010, Alkrooah and
Nikraz 2012, Shooshpasha et al. 2013).

In many scenarios, pile foundations are placed either in part or fully in the vadose zone
where the soil is typically in an unsaturated state. Some studies showed that soil suction
has a significant influence on the bearing capacity and the settlement behavior of pile
foundations (Douthitt et al. 1998, Uchaipichat 2012, VVanapalli and Taylan 2012, Fattah et
al. 2014). Therefore, using conventional approaches based on saturated soil mechanics in
the design of foundations in unsaturated soils can contribute to unrealistic estimations of

both the bearing capacity and the settlement behavior of pile foundations. In recent years,

5 The contents presented in this chapter are from a manuscript that has been submitted to an international
journal for review: Cheng, X., & Vanapalli, S. K. Numerical analysis of pile foundations in saturated and
unsaturated soils (Under review with a Special Issue Journal)
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some investigations have been undertaken to estimate the behavior of pile foundations in
unsaturated soils considering the influence of matric suction based on experimental studies
(Vanapalli et al. 2018, Al-Khazaali and Vanapalli 2019, Fattah et al. 2020, Chung and
Yang 2017) and analytical approaches (VVanapalli and Taylan 2012, VVanapalli et al. 2018,
Cheng and Vanapalli 2021). Numerical analyses are also extensively used to model the
nonlinear response of soils with the rapid growth of computational techniques. In the early
stage of numerical analysis applications to piles in unsaturated soils, Georgiadis et al. (2003)
developed a total stress constitutive model to investigate the influence of the degree of
saturation on pile behavior. The model incorporates an equation for the yield and plastic
potential surfaces and well reproduces the collapse and wetting characteristics of
unsaturated soils. The studies showed that the finite element analysis (FEA) based on
unsaturated soil mechanics provides more consistent results with the field data compared
to conventional analysis based on saturated soil mechanics. Al-Khazaali et al. (2016) and
Han et al. (2016) have focused on the load versus displacement behaviour of single piles
in unsaturated sandy and clayey soils using PLAXIS 2D, respectively. The influence of
matric suction on the shear strength and elastic modulus of unsaturated soils was
considered. It is concluded that the pile bearing capacity and slope of load versus
displacement curve increase significantly with an increase in matric suction. Chung and
Yang (2021) performed the FEA of single piles in unsaturated clayey soils under vertical
loads using PLAXIS 2D. The required soil parameters for the numerical model in this study
were determined performing different tests. For example, matric suction was measured
using the contact filter method. An interface direct shear test was conducted to determine
the interface strength reduction factor (Rinterface) and interface friction angle. Cheng and
Vanapalli (2021) have undertaken numerical studies to simulate the behavior of single piles
subjected to both vertical and lateral loads in unsaturated soils. A user-defined subroutine
was developed in ABAQUS to take account of the nonlinear behavior of shear strength and
the elastic modulus of unsaturated soils. Good comparisons were observed between the
experimental tests gathered from the several model pile load tests from the literature and
the FEA results.

In this Chapter, succinct theoretical background of how the shear strength and elastic

modulus of unsaturated soils can be used as tools for predicting the behavior of pile
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foundations with respect to matric suction is first reviewed. Secondly, a numerical
modelling technique is developed to analyze the nonlinear response of single piles in both
saturated and unsaturated soils. A user-defined subroutine USDFLD (user subroutine to
redefine field variables at a material point) is written and implemented in finite element
software ABAQUS to model the nonlinear mechanical behavior of unsaturated soils with
respect to matric suction. The numerical analyses were then performed on four pile load
tests that include two model pile tests performed in the laboratory and the remainder two
from the field tests that were gathered from the published literature. Good comparisons
were observed between the measured data and numerical predictions, for all four cases.
The proposed numerical technique in this study is a promising approach for practicing
geotechnical engineers for modelling the load versus deformation of piles in both saturated

and unsaturated soils.

6.2 The mechanical behavior of unsaturated soils

The ultimate bearing capacity of single piles in unsaturated soils is significantly influenced
by the pile-soil interface and the soil properties surrounding the pile. There is a strong
relationship between the shear strength and the bearing capacity of a soil. Due to this reason,
several researchers have developed theoretical approaches for estimating the bearing
capacity of foundations using the shear strength properties of soils. The determination of
the shear strength of unsaturated soils (SSUS) from experimental studies requires elaborate
testing equipment and can be costly and time-consuming. Hence, several researchers have
developed empirical and semi-empirical approaches to predict the SSUS using the saturated
shear strength parameters and the Soil-Water Characteristic Curve (SWCC) (e.g.,
Vanapalli et al. 1996, Rassam and Cook 2002, Vilar 2006).

The SWCC is defined as the relationship between the soil water content (volumetric or
gravimetric) or degree of saturation and matric suction. There are three distinct zones of
SWCC (i.e., boundary effect zone (BEZ), transition effect zone (TEZ) and residual zone
of saturation (RZS)). All the pores are filled with water in BEZ when the soil is in a state

of saturated condition. The soil behavior in this zone can be interpreted using saturated soil

166



mechanics and the shear strength increases linearly. The value of matric suction at which
air enters the largest pores of soil is referred to as the air-entry value (AEV). As the water
content in the soil reduces rapidly in TEZ, there is a further increase in matric suction. The
contribution of matric suction starts to decrease as the wetted contact of the area decreases.
The shear strength increases nonlinearly as matric suction increases. The shear strength
contribution due to matric suction (¢°) in this zone is less than the angle of internal friction
(#"). In RZS, there are relatively small reduction in the degree of saturation despite the
significant increase in the matric suction. The shear strength of unsaturated soils may
increase, decrease, or remain constant depending on the type of soil. For example, the shear
strength of unsaturated sand decreases beyond the residual zone since the sand desaturates
at a faster rate than fine-grained soils and there is a limited wetted area of contact. However,
fine-grained soils such as clays may not have a well-defined residual state. Considerable
water remaining in clay at the residual stage may still transmit suction effectively.
Therefore, the shear strength of clays typically increases in the RZS. In addition, shear
strength of certain fine-grained soils such as silts decreases gradually over a large suction
range. The above results suggest that the SWCC is a valuable tool for predicting the shear

strength taking account of the influence of matric suction.

Vanapalli et al. (1996) proposed two different semi-empirical models to predict the
nonlinear shear strength of unsaturated soils, znsat, USing the saturated shear strength
parameters (¢’ and ¢") and the SWCC (Equations 6.1a and 6.1b). In these models, the
SWCC information is typically expressed as a relationship between either degree of

saturation or volumetric water content versus suction:

' ' 9_(9r '
T =C + (0, —U, )tan g’ +(u, —uw){((gs _Hr)) tan¢} (6.1a)
Ty =C'+(0, —u, Jtan g’ +(u, —u,, )(S* ) tan ¢’ (6.1b)

where (on — Ua) IS net normal stress in which o is the normal stress and ua is the atmospheric
pressure, Uw IS pore water pressure, (Ua— Uw) IS matric suction, @is volumetric water content,

Osand 4, is saturated and residual volumetric water content, respectively, S is the degree
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of saturation and « is the fitting parameter that related to the plasticity index, I, (Garven
and Vanapalli 2006). Several studies suggest that the effective friction angle is not
influenced by matric suction for conventional soils (Vanapalli et al. 1996, Ho and Fredlund
1982, Fredlund and Rahardjo 1993). For this reason, the contribution of matric suction
towards shear strength can be incorporated as apparent cohesion ca, which can be written

as:

c, =c'+(u, —uw)li((z__ir)) tan ;4 (6.2a)
¢, =¢'+(u, —u, )(S*)tang’ (6.2b)

Many studies suggest that the modulus of elasticity of unsaturated soils increases with
matric suction (Miao et al. 2002, Oh et al. 2009, Rahardjo et al. 2011). Oh et al. (2009)
proposed the following equation to predict the variation of modulus of elasticity of
unsaturated soils (i.e., Eunsat) Using saturated modulus of elasticity of soils (i.e. Esa) and the
information of SWCC:

Eye = Eu {1+a%(sﬂ )} (6.3)

where P, = atmosphere pressure (101.3 kPa). The fitting parameter « varies from 0.5t0 2.5
depending on the foundation size and plasticity index, I,. The fitting parameter =1 for

coarse-grained soils and 2 for fine-grained soils.

6.3 Numerical analysis

Numerical analyses are performed to simulate the behavior of bored piles in unsaturated
sandy soil, clayey soil and residual soils from four pile load tests (two performed in the
laboratory and two from the field test) reported by Vanapalli et al. (2018), Al-Khazaali and
Vanapalli (2019), Marques et al. (2021) and Fellenuis et al. (2007). A numerical modelling
technique is developed to analyze the behavior of single piles considering the contribution

of matric suction using finite element software ABAQUS. The input parameters for the
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numerical model include the shear strength parameters of saturated soil, saturated modulus
of elasticity and the SWCC. As shown in Figure 6.1, the matric suction profile along the
depth varies linearly or nonlinearly depending on the environmental activities such as water
infiltration and evaporation. SWCC is a useful tool to predict the degree of saturation (or
water content) based on matric suction or vise versa. Substituting matric suction, degree of
saturation (or water content) and saturated shear strength parameters (c', ¢') into Equations
6.2a or 6.2b, the variation of both apparent cohesion and unsaturated elastic modulus with
respect to matric suction can be obtained. The nonlinear relationship between the apparent
cohesion and matric suction can be implemented into ABAQUS by writing a user-defined
subroutine (USDFLD) so that the nonlinear shear strength of unsaturated soil can be
interpreted using appropriate constitutive models (i.e., Equations 6.1a, 6.1b, 6.2a and 6.2b).
The USDFLD allows the user to define field variables at every integration point of an
element and calculate the material properties taking account of the influence of field
variables. It provides access to the solutions from the previous increment and allows the
user to update field variables for the current increment. The material properties of the
unsaturated soil are defined as functions of field variables such as pore water pressure or
degree of saturation in a material point. In other words, the contribution of matric suction
towards cohesion at any point can be incorporated into apparent cohesion via the USDFLD.
The results from numerical models are compared with the measured data from
experimental studies. The details of numerical analyses are summarized in the following

sections.

6.3.1 Case 1

A model pile load test was performed by Vanapalli et al. (2018) in Unimin sand under
saturated and unsaturated conditions. The size of the soil tank is 300 mm in diameter and
700 mm in height. Model piles with 38.3 mm in diameter and length of 200 mm were tested
in the testing program as shown in Figure 6.2a. The soil properties of Unimin sand are
summarized in Table 6.1. Three tensiometers were installed at depths of 50, 200 and 250
mm to measure and monitor the matric suction value. The water level was first raised to

the soil surface to achieve the saturated condition. Later, the elevation of the water was
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adjusted and maintained at 450 mm and 650 mm deep from the soil surface through a pulley
system that connected to a water container. After achieving equilibrium conditions with
respect to targeted matric suction values, a vertical load at a rate of 0.7 mm/min was applied

to ensure a drained loading condition.
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Figure 6.1 The influence of matric suction on the properties of unsaturated soils

In the present study, a 2D axisymmetric model was set up due to the symmetry of the pile-
soil system. The pile is modelled as a linear elastic material with modulus of elasticity of
210 GPa and the Poisson’s ratio of 0.15. The Unimin sand is modeled as an elastic-perfectly
plastic material obeying Mohr-Coulomb failure criterion. The dilation angle of Unimin
Sand was determined as 4.5°, which is slightly higher than 10% of ¢’(DS415 1984) . The
pile-soil interface friction angle (6°) was assumed to be 6= 2/3¢’= 24.2°. Figure 6.2b

shows the details of the numerical model.

The drying path of SWCC of Unimin sand was fitted using Fredlund and Xing (1994)’s
equation which yielded the fitting parameters a = 16.673, n =4.341, m = 177.27 as follows:

(6.4)

s=[C(y)] m
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where C(y) is the correction function, y is matric suction, e is Euler’s number (2.71828),
and a, n, m are fitting parameters. Figure 6.3 shows both the measured SWCC and the

fitting curve.
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Figure 6.2 Schematic pile-soil system in (a) Experimental study (modified after

Vanapalli et al. 2018) (b) Numerical study

The sand is assumed to be in a state of hydrostatic conditions, thus the negative pore water
pressure (i.e., matric suction) is linearly distributed above the GWT as shown in Figure
6.4a. Using the SWCC as a tool, the degree of saturation along the depth can be derived
from matric suction profile (See Figure 6.4b). The apparent cohesion ca is calculated using
Equation 6.2b and the variation of shear strength of unsaturated soils corresponding to
varying matric suction can be obtained as shown in Figure 6.5. The relationship between
apparent cohesion and varying matric suction is implemented into ABAQUS with the aid
of a subroutine USDFLD. The SWCC of Unimin sand was imported into ABAQUS by

adding “sorption” in material properties with a range of degrees of saturation and

171



corresponding matric suction values. The hydraulic conductivity of unsaturated soils can

be obtained by the degree of saturation according to Brooks and Corey (1964)

k=kS" (6.5)

where the saturated permeability of Unimin Sand, ksat, was 5x10°m/s (lleme and Oh 2019).

The parameter A was equal to 2 for sand.
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Figure 6.3 The SWCC of Unimin 7030 sand (modified from Vanapalli et al. 2018)

Table 6.1 Soil and interface properties (modified after Al Khazaali and Vanapalli

2019)
Soil Property Value
Specific gravity, Gs 2.65
Dry unit weight, y4 (KN/m®) 16.3-16.7
Total unit weight, y (kN/m?) 18.6
Saturated unit weight, ysat (KN/m?) 20.4
Average void ratio, e 0.606
Range of relative density, D; (%) 60-70
Poisson’s ratio 0.334
Effective cohesion, ¢ (kPa) 0
Internal friction angle, ¢ (°) 35.3

Pile-soil interface friction angle for smooth shaft surface, 6(°) 24

172



The saturated elastic modulus, Esa, of Unimin Sand is estimated as 4000 kPa. For
unsaturated soil, the Eunsat Used for the numerical model is calculated using Equation 6.3.
Since sand is a non-plastic soil, the fitting parameters « =1 and =1 were used in Equation
6.3. The variation of calculated Eynsat for different GWT depths is shown in Figure 6.6. An
average value of Eunsat from the pile head to the bottom of stress bulb below the pile base
(1.5D) was used as uniform elastic modulus of soil in the model. The average Eunsat for
GWT =450 and 650 mm is 15.82 and 17.05 MPa, respectively.
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Figure 6.4 Distribution of (a) matric suction (b) degree of saturation along the depth

for different GWT scenarios
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Figure 6.5 Variation of apparent cohesion with respect to matric suction
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A surface-to-surface contact model was used to simulate small sliding and gapping at the
pile-soil interface, in which the pile was regarded as the master surface and the soil as the
slave surface. The pile-soil interface friction angle for smooth shaft surface (&) is 24° and
the coefficient of friction is set to 0.45. A displacement of 20 mm is applied to the top of
the pile to simulate axial forces in the model tests.

Al-Khazaali et al. (2016) performed FEA using PLAXIS 2D software to simulate this
experimental study. The average matric suction values were calculated at the centroid of
the stress bulb zone below the pile base, which is at a depth of 1.5D. Average matric suction
values of 2 and 4 kPa were used with the corresponding GWT at 450 mm and 650 mm
depth, respectively. Comparisons between the measured data, FEA results using PLAXIS
2D and FEA results using ABAQUS from this study for piles with three different diameters
are presented in Figure 6.7. Numerical results from Al-Khazaali et al. (2016) based on
average matric suction values overestimate the ultimate bearing capacity of single piles in
unsaturated sands. However, reliable comparisons between experimental results and the
numerical predictions in this study were obtained since the variation of shear strength and
modulus of elasticity of unsaturated soils corresponding to varying matric suction was
considered in ABAQUS.
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Figure 6.6 Variation of Eunsat with respect to depth due to the contribution of suction

for different GWT depth
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Figure 6.7 Comparisons between the measured data, FEA results using PLAXIS 2D
(Al-Khazaali et al. 2016) and FEA results using ABAQUS

Comparisons of the variation of ultimate bearing capacity with respect to matric suction
from different methods are shown in Figure 6.8. The ultimate bearing capacity can also be
estimated using analytical method by summing the contribution of shaft carrying capacity
using modified g method (Vanapalli and Taylan 2012) and end-bearing capacity using
modified Terzaghi’s method (Vanapalli et al. 2018). The ultimate bearing capacity
increases nonlinearly with an increase in matric suction. The rate of increase in the bearing
capacity reduces as the soil desaturates and approaches the residual zone. All three methods

show good agreements with the measurements from the experimental study.

6.3.2 Case 2

Al Khazaali and Vanapalli (2019) performed model pile tests to investigate the influence
of matric suction and the roughness of pile-soil interface on the behavior of single piles
and pile groups in same soil with case 1 (i.e., Unimin sand). Model piles of 38 mm diameter

and total length of 360 mm with an embedment depth of 300 mm with smooth and rough
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shafts were used in the tests. The pile load test was performed in both saturated and
unsaturated sand at four varying ground water tables (GWTSs) at 0, 300, 400 and 550 mm
deep from the surface. The model pile was first placed in a prepared pit and supported by
a wooden frame. The pile surrounding sand was then manually compacted to optimum
moisture content. The water supply/drainage valve connected to the soil container was used
to control the saturation and desaturation procedures in the sand. A vertical loading rate of
0.5 mm/s was applied at the top of the model pile or pile groups to simulate a drained
loading condition. More details of the testing procedure are available in Al Khazaali and
Vanapalli (2019).
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Figure 6.8 Comparisons of the variation of ultimate vertical bearing capacity with

respect to average matric suction

A 2D axisymmetric model was set up due to the symmetry of the pile-soil system. The
single pile was modelled as a linear-elastic material while the soil as a linear-elastic
perfectly plastic material following Mohr-Coulomb failure criterion. The variation of shear
strength corresponding to varying matric suction is considered in the model. The average
Eunsat for GWT = 300, 400 and 550 mm is 12.3, 17 and 21.33 MPa, respectively. The rest

of the modelling procedures are the same as case 1.
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Figure 6.9 shows the comparisons of load-displacement curve between the measured data
and numerical predictions. Good agreements are obtained between the measured results
and numerical predictions by taking account of the influence of shear strength and modulus
of elasticity with varying matric suction. As GWT moves deeper from the soil surface, a

considerable increase in vertical load is observed compared to GWT at ground surface.

The ultimate bearing capacity can also be estimated using analytical method by summing
the contribution of shaft carrying capacity using modified £ method and end-bearing
capacity using modified Janbu’s method (Vanapalli et al. 2018). Comparisons of the
variation of ultimate load capacity with respect to different GWT depths between the
results from the experiment, numerical model and analytical methods are shown in Figure
6.10. The difference between the results using numerical modeling and the analytical
method is less than 5% suggesting that there is a reasonably good agreement. The
calculated bearing capacity using the analytical method underestimates the vertical bearing
capacity of single piles. The difference between the analytical method and measured data
varies from 9% to 24%. This may be attributed to the theoretical equations are based only
on shear strength parameters and not considering the settlement behavior which is strongly
related to the modulus of elasticity of unsaturated soils.
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Figure 6.9 Comparisons between the measured data and FEA predictions using
ABAQUS
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6.3.3 Case 3

Marques et al. (2021) conducted a series of field tests to study the influence of water
content on the pile behavior in Maringa region, which is in the northwest part of Parana
State, Brazil. The soil in the region consists of two layers of residual soils. The upper soil
layer with a thickness of 8.5 m is characterized by matured, lateritic silty clay and the
degree of saturation varies from 37% to 70%. The underlying soil is a less altered soil layer
that can reach up to 30 m deep in some places. Bored cast-in-place piles of 4 mand 8 min
length with a nominal diameter of 250 mm were embedded in the upper soil layer. Table
6.2 shows some soil properties obtained from the comprehensive laboratory test performed
by Gutierrez and Belincanta (2004). The groundwater table is at a depth of 15.7 m below
the ground surface. To investigate the effect of water content, two pile load tests were
conducted for each pile length: one under natural moisture condition and another in pre-
moisten condition. In the case of the 4 m pile, the elevated moisture condition was achieved
by manual pre-moistening, while in the case of the 8 m pile, it is achieved by natural pre-
moistening since the pre-moistened test was done after a long period of precipitation, which
thereby increased the soil moisture. The details of the test procedure and duration of the

test can be found in Marques (2017).

179



Table 6.2 Properties of the Maringa subsoil (Marques et al. 2021)

Soil Property Value
Clay fraction (%) 52-78
Silt fraction (%) 15-38
Sand fraction (%) 5-10
Unit weight, y (KN/m?) 12.5-16.5
Natural gravimetric water content (%) 29-35
Plastic index (PI) 14-22
Void ratio, e 1.5-2.3
Effective cohesion, ¢ (kPa) 10-30
Internal friction angle, ¢’ (°) 27-32
Permeability coefficient (cm/s) 107

The tested piles were regarded as floating pile. To further eliminate the end-bearing

resistance, boring was made below the depth of pile base. Therefore, only the shaft

resistance is considered significant and measured in the test. In the numerical study, a 20

mm depth gap under the base of the pile was set up. Following the similar procedure with

Case 1 and 2, the numerical model is established. The total cohesion for each case is

calculated using Equation 6.2b and presented in Table 6.3 using the given average matric

suction. Figure 6.11 shows comparisons between the measured data and predictions using

FEA. Good agreements are found between the measured and predicted results for all four

cases.
Table 6.3 The input FEA parameters and results for four piles

Pile Water Average Average Total Measured FEA  Difference
Pile length content S (%) (ua-uw) cohesion Quit(KN)  Quit (%)

(m) (%) (kPa)  (kPa) (KN)
P4n 4 33.6 53.4 813.5 102.14 122.43 135.04 10.2
P4p 4 39.4 62.5 442.6 83.67 94.47 99.37 5.2
P8n 8 34.1 54.2 768.9 100.28  284.51 298.35 4.8
P8p 8 36.7 58.3 579.4 91.28 224.65 238.68 6.2
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Figure 6.11 Comparisons between the measured data and predictions using FEA
(P4n, P8n: Natural water content; P4p: artificially pre-moistened; P8p: Naturally

pre-moistened after long rainfall period)

The ultimate vertical load can be evaluated from load versus settlement curve using double
tangent method according to Prakash and Sharma (1990), which is defined as the vertical

load at intersection point of the initial tangents to the load versus settlement curve and the
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tangent to or the extension to the final portion of the curve. Table 6.3 presents the ultimate
load derived from the load-settlement curve from the measurement and FEA predictions

with differences vary from 4.8 % to 10.2%.

6.3.4 Case 4

In the Fall of 2003, the Faculty of Engineering of the University of Porto (FEUP), Porto,
Portugal and the High Technical Institute of the Technical University of Lisbon have
initiated a prediction event on pile bearing capacity and load-settlement behavior. Static
loading tests were performed on bored piles with 600 mm in diameter, 6 m in embedment

depth in residual soils.

The soil at the site is a weathered granite that is subject to high mean annual precipitation.
The grain-size analysis shows that the soil consists of 10% clay, 30% silt, 40% sand and
20% gravel, which are classified as “sand and silt with some gravel and some clay”. The
fine content in the soil is non-plastic and the void ratio varies from 0.6 to 0.8. The ground
water table is located at a depth of 11 m. The total density of the soil is 18 kN/m3. The
average cone resistance (cavg in the influence zone is 5.1 MPa. The water content of the
soil varies from 16.2% to 22.5% and the degree of saturation ranges from 56 % to 86%.
The pore water pressure measurement within 8 m depth from the natural ground surface
shows a negative value of 10 to 20 kPa (i.e., matric suction), indicating that the soil is
unsaturated. The effective cohesion is estimated as 2 kPa according to Ortiz et al. (1986).
A summary of the site characterization and the results of static loading tests was reported
by Santos et al. (2005) and Fellenius et al. (2007). The internal friction angle ¢’can also
be obtained from CPT records using the following relationship provided by Kulhawy and
Mayne (1990):

¢'(degrees) =17.6+11log i (6.6)

1000,

182



where qc is cone tip resistance. The calculated ¢”is 36°. Substituting the average matric
suction of 15 kPa and average degree of saturation of 71% in Equation 6.2b, the apparent

cohesion is estimated as 10.2 kPa.

Figure 6.12 shows good comparisons of the load-displacement curve between the
measurement from field test and FEA predictions. These results suggest the proposed
numerical method is reliable for predicting the load-settlement behavior of single piles

taking account of the influence of matric suction.
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Figure 6.12 Comparisons between the measured data and predictions using FEA

6.4 Summary and conclusion

In this paper, a theoretical background of how the shear strength of unsaturated soils with
respect to matric suction can be used for predicting the ultimate bearing capacity of pile
foundations is summarized. Then, a numerical technique is proposed to simulate the
nonlinear response of piles in saturated and unsaturated soils. A subroutine USDFLD that
is developed based on the summarized theoretical background was implemented into
ABAQUS for modeling the variation of load—displacement curves considering the

influence of matric suction in the shear strength and the elastic modulus of unsaturated
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soils. The required information for modeling includes only the shear strength parameters

of the saturated soil, saturated modulus of elasticity and the SWCC.

The proposed numerical method was validated using two model pile tests and two field
tests from the literature. Satisfactory comparisons between FEA results and measured data
were observed for all four cases. The studies presented in this chapter are simple and
promising for the geotechnical engineers for use in practice for predicting the load-

displacement behavior of single piles in both saturated and unsaturated soils.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR FUTURE
RESEARCH

7.1 Major conclusions

In this thesis, analytical and numerical approaches were developed to interpret the behavior
of single pile and pile group foundations under axial and lateral loadings extending the
mechanics of saturated and unsaturated soils. Major conclusions drawn from the studies

undertaken in this thesis are summarized below.

7.1.1 State-of-the-art review

In recent years, several studies in literature focused on the load-displacement behavior of
axially loaded single piles and pile groups in unsaturated soils considering the contribution
of matric suction. Simple approaches that have been developed extending the conventional
saturated soil mechanics principles are succinctly summarized based on experimental
studies, theoretical approaches, and numerical simulations. More studies including large-
scale field tests are necessary to better understand the strengths and limitations of the

developed approaches for use in the design of foundations in unsaturated soils.

The studies for analyzing the behavior of laterally loaded piles in saturated soils are
reviewed and discussed. These methods primarily focus on piles in either saturated
cohesive (cu# 0, ¢, = 0) or cohesionless soils (¢’= 0, ¢’# 0). There has been lack of research
undertaken on investigating the lateral response of piles in unsaturated soils. The
understanding of laterally loaded piles in unsaturated soils is still limited for geotechnical

engineers to reliably use them in geotechnical engineering practice.
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7.1.2 The nonlinear behavior of laterally loaded piles in unsaturated soils

An analytical method is proposed for predicting the lateral response of short rigid piles in
unsaturated soils. Considering three distinct states (i.e., pre-tip yield state, post-tip yield
state and ultimate limiting state) and incorporating the contribution of matric suction
towards shear strength, the lateral load versus displacement is derived based on force and
moment equilibrium equations. The predictive capability of the proposed analytical
method is validated against two sets of published data from the literature (Truong 2017,
Choi et al. 2013). The results suggest that the method can well predict the nonlinear
behavior of laterally loaded rigid piles. In addition, a series of 3D FE analyses are
undertaken to model the load-displacement behavior of laterally loaded piles using
ABAQUS. The nonlinear shear strength and modulus of elasticity behavior of unsaturated
soils with respect to matric suction are considered in FE models through a user-defined
subroutine (USDFLD) using appropriate constitutive models. The proposed numerical
method is validated using two sets of published pile model tests, one in unsaturated silty

soil and the other in unsaturated sandy soil.

Both methods are reliable and promising for the geotechnical engineers to use in practice
for the design of piles in unsaturated soils under lateral loading. Compared with the
analytical method developed only for short rigid pile, the numerical method can be used
for pile with varying lengths and stiffness, including short, intermediate, and for both long
piles and non-rigid piles.

7.1.3 The end-bearing capacity of axially loaded piles in saturated and unsaturated

soils

A new methodology is developed for predicting the end-bearing capacity of driven piles in
saturated and unsaturated soils extending stress characteristics method (SCM). Eleven
driven pile load tests conducted in saturated soils as well as two conducted in unsaturated
soils are used to validate the proposed methodology. The comparisons suggest that the
proposed model is capable of reliably estimating the end-bearing capacity of driven piles

in both saturated and unsaturated soils. Moreover, numerical analyses have been performed
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to simulate the pile penetration and load tests using ABAQUS. The ultimate bearing
capacity derived from FEA, along with the computed results using the proposed method,

were compared against the experimental data from a published model pile test.

One advantage of using FEA is that it considers the dependency of friction angle and
considers varying soil shear strength values for different stress levels. In addition, the FEA
can provide comprehensive output data that include the load-displacement behavior and
stress distribution along the pile under different displacements, whereas the proposed
analytical method restricted to providing only the end-bearing capacity of the pile.
However, solving large deformation geotechnical problems can be challenging especially
when dealing with complex soil-structure interactions such as the driven piles behavior.
Simulating a driven pile using FEA can contribute to problems in terms of convergence in
both dynamic and static analyses. The proposed analytical method, on the other hand, is
simple and provides relatively quick and reliable estimations of the bearing capacity for a
driven pile embedded in unsaturated soils. The required input parameters only include pile
properties (i.e., length, diameter, and material), soil properties (i.e., saturated shear strength
parameters c’, ¢’ and unit weight ) and SWCC. The study highlights the need for
considering the influence of matric suction in the rigorous design of pile foundations in

both saturated and unsaturated soils.

7.1.4 The load-displacement behavior of single pile and pile groups in unsaturated

soils

A simplified model is developed for studying the load-displacement behavior of single
piles combining the principle of unsaturated soil mechanics and load transfer method
(LTM). The proposed model is then extended to the analysis of pile groups accounting for
the group effect and pile-soil interaction. The results of experiments on two single pile load
tests (i.e., one bored pile in Piedmont residual soil in Atlanta and another in the residual
soil in Portugal) and a pile group in unsaturated sandy soil provides the validity of the
proposed approach. In addition, 3D numerical analysis is performed to investigate the axial

response of pile groups in unsaturated soils with varying GWTs. Good comparisons were
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observed between both the analytical method and numerical analysis with the experimental
data. The load-displacement curves from the 3D FE model match more closely with the
measured data compared to the present analytical method. This may be attributed to several
factors. Firstly, numerical analysis considers the dilation effect of unsaturated interfaces.
As the GWT is lowered, sand dilatancy increases due to matric suction, resulting in a
steeper slope in bearing capacity. However, in the proposed modified LTM, this factor is
not considered. Secondly, load transfer methods often involve simplifying assumptions and
idealizations to model the soil-pile interaction. These assumptions may not fully capture
the complex behavior of the soil and pile system, leading to discrepancies between

predicted and measured responses.

7.1.5 Numerical analysis of pile foundations in saturated and unsaturated soils

A numerical technique is developed to model the behavior of pile foundations in saturated
and unsaturated soils using FEA. A user-defined subroutine is implemented into ABAQUS
which considers the nonlinear shear strength and elasticity of modulus with respect to
matric suction. The numerical technique is validated against two model pile tests and two
field test and good comparisons are achieved. The results showed that the influence of
matric suction on the ultimate bearing capacity of piles is significant. The numerical
predictions are closer to experimental data compared to analytical method. This may be
attributed to the theoretical equations are based only on shear strength parameters and not
considering the settlement behavior which is strongly related to the modulus of elasticity
of unsaturated soils. The proposed numerical technique is simple and only requires shear

strength parameters of the saturated soil, saturated modulus of elasticity and the SWCC.

7.2 Recommendations for Future Work

The following recommendations are suggested for future research:

(1) In Chapter 3, an analytical method is proposed for investigating the lateral response of

short rigid piles. Further studies focusing on the failure mechanisms of short, intermediate,

188



and long piles with free- and restrained-head conditions are required. This can be possibly
accomplished by incorporating the proposed methodology into existing numerical

technique that already consider the principle of unsaturated mechanics.

(2) In Chapter 4, given the absence of measured data, the end-bearing capacity values used
to validate the model were back-calculated under certain assumptions, which may not have
represented the actual value in the field. It is recommended to perform sensitivity analysis
to investigate the range of validity and limitations of the proposed analytical method and
FEA model.

(3) In Chapter 5, the soils used for validation of the numerical model of the axial response
of pile groups in unsaturated soils with varying GWTs were cohesionless. It is
recommended to extend the validation to include unsaturated cohesive soils in the future

work.

(4) Experimental studies have showed that the interaction of unsaturated soils with
different structures plays a curial role in many unsaturated interface problems in civil
engineering. Therefore, numerical technique developed in this study can be modified
considering more factors such as: (i) pile-soil interface shear strength concerning matric

suction; (ii) the nonlinear variation of elastic modulus of unsaturated soils.

(5) The interaction effect of combined vertical and lateral loads on the pile response is of
significant interest in geotechnical engineering practice applications. The mechanism of
interaction effect of combined vertical and lateral loads is complex. Most studies in the
published literature are only related to combined loads action on piles for saturated soils.
Therefore, a generalized solution for axially and laterally loaded pile in unsaturated soils
can be proposed extending the analysis of laterally loaded piles from this thesis. The
transfer matrix approach can be used to provide solutions to the response of piles under

combined axial and lateral loads.
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