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Abstract

The rapid development of dense urban areas leads to an increased demand for underground
constructions which often conducted at a close distance from nearby pile foundations of existing
buildings. Therefore, ground movements caused by excavation will potentially affect the
performance of nearby pile foundations. The issue of estimating the damage caused by the
construction of underground works is of paramount importance because, if the problems of adjacent
damage and disturbance are not correctly assessed, the basic concept of the design will be faulty
and no amount of precision thereafter can make up for the initial errors in judgment. In this context,
the present thesis focuses on the numerical analysis of the effect of ground movements induced by
the construction of underground works on nearby pile foundations in soft clay overlying dense sand
using the explicit finite element codes PLAXIS 2D & 3D. The validation of the proposed numerical
modeling approach is based on the results of centrifuge tests found in the literature.

The various contributions made in this research consist of numerical modeling to investigate
the additional responses of the adjacent piles due to tunneling- and excavation-induced ground
movements. The numerical modeling of the problem includes four main aspects: construction
phasing, three-dimensional effects, hydromechanical coupling and soil-pile-structure interactions.
The numerical analyses mainly focus on both vertical and horizontal single pile responses
(settlements, deflections, moments, shears, and axial forces).

To better understand the single pile behaviour, a thorough parametric study was carried out
to investigate the effect of some key parameters such as construction phasing, the size and depth of
the structural elements, pile location, the behavior of the soil mass, and the stiffness of the various
elements constituting the problem. To provide supplementary comprehensions concerning the
response of pile group system, several configurations of pile group were considered including two,
three, four and six single piles. Each configuration has been tested for two different pile head
condition cases, namely free and capped.

The 3D numerical analysis results showed that tunneling- and excavation-induced ground
movements have the potential to cause additional forces, moments and deflections in nearby piles.
The 2D plane strain modelling could give conservative results.

The construction of underground works must be potentially controlled because the induced
ground movements and hence the induced bending moments due to excavation may be sufficient to
cause structural failure of the piles near uncontrolled excavation works, especially concrete piles, as
they are generally not designed to withstand large lateral loads. The results also reveal that group
effects are generally beneficial.

Assessment of ground movement effects is critical for many urban infrastructure
developments below and adjacent to existing structures. For a preliminary design, this numerical
study can serve as a practical basis for similar projects.

Keywords: Tunnel, deep excavation, pile foundations, numerical modelling, soil-structure
interaction, bearing capacity, volume loss, diaphragm wall, strut.
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Résumeé

Le developpement rapide des zones urbaines denses entraine une demande accrue de constructions
souterraines qui sont souvent réalisées a une distance proche des fondations sur pieux des batiments
existants. Par conséquent, les mouvements de terrain causes par l'excavation affecteront
potentiellement la performance des fondations sur pieux a proximité. Le sujet de I'estimation des
dommages causés par la construction d'ouvrages souterrains est d'une importance primordiale car, si
les problemes de dommages et de perturbations adjacents ne sont pas correctement évalués, le
concept de base de la conception sera erroné et aucune précision ultérieure ne pourra compenser les
erreurs de jugement initiales. Dans ce contexte, la présente thése de doctorat porte sur l'analyse
numérique de I'effet des mouvements de terrain induits par la construction d'ouvrages souterrains
sur des fondations a proximité en pieux dans de I’argile molle recouvrant du sable dense en
utilisant les codes d'élements finis explicites PLAXIS 2D & 3D. La validation de l'approche
numeérique proposée est basée sur les résultats d'essais en centrifugeuse trouvés dans la littérature.

Les différentes contributions apportées dans cette recherche consistent a la modélisation
numérique pour étudier les réponses supplémentaires des pieux adjacents dues aux mouvements de
terrain induits par le creusement de tunnels et excavations profondes. La modélisation numérique du
probléme regroupe quatre aspects principaux : le phasage de la construction, les effets
tridimensionnels, le couplage hydromécanique et les interactions sol-pieu-structure. Les analyses
numériques se concentrent principalement sur les réponses verticales et horizontales des pieux
isolés (tassements, deflections, moments, cisaillements et efforts normaux).

Pour mieux comprendre le comportement du pieu isolé, une étude paramétrique approfondie
a été réalisée pour étudier I'effet de certains paramétres clés tels que le phasage de la construction,
la taille et la profondeur des éléments structuraux, la position du pieu, le comportement du sol, et la
rigidité des différents éléments constituant le probleme. Pour mieux comprendre la réponse du
systeme de groupe de pieux, plusieurs configurations ont été considérées. Chaque configuration a
été testée pour deux cas différents de condition de téte de pieu, a savoir libre et fixe.

Les résultats de I'analyse numérique 3D montrent que les mouvements de terrain induits par
le creusement de tunnels et excavations profondes ont le potentiel de provoquer des forces, des
moments et des déflections supplémentaires dans les pieux voisins. La modélisation 2D en
déformations planes pourrait donner des résultats conservateurs. La construction d'ouvrages
souterrains doit étre potentiellement maitrisée car les mouvements de terrain induits et donc les
moments de flexion induits dus a I’excavation peuvent étre suffisants pour provoquer une rupture
structurelle des pieux a proximité des travaux d’excavation non controlés, notamment des pieux en
béton, car ils ne sont généralement pas congus pour résister a des fortes charges latérales. Les
résultats révelent egalement que les effets de groupe sont généralement bénefiques.

Pour un avant-projet, cette étude numérique peut servir de base pratique pour des projets
similaires.

Mots Clés: Tunnel, excavation profonde, modélisation numérique, interaction sol-structure,
capacité portante, pieu, perte de volume, paroi moulée, buton.
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General Introduction

1. Problematic

Due to the growth of urban cities, the demand for underground infrastructure such as
tunnels, basements of high-rise buildings, underground car parks or subway stations, has been
greatly increased. Such structures are often carried out at a close distance from the neighboring
pile foundations of existing buildings.

The release of in situ soil stresses caused by the excavation of underground workings in
soft ground can lead to excessive vertical and lateral ground movements. As a result, it is very
likely that the performance of adjacent pile foundations will be potentially affected (Poulos and
Chen, 1997; Goh et al. 2003; Leung et al. 2006; Huang and Mu, 2012; Shi et al. 2019; Sohaei et
al. 2020; Ng et al. 2021). There have been several examples where pile foundations have been
affected or damaged by excavation induced ground movements. For example, but not limited to,
we mention the disasters that befell: The Leaning Tower of Shanghai, July, 2003; Nicol
Highway Collapse of Singapore, 2004; Pinheiros Station of Sao Paulo, 2007; Historic Archive of
Cologne, 2009.

The issue of estimating the damage caused by the construction of underground works is of
paramount importance because, if the problems of adjacent damage and disturbance are not
correctly assessed, the basic concept of the design will be faulty and no amount of precision
thereafter can make up for the initial errors in judgment. Therefore, it is necessary to have a
thorough understanding of excavation-induced ground movements, which are often considered
more critical for nearby pile foundations, especially concrete piles, as they are generally not
designed to support large lateral loads. Thus, the accurate prediction of the effects of
underground structures (tunnels or deep excavations) on existing pile foundations constitutes a
major challenge during design and practice in urban geotechnical environments.

Due to the overlap of many factors, the accurate assessment of additional
settlements and lateral deflections as well as additional axial forces and bending moments in
existing neighboring piles induced by the construction process of underground structures has
been, and continues to be, the topic of much research.

As a first approach, the analysis is generally based on field monitoring (Kaalberg et al.
2005; Selemetas et al. 2005; Coutts and Wang, 2017), model tests (Chen et al. 1997; Lee and
Bassett, 2007; Sohaei et al. 2017), and centrifuge modeling technique (Loganathan et al. 2000;
Leung et al. 2000; Leung et al. 2003; Jacobsz et al. 2004a, 2004b; Ong et al. 2006a; Leung et al.
2006; Lee and Chiang, 2007; Ong, 2009; Ong et al. 2009; Zheng et al. 2012; Ng et al. 2013;
Hong et al. 20153, 2015b; Ng et al. 2017; Soomro et al. 2017, 2018a; Shi et al. 2019; Leung et al.
2019). These tests reveal some basic characteristics of the problem. However, for the preliminary
design, the experimental methods can be time-consuming and expensive.
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Otherwise, several researchers investigated the pile performances due to tunneling-
induced ground movements by analytical methods (Chen et al. 1999; Loganathan et al. 2001;
Huang et al. 2009; Zhang et al. 2011a; Huang and Mu, 2012; Basile, 2014; Marshall and Haji,
2015; Franza et al. 2017; Zhang et al. 2018). Current analytical studies have mainly employed
the plane strain analysis and do not take into account the multiple interactions between the
different elements constituting the problem.

The additional responses of piles subjected to ground movements induced by tunneling or
deep excavation were also evaluated using simplified methods known as two-stage analysis
methods (TSAM). First: excavation-induced Greenfield ground movements are estimated using
empirical methods and also analytical closed-form solutions (Peck, 1969; Clough and Schmidt,
1981; Mair et al. 1993; Loganathan and Polous, 1998; Chen et al. 1999). In the second step,
these soil movements are imposed on the pile using simplified boundary element method (BEM)
to compute the pile responses. It should be mentioned that this approach assumes the soil mass as
a homogeneous linear elastic material under plane strain conditions, which makes its extension
to nonlinear problems and multilayered soils problematic unsuitable. The numerical analysis is
rather a viable choice for a number of studies which have the ability to take into account and
simulate parameters neglected from analytical and experimental methods. Therefore numerical
analysis using finite differences or finite element method has become indispensable.

The analyses of the induced soil movements and the response of the piles due to the
construction process of underground works (tunnels or deep excavations) have been studied by
various researchers using numerical methods by decoupled loadings in the plane strain model.
However, experimental studies have highlighted the limitations of the 2D approach, due to the
restricted assumptions on which the formulations are based, and have confirmed that the problem
is clearly three-dimensional. Thus, a full three-dimensional coupled numerical analysis of the
problem, which takes into account complex geometries and the multiple interactions between the
different components of the problem, has become an important contribution to a thorough
understanding of the observed phenomena (Mroueh and Shahrour, 2002; Kitiyodom et al. 2005;
Cheng et al. 2007; Yang et al. 2011; Lee, 20123, 2013; Zidan and Ramadan, 2015; Soomro et al.
2015; Lee et al. 2016; Liyanapathirana and Nishanthan, 2016; Nishanthan et al. 2017; Shakeel
and Ng 2018; Al-Omari et al. 2019; Soomro et al. 2020b; Ng et al. 2021; Zhang et al. 2021).

2. Objective and Scope of the Study

Despite the numerous developments of specific numerical codes conducted to date and
their encouraging results, discrepancies are still observed during comparison of numerical
simulation of such structures with monitored sites and laboratory tests. The reason is due partly
to the difficulty of taking into account the actual conditions of the construction process of the
underground structures and also the difficulties of estimating the evolution of lateral stresses of
the surrounding soil (due to the anisotropic small-strain nonlinear behavior of the soil).
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The results obtained from previous studies show that ground movements induced by
tunneling and deep excavations have the potential to cause additional axial forces, bending
moments and deflections in adjacent foundation piles. This is related to a complex phenomenon
of soil-structure-piles interaction which involves the geological conditions, the geometry of the
tunnel, the rigidity of the walls, the support system, the distance between the pile and the tunnel
centreline (excavation face), volume loss, pile diameter, pile length, and the method of
excavation, etc. Thereby, advance research studies are required to develop more insight on the
mechanical behaviour of the pile foundation system subjected to soil movements induced by the
excavation process of underground structures.

In this context, the present research theme focuses on the numerical analysis of the effect
of ground movements induced by the construction process of underground works on nearby pile
foundations of existing buildings. The objective of this research work is to investigate the
additional responses of the neighbouring single pile and group of piles due to tunnelling-and
deep excavations-induced ground movements in bilayer soil (soft clay overlying dense sand)
using the explicit finite element code PLAXIS 3D. To model the small-strain nonlinear
behaviour of the soil, the Hardening soil model with small-strain stiffness (HSs), implemented in
PLAXIS, was used in this analysis. The validation of the proposed numerical modeling approach
is based on the results of centrifuge tests found in the literature. The relevance of the 3D model is
also judged by comparison with the 2D plane strain model using the PLAXIS 2D code.

The numerical modeling of the problem includes four main aspects: construction phasing,
three-dimensional effects, hydromechanical coupling and soil-pile-structure interactions. The
numerical analyses mainly focus on both vertical and horizontal single pile responses
(settlements, deflections, bending moments, shears, axial forces and pile bearing capacity).

To better understand the single pile behavior, an in-depth parametric study in 3D was
carried out to investigate the effect of some key parameters such as construction phasing, the size
and depth of the structural elements, pile location, the behavior of the soil mass, and the stiffness
of the various elements constituting the problem. To provide supplementary comprehensions
concerning the response of pile group system, several configurations of group of piles were
considered including two, three, four and six single piles. Each configuration has been tested for
two different pile head condition cases, namely free and capped.

For a preliminary design, this numerical study can serve as a practical basis for similar projects.

3. Organisation of Thesis

This thesis consists of two main parts: The first part is devoted to a bibliographic study
comprising four chapters. The second part, which includes two chapters, is the subject of the
various contributions made in this research. In total this thesis consists of six chapters, and the
contents of each chapter are briefly described as follows:




General Introduction

Chapter 1 presents a literature review on soil movements due to tunnel excavation. This
chapter briefly discusses the features of various methods developed by researchers to predict
tunnelling induced ground movements. In this chapter soil movements due to tunnelling in sands
and clays are discussed separately.

Chapter 2 reviews the main studies that address the problem of the effects of tunneling on
piles and piled structures in different types of soil (sand or clay). A variety of methods for the
analysis of pile-soil-tunnel interaction problems have been developed and briefly reviewed in
this chapter. The analysis of the response of neighboring piles due to tunneling effect has been
based on field monitoring, model and centrifuge tests, analytical and numerical methods.

Chapter 3 introduces the types of ground movements induced by an adjacent deep
excavation. This chapter also exhibits the various popular methods available for predicting
ground movements due to deep excavation and the limitations associated with each method.

Chapter 4 provides a summary and assessment of the literature related to the wall-soil-
pile interaction problem. This chapter highlights the various existing methods to investigate piles
responses due to ground movements induced by adjacent deep excavation. The analysis
summarizes field observations, analytical methods, laboratory tests, and numerical methods.

Chapter 5 is dedicated to a full 3D numerical analysis, using the explicit finite element
code PLAXIS 3D, to study the additional responses of nearby single piles due to tunneling-
induced ground movements in soft clay overlying dense sand. The Slurry Pressure Balance
(SPB) technique is used in this numerical analysis to simulate the construction process of the
tunnel. The numerical analyses mainly focus on both vertical and horizontal single pile
responses. The numerical model is validated on the basis of the results of a centrifuge test. The
relevance of the 3D model is also judged by comparison with the 2D plane strain numerical
model. From a 3D numerical reference model, an extensive parametric study was conducted to
investigate the effect of some key parameters such as tunnel advancement, volume loss, pile
location, pile length, pile diameter, tunnel diameter, over consolidation ratio of the clay (OCR),
and tunnel depth. To give supplementary comprehensions concerning groups of piles, a 2x2 pile
group with two different pile head conditions (free and capped) was considered.

Chapter 6 focuses on a full three-dimensional numerical analysis to investigate single pile
and pile group responses due to deep braced excavation-induced soil movements in bilayer soil
(soft clay overlying dense sand). The explicit finite element numerical code PLAXIS 3D is used
to model the various phases of excavation in the presence of piles. To better understand the
single pile behaviour near deep strutted excavations, a thorough parametric study was carried out
using 3D numerical model. It focuses on the effects of excavation depth, pile location, sand
density, support system rigidity, pile stiffness, head conditions, and pile length. In order to
provide further insights about the response of pile group system, several configurations of pile
group were considered including two, three, four and six single piles. Each configuration has
been tested for two different pile head condition cases, namely free and capped.
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CHAPTER 1

Tunnelling-Induced Ground Movements

1.1 Introduction

The construction of tunnels inevitably causes substantial ground movements due to the
relaxation of in-situ ground stresses. This can be a great concern in the urban environment due to
the effects of soil movements on adjacent buildings, other tunnels and services. The prediction of
ground movements and the assessment of potential effects on infrastructure are therefore
essential aspects of the design and construction of a tunnelling project in the urban environment.
Ground movements ‘Greenfield’ are taken as those occurring without interaction from nearby
structures or foundations (i.e. only ground deformations caused by tunnel construction are
considered) and these movements which are most commonly used in both design and analysis.
Typical Greenfield ground movements associated with tunnelling are shown in Figure 1.1
(Attewell et al. 1986). In this chapter soil movements due to tunnelling in sands and clays are
discussed separately. Clay behaviour can be modelled in the short term as undrained with
constant volume, as this is the time period in which the majority of the case study data is taken
from and when the risk of damage due to differential settlements are greatest. Sand always
behaves in a drained and contractile/dilatant manner and hence is more difficult to model simply.

extent of surface
settlement trough

horizontal distance
to tunnel axis, y

tunnel

06S,.,
advance

point of inflection

settlement

Figure 1.1 Ground movements associated with tunnel construction (Attewell et al. 1986), with
transverse Gaussian settlement profile
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1.2 Tunnelling induced ground movements
In practice, tunnelling is obviously a 3D problem and the tunnelling process is associated
with ground surface movements, subsurface movements, and lateral deformations.
1.2.1 Surface movement
1.2.1.1 Vertical transverse settlement
1.2.1.1.1 Clays

For clay soils, the vertical transverse movements during tunnel excavation are generally
considered to form a Gaussian settlement trough as shown in Figure 1.2 (Peck, 1969), and as
given in Eg. (1.1). Loganathan & Poulos (1998) proposed a closed-form analytical solution to
predict the vertical surface settlements trough as given in Eq. (1.2).

S = Smax €Xp (_ ;) (1.1)

H 1.38x2
Sz=0 = 480(1 - V)RZ ) exp (— m) (12)
Where: S =S, = S,_, = vertical settlement trough at transverse distance X/ S,,.x = maximum
settlement above the tunnel axis/ x = lateral distance from the tunnel centerline/ i = distance
from the tunnel centreline to the point of inflection of the settlement trough (trough width
parameter)/ z, = H = tunnel depth/ R= tunnel radius/ v = soil poisson ratio.
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Figure 1.2 Settlement trough described by Gaussian distribution curve
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The Gaussian trough was first proposed by Martos (1958) and subsequently shown by
Schmidt (1969) and Peck (1969) to provide an approximation to the transverse vertical
settlement profile immediately following the excavation of a tunnel.

1.2.1.1.2 Sands

The settlement trough has been shown to be much narrower for sands than in clays, and
hence Celestino et al. (2000) and Jacobsz (2002) showed that some modification to the Gaussian
was appropriate. Vorster et al. (2005) proposed the modified Gaussian settlement trough as given
in Eq. (1.3) which has been shown by Marshall (2009) and Farrell (2010) to provide a better
approximation to tunnelling in sands both for centrifuge and case study data.

n

S=S 1.3

max (n—1)+exp[aMG(i)2] ( )

n = eomg 2%mMe—1 (1.4)
2amg+1

Where n is the shape function parameter controlling the width of the profile and ayg is
controlled such that i remains constant for any variation in n and ay.

It is best described in Figure 1.3 where increasing or decreasing n has the effect of
moving the point of inflection vertically up or down respectively and increasing or decreasing i
results in moving the point inflection to the right or to the left respectively for positive x/i
(where x/i is normalised distance from tunnel centreline).
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Figure 1.3 Modified Gaussian settlement troughs after (\Vorster et al. 2005)
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1.2.1.2 Longitudinal settlement
1.2.1.2.1 Clays

In urban environment, structures close to or directly above the tunnel axis may
experience some damage from the progressive longitudinal settlement trough generated ahead of
the tunnel face. New and O’Reilly (1991) proposed that the longitudinal profile should have the
form of a cumulative probability curve, assuming that the transverse settlement profile has a
Gaussian shape and all ground deformations take place at constant volume (Feng, 2004). This is
applicable to tunnelling in clays. Attewell and Woodman (1982) also showed the cumulative
probability curve to be reasonably valid for the longitudinal settlement trough (Figure 1.4). They
found that the surface settlement directly above the tunnel face generally corresponds to about
0.5 Spax for tunnels constructed in stiff clays without face support (open-faced tunnelling
techniques). However, for tunnels constructed in soft clays with face support provided by
compressed air, the surface settlement directly above the tunnel face is less than 0.5 S,,.x (Sy=
0.2-0.3 Spax)-

1.2.1.2.2 Sands

Ata (1996) observed the surface settlements above a 9.48-m diameter EBP shield made
tunnel in Cairo at a depth of about 16 m in medium to dense sands overlain by a clay layer, and
found the settlement above the tunnel face was in the range of 0.25 to 0.3 S,,.x (Figure 1.5).
Overall, the longitudinal settlement trough having the form of the cumulative probability curve
illustrated in Figure 1.4 is generally reasonable but it has only been validated for tunnels in clays.

wi — Position In Front of Tunnel Face

— — =7 — £
(}4 :.:' ™ l. 9 ! 2 3 4
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Figure 1.4 Longitudinal settlement trough after (Attewell and Woodman, 1982)
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Figure 1.5 Settlements above EPB shield in sands in Cairo (Ata, 1996)

1.2.1.3 Horizontal transverse movements (lateral soil movements)
1.2.1.3.1 Clays

Horizontal surface movements (lateral soil movements) can cause damage to structures in
urban environment. It is important to know clearly her magnitude due to tunnelling. Horizontal
surface movement generally assumed to act in proportion to the vertical movement with the
ground movement vectors all directed towards a single point. O’Reilly and New (1982) proposed
that in cohesive soils (undrained and constant volume conditions) the ground movement vectors
pointed towards the tunnel axis, with the magnitude given by Eq. (1.5) and shown in Figure 1.6.

X*S

Sy = — (1.5)

Zg

This assumption leads to the distribution of surface horizontal ground movements given by:

__ 1.65%x*Sy max

Sy =——"€xp (— %) (1.6)

Loganathan and Poulos (1998) presented a closed-form solution to predict the surface
lateral soil movements, as follow:

_ 5 1 3-4v_ 4z(z-H) _(138x* | 0.69z
SX = —&RX (X2+(H—Z)2 + x2+(H+z)2 (X2+(H+Z)2)2) eXp[ ((H+R)2 t H2 )] (17)

Where S, = S;, = is lateral soil movement (the horizontal surface displacement)/ S, vertical
settlement trough at distance x/ z = depth below ground surface/ z, = H = tunnel depth.
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Figure 1.6 Horizontal surface movements after (O’Reilly and New, 1982)

Loganathan et al. 2000 compares the lateral soil movements predicted from Eq. (1.7) with
the measured values from centrifuge tests at a lateral distance x =5.5 m, for a ground loss of 1%.
This comparison reveals that the predictions agree reasonably well with both the magnitude and
distribution of the lateral movements measured in centrifuge tests.

1.2.1.3.2 Sands

Horizontal movements in sand are often underestimated by Eq. (1.5) at the edge of the
settlement trough as noted in Cording (1991) and Hong and Bae (1995). However, given the
magnitude of these horizontal movements at this distance from the tunnel centreline they are
generally considered of little significance.

1.2.1.4 Trough width
1.2.1.4.1 Uniform soil
1.2.1.4.1.1 Clays

For the Gaussian movement model in clays, the settlement trough width is defined as the
distance to the point of inflexion. Several authors have proposed relationships linking this
parameter to either the tunnel depth and/or the tunnel diameter including Peck (1969), Attewell
(1977), and O’Reilly and New (1982). Clough and Schmidt (1981) proposed a relationship
which non-dimensionalises the parameters by the tunnel diameter, D, as given in Eq. (1.8).

=6 8)
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Many researchers made the hypothesis that the width of the settlement trough can be
estimated by an empirical parameter K (trough width factor) for a uniform soil (one layer). The
most commonly used relationship is that proposed by O’Reilly and New (1982) as given in Eq.
(1.9) for tunnels in cohesive soils (clay, silt) with a value of K =0,5.

i=Kz, (1.9

The authors suggested a range of K from 0.4 for stiff clays to 0.7 for soft and silty clays.
Mair and Taylor (1999) updated the work of O’Reilly and New (1982) and showed that the value
of K for surface settlement troughs is typically 0.5 and 0.35 for tunnels in clays and sands,
respectively.

1.2.1.4.1.2 Sands

The mechanisms associated with tunnelling movements in sands are somewhat different
to clays. At low volume losses the soil behaves in a very stiff and elastic manner resulting in
very wide and shallow settlement troughs. At higher volume losses as shear bands propagate up
from the tunnel the mechanism narrows greatly and is referred to as the ‘chimney’ mechanism
owing to its narrow, near vertical movement of the soil body directly above the tunnel
(Williamson, 2014). For shallower tunnels this chimney mechanism occurs at much lower
volume losses, whereas for deeper tunnels it occurs at larger volume losses. Based on a review of
surface settlement data from various tunnelling projects, the authors suggested a range of K from
0.2 to 0.3 for granular materials above the water table based on Eq. (1.9). O’Reilly and New
(1982) proposed a value of K for sands and gravels of 0.25. This low value is consistent with the
steep ‘chimney’ mechanism shown in sands by Atkinson and Potts (1977) at higher volume
losses.

1.2.1.4.2 Multi-layered soils (Clays and sands)

Tunnels are often constructed in layered soil strata comprising both clay and granular
soils. New and O’Reilly (1991) suggested that the equations for tunnels in clays and in sands can
be combined by taking account of the thicknesses of the different strata (multi-layered soils),
such that for a two-layered system:

i=K;z; +K; 7, (1.10)

Where K; is the empirical parameter (trough width factor) for the soil type in layer 1 of thickness
z1, and K, is the empirical parameter for the soil type in layer 2 of thickness z,.

Field observations of surface settlement profiles above stratified soils where the tunnel is
in sands overlain by clay layers indicated wider profiles than would be obtained if the tunnels
were only in sands. There is less evidence, however, of cohesionless layers overlying tunnels in
clays causing a narrowing of the surface settlement profile, as implied by Eq. (1.10).

13
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Centrifuge model studies by Grant and Taylor (1996) indicated that in case of tunnelling
in soft clay overlain by sand, the surface settlement profile is wider than in the case of tunnelling
only in soft clay (Feng, 2004). This is probably because the overlying sand layer being
significantly stiffer that the soft clay, and also the reduced influence of movements in the sand
resembling a chimney failure mechanism, which can affect the overall settlement trough (Mair,
1996).

1.2.2 Subsurface movements
1.2.2.1 Vertical transverse subsurface settlements
1.2.2.1.1 Clays

In urban environment, new tunnels are often constructed close to existing tunnels and
deep foundations. It is thus becoming increasingly important to predict how subsurface
settlement profiles develop and how they relate to surface settlement troughs. Available field
data for subsurface settlements are limited, however, subsurface settlements are known to exhibit
different characteristics to those of surface settlements. O’Reilly and New (1982) proposed the
use of a Gaussian subsurface trough, based on the plane strain, undrained and constant volume
condition of the surface Gaussian settlement trough, and this has been subsequently verified by
field and centrifuge data for clays (Williamson, 2014). Mair et al. (1993) analysed subsurface
data from various tunnel projects in stiff and soft clays, together with centrifuge model test
results in soft clays. They showed that subsurface settlement profiles can be reasonably
approximated in the form of Gaussian distribution in the same way as surface settlement profiles.
Mair et al. (1993), presented an empirical method to estimate the subsurface settlement S, at any
depth z, given by:

2
Sz = Sz,max * exp (_ m) (111)
_ 1.25%V] R?
Szmax = (0.175+(0.325*(1—z/zo)) * zo) (1.12)

0.175+4(0.325%(1—2/2¢))
K =
(1-2/29)

(1.13)

Loganathan & Poulos (1998) presented a closed-form solution to estimate subsurface
settlement as:

_(z-H) (3—4V)(Z+H)_ZZ[XZ—(Z+H)2] _ 1.38x2 0.69z2
P+z-H)? | xP+(z+H)? [x2+(z+H)2]2)eX [ ((H+R)2 HZ )] (1.14)

SZ == SoRZ (
Where v is Poisson’s ratio of soil above the tunnel, g, is the ground loss (ratio), H is the tunnel
depth, R is the tunnel radius, z is the depth below ground surface and x is the horizontal distance
from the tunnel centreline.
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Figure 1.7 shows comparisons of the subsurface settlement measured in the centrifuge
tests along tunnel centreline with measured settlement profiles estimated from Mair et al. (1993)
and Loganathan & Poulos (1998), for a ground loss value of 1%. The predictions using Eq.
(1.14) reveal a slightly better agreement with measured values from the centrifuge tests than the
empirical approach of Mair et al. (1993). Mair et al. (1993) proposed a modification to Eq. (1.9)
as given in Eq. (1.15), to account for the effect of depth combined with a new proposed
relationship for K varying with depth as given in Eq. (1.16).

i = K+ (29— 2) (1.15)
_0.175+(0.325%(1-2/20))
K= (1-2/70) 10

Where z, is the depth to tunnel axis, and z is the depth below ground surface.

In clays, Grant and Taylor (2000) showed that varying the volume loss from 2 to 20 %
had no effect on the settlement trough width, but that as described by Mair et al. (1993) it was
shown to vary significantly with depth. Grant and Taylor (2000) showed that the use of Eq.
(1.16) breaks down within 0.5D, of the tunnel crown, and hence should not be used to evaluate
deformations this close to the tunnel crown. This is not considered an issue for very deep
tunnels, however for shallow tunnels the use of the equation may lead to significant errors
(Williamson, 2014).
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Figure 1.7 Comparison of subsurface profiles (a) tunnel depth 15 m, (b) tunnel depth 18 m and
(c) tunnel depth 21 m (Loganathan et al. 2000)
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1.2.2.1.2 Sands

Moh et al. (1996) analysed subsurface settlement data from the Taipei Mass Transit
system where the ground conditions consisted of very silty sands. Moh et al. (1996) proposed the
relationship given in Eq. (1.17) based on the work of Clough and Schmidt (1981).

i= (%) (;—1)0'8 (2o —2/20)" (1.17)

Values of m = 0,8 and m = 0,4 were proposed for silty clays and silty sands respectively.

Dyer et al. (1996) analysed subsurface settlements above a pipe-jacked sewer in sand
which showed a widening of the settlement trough width, K, with depth. This general trend of
increase in trough width with increasing depth is in agreement with both Moh et al. (1996) and
Mair et al. (1993) as shown in Figure 1.8 for tunnel diameter of D, = 4,65 m and tunnel depth of
7 = Zo = 20,625 m (Williamson, 2014).

Marshall et al. (2012) studied centrifuge data for tunnels of different C/D; ratios (where
C is the tunnel cover), and showed that the C/D; ratio is a significant factor in the trough width at
depth. The data also showed that at higher volume losses the trough width narrows as the
chimney mechanism occurs; this is in agreement with previous centrifuge data. Marshall et al.
(2012) suggested a new model for trough widths which is based on Mair et al. (1993) using the
Modified Gaussian curve and accounting for the C/D; ratio and tunnel volume loss; this is given
in Egs. (1.18) and (1.19). It is difficult to compare trough width parameters from the Gaussian
and Modified Gaussian calculations but x* and K* are slightly comparable with the standard
values of i and K. x* is the point at which:

S/Smax = 1/+/e and for a Gaussian curve, i,e when oy = 0.5, x* =iand K = K*.

x ot _ oY — Ks+0x)/ (07 (2/20))
K*=x"(zg —z) = Tz/20) (1.18)
K: = KL P + KEors. (C/DY) + K3yPe (W) (1.19)

Though the formulation of Marshall et al. (2012) is significantly more complex, it is able
to predict the data better than both Mair et al. (1993) and Moh et al. (1996). This is most
apparent at higher volumes losses when K* reduces with depth when compared with the analysed
PIV data from centrifuge test GS2 as reported in Williamson (2010). As discussed previously a
constant value of K with depth is often used in practice and this is clearly not suitable for lower
volume losses as shown in Figure 1.8; at 5% volume loss the value of K* is nearly constant with
depth. Marshall et al. (2012) show that K* is approximately constant at lower volume losses for
shallower tunnels indicating that the chimney mechanism propagates to the surface much faster.
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Figure 1.8 Comparison of subsurface K and K* calculation values

1.2.2.2 Horizontal Transverse Movements
1.2.2.2.1 Clays

As discussed in Section 1.2.1.3, it is often assumed that the horizontal surface movements
correspond to vectored movements of the soil towards the tunnel axis. If K is assumed to be
constant with depth, then to ensure the compatibility of strains in undrained conditions,
subsurface movements would also point to the tunnel axis. However, Eq. (1.16) shows this is not
the case and that for the K profile given in Eq. (1.16) the vectors should point at a position
(0,175/0,325) z, below the the tunnel centreline as derived by Taylor (1994) based on constant
volume conditions and a single horizontal horizon having the same vector direction. The lower
vector focus results in a reduction in the magnitude of all horizontal subsurface movements to
only 65% of those focussed on the tunnel axis (Williamson, 2014). Others have shown that the
vector focus of the tunnel movements are at a point between the tunnel axis and the invert, e.g.
New and Bowers (1994) using the ribbon sink method. There is also a cases where the tunnel
vectors point towards a position above the tunnel axis (Standing and Selemetas, 2013), and those
which vary with depth (Grant, 1998).

1.2.2.2.2 Sands

Case studies in sands are very limited, though as stated in Section 1.2.1.3 the horizontal
movements close to the surface are generally underestimated using the above methods at the
surface settlement edges. Marshall (2009) presents centrifuge data for subsurface movements,
showing predominantly vertical movements at the subsurface for low volume losses, moving
towards a vector focus point of 1.1 z, to 1.4 z, below the ground surface at higher volume losses
(Williamson, 2014).
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As described in Section 1.2.2.1.2, the trough width factor K or K* is shown to vary with
depth, C/D; and volume loss for sands. Results from a number of centrifuge tests in sands
(Hergarden et al. 1996; Jacobsz, 2002; Vorster, 2005; and Marshall, 2009) have shown the
trough width factor K in its various forms reducing with increasing volume loss both at the
surface and at depth, independent of the form of the settlement trough chosen.

1.3 Conclusion

This chapter briefly discusses the features of various methods developed by researchers
to predict tunnelling induced ground movements. The prediction of ground movements is
necessary and important to prevent potential damage to pre-existing structures, foundations and
services in the form of serviceability (displacements) or ultimate limit states (stress). The
engineer responsible for design and construction of the tunnel should be able to predict these
movements to a reasonable degree of accuracy with the aid of numerous methods that are
available to him. The selection of method would largely depend on the complexity and severity
of the tunnel-soil-structure interaction anticipated from the tunnel excavation project and the
resources available to the engineer.

Various methods are available to the engineer to predict soil deformation due to tunnel
excavation. These methods can be generally categorized as; (i) empirical, (ii) analytical and (iii)
numerical to which each has its merits and limitations.

Empirical methods are limited to Greenfield conditions and hence unable to account for
tunnel-soil-pile interaction. Analytical and experimental methods still face the deficiencies (soil
models and difficulty of simulation the three-dimensional problem such as tunnel advancement)
in predicting accurate tunnelling induced soil movement. Therefore, numerical methods are
deemed to be an alternative attractive to understand ground deformations due to tunnel
construction, the tunnel-soil-pile interaction mechanisms and provide preliminary assessment of
loads and deformations induced on adjacent piles due to tunnelling which is the main object of
the thesis.
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CHAPTER 2

Tunnel-Soil-Pile Interactions

2.1 Introduction

In general, the construction of new tunnels in the proximity of deep foundations raises
concerns related to pile failure and associated structural damage (in both the superstructures and
the foundation). Additionally, because of uncertainties related to excavation-induced effects on
piles, significant project costs are committed to structural protection measures according to a
conservative approach. To reduce uncertainties in the design of tunnel route/depth and the
provision of preventative actions, it is required to achieve an understanding of the global soil-
pile-structure interaction and the way it may affect/damage the superstructure. The first step
towards the global understanding is the study of the response of piles and pile groups to
tunnelling when the effects of protective measures or other construction activities are not
present. In this chapter, an overview of the main studies that address the problem of the effects of
tunnelling on piles and piled structures in different types of soil, both soft soils and stiff soils,
which can be categorised into: (1) Field Observations, (2) Centrifuge and Laboratory Studies, (3)
Numerical Methods, (4) Analytical and Simplified Numerical Methods.

2.2 Field Observations

Relatively little work available that investigate the effect of tunnelling on piled
foundations through field observations, which are limited in various aspects of measurements,
due to deficiencies in instrumentation planning or difficulties in collecting field data.

2.2.1 Second Heinenoord Tunnel

Tunnelling for the new North/South line in Amsterdam is to take place close to and in
some cases beneath piled foundations (timber and concrete square piles). The field trials were
conducted in strata consisting of a layer of 4 m of soft clay underlain by fine sand. The tunnels
were 8.3 m outside diameter twin bore tunnels constructed using a slurry tunnel boring machine
(TBM). The piles were loaded to give factors of safety of 1.5 and 2.0 on the timber and concrete
piles respectively. The results showed that pile settlements took place rapidly following the TBM
passage, while the time-dependent deformation is accounting for almost 10-20% of the final
settlement. Also the tunnel settlement trough was much steeper than expected. By comparing the
resulting pile settlements with the ground surface settlements it was possible to identify three
distinctive zones of influence around a tunnel in which pile settlements were correlated to
surface settlements (see Figure 2.1). Piles with their bases located in zone (A) settled more than
the surface, piles located in zone (B) settled almost by the same amount as the surface, whereas
piles located in zone (C) settled less than the surface settlement.
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Zone

Tunnel

W

Figure 2.1 Zones of influence for tunnels constructed beneath piles (Kaalberg et al. 2005)

2.2.2 Channel Tunnel Rail Link (CTRL)

Selemetas (2005) presented the results of a full-scale trial investigating the effects of
construction of twin tunnels using EPB machines on piles. The field study took place in Channel
Tunnel Rail Link (CTRL) Contract 250, in Dagenham, Essex, UK. The study involved the
installation, loading and monitoring of four instrumented piles along the route of the twin tunnels
(two were friction piles and two were end-bearing piles). The piles were loaded to 50% of their
ultimate design capacity. A comparison was made between the resulting pile head settlements due
to tunnelling with the ground surface movements. The results identified three zones of influence
in which the pile settlements were correlated to the ground surface settlements (see Figure 2.2):

1. Piles in Zone A settled 2-4 mm more than the ground surface.
2. Piles in Zone B settled by the same amount as the ground surface.

3. Piles in Zone C settled less than the ground surface.

A
R

C \_ Bljim]

= Pile head settlement (Sp)

----- Ground surface settlement (Sg)

R=5p/Sy

Figure 2.2 Zones of influence for EPBM tunnels constructed beneath piles (Selemetas, 2005)
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2.2.3 Singapore MRT North East Line

The North East Line of the Singapore Mass Rapid Transit (MRT) encompassed the
construction of a new piered viaduct supported by 4 or 6 pile groups consisting of 25 m to 65 m
long, 1.2 m diameter bored piles, and the excavation of long bored twin tunnels of 6.5 m
diameter using two Earth Pressure Balance machines (EPB), both under the same contract, C704.
The details of the project are described in Coutts and Wang (2017), Pang et al. (2005a) and Pang
et al. (2005b). The piles were instrumented with a series of strain gauges to determine the axial
loads and bending moments in transverse and longitudinal directions. In general the results
indicate that the piles closer to the tunnel showed significantly higher induced axial loads and
bending moments due to tunnelling than the piles further away from the tunnel. The bending
moment and axial load were shown to have a near linear relationship to the volume loss as the
tunnel face passed the pile group. The surface settlement profile due to tunnelling follows a
Gaussian form with a maximum value of about 18 mm.

2.3 Centrifuge and Laboratory Studies

A number of centrifuge and laboratory models have been described in this section to
investigate the effect of tunnelling on piles and piled structures in both in sands and clays.

2.3.1 Centrifuge Models
2.3.1.1 Loganathan et al. (2000)

Loganathan et al. (2000) performed a series of three centrifuge tests under an acceleration
of 100g at the University of Western Australia (UWA) to investigate the effects of tunnelling on
a single pile and 2x2 pile group in kaolin clay. The depth of the tunnel was varied in the three
tests (15, 18 and 21 m) in relation to the pile position as shown in Figure 2.3. Strain gauges used
to measure the induced axial load and bending moment in the piles. The piles were loaded to a
service load corresponding to 50% of the ultimate load (i.e. safety factor FOS= 2). The tunnel
excavation is simulated by gradually reducing the volume of liquid contained in the latex
membrane (silicone oil) simulating a volume loss of 1%.

This experimental study has shown that tunnel excavation generates displacements of the
piles as well as axial load and bending moments inside the piles. A linear relationship was found
between the volume loss and the maximum transverse bending moment. Induced bending
moment profiles in the single pile and the front piles are almost the same except for a small
difference near the pile cap, while, the rear piles experience the maximum value at pile head
(effects of head fixity in the group piles). The maximum axial load was found to occur in Test 3
(the pile is subjected to negative skin friction). The vertical displacement of the piles relative to
the surface and subsurface settlements are measured. Also single pile and pile group deflection
are presented. The results shows that the effect of pile group was generally reduced settlement
and the induced loads (positive group effect), indicating that a single pile may considered as the
worst case scenario for assessing the effects of tunnelling on piles.
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Figure 2.3 Layout of UWA centrifuge tests (Loganathan et al. 2000)

2.3.1.2 Feng (2003)

Feng (2003) performed a series of centrifuge tests to investigate the pile responses
associated with a lined tunnel in dry sand. All the centrifuge model tests were conducted at 100g
on the National University of Singapore (NUS) Geotechnical Centrifuge. Two piles were used in
the test, one is for axial load, and the other is for bending moment. The simulation method of
tunnel excavation proposed by Sharma et al. (2001) using polystyrene foam (dissolved by an
organic solvent to simulate the process of tunnel excavation) was adopted and the tunnel
deformation is oval shape. The results showed that the induced pile bending moment
demonstrates an opposite behaviour as most practical cases. The results showed also that both
the maximum induced bending moment and maximum axial load of the pile occurs at the depth
of tunnel horizontal axis.

2.3.1.3 Jacobsz (2002, 2004)

Jacobsz (2002) and Jacobsz et al. (2004a) investigated, with centrifuge tests, on the
Cambridge Geotechnical Centrifuge, the problem of tunnelling beneath single piles installed in
dense dry sands with different horizontal offsets with respect to the tunnel centreline. The tests
were carried out under an acceleration of 75g. Tunnel excavation was simulated by extracting
water in a controlled manner from the annulus between the tunnel and the membrane to induce
volume loss. The experimental setup is shown in Figure 2.4a.
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Figure 2.4 Jacobsz (2002) study (a) Centrifuge layout (b) Influence zone around a tunnel

The authors defined an influence zones and then, they partitioned the area above the
tunnel in four influence zones (A, B, C, and D) to describe the ratio of pile head settlement to
ground surface movement depending on the pile base location as shown in Figure 2.4b. Pile
settlement is greater than surface soil settlement for zones A and B, similar to surface soil
movements in zones C, and less than the surface soil settlement in zone D.

2.3.1.4 Ran (2004)

Ran (2004), carried out a series of experiments for unloaded piles in the National
University of Singapore (NUS) centrifuge in soft Kaolin Clay to investigate the effects of pile-
to-tunnel distance, pile length, and volume loss effect. The volume losses were carried out using
a model tunnel with a brass cylinder with lap joint and foam inner, with the foam dissolved in
flight to simulate volume loss.

The effects of volume loss on Tests 1, 6 and 7 was non-linear in terms of bending
moment and lateral pile head deflection. However the maximum axial load, pile head settlement
and pile base load all appeared to vary in a more linear fashion. The low strength of the soft clay
and hence the likelihood of the soil behaving in a plastic manner may explain this variation in
behaviour with increasing volume loss. The results showed that the effect of increasing X, from
the tunnel in Tests 1, 2 and 3 reduces the maximum axial force, pile head settlement and pile
base load. The effect of pile tip location, on vertical pile head displacement is shown in Figure
2.5a for Test 5. Based on the results of this and Tests 1, 4 and 5 the diagram in Figure 2.5b is
proposed. With Zone (A) described as producing slightly greater settlements than Zone (B).
From the studies, it is demonstrated that the pile responses in clay are time-dependent.
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2.3.1.5 Lee and Chiang (2007)

Lee and Chiang (2007) report a series of centrifuge tests carried out at the National
Central University (NCU) in Taiwan to analysis of tunnel-bored pile interaction in saturated
quartz sand. The tunnels of 6 m diameter were embedded at depths with various cover-to-
diameter ratios. The instrumented axial and bending piles constructed from aluminium tubing
and placed either side of the tunnel. The maximum bearing capacity of the pile is defined as the
load corresponding to a settlement of the pile head equal to 10% of the pile diameter.

The measurements of pile settlements and forces indicated that only the tunnel-pile depth
ratio influences the bending moment distribution, but both the pile-tunnel depth ratio and the
working load on the pile determine the axial force profile along the pile. Interestingly, the more
the pile is loaded, the more the pile is expected to settle. Furthermore, the authors identified the
main causes of pile settlements: loss of skin friction for tunnelling adjacent to piles and the
reduction of end bearing capacity during tunnelling at the pile base depth. To sum up, the author
represented the qualitative variation of axial load (load transfer mechanism), skin friction and
bending moment.

2.3.1.6 Marshall (2009)

Analysing the results of two centrifuge tests, Marshall (2009), Marshall and Mair (2011)
and Marshall (2012) evaluated the main aspects of tunnelling movements conducted under plane
strain conditions beneath pile group in dense sands, with applied constant head loads during
tunnelling. The series of centrifuge tests are conducted under an acceleration of 75¢g in the
Cambridge Geotechnical Centrifuge. The layout of the experiments is shown in Figure 2.6. Prior
to volume loss modelling, the driving force was reduced to a lower service load giving a safety
factor FOS= 1.6. The first test consisted of a pile immediately above the tunnel centreline and
another pile at an offset of 2.1 tunnel diameters, whereas the second test had two offset piles at a
distance of approximately one tunnel diameter from the tunnel.
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Figure 2.6 Position of piles in relation to the tunnel (Marshall and Mair, 2011)

The results show that pile ‘A’ showed displacements up to approximately 1% volume
loss which were much less than the Greenfield surface settlement. Pile ‘B’ showed very little
movement at all volume losses, much less than the Greenfield settlement. Pile ‘C’ and Pile ‘D’
both showed similar pile movements up to 1.74% volume loss which was much less than the
Greenfield movement, at which point the displacement of Pile ‘C’ accelerated and failed at
approximately 2.5% whilst Pile ‘D’ continued to displace at a similar rate, moving at
approximately the same amount at the greenfield settlement.

2.3.1.7 Ong (2009)

Ong (2009) describes a series of centrifuge experiments to investigate the effect of tunnel
construction on adjacent piles in soft Kaolin clay overlying Toyoura dense sand using the
Geotechnical Centrifuge facility on the National University of Singapore. The centrifuge tests
were conducted at an acceleration field of 100g. The model was prepared and tested in a plane
strain strongbox. Figure 2.7a shows the centrifuge model setup. The position of the pile bases
relative to the tunnels for the single pile tests are shown in Figure 2.7b.

The tunnelling movement were found to be Gaussian in the short term, but in the long
term settlement profiles was relatively more uniform with distance from the tunnel centreline.
Maximum bending moments and axial loads were seen close to the tunnel horizontal axis (except
test 7 and 8). Socketing the piles into the sand was seen to induce greater axial load in the piles,
with free headed piles (Test 10) showing the greatest overall load. The fixed headed pile showed
the greatest bending moment at the pile head, but the free headed was greatest at depth. The
effect of pile length showed shorter piles exhibiting much lower induced axial loads and bending
moments, but much greater head settlements and lateral head movements than longer piles. The
effect of pile distance (X,) showed that, settlement, bending moments and axial loads reduced

nearly linearly with distance from the tunnel centreline.
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Figure 2.7 Ong (2009) study (a) centrifuge model setup (b) Layout of single pile cases

2.3.1.8 Ng et al. (2013)

A series of three-dimensional centrifuge model tests were performed by Ng et al. (2013)
to investigate the behaviour of a bored single pile due to the construction of twin tunnels one
after the other in dry sand at the Hong Kong University of Science and Technology Tests. All of
the centrifuge tests were carried out at an acceleration of 40g. Four centrifuge model tests were
carried out (test L, T, TT, and SS) with different cover-to-diameter ratios (C/D). To obtain the
capacity of the pile, a pile load test was carried out without tunnelling effects (Test L). Test T
(C/D= 2.7) is designed to investigate the behaviour of a single pile due to a single tunnel
constructed near pile toe. Test TT (C/D= 2.7) was designed to study the effects on the pile
induced by the construction of twin tunnels near the pile toe. Finally, test SS (C/D= 1.5) was
designed to investigate pile responses induced by the construction of twin tunnels near the mid-
depth of pile shaft.

The effects of the 3D tunnel excavation were simulated in-flight by draining away a
controlled quantity of water (filled inside rubber bags) equivalent to a volume loss of 1.0% in
each stage of excavation of each tunnel. A single tunnel model was constructed using three
cylindrical rubber bags for test (T) and in the case of twin tunnel models, each tunnel consisted
of five rubber bags (Test TT and Test SS). A rigid aluminum divider was installed between each
two rubber bags in order to stop any possible soil movement towards tunnel face and to control
the water. Figure 2.8 is a schematic view of Ng et al. (2013) study.
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Figure 2.8 Elevation view of centrifuge model tests conducted by (Ng et al. 2013)

The results reveal that when the tunnels were excavated below the pile toe, most
settlement and significant loss of the pile capacity resulted. It was also reported that the effects of
the construction of the second tunnel on pile settlement were smaller than that of the first tunnel
(Sohaei et al. 2020). The pile settlement occurred by the twin tunnelling excavation is mainly
depend to C/D ratios (cover-to-diameter ratio) of tunnels and the relative position of a tunnel to
the pile. The results showed that the axial force of the single pile was increased for twin tunnel
construction near the mid-depth of the pile compared with near the toe and below the toe. The
results demonstrates that the largest bending moment was induced after the first tunnel was
constructed near the pile toe resulted with the pile tilting. In other words, research of Ng et al.
(2013) revealed a favourable effect on the bending moment along the piles after the construction
of the second tunnel completed.

2.3.1.9 Williamson (2014)

Williamson (2014) performed a series of centrifuge tests of tunnelling beneath non-
displacement piles in sand and stiff clay with a constant service load. Parts of the results were
discussed by Mair and Williamson (2014). The test plan investigated the effects of pile
horizontal offset to the tunnel centreline, pile load condition and soil stiffness/strength. The
trends of the pile settlements confirmed previous research showing that piles directly above and
adjacent to the tunnel settle, respectively, more and less than the greenfield surface settlement
trough. Additionally, there was a remarkable influence of the external head load on pile
displacements due to a given volume loss (the higher load the greater pile settlement).
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Regarding pile failure, it should not be expected, even at high tunnel volume loss, for
non-displacement piles in clays (Franza, 2017). This is due to the tunnelling-induced soil
degradation at the pile shaft and base being balanced by additional pile settlements relative to the
soil (that mobilise positive shaft friction).

2.3.1.10 Boonsiri and Takemura (2015)

Boonsiri and Takemura (2015) carried out a fairly exhaustive parametric study of the
influence of the excavation of a tunnel on groups of piles in dry Toyoura sand. These tests were
carried out on the Tokyo Tech Mark (II1) centrifuge under an acceleration of 100g considering
plane strain conditions (2D). The tunnelling process was simulated by reducing the diameter of
the model tunnel. The test cases were conducted at two different tunnel cover depth and diameter
ratios (C/D= 1.5 and 2.5) and three different horizontal distances between the pile groups and the
tunnel. In this study, the ultimate load is defined as the load causing group settlement equal to
10% of the pile diameter.

The results showed that the mechanical behaviour of the group of piles was strongly
dependent on the relative position between the tunnel and the group of piles. For pile groups
shallower than the tunnel, the axial force increase in the piles closer to the tunnel and decrease in
the piles farther away. When piles and tunnel were at the same depth, there was an increase in
the axial force in both piles. The results reveal that the pile group induced more soil surface
settlement in the area above the tunnel crown. This trend is more significant for cases with small
C/D (= 1.5) ratios, small horizontal distances between the pile group and the tunnel, and large
ground loss ratios. However, the induced soil settlement is negligible for the cases with C/D= 2.5
and small ground loss ratios. Also the results shows that the settlement profiles could be
represented by the Gaussian distribution curve at small and large ground loss ratios. In this study,
a zone of influence was adopted for the model of C/D= 2.5 and 1.5 as shown in Figure 2.9
(Boonsiri and Takemura, 2015).
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2.3.1.11 Franza and Marshall (2018)

Franza and Marshall (2018) performed a series of geotechnical centrifuge experiments to
simulate the effect of excavating a tunnel beneath piled structures in a uniform dry fine silica
sand. The experiments were performed at 80 times normal gravity (80g) using the University of
Nottingham geotechnical centrifuge. The centrifuge package includes the centrifuge strong box,
soil, model tunnel, and tunnel volume control system. The model layouts are shown in Figure
2.10. The inside plan dimensions of the strong box are 640260 mm and the maximum elevation
of soil within the box is 500 mm. Uniform dry fine silica sand was used for testing. The model
tunnel diameter is 90 mm which buried at a depth of 225 mm. A tunnel volume control system
comprising an actuator connected to a hydraulic cylinder was used to control the volume of fluid
within the tunnel. Piles diameter is 9 mm and the embedment depth is 135 mm.

The results showed that piled foundations change the global tunnel-pile-structure
interaction with respect to shallow foundations, producing a greater potential for damage of
flexible structures. The relationship between structure stiffness and weight, as well as the safety
factor of the piles control the structure settlements. Generally, an assessment of the post
tunnelling pile safety factor should be carried out, by considering pile head load redistribution
and that pile capacity may be reduced by tunnel volume loss.
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2.3.1.12 Soomro et al. (2018a)

A series of 3D centrifuge model tests were performed by Soomro et al. (2018a) to
investigate the lateral responses of an existing 2x2 pile group to advancement of side-by-side
twin tunnels in dry sand. The 3D centrifuge experiments were conducted under an acceleration
of 40g at the Geotechnical Centrifuge Facility at the Hong Kong University. Pile load test was
performed first in greenfield conditions to find the ultimate capacity of the pile group. Three
centrifuge tests were carried out (test SS, TT, and BB) at various depths of the twin tunnels
relative to the pile shaft. Both the tunnels were located near mid-depth of the pile shaft in test
(SS) with cover-to-diameter ratios (C/D= 1.5), next to the pile shaft (test TT) with (C/D= 2.7)
and below the toe (test BB) with (C/D= 3.7. The 3D tunnel advancement was modelled by the
same way used in Ng et al. (2013) study. The centrifuge tests were back-analysed by a three-
dimensional finite element study.

The results showed that the most significant lateral movement of the pile cap induced
after the completion of the first tunnel in each test. The three tests indicate that the largest and
the smallest lateral movement of the pile cap obtained from tunnelling below the pile toe (i.e. test
TT) and near mid-depth of the pile shaft (i.e. test SS), respectively. From test TT, the induced
bending moment and pile deflection can be critical when first tunnelling advanced adjacent to
pile toe. However, the induced bending moment decreased significantly owing to the excavation
of the second tunnel in each case (caused a stress release on the opposite side of the pile). The
results show also that shearing forces induced in piles during twin tunnelling and induced as a
reaction of pile deflection in tests TT and BB (Soomro et al. 2018a).

2.3.2 Laboratory Models

This section reviews some published work carried out to investigate the effects of tunnels
on piles using simple 1g testing and other lab-floor techniques.

2.3.2.1 Morton and King (1979)

One of the first studies of the tunnel-deep foundation interaction using an experimental
model was conducted by Morton & King in 1979, where they describe 1g tests conducted on
model wooden piles in medium dense sands. The loaded piles are installed at various locations
from the tunnel and placed at various depths above the tunnel. The tunnel was simulated using an
advancing steel tube and cutting head. Based on the test results the authors suggested the
existence of a limiting pile failure zone whereby piles with their bases within this zone are likely
to experience considerable settlements even at small ground loss values. Figure 2.11 shows the
various positions at which pile bases where installed with reference to the model tunnel and the
limits of pile failure zone (shown by the red dotted curves). The shape of this critical zone was
approximated by a line drawn from the tunnel spring line to the surface (shown by the blue solid
lines). The authors also observed that piles located further than (1.75D,) did not experience
significant settlements.
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Figure 2.11 Limiting pile failure zone after (Morton and King, 1979)

2.3.2.2 Lee and Bassett (2007)

Lee and Bassett (2007) performed some interesting 1g model experiments relating to the
problem of tunnelling near piles. The experiments conducted at University College London
(UCL). The authors describe the use of multi-sized aluminium rods to model the plane-strain
behaviour of sand. The model test has a total of 21 cases, i.e. five different tunnel positions (2, 1,
0, +1, +2) with respect to four different pile tip locations (A, B, C, D). Experimental layout and
pile toe positions are shown in Figure 2.12a and Figure 2.12b, respectively. The authors provide
their own ‘map’ of influence zones based on experimental and numerical modelling results,
illustrated in Figure 2.12c. It’s evident that the proposed influence zones are relatively wider and
deeper than those proposed by previous studies both centrifuge modelling and field trials.
However, the influence zones are dependent on the pile tip location, 2D volume loss, soil
condition, working load, pile geometry, dilation effect of the granular material, and tunnel
dimension (Sohaei et al. 2020).

2.3.2.3 Sohaei et al. (2017)

Sohaei et al. (2017) established a micropiles method to control the ground surface
settlement, settlement and lateral movement of the existing pile due to tunnelling. For this
purpose, a series of three-dimensional (3D) physical modelling tests in dry sand were carried out
under single gravity (1g condition). A single pile (hollow aluminum tube) was placed at a
horizontal distance of a tunnel diameter (1D) from the tunnel vertical axis. A row of micropiles
(rigid circular steel rod) was later placed in between the pile and the tunnel. The results showed
that the shallow tunnelling close to an existing pile has significant influences on the pile such as
settlement, lateral movement, bending moments, and the axial force. The pile settlements were
found to be nearly the same as the ground settlement (1.10%D) in all cases. The results of the
apparent loss of pile capacity (ALPC) showed only 1.4% of the pile diameter compared to 6% of
tunnelling without micropiles (i.e., positive effect of micropiles method and pile capacity is
improved significantly).
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Figure 2.12 Layout, pile toe position and influence zones of (Lee and Bassett, 2007) tests

2.4 Numerical Methods

A number of numerical studies have been undertaken investigating the effects of
tunnelling on pile foundation, a review of those of significance is given below.

2.4.1 Mroueh and Shahrour (2002)

Mroueh and Shahrour (2002) investigated single piles and groups of piles response to
tunnelling through a full 3D analysis using the finite element program PECPLAS. Numerical
simulations were performed in two stages: (a) application of an axial load about 50% of pile
capacity and (b) the construction of the tunnel, which was performed using the parameters agec
and Lgec (which stand for the ratio of stress release and the length of the unlined zone,
respectively). Figure 2.13 shows the 3D finite element mesh used in the study.
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Figure 2.13 3D finite element mesh used in (Mroueh and Shahrour, 2002) study

Analysis of the soil movement in the lateral and longitudinal directions showed that pile
responses in lateral direction were reached after passage of the tunnel face, while in the
longitudinal directions were reached when the tunnel face was directly in line with the pile. From
the parametric study, the results reveals that when the pile tip is above the tunnel axis level there
Is a continuous increase of axial force with depth (which results from the downward movement
of the soil adjacent to the pile), whereas when the pile tip is located below the tunnel axis the
results show an increase of the axial force up to a maximum value followed by a decrease
(results from the upward movement of the soil below the tunnel horizontal axis). In the first case
where the pile tip is located above the tunnel axis, tunnelling induces low bending moments
relative to the second case. The increase of the distance between the pile axis and the tunnel
centre-line from 1D to 1.5D causes a significant reduction in the magnitude of axial force and
bending moment along the pile shaft.

Pile group response investigation showed that the group of piles were less affected by
axial load and bending moment than a single pile, even when they were not connected. The
presence of the additional pile would increase the stiffness of the ground around the group of
piles, and the effect of a pile cap was shown to have little effect on the bending and axial load.

2.4.2 Cheng et al. (2003, 2004, 2007)

Cheng et al. (2004) present the results of a series of a 3D finite element analysis of the
effects of tunnelling on piled foundations. A novel kinematic technique known as the
Displacement Control Model (DCM) was used in the finite element program ABAQUS to
simulate non-uniform soil convergence around the excavated tunnel boundary and obtain the soil
displacement field around the deforming tunnel. The soil-pile interface behaviour was modelled
using zero thickness interface elements assigned with the Coulomb frictional failure criterion.
Various pile positions were simulated including different piles length and at various offsets from
the tunnel centre-line.
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The results showed that tunnel excavation creates a zone of large soil displacements
around the tunnel (zone of influence). The envelope of this zone is defined by symmetrical
boundaries extending upwards at an angle of 45° to the horizontal from the tunnel spring-line to
the ground surface. The results shows that the pile settlement is tend to decrease with increasing
pile length. In general, the induced pile axial forces and bending moments were shown to depend
on the position of the pile tip relative to the zone of large displacements, the pile-soil stiffness
ratio, and the magnitude of volume loss. Tunnel case histories were back analysed using the
DCM by Cheng et al. (2007), and the analysis results found to be consistent with the results of
field measurements and centrifuge test.

The pile failure mechanisms induced by tunnelling in three different pile locations with
respect to the tunnel axis level is shown in Figure 2.14 (Cheng, 2003). In case (1) in which the
pile toe is below the tunnel axis level, the damage of the structure is induced due to a
combination of excessive bending moment and excess of the pile compressive strength. In case
(1) it is shown that the pile toe is above the tunnel axis level without pile restraint. In case (1),
the pile toe is located in large deformation zone and the pile head is restraint with high vertical
resistance. Negative skin friction of the soil drags downward the pile, but the vertical restraints
on the pile head resist the pile head movements (Sohaei et al. 2020).
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Figure 2.14 Pile failure mechanisms induced by tunnelling (Cheng, 2003)
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2.4.3 Yang et al. (2011)

Yang et al. (2011) present the results of a 3D finite element simulation to investigate the
effects of tunnel construction on nearby pile foundation using the finite element program
PLAXIS 3D. The displacement controlled model (DCM) proposed by Cheng et al. (2007) was
used to simulate the tunnelling-induced volume loss effects. The numerical model was verified
based on the results of a centrifuge test (Ong et al. 2007a). The volume loss was 3.3% according
to the test. Figure 2.15 shows the 3D finite element mesh and pile toe positions used in the
numerical analyses. The Hardening-Soil model implemented in PLAXIS was adopted to model
the non-linear stress-strain soil behaviour.

The results showed that there is a line separates two different zones: the zone of influence
and support zone. The zone of influence extends from tunnel spring-line to the ground surface
forming an angle of 45°. Regarding the pile tip position to the tunnel horizontal axis level, if the
pile base located in the zone of influence, the pile settlement is greater or equal to soil surface
settlement, whereas if pile base located outside the zone of influence the pile settlement is less
than the soil surface settlement.

Due to tunnelling, both the compressive and tensile forces can be induced in pile,
according to the pile base location. The results indicate the axial force increases when pile
length, and volume loss increases, and when the pile becomes closer to the tunnel. Generally, the
pile moves in the same direction when pile base located in the zone of influence, and the pile
head moves laterally more than the pile tip, with the pile base outside the zone of influence. The
numerical analyses show that when the pile base located outside the zone of influence, the
bending moment is greater compared with the pile base located within the zone of influence. A
positive group effect noticed compared to single pile case.
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Figure 2.15 Yang et al. (2011) study (a) 3D finite element mesh (b) pile base position
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2.4.4 Lee (2013)

Using the numerical code PLAXIS 3D, Lee (2013) carried out a series of (3D) finite
element effective coupled consolidation analysis to study the behaviour of a single pile and a
free-headed isolated piles in 3x3 and 5x5 pile groups during open face tunnelling in London
stiff clay adopting the sprayed concrete lining (SCL) method. Figure 2.16 shows the 3D finite
element mesh used in the numerical analyses and the problem geometry. The effects of pile
installation not included and the pile is wished-in-place (similar to a bored pile). The Mohr-
Coulomb model governed by non-associated flow rules with an isotropic elastic modulus was
used to simulate soil behaviour. The numerical modelling involved three steps: initial geostatic
equilibrium, application of an axial load, and tunnel excavation.

The results showed that tunnelling can induce significant increases in pile settlement
compared to the pile settlement induced from the working load prior to tunnelling. Due to
tunnelling a substantial changes in axial pile force distributions, causing tensile pile forces. The
pile groups are more significantly affected than single piles in terms of serviceability (higher pile
settlements and smaller tensile axial forces inside groups). The computed results indicate that the
pile head settlement was higher than the free-field soil surface settlement. It was found that the
influence zone for the pile head settlement involves a distance of -2D behind piles and +1.5D in
front of piles in the longitudinal direction. Lee (2013) suggests that an equation may be
necessary to estimate the ground settlement trough when there are pre-existing piles (especially
for the pile group’s case). A significant decrease in the factor of safety is anticipated because the
apparent pile capacity decreased substantially. With tunnel progress, significant changes noticed
in the distributions of the relative shear displacement and stress components along the pile due to
tunnelling.
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Figure 2.16 Pile group (5x5 case) (a) 3D finite element mesh (b) geometry (Lee, 2013)
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2.4.5 Jongpradist et al. (2013)

Three-dimensional elasto-plastic numerical analyses are conducted by Jongpradist et al.
(2013) to investigate the influences of tunnel excavation on existing loaded piles using the finite
element program PLAXIS 3D in a stiff clay layer of typical Bangkok subsoil (undrained
condition). A 2x2 pile group and three single piles with pile diameters of 0.25, 0.5 and 1.0 m are
investigated. Different pile tip positions and clear distances from the tunnel are considered. The
analysis is performed in 2 stages: application of axial load on pile head, and tunnel excavation.
The tunnel construction is modelled by consecutively deactivating the soil elements, activating

the concrete lining, then application of pressure on the tunnel face to stabilize the excavation
face.

An influence zones are suggested based on the analysed data with consideration of
various influence factors (obtained by combining those coming from consideration of the
normalized pile settlement and those of the maximum pile bending moment). Jongpradist et al.
(2013) suggests the critical line lies at 1D clearance from pile, because the maximum bending
moment is considered when the pile tip position compared to the tunnel horizontal axis is below
-1D, and because the bending moment in all cases significantly decreases when the clearance
exceeds 1D. Figure 17a show that in zone | and zone I, the piles are tend to settle more than the
ground due to the reduction in their base load. In zone IlI, no reduction of the pile base load is
expected as the pile settlement is smaller than the ground surface settlement. Figure 2.17b
compares the proposed influence zone in this study with those of previous studies.
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Figure 2.17 Lines of influence suggested (a) with defined influence zones, and (b) compared
with those proposed from previous studies (Jongpradist et al. 2013)
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2.4.6 Soomro et al. (2015)

Three-dimensional coupled-consolidation finite element analyses are conducted by
Soomro et al. (2015) to investigate the effects of open face tunnelling on wished-in-place
existing 2x2 pile group using the finite element programme ABAQUS. Three distinct tunnels
were excavated close to the pile group at different cover depths of 9 m (near the pile shaft), 15 m
(at the toes of the piles) and 21 m (below the toes of the piles), thus the cover-to-diameter (C/D)
ratios were 1.5, 2.5 and 3.5, respectively. Figure 2.18 shows both the 3D mesh and the geometry
of the problem. An elasto-plastic soil model with the Drucker-Prager failure criterion with a non-
associated flow rule was used to model the behaviour of stiff clay similar to London Clay. The
analysis is performed in 3 stages: establish the initial stress conditions, application of the
working load on pile head, tunnelling using an advancing rate of 1.5 m/day.

The computed results showed that the most critical stage for settlement, tilting and
induced bending moment of pile group due to tunnelling is when the tunnel face is near to the
pile group rather than at the end of tunnel excavation. Tunnel depth relative to the pile group can
affect the settlement, tilting of pile group and the load transfer mechanism between piles in pile
group due to tunnelling. Tunnelling near the mid-depth of the pile group (i.e. C/D= 1.5) induces
the largest bending moment in the piles, but the settlement and tilting of the pile group are
relatively small. Based on a settlement criterion, apparent loss of capacity of the pile group is
14% and 23% for tunnels constructed at depths of C/D= 1.5 and at both C/D= 2.5 and 3.5,
respectively. The largest load redistribution between the front and rear piles in the group and the

largest tilting of the pile cap towards the tunnel occurs when tunnel excavated at C/D= 2.5
(Soomro et al. 2015).
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Figure 2.18 Soomro et al. (2015) study (a) 3D mesh (C/D= 2.5) (b) geometry of the problem
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2.4.7 Al-Omari et al. (2019)

A three dimensional finite element analysis using PLAXIS 3D was performed by Al-
Omari et al. (2019) to study the behaviour of a single pile and 3x3 piles group during the
advancement of shield tunnelling (TBM) in sandy ground. The Hardening Soil (HS) model was
used to simulate the soil behaviour. The numerical modelling composed of three stages: initial
geostatic equilibrium, application of an axial load on the single pile head and on the pile cap for
the pile group, and tunnel excavation. The results showed that the pile head settlement is higher
than that for ground surface settlement and increases with tunnel advancement but becomes
negligible at a distance equal to 5D beyond the pile. The maximum pile head settlement of the
single pile and the centre pile of the group due to tunnelling is 1.27 and 1.42 times larger than
that computed from the Greenfield condition (only tunnelling), respectively. According to the
presented results, a zone of influence was deduced involves a distance of £ 2D from the pile in
the longitudinal direction, a distance of + 2D from both sides of the pile in the lateral direction,
and 2D vertically below the pile tip.

2.5 Analytical and Simplified Numerical Methods

Despite the non-linear behaviour of the soil and the complex mechanisms that rule the
interactions, analytical solutions have been developed for tunnel-pile interaction system.

2.5.1 Two-stage analysis method (TSAM)

Various studies for tunnel-pile interaction system have been reported using the two-stage
procedure: (1) through closed-form expressions, or numerical software, the free-field soil
movements due to tunnelling are estimated analytically or empirically; (2) the analysis of the full
system, including soil, foundation and superstructure, external loads. The most representative
embodiment of “TSAM?” is the boundary element method “BEM”.

2.5.1.1 Boundary Element Methods

Boundary Element Methods (BEM) are used as a benchmark to the other models with the
case shown in Figure 2.19 used as the reference conditions for single and pile groups. Chen et al.
(1999) presented a TSAM using the Loganathan and Poulos (1998) closed-form analytical
solution to calculate the greenfield movements, these were then applied to an uncoupled BEM
using the software programs. Chen et al. (1999) carried out a thorough parametric study and
developed a set of design charts to estimate the maximum pile responses due to tunnelling.
Corrections for soil undrained shear strength, pile diameter, and pile length were considered. The
method was described by the authors as a conservative approach. Surjadinata et al. (2006)
combine the use of FEM for the Greenfield movements with the above boundary element
analysis (Williamson, 2014). Loganathan et al. (2001) and Xu and Poulos (2001) analysed single
piles and pile groups. They used the 3D elastic BEM proposed by Xu and Poulos (2000) for pile-
soil interaction with fully coupled axial, lateral and torsional behaviour of the pile and no
slippage or soil plastic behaviour at the pile-soil interface.
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Figure 2.19 Boundary Element Method (BEM) benchmark after (Loganathan et al. 2001)

Basile (2014) extended previous works on BEMs to include the non-linear and plastic soil
behaviour at the soil-pile interface. The author limited the maximum normal and tangential stress
at the pile-soil interfaces (shaft and base) and implemented a soil stiffness degradation curve
with the pile-soil interface stress according to a hyperbolic stress-strain law (see Figure 2.20).
The comparison of this BEM model outcome with previously published results was satisfactory.
It was confirmed that the group effect is beneficial because it decreases foundation
displacements and internal pile forces compared to isolated piles. Furthermore, the work of
Basile (2014) indicated that soil non-linearity leads to a remarkable reduction of axial forces
within the piles at high volume loss (Franza, 2017).
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2.5.1.2 Elastic Winkler Methods

Several authors considered a beam on a Winkler elastic foundation to investigate the
problem of tunnel-pile group interaction, confirming the beneficial effects of pile-soil-pile
interaction. Kitiyodom et al. (2005) used the FEM computer programme PRAB (Piled Raft
Analysis with Batter piles) to study the considered problem, implementing as free-field input the
tunnelling-induced movements predicted by Loganathan and Poulos (1998). The problem
consists of a piled flexible raft and the ground modelled with a plate, elastic beams and
interactive springs (see Figure 2.21). The interactions between structural members (pile-soil-pile,
pile-soil-raft and raft-soil-raft interactions) were modelled based on Mindlin’s solutions for both
vertical and lateral forces, whereas the integral method was adopted for the definition of the
springs stiffness and to consider the interaction between the nodes of the same pile.

Huang et al. (2009) proposed to solve the problem of tunnel-pile group interaction with
the use of a fully elastic Winkler-based model implemented with a FDM (finite difference
method) with no gap and slippage at the soil-pile interface. Firstly, the problem of tunnel-single
pile interaction is solved with the theory of a beam on a Winkler elastic foundation. Secondly,
the difference in displacement between the Greenfield and the single pile displacement is
computed and propagated to the other piles, resulting in additional forces to the receiver pile, to
account for the shielding effect within a pile group (using a logarithmic attenuation function and
Mindlin’s solution in vertical and horizontal solution, respectively).

Zhang et al. (2011a) and Zhang et al. (2013) improved the Winkler-based soil model to
account for soil non-linearities, unloading and reloading curves, and pile-soil interface
characteristics following the FDM approach used by Huang et al. (2009). When considering the
response of a pile group, to account for the pile-pile interaction (numerically implemented with
an iterative process), it was assumed that only the elastic contribution of the tunnel-single pile
interaction propagates to other piles (with a logarithmic attenuation function), whereas the plastic
behaviour is limited at the pile shaft (attenuation function is null).
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Figure 2.21 Plate-beam-spring model of a piled raft foundation (Kitiyodom et al. 2005)
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2.5.2 Simplified methods used in practice

In practice, simplified tools are used to assess the effects of tunnelling on piles. Devriendt
and Williamson (2011) describe the methods used in currently in practice prior to the use of 3D
FEM. These are (I) Assumed Depth Method; this method uses Greenfield settlements at a given
depth along the pile for simple first stage analysis. (II) Neutral Axis Method, this method
adopting Greenfield settlements and an analytical solution with elastic-perfectly plastic pile-soil
interface, this approach assumes that the pile head settlement is equal to the settlement at the
neutral axis depth, where the shaft friction changes from negative to positive. (111) Uncoupled
Boundary Element Method, this method uses Greenfield settlements and calculates relative
displacements from either the pile toe or the pile head and inputs this into an analytical pile
program based on Mattes and Poulos (1969) Boundary Element Analyses (Williamson, 2014).

2.6 Conclusion

A variety of methods for the analysis of pile-soil-tunnel interaction problems have been
developed and briefly reviewed in this chapter. Researchers have investigated the effects of
tunnelling on pile foundations with experiments (in the laboratory or in the field), analytical and
numerical methods. In all the centrifuge and laboratory tests carried out, plane strain tunnel was
simulated. Recently many works focused on the 3D tunnelling effect on pile foundation through
these tests. Previously in numerical methods, 2D model is usually adopted due to the longer
running time in 3D analysis, but does not adequately simulate pile-soil interaction. Recently, the
three-dimensional analysis is very advantageous owing to its capability to simulate 3D tunnel
advancement and pile-soil interaction.

The response of piles to tunnelling-induced movements is generally very sensitive to the
relative pile toe-tunnel location, location of pile axis from the tunnel vertical axis (or the clear
distance), piles installation method, safety factor, the induced tunnelling volume loss, the ground
conditions and the load distribution between base and shaft. Several zones of influence, where
large pile settlement may occur, were proposed. Due to group positive effect, several authors
proposed to conservatively estimate pile group performance with and without the pile cap
considering the tunnel-single pile interaction.

Finally, the combination of previous works on tunnel-pile interaction (TPI) and tunnel-
structure interaction (TSI) is necessary to achieve a better representation of the global tunnel-
pile-structure interaction (TPSI). In general, tunnelling adjacent to piles (near the pile shaft)
induced minimal building distortions as mainly causes lateral bending in piles rather than
settlements. Whereas, tunnelling beneath piles (at or below the toes of the piles) induces more
settlement, which leads to structural failure. Thus, pile settlements represent the major concern
for tunnelling considering the way in which they affect buildings. However, these studies shown
that pile failure are not a primary concern in clays and should be better investigated in sands to
consider the pile safety factor.
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CHAPTER 3

Deep Excavation-Induced Ground Movements

3.1 Introduction

In many cities in densely populated areas around the world, the application of deep
excavations for the realisation of underground spaces or for other infrastructure is becoming
common practice. Supporting excavations using the retaining structures is a matter of extreme
importance to construction safety officials due to the danger posed to life by the ground
movements induced by deep excavations. In the field of geotechnical, any excavation induces
changes in the stresses in the soil mass. Also, regardless of the construction technique used,
deformations occur around the excavation which will propagate into the surrounding massif and
can reach the surface. Depending on their nature, their amplitudes, their distribution in space and
time, the deformations thus generated are likely to cause disorders in the built environment:
buildings, structures, roads, and other underground structures. Several researchers developed to
asses ground movement induced by an adjacent excavation. The well-known methods are
presented in this chapter.

3.2 Ground movements induced by excavation

The excavation imposes displacements and stress on its surroundings. In general, the
excavation construction induces three types of ground movements as shown in Figure 3.1:

(2)

o (1) Settlement(or subsurface settlement)
Exeavation 4 (9) [ atéral desplacement towards the excavation

3) (3) Basal heave (bottom heave)

Figure 3.1 Ground movements induced by excavation

3.2.1 Settlement induced by excavation
3.2.1.1 Settlement induced by the construction of diaphragm walls

According to the monitoring results of the rapid transit system in Hong Kong (Cowland
and Thorley, 1985), after the completion of the diaphragm walls and before the main excavation,
the accumulated deformation can achieve 40-50% of the total deformation after the completion
of the main excavation.
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Clough and O’Rourke (1990) found that the ratio of the maximum settlement induced
by the construction of diaphragm walls to the depth of the trench is 0.15%, according to many in
situ monitoring results (see Figure 3.2). We can see that soil settlement in the vicinity of
diaphragm wall panels, induced by their construction, is significant and that caution is strictly
required to protect adjacent properties (Ou, 2006).

Ou and Yang (2000) studied the monitoring results of the settlement induced by the
construction of the diaphragm walls for the excavations in the Taipei Rapid Transit System and
found that, under normal construction conditions, the maximum settlement induced by a single
panel was about 0.05 H:% (H; is the depth of a trench) and the maximum settlement mostly
occurred within 0.3H; from the trench panel, as shown in Figure 3.3. The main influence range
of settlement was 0.5H, from the trench panel and little settlement occurred beyond 1.0H, from
the trench panel. The concrete casting did not cause significant settlement. In sand-clay
alternated layers, the maximum settlement induced by a single trench panel is 10-15 mm, in
Singapore marine clay, 24 mm (Poh and Wong, 1998).

Ou and Yang (2000) also found that the maximum accumulated settlement after the
completion of several test panels was 0.07 H,% (Figure 3.3) and its location and influence range
were basically similar to those of single-panel induced settlement. The maximum amount of
accumulated settlement after the completion of the whole diaphragm wall was greater than that
induced by a single test panel as well as that by multiple test panels. The maximum amount of
total settlement was about 0.13H%, occurring within a distance of 0.3H, from the diaphragm
wall. The above maximum amount of total settlement was less than that of Clough and
O’Rourke’s (1990) envelope (0.15H%). Settlement became less observable beyond the distance
of 1.5-2H; from the diaphragm wall (Ou, 2006).
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Figure 3.2 Envelope of ground surface settlements induced by trench excavations (Clough and
O’Rourke, 1990)
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3.2.1.2 Empirical methods to predict ground surface settlements

Several methods exist to determine the ground surface settlement due to excavation. In
this section empirical formulas are introduced and the most well-known methods are:
Peck’s method

Peck (1969) was the first to propose a method to predict excavation-induced ground
surface settlement, based on field observations. He mainly employed the monitoring results of
case histories in Chicago and Oslo and established the relation curves between the ground
surface settlement (8,) and the distance from the wall (d) for different types of soil, as shown in
Figure 3.4 (Ou, 2006). The method classifies soil into three types according to the characteristics
of soil:

Type I: Sand and soft to stiff clay, average workmanship

Type 1I: very soft to soft clay
1- Limited depth of clay below the excavation bottom

2- Significant depth of clay below the excavation bottom but N < N,
Type I1I: very soft to soft clay to a significant depth below the excavation bottom (N > N,).

Where N, the stability number of soil, is defined as yH./C,, where vy is the unit weight of the
soil, H, is the excavation depth, and C, is the undrained shear strength of soil, and N, is the
critical stability number against basal heave.
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Figure 3.4 Peck’s method (1969) for estimating ground surface settlement

In general, larger wall deflection and ground deformations are induced due to
excavations in soils with lower strength and stiffness. The relation curves proposed by Peck are
not necessarily applicable to all excavations especially in recent years (Since Peck’s method took
the monitoring results of case histories before 1969). But Peck’s method still used by some
engineers as it is simple to apply and it’s the first to derive an empirical formula to predict the
ground surface settlement induced by excavation.

Bowles’s method

Bowles (1988) proposed a procedure to estimate excavation-induced ground surface
settlements, which can be described as follows (Figure 3.5):

1- Compute the lateral displacement of the wall.

2- Compute the area of the lateral wall deflection (ay).

3- Estimate the influence range of ground settlement (D) following Capse’s method (1966):
D = (H, + Hy) tan (45° - g) (3.1)

Where H.= the excavation depth; Hy = B if ¢@ = 0° and Hg = 0.5B tan (45° + %) if @ = 0°,
where B= the excavation width and « the parameter if soil strength

4- Suppose the maximum ground surface settlement is located at the intersection of the wall and
ground surface. Estimate the maximum ground surface settlement (8,,,)

8ym = (3.2)
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Figure 3.5 Bowles’s method (1988) for estimating ground surface settlement

5- Suppose the ground surface settlement exhibits parabolic distribution. The settlement &, at 1,
can be computed as follows:

8y = Sym (IBX)Z (3.3)

Where 1,= distance from a point at the distance of D from the wall and &= the settlement at the
distance of I,.

The method suggested by Bowles is clearly only applicable for the spandrel type of
ground surface settlement.

Clough and O’Rourke’s method

Clough and O’Rourke (1990) proposed various types of envelopes of excavation-
induced ground surface settlements for different soils on the basis of case studies. According to
their studies, excavation in sand or stiff clay will tend to produce triangular ground surface
settlement. For the final excavation depth H., the maximum settlement will be found near the
retaining wall as shown in Figures 3.6a and 3.6b, whose influence ranges are separately 2H, and
3H,. Excavation in soft to medium clay will produce a trapezoidal envelope of ground surface
settlement, as shown in Figure 3.6¢. The maximum ground surface settlement occurs in the range
of 0 < d/H, <0.75 while 0.75 < d/H.< 2.0 is the transition zone where settlement decreases
from the largest to almost none (Ou, 2006).
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Figure 3.6 Clough and O’Rourke’s (1990) method for estimating ground surface settlement (a)

sand (b) stiff to very stiff clay, and (c) soft to medium soft clay

Ou and Hsieh’s method

Ou and Hsieh (2000), Ou et al. (2005) developed a method to predict the ground
surface settlement on the basis of studies of the type of ground surface settlement, the influence
zone, the location of the maximum settlement, and the maximum settlement. They proposed

settlement curves for the spandrel and the concave types, as shown in Figure 3.7.

Line segment ab in Figure 3.7a, with a steeper slope, represents the primary influence
zone, which will generate a larger angular distortion as far as the adjacent structures are
concerned. Thus, it is necessary to examine the safety of the adjacent structures as long as values
of &, is large. Line segment bc represents the secondary influence zone and has a less steep
slope. Under normal conditions, settlement in the SIZ has less influence on structures. The

maximum settlement is located at the wall when the wall deforms as a cantilever.
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Figure 3.7 Ou and Hsieh’s method for estimating ground surface settlement
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According to Figure 3.7b, the concave settlement profile for the bulging mode of wall
can be described in three line segments. Line segment abc represents the primary influence zone
and line segment cd the secondary influence zone. Their separate influences on structures are the
same as described in the spandrel type (Ou, 2006). According to Ou and Hsieh’s method, the
excavation-induced ground surface settlement in back of the wall can be predicted based on the
following procedure:

1- Estimate the maximum lateral displacement of the wall (8y,,): include the simplified method
(Figure 3.11), the finite element method, or the beam on elastic foundation method.

2- Determine the type of ground surface settlement: Compute the lateral wall displacement from
either the finite element method or the beam on elastic foundation method.

3- Estimate the value of &, on the basis of the relations between the maximum settlement (6,,,)
and the maximum lateral displacement (&8},,)-

4- According to the type of ground surface settlement determined at the second step, compute
various settlements occurring in different positions in back of the wall.

3.2.2 Horizontal movements around an excavation

Crofts et al. (1978) proposed to estimate the distribution of horizontal displacements at
the soil surface, related to the distance from the edge of the excavation, by means of a diagram
similar to that of Peck for the vertical movements (Figure 3.8). However, the curves in this
diagram are based on a limited number of in situ data and only provide upper limits of
foreseeable movements on a precise site, depending on the soils nature. Indeed, faster declines
have been observed as the distance from the edge of the excavation increases (Symons, 1980).

The maximum lateral displacement occurs at a depth which increases with the height of
the excavation and is located, with the exception of the first phase of excavation, near the bottom
of the excavation. The experimental observations made it possible to specify the variations of the
maximum lateral displacement &y,,, depending on the maximum excavation depth H, and wall

type:

- For strutted walls, in cohesionless soils, the maximum lateral displacement was about 0.002H,
when the support is put in place quickly (Clough and O’Rourke, 1990). In soft clays, the
measurements indicate that &;,,, can reach 0.01H, to 0.02H.. On the other hand, for stiff clays,
Opm Was small than 0.002H,, and often than 0.001H,.

- For diaphragm walls, the maximum lateral displacement observed varies between 0.002H, and
0.005H, (Ou et al. 1993).

- For well-made anchored walls, the maximum lateral displacement is less than 0.002H,;

- For sheet pile or Berlin walls, maximum lateral displacement is &, <0.01H. (Peck, 1969).
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Figure 3.8 Horizontal movements related to distance from excavation (Crofts et al. 1978)

Diaphragm walls generally tend to cause less ground movement than sheet piles or
Berlin walls. It should also be noted that, in most cases, the lateral movement increases if the
time between excavation and installation of the support increases (Mestat et al. 1999).

3.2.3 Basal heave (bottom movement)

In coherent soils, it is common for the excavation bottom to heave. The magnitude of
this movement and the speed at which it occurs depend on the reduction in vertical stresses and
the soil nature under the excavation. It can result from three very different phenomena:

« Either elastic unloading of clay over a large thickness;
 Swelling of the clay in the presence of water;

* The phenomenon called “solid renard”. A vertical flow of the soil then occurs, behind the wall
towards the bottom of the excavation, which causes the bottom to heave.

3.2.3.1 Factor of safety against basal heave

Clearly the deformation of a retaining wall relates closely to the factor of safety. If the
factor of safety is small, weaker the stability of the excavation (strains around the excavation and
ground deformations may become large). This possibility of heaves limits the maximum depth
that the excavation can reach, regardless of the support system (struts or anchors). If the
maximum depth is exceeded, the excavation bottom fails. This fails can be studied as a problem
of load-bearing capacity. As in the study of shallow foundations, various plane strain failure
mechanisms can be considered as shown in Figure 3.9a. Each mechanism leads to an expression
of the maximum excavation depth as given in Table 3.1.
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Figure 3.9 Factor of safety against basal heave after (a) Terzaghi (1943), (b) Bjerrum and Eide
(1956)

Obviously, these formulas are no longer valid when overloads are applied on the
surface, when the soil mass is heterogeneous or when the hypothesis of plane strains is no longer
justified. Adaptations have been proposed in the case of three-dimensional excavations (Mestat
et al. 1999):

1- The charts of Bjerrum and Eide (1956) shown in Figure 3.9b, which provide values of the
stability number N = Z—H related to the width B, the length L and the depth H of the excavation.

The substratum is supposed to be endless.

2- The formulas of Tschebotarioff (1973), which make it possible to take into account the
influence of the indeformable substratum, located at a distance D. The maximum depth of the
excavation is then given by the relationships:

5.14cy (1+o.44%)

-If L<D, Hpax = £33
UD'L
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Table 3.1 Maximum excavation depth without heave risk (Mestat et al. 1999)

Failure mechanisms type

Maximum excavation depth Hy,.x

Caquot-Kérisel ~ failure mechanism for deep 5.14c,B

excavation YB —c,

Terzaghi failure mechanism for narrow excavation 5.71c,B
YB - Cu\/E

Terzaghi failure mechanism for large excavation 5.71c,D

YD —¢y

Bjerrum and Eide failure mechanism for H/B>1

See charts (Figure 3.9b)

Mana & Clough (1981) utilized the finite element and the field measurements to relate
the maximum wall movements with the factor of safety against basal heave in clays as shown in
Figure 3.10. The quasi-constant non-dimensional movement are at high safety factor is an
indication of an elastic response. The rapid increase in movements at lower factor of safety is a
result of the induced plastic deformations (Ahmed S.M, 2014). The factor of safety against basal
failure also affects the shape of the settlement trough associated with deep excavation. Mana &
Clough (1981) found by numerical analyses that the width of the settlement trough increases

with the increase of the factor of safety.
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Figure 3.10 Effect of the basal heave stability on the wall deformations induced by deep
excavations in clays (Mana & Clough, 1981)
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Clough et al. (1989) and Clough & O’Rourke (1990) summarized many excavation
case histories and utilized the nonlinear finite elements and field measurements to determine the
effect of the wall stiffness on the maximum lateral wall movement in clays that is induced by
excavation. They introduced a system stiffness factor for estimating wall stiffness of unit
thickness (plane strain) which depends on wall material, section properties and support spacing
and the results of their analyses are shown in Figure 3.11. The figure shows that when the factor
of safety against basal heave is small, larger deformation of the retaining wall induced, also that
the stiffness factors for sheet-pile walls are less than 40 and greater than 300 for diaphragm
walls.

Clough at al. (1989) and Clough & O’Rourke (1990) concluded that the wall stiffness
is less effective in reducing movements than in cases with high factor of safety against basal
instability. However, in case of having low factor of safety against basal heave, the wall stiffness
affects the deformation greatly. The aforementioned studies suggest that the maximum lateral
wall movement for stiff systems in stable soils is limited to approximately 0.2% of the
excavation depth regardless of the system stiffness (Ahmed S.M, 2014).

Zapata-Medina (2007) proposed a revised system stiffness factor which gives more
reliable results with the data using the data of 30 case histories that comprise soft, medium and
stiff clays. Figure 3.12 shows the favourable correlation between the maximum lateral
deformation, the factor of safety against basal heave and revised system stiffness. The factor of
safety could reach as low values as 0.65 in the analyses without having a failure of the
excavation; instead, large ground deformations were observed (Ahmed S.M, 2014).
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Figure 3.11 Effect of the basal heave stability and the system stiffness on the wall deformations
induced by deep excavations in clays (Clough at al. 1989)
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Figure 3.12 Normalized lateral wall movements Vs. relative stiffness ratio (R) for deep
excavations in cohesive soils (Zapata-Medina, 2007)

3.3 Conclusion

With the increasing demands for deep excavation in urban areas, it becomes increasingly
important to have well-designed support systems for deep excavations that do not only ensure
the stability of the excavation itself but also warrant that the excavation will not cause damage to
the adjacent buildings and utilities due to potentially excessive ground deformations.

This chapter introduces the types of ground movements induced by excavation such as:
the ground surface settlement, the ground lateral movement, and the excavation bottom
movement. However, the optimal design for a supporting system for deep excavations includes
assessment of the induced ground deformations using empirical/semi-empirical approaches
(most of which are empirical formulas or diagrams based on the monitoring results of
excavations), analytical methods, and numerical methods.

Numerous empirical methods were envisaged to estimate the ground deformations
associated with deep excavations based on the worldwide and local databases of the monitoring
observations in deep excavation projects. Generally, empirical/semi-empirical methods focus on
the assessment of the maximum settlements behind the wall, maximum lateral deformations of
the walls, the widths of the settlement troughs, distributions of settlements and lateral
deformations behind the walls. Numerical analysis is suitable method and widely used recently
for soil-structure interaction problems that to be undertaken by a geotechnical engineer
especially deep excavation problems (the different aspects of the problem can be incorporated
into the numerical models).
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CHAPTER 4

Excavation-Soil-Pile Interactions

4.1 Introduction

In dense urban environments where land is scarce and buildings are very close to one
another, excavations projects are widely used for basement construction and development of
underground transit facilities. As these excavations are usually carried out close to existing
buildings, one of the main design constraints in these projects is to prevent or minimize damage
to adjacent buildings and underground utilities. Many buildings and infrastructures are supported
by pile foundations to transfer the structural loads to the lower and more competent subsurface
strata. However, when the excavations carried out, the ground inevitably moves towards the
excavation and causes ground deformations. The main concern is these ground movements
resulting from the soil excavation can damage the piles, so cause damage to the building rested
on. Thus, the precise prediction of the effects of excavation works on existing piles is a major
challenge when designing and practicing in urban geotechnical environments.

Several researches developed to assess the behavior of piles near to deep excavations. In
this chapter, an overview of the main studies that address the problem of the effects of deep
excavation on piles and piled structures in different types of soils, where, pile responses in both
soft soils and stiff soils will be discussed. The review is presented through three main sections;
namely (1) Field observations and Analytical methods, (2) Centrifuge and Laboratory Studies,
and (3) Numerical Methods.

4.2 Field observations and Analytical methods

Recently, studies address the excavations effect on piles using field data and analytical
methods have been reported. Some of these studies will be reviewed briefly in this section.

Finno et al. (1991) gives an interesting example of this class of problem. He reports on
the performance of groups of step-tapered piles located adjacent to a 17.7 m deep tieback
excavation. The excavation was performed through primarily granular soils (hydraulic fill,
alluvial sand) within the footprint of an existing framed structure. The main columns were
supported by groups of 21 m long unreinforced or lightly reinforced concrete piles. The
temporary tieback sheet-pile wall was located as close as 0.60 m to the pile caps. Field
observations, including lateral deformations of the sheet pile wall and lateral and vertical
deformations of the main columns, found that several of the pile caps displaced up to 6.4 cm
laterally towards the excavation (Figure 4.1). Poulos and Chen (1997) report reasonable
comparisons between these measurements and the computed behaviour from a detailed analysis.
Design charts were used to estimate the maximum pile deflection and bending moment.
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Figure 4.1 Computed sheet-pile and pile movements after Finno et al. (1991)

Poulos and Chen (1996, 1997) described a two-stage analysis to study pile responses due
to excavation induced lateral soil movement, focusing on unsupported and braced excavation in
clay as shown in Figure 4.2. The TSAM involving (1) determination the green field soil
displacements with finite element analysis the computer program AVPULL (2) the soil
movement was then used as input to the boundary element program PALLAS to determine the
pile responses. A parametric study was conducted in both investigations varying the main
parameters like pile location, undrained shear strength, wall stiffness, pile diameter, strut
stiffness, strut spacing (the two later are for braces case).
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Figure 4.2 Basic problem (a) unsupported system (b) strutting system after Poulos and Chen
(1996, 1997)
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In general, for both studies, they conclude that pile response increases with increasing
stability number N =vyH/c,, due to larger lateral soil movements. Pile bending moment
increases with increasing pile diameter, and pile deflection decreases when pile diameter
increases. It was found that pile responses decreases when distances from the excavation face
increases. In braced case, they found that pile response decreases with stiffer excavation support
conditions, higher struts stiffness and smaller strut spacing because such support conditions
result in smaller soil movements. Based on the parametric, Poulos and Chen (1996, 1997)
developed a series of design charts and equations for predicting the maximum deflection and
bending moment of a single pile due to excavation-induced lateral soil movements. The
predicted maximum pile bending moment and deflection showed fair agreement with existing
measured field data.

The boundary element method has a major limitation that it can be only performed on a
single pile and a group with non-identical free-head piles, but cannot handle capped pile groups.
Poulos and Chen (1996) have examined the effects of the pile head condition on the pile
response, and have found that it may have a very substantial effect. The greater the degree of
restraint, the greater arc the bending moments induced in the pile.

Goh et al. (2003) describe an actual full-scale instrumented field test. The field test was
performed on a free-head drilled shaft with a diameter of 1.0 m and a total embedment length of
46 m. The lateral soil movements at 3 m distance to the diaphragm wall was measured by in-soil
inclinometer at stage A and stage B, respectively. This study was carried to examine the
behaviour of the existing pile due to nearby excavation activities resulting from the construction
of a 16 m deep cut-and-cover tunnel. The pile was located 3 m behind a 0.8 m thick diaphragm
wall. The excavation is supported by struts spaced at 3 m vertically and 9 m horizontally (see
Figure 4.3).
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Figure 4.3 (a) Cross section of excavation (b) positions of piles and inclinometers (Goh et al.
2003)
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Excavation to the formation level that was 16 m below the ground surface resulted in a
maximum lateral pile movement of 28 mm. A simplified numerical procedure based on the
finite-element method (BCPILE) was used to analyse the pile response. Generally, the
theoretical predictions were in reasonable agreement with the measured results.

Zhang et al. (2011b) developed a similar two-stage approach, in which the deflection of
the retaining wall is determined by a beam on elastic spring method and the soil movement
behind the wall by the source-sink method defined by Sagaseta (1987). Zhang then uses
hyperbolic description of the friction behaviour between pile and soil, with unloading hysteresis
to describe the soil-pile interaction. This requires the pile to be divided in segments and a
solution with boundary conditions and linearization of the equations, while taking into account
the existence of a working load on the pile. Zhang confirmed his work by comparing his results
with solutions from BEM from Chen et al. (1999) and centrifuge test data from Loganathan et al.
(2000) with satisfying results.

Korff (2012) established an analytical method and tested for the behaviour of piled
buildings near excavations. Korff (2012) explores the building displacements related to deep
excavations for a case study from the Netherlands: the construction of the North South Metro
Line in Amsterdam. Figure 4.4 shows a cross section of Ceintuurbaan station, soil profile &
extensometer locations. This method includes the reduction of pile capacity due to lower stress
levels, settlement due to soil deformations below the base of the pile and development of
negative (or positive) skin friction due to relative movements of the soil and the pile shaft.
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Figure 4.4 Cross section of Ceintuurbaan station, soil profile & extensometer locations (Korff,
2012)
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Liang et al. (2013) investigate the response of an axially loaded pile group (with free
heads or a pinned pile cap) subjected to lateral soil movement. They solved the equations of
axially loaded piles subjected to lateral soil movement based on the flexural differential
equations of elastic piles and the Winkler’s spring model of pile-soil interaction. In the
derivation, the flexural differential equations were established using a two-stage method and
solved by the finite difference method. The behaviour of the pile group was evaluated by adding
the deflections and bending moments of single piles and considering the shielding effect of the
front piles on the rear piles. The shielding effect between piles was considered using Mindlin’s
solution. A parametric study was conducted to investigate the influence of pile spacing, piles
number, location and magnitude of the axial load.

Korff et al. (2016) established an analytical model relating axial pile deformation to the
vertical soil movement due to deep excavation and also proposes ways to determine the pile
response to lateral displacements. In this model, they modelled the non-linear load transfer
mechanisms depending on relative soil pile displacements as well as pile axial
deformations/strains were. They found that the settlement of piles with a large component of
shaft friction is determined principally by the actual load on the pile relative to the pile ultimate
capacity. The lateral pile response is controlled mainly by the relative stiffness of the pile to the
soil.

4.3 Centrifuge and Laboratory Studies

Physical model tests both (1g) model and centrifuge model can be adopted to simulate
and investigate pile responses due to deep excavation-induced soil movement. Some published
works carried out using these techniques are reviewed in this section.

At the National University of Singapore (NUS), centrifuge model tests have been
conducted by Shen (1999) and Lim (2001) to study the behaviour of a single pile and pile groups
due to nearby an excavation-induced soil movement in sand. It was found that the induced
bending moment on the piles increased with excavation depth. It’s interesting that the induced
bending moment did not increase consequently with the large lateral soil movement due to wall
collapse. It was assumed that the sand just flowed around the pile without applying any
additional load on the piles after the wall had failed. Lim (2001) also pointed out that if clay was
used instead of sand, the pile bending moment and deflection reduced over time in the case of a
collapsed wall.

Leung et al. (2000) used the centrifuge model test to investigate the behaviour of single
pile subject to deformation induced by unstrutted deep excavations in dry Toyoura dense sand as
shown in Figure 4.5a. The centrifuge model tests were conducted at 50g on the National
University of Singapore Geotechnical Centrifuge. An appropriate thickness of sand in front of
the wall was removed, a latex bag containing zinc chloride ZnCI2 solution having the same
density as the sand is placed in the excavated area, and then the excavation was simulated in-
flight by draining away the ZnCI2 solution from latex membrane.
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LVDTs (linear variable displacement transformers) are used to measure lateral
displacement (deflection), and rotation angle, also LVDTs used to measure the ground surface
settlements. The test takes into consideration the depth of excavation, head conditions, length of
pile, distance of pile from wall and the soil properties. Two cases of wall stability are
investigated, stable wall and unstable wall.

The test results were analysed using a numerical model developed by Chow and Yong
(1996). They found that, the theoretical predictions were generally in good agreement with the
measured values for the case of a pile situated within relatively stable ground (either behind a
stable wall or outside the soil failure zone of a failed wall). For the case of a pile located within
the soil failure, the analytical approaches do not give accurate results of the pile deformation and
moments.

Leung et al. (2003) performed a series of centrifuge tests on free-head and capped-head
pile groups involving two, four, and six piles nearby unstrutted deep excavation in dry sand as
shown in Figure 4.6a. They found that the interaction effect between the individual piles is
insignificant in case of two piles arranged in a row parallel to the retaining wall for both
configuration free- or capped-head. When two piles are arranged in a line perpendicular to the
retaining wall, the existence of a front pile diminishes the significant effect of the excavation on
the rear pile. For free-head 4- or 6-pile groups, the induced bending moment decreases by
increasing the piles number. Either front or rear centre pile, they always experience lower
bending moments than those of peripheral piles as the latter are more adversely affected by soil
movement. In capped-head 4- or 6-pile groups, the existence of a pile cap reduces the pile-group
deflection. The rear piles are less affected by soil movement as they are located farther away
from the wall which would drag the front piles back.
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Figure 4.5 Centrifuge setup for single pile case (a) Leung et al. (2000), (b) Ong (2004) and Ong
et al. (2006a)
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Ong et al. (2003) used the centrifuge model tests to study the time-dependent behaviour
of a single pile subjected to lateral soil movements in an unstrutted excavation in kaolin clay
overlying dense sand. The results reveal that the time-dependent pile behaviour is totally
different in cases of a stable and collapsed wall. The time-dependent pile behaviour may be
attributed to the existence of fissures on the clay layer, progressive wall and soil deformations,
and pore water pressure redistribution that leads to soil reconsolidation. In case of collapsed wall
(excessive soil movements), the occurrence of tension cracks prevent the transmission of full soil
pressures to the pile. Thus, bending moments are reduced over time.

Ong (2004) indicated using centrifuge tests in clay (see Figure 4.5b) that the development
of bending moments and deflection in piles adjacent to deep excavations is time dependent. The
results show that the limit soil pressure/soil strength ratio for piles subject to soil movement is
significantly less than that of loading piles, especially when the magnitudes of soil movement are
large. Ong (2004) found that the induced maximum bending moment for pile groups was always
lower than that of the corresponding single pile. The induced bending moment of the front pile,
which experiences greater soil movement, is moderated through the pile cap.

Leung et al. (2006) discuss the effect of excavation on the single pile behaviour in clayey
soil by using centrifuge model tests. The pile deflection and bending moment were observed
during the excavation until wall failure. They found out that the induced bending moment
increases with progressing excavation and it was reduced again when the excavation completed
(reduced even before ending the excavation for the walls that experienced failure).

Ong et al. (2006a) carried out a series of centrifuge model test to investigate the
behaviour of single pile subjected to excavation induced soil moment behind a stable retaining
wall and the excavation up to the wall collapse. They carried out the test by varying the distance
between the pile and the excavation. Centrifuge model setup is the same as that used in Ong
(2004) study (see Figure 4.5b). A numerical model was used to back-analyse centrifuge test data
which gives reasonably good prediction.

Ong et al. (2009) carried out a series of centrifuge model test to investigate the behaviour
of pile group using various sizes and configuration behind the retaining wall in very soft clay
overlying dense sand as shown in Figure 4.6b. The test results reveal that the induced bending
moment on a single pile in a free-head pile group is always smaller than that on a corresponding
single pile located at the same distance behind the wall due to the shadowing and reinforcing
effects of other piles within the group. The degree of shadowing experienced by a pile depends
on its relative position in the pile group. Though subjected to different magnitudes of soil
movement, the individual piles in capped-head pile group are forced to interact in unison. The
induced bending moment on the front piles is moderated by the rear piles through the pile cap,
despite being subjected to a larger soil movement. A finite element program developed at the
National University of Singapore is employed to back-analyse the centrifuge test data.
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Figure 4.6 Centrifuge model setup for pile group case (a) Leung et al. (2003) (b) Ong et al.
(2009)

Ng et al. (2017) investigated the effects of multipropped excavation in-flight on vertically
loaded floating piles in dry Toyoura sand through three centrifuge tests, which help designers
and engineers to address the adverse effects on the safety and serviceability of adjacent pile
foundations due to the construction of such geotechnical problems. Piles were laterally restrained
in terms of rotation and deflection right at or above ground surface in the three different tests. To
better understand the load transfer mechanism and pile—soil interaction, three-dimensional
numerical analyses using the finite element program ABAQUS with a hypoplastic soil
constitutive model were carried out to back analyse the centrifuge tests. Pile settlement, axial
force, and bending moment were measured during the in-flight excavation. In each test, in-flight
excavation was carried out step by step with installation of props at target levels. Figure 4.7
shows the schematic plan view and elevation view of the centrifuge models.

The results show that the pile-raft settled a similar amount as the free-head pile and the
elevated pile group. Although different pile head conditions in the three tests, piles settlement
was quite similar. While it was found that the lateral restraints imposed on the pile head have a
substantial influence on induced pile bending moment in particular in the upper part of the pile
(the effect in the lower part is limited). Induced bending moment due to excavation can exceed
the pile bending capacity especially for piles in pile-raft foundations.

Madhumathi and Ilamparuthi (2018) investigated the response of single pile embedded in
sand (see Figure 4.8) by adopting suitable scaling law, against supported excavation induced soil
movement by conducting model tests at unit gravity (1g). The response of pile was studied by
varying the relative stiffness of pile and soil, distance between pile and retaining wall, and pile
length. The model tests are back-analysed numerically using the finite element program
PLAXIS.
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The test results show that the pile head deflection and the induced bending moment
decrease significantly with increasing distance between the pile and the wall irrespective of pile
length. The results show that the shorter pile (stiff pile) deflects more when compared to a long
pile (flexible pile). The numerical analysis results are reasonably good with those obtained in the
test. Design charts are included to predict pile head deflection, and the maximum bending

moment.

(b)

r..f 300 mm 1i-.7 700 mm 4-|

V DT

Excavation
Wooden
Area

Strips

Figure 4.8 Side view of the centrifuge model setup (Madhumathi and Ilamparuthi, 2018)

1000 mm

. 4— P11e o

600

mm




Chapter 4: Excavation-Soil-Pile Interactions

4.4 Numerical Methods

Li et al. (2014a) and Li et al. (2014b) performed three finite difference numerical studies
to investigate single pile response due to unstrutted and braceded excavation-induced lateral soil
movement, respectively. In both cases, the study carried out using finite difference code
FLAC3D. They focus their study on pile deflection, bending moment and lateral soil pressure.
The studies investigate the effect of some key parameters on pile behaviour including excavation
depth, distance from the excavation, wall stiffness, pile stiffness, pile-head condition, pile length
and axial load. The Modified Cam Clay (MCC) constitutive model was employed to model the
non-linear stress-strain soil behaviour. They found that the pile response such as pile deflection,
bending moment and lateral soil pressure is different from that caused by unstructted excavation
but the laws of the effect of some parameter on pile behaviour are similar.

Liyanapathirana and Nishanthan (2016) used the numerical method to study the effect of
excavation on adjacent single pile. They verified their numerical simulation using the centrifuge
test results reported by Ong et al. (2006a). They performed a parametric study to investigate the
effects of the depth of excavation, soil properties, wall support system, pile head fixity
conditions and pile location away from the excavation on pile behaviour. The study carried out
using finite element program ABAQUS with the Modified Cam Clay (MCC) model for the
Malaysian kaolin clay. Figure 4.9 shows the problem geometry and the finite element mesh used
for the analysis.

The test results show that pile lateral deformation and bending moment increases
significantly with excavation depth. Increasing the axial load does not have a significant
influence on the pile behaviour. While pile head fixity condition, stiffness and spacing of the
wall support system have a significant influence on the pile performance adjacent to the
excavation. For a particular excavation depth, the maximum lateral deformation and bending
moment of the pile decrease exponentially with the distance from the excavation. With
increasing over-consolidation ratio (influence of stress history), the maximum pile response
decreases. Based on the parametric study, they provided design charts for the case of single pile
behaviour near excavation by taking into account the depth of excavation, undrained shear
strength, width of the pile, spring stiffness, spacing of vertical supports, and unsupported depth
of the excavation (depth where the first level of props is installed).

The capability of the proposed design charts are demonstrated using a 3D finite element
analysis, a case study from the literature and a previously published simplified analysis
procedure (Finno et al. 1991; Poulos and Chen 1997). These charts are useful in predicting
maximum pile lateral deflection and bending moment during an adjacent excavation but valid
only for piles founded in clayey soils, within 40 m from the wall.
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Nishanthan et al. (2017) investigate pile group response due to adjacent deep unbraced
and braced excavations induced lateral soil movement. The braced excavation is considered in
particular in soft clay soils, where the struts are used to support the wall during the excavation.
They are performed the numerical simulations based on the finite element method to investigate
the shielding effect within free-head and capped-head piles group using three different pile group
configurations. The numerical model is validated by simulating a series of centrifuge tests
reported by Ong et al. (2009). A parametric study is carried out to investigate the shielding effect
of piles in a group, varying pile group configuration and head conditions. Nishanthan et al.
(2017) investigate also the single pile responses as shown in Figure 4.10.
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Figure 4.10 Side view of excavation (Nishanthan et al. 2017)
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Shakeel and Ng (2018) used the finite element program PLAXIS to perform 3D coupled
consolidation analysis to investigate the response of a 2x2 floating pile group adjacent to deep
excavation in soft Kaolin clay. Their study considers the settlement, tilting and load transfer
mechanism of the pile group. The finite element model is validated using the centrifuge test
results reported by Ong et al. (2009). Some key parameters are systematically studied such as:
the excavation depth, pile length (see Figure 4.11), pile group location from excavation,
supporting system stiffness, soil state, soil permeability, and working load.

The analysis results revealed that the magnitude of settlement and tilting depends
strongly on the relative pile toe position with reference to the excavation level. Pile group
settlement and tilting increase with increase in the excavation depth. It is also observed that the
pile responses decrease with the increase in the stiffness of the supporting system. Higher effects
of the applied working load on pile group settlement but smaller effects on pile group tilting.
Due to excavation, the excess negative pore water pressures generated in the soil leads to a
progressive long term settlement pile group. Two distinct load transfer mechanisms are
identified: downward load transfer from shaft to toe of pile till L,/H.= 0.45 and then upward
load transfer from toe to shaft of pile. A significant bending moment is induced when pile toe is
located below the final excavation depth than when it is located at the same level.

Shakeel et al. (2018) used a validated finite element model to investigate the influence of
excavation depth to pile length ratio (He/Lp) on settlement and tilting of pile group. Also,
relative density of sand (D,) on an existing adjacent pile group are investigated. The analysis
results show that the pile group settlement increases with the advancement of excavation and
decreases with an increase of D, (denser sand has higher soil stiffness). Pile group tilting does
not follow any trend with the excavation depth for all the D, (pile group tilts continuously
increases towards the excavation with the increase of He/Ly).
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Figure 4.11 Typical geometry problem selected in Shakeel and Ng (2018) analysis
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Soomro et al. (2018b) investigate the settlement, tilting, load transfer and load
redistribution of an elevated (2x2) pile group due to adjacent excavation using a three
dimensional coupled consolidation finite element analysis with the hypoplastic model for the
saturated silty clay. The results indicate that due to excavation induced stress release
(degradation of clay stiffness around the piles in the group) reduced the shaft resistance, thus, a
non-linear pile group settlement was induced. Therefore, the pile had to settle substantially to
further mobilise end-bearing. Owing to non-uniform stress release, pile group tilted towards the
excavation by of 0.14%. Due to excavation-induced stress release and dragload, head load of rear
piles was reduced and transferred to front piles. This load transfer can increase the axial force in
front piles by 94%. Differential settlement was induced between the two pile rows, thus, tilting
of the pile group. This attributed to the non-uniform change in vertical effective stress.

Shi et al. (2019) conducted 3D numerical analysis to investigate the behaviour of a
floating pile due to adjacent excavation by using hypoplastic sand model. This model had the
capability to capture small-strain soil stiffness and stress-path dependent soil behaviour. The
numerical model was verified based on the results of a centrifuge test reported by Ng et al.
(2017). Using the FE software ABAQUS, parametric studies were conducted to study the effect
of excavation depth, pile location, working load, sand density and support system stiffness.
Figure 4.12 shows a schematic diagram of the problem. The results reveal that when the pile
located farther away from the retaining wall, negligible pile head settlements are observed.
Reducing FOS before excavation from 3.0 to 1.5 double pile settlements. By increasing the
relative sand density 30-90%, the pile settlement decreases by up to 66%. Less influence of
support system stiffness for shallow excavation (H./L, < 0.4) on pile head settlement.

Downward and upward load transfer mechanisms are observed at different excavation stages,

depending on the ratio (He/Lp).
’_ljvorking load, F°
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Figure 4.12 Schematic diagram of Shi et al. (2019) study
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Soomro et al. (2019a) performed a three-dimensional numerical parametric study using
an advanced hypoplastic model which takes into account of small-strain stiffness to investigate a
loaded single floating pile responses to adjacent excavations in soft ground (Kaolin clay). The
numerical model parameters are calibrated and validated using centrifuge test results reported in
literature (Ong et al. 2006a). The effects of excavation depths relative to pile (H/L,) were
investigated via three cases. The excavation is simulated near the pile shaft (i.e., He/L,= 0.67),
next to (He/L,= 1.00) and below the pile toe (H./L,= 1.33) as shown in Figure 4.13. The pile
head conditions and working load were also studied. Their studies focus on pile settlement, axial
load, deflection and the induced bending moment distribution. Also the effective stress changes
and excessive pore pressure developed during excavation are reported and discussed.

It is found that the excavation depth as well as the embedded depth of the wall
significantly affects the pile responses. For a large embedded depth of the wall, the induced pile
settlement was smaller than that in cases when the embedded depth of the wall is small. With
different wall depth in each case, pile responses at the same stage of the excavation were
different in the three cases.
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The results show that the excavation in case of He/L,= 1.33 caused the largest pile
settlement. While, the largest pile deflection was induced in case of He/L,=0.67. It is found that
on completion of the excavation in each case the insignificant bending moment and changes in
axial load distribution are induced in the pile. The maximum induced bending moment in all the
three cases is much less than the pile bending moment capacity (i.e., 800 kNm). Significant
effects of pile head conditions on bending moment distribution was observed (in particular with
fixed head condition) and less impact on pile settlements. The different working loads (with FOS
= 3.0 and 1.5) influence induced pile settlement but have relatively minor effect on induced
bending moment.

Soomro et al. (2019b) performed 3D coupled consolidation analyses to study the
responses of a floating and end bearing pile due to nearby excavation at different excavation
depths in soft Kaolin clay (see Figure 4.14). To obtain a satisfactory numerical model, the
hypoplastic constitutive model which takes account of small-strain stiffness is used for the clay.
The effects of excavation depths relative to pile (H./L,) were investigated by simulating the
excavation near the pile shaft (case S) and next to toe (case T). Lateral deflection, bending
moment, lateral forces and axial load distribution along the pile and stress changes during
excavation are reported and discussed. The results show that after completion the excavation,
end-bearing piles (case T) experienced smaller induced deflection but higher induced axial force,
bending moment and lateral load compared to floating pile (case S). They found that in all the
cases, the induced bending moment is significantly affected by the pile toe positions. The
maximum induced bending moment in both types of piles after the ending of excavation is much
less and not even reach the pile bending moment capacity (i.e. 800 kNm).
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As the pile toe is resting on the hard stratum, the excavation has negligible effect on the
end-bearing pile toe movement. Additionally, after excavation, the end-bearing piles were
subjected to significant drag load owing to negative skin friction. In contrast, no significant
changes in load distribution along floating piles were observed. However, the progressive
changes in excess pore water pressure and long-term behaviour of the both types of piles are
studied and show significant effect on pile behaviour.

Soomro et al. (2020a) investigate the deformation mechanism of a 20-storey building
sitting on a (4x4) piled raft in sand due to multipropped deep excavation (25 m deep basement
excavation as shown in Figure 4.15). A three-dimensional numerical parametric study was
conducted using an advanced hypoplastic model. The results show that excavation adjacent to a
building resting on the piled raft induced significant settlement, differential settlement, lateral
deflection, and inter storey drift in the building. Bilinear increment in induced settlement was
observed with increasing of excavation depth due to degradation of soil stiffness. The total
settlements of the building exceed the maximum allowable foundation settlement (50 mm).
Negligible differential settlement was induced in first excavation step and then increased with
excavation depths. This led the building to move laterally towards the excavation which caused
the building permanent inter storey drifts. Also, significant bending moment, shear forces, and
changes in axial load distribution along pile length were induced.
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Zhang et al. (2021) used the finite element analyses to investigate the behaviour of pile
due to adjacent excavation. The Hardening Soil model with small-strain stiffness (HSs)
implemented in the FE code PLAXIS was employed to model the non-linear stress-strain soil
behaviour. A parametric study were carried out by varying the depth of excavation, pile
diameter, pile length, pile location, pile-head fixity, unsupported depth of excavation and axial
load applied on the pile head. The numerical model is based on the full-scale instrumented case
history reported by Goh et al. (2003). The water table was about 4 m below the ground surface.
The typical 2D numerical model is shown in Figure 4.16. The results show that the excavation
depth, pile length, pile diameter and pile location have the most substantial influences on pile
responses (lateral deformations and bending moments). Less impact of the axial load was
observed. Pile-head fixity obviously affects the bending moments along the pile, as well as pile
lateral deflection. Based on parametric study results, and for a single passive pile, a set of design
charts are proposed to estimate the pile responses.

Ng et al. (2021) performed a series of 3D centrifuge model tests and numerical
simulations to investigate the influence of raft contact on the response of an existing 2x2 piled
rafts in comparison to that of an elevated pile group when subjected to a nearby multipropped
deep excavation in dry Toyoura sand. Four centrifuge tests are performed, including a pile group
load test. Numerical back analyses are performed using the FE program PLAXIS 3D with a
hypoplastic sand constitutive model to study the settlement, tilting, the load transfer mechanism,
and the raft-soil-pile interaction mechanism. Load distribution among piles and the stress paths
are discussed to clarify the load distribution and load transfer mechanisms.
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Figure 4.16 Finite element mesh used in Zhang et al. (2021) study
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Due to stress release and soil movement due to 8 m deep excavation, an increasing of pile
head load by 21% and 3% for the nearest pile to the excavation for the piled raft and pile group
foundations, respectively. The analysis of pile settlement, subsurface soil settlement and raft
contact pressure shows that a gap formed beneath the raft and ground surface in the piled raft,
thus, a load transfer from the raft to the piles. Larger settlement was observed in the piled raft
foundation than in the pile group (about 20%), thus, shaft and end bearing resistances further
mobilized to maintain the vertical equilibrium. Besides, 30% additional pile bending moment
was induced due to excavation.

4.5 Conclusion

Deep excavation one of the main sources that caused ground movements which therefore
can have a significant effect on adjacent buildings supported by piles foundations. A variety of
methods for the analysis of pile-soil-excavation interaction problems in different types of soils
have been developed and briefly reviewed in this chapter, which are categorised into: field and
analytical methods, experimental studies, and numerical methods.

The review show that owing to such phenomena in excavation works, soil movement
(deformation) can pose a serious threat to the retaining structure and nearby existing structures
supported on pile foundations. Although an excavation will cause both vertical and lateral soil
movements, the second component is considered to be more critical, as piles are usually
designed to sustain significant vertical loads (many previous studies mainly focus on the piles
lateral responses).

Generally, there is a lack of field data to verify the piles responses. Several analytical
methods have been developed and compared to some physical tests and field studies, and shows
reasonably good agreement. Several experimental studies have also been conducted to explore
the pile-soil-excavation interaction phenomena. Recently, the numerical analysis is very
advantageous owing to its capability to simulate 3D excavation procedures, pile-soil interaction,
and to perform parametric studies to investigate the effect of different parameters on pile
performance. The above methods have been conducted to explore the effect of various
parameters on pile behaviour such as: excavation depth, pile length, distance of pile from
excavation, pile stiffness, wall stiffness, pile head conditions, struts space and stiffness (braceded
excavation), working load, and varying soil properties. The same parameters used for pile group
case using various configurations. The main effects of ground movements due to deep
excavation are the development of additional movements (deflection and settlement), axial
forces and bending moments in the piles, and thus the key design aspects are related to
movements and to the structural integrity of the pile.
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CHAPTER 5

3D Numerical Analysis of the Effects of Tunnelling-Induced Ground
Movements on Nearby Piles

5.1 Introduction

Traffic jams in large cities often require the proliferation of underground structures such
as tunnels. In most cases, due to space constraints, tunneling may be required to be carried out
not far from nearby edifices. The stress release caused by the digging of a particularly shallow
tunnel can lead to excessive vertical and lateral ground movements. As a result, it is very likely
that the behavior of the closest pile foundations will be influenced. It is therefore necessary to
better understand the multifaceted phenomenon of pile-soil-tunnel interactions and its impact on
pile performance, which in turn affects the safety and functionality of neighboring buildings.

Due to the overlap of many factors, the precise assessment of the impact of tunneling
works on existing nearby piles remains a topical area of research.

Several researchers investigated the pile performance due to tunneling by analytical
methods (Chen et al. 1999; Loganathan et al. 2001; Huang et al. 2009; Zhang et al. 2011; Huang
and Mu, 2012; Basile, 2014; Marshall and Haji, 2015; Franza et al. 2017; Zhang et al. 2018).
Current analytical studies have mainly employed the plane strain analysis and do not take into
account the multiple interactions between the different elements constituting the problem. The
reactions of exposed piles to ground movements induced by tunnelling were also assessed using
the basic method recognized as the two stage analysis method (TSAM). First: Greenfield soil
movements induced by tunneling are estimated using empirical methods and also analytical
closed-form solutions (Peck, 1969; Clough & Schmidt, 1981; Mair et al. 1993; Loganathan and
Polous, 1998). In the second stage, these soil movements are imposed on the pile using
simplified boundary element analysis to compute the pile responses. It is worth mentioning that
this approach assumes that the soil mass is homogeneous and has a linear elastic behaviour; this
Is what makes it unsuitable to non-linear problems and non-homogeneous soils.

Various studies have investigated the tunnel-soil-pile interactions through field
monitoring (Kaalberg et al. 2005; Selemetas et al. 2006; Coutts and Wang, 2017). Centrifuge
modelling technique and model tests were also carried out to study the responses of single piles
or piles group subjected to tunnelling. (Loganathan et al. 2000; Jacobsz et al. 2004a; Ong et al.
2006b; Lee and Chiang, 2007; Ng et al. 2013; Hong et al. 2015b; Soomro et al. 2017, 2018a;
Leung et al. 2019). These experimental methods divulge some fundamental features of the
problem. Nevertheless, for the pre-project phase, these approaches can be costly and time-
consuming. The 3D numerical calculation by finite element or by finite difference has therefore
become indispensable, since the complex geometry and the multiple interactions between the
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different components of the problem can be explicitly considered (Mroueh and Shahrour, 2002;
Kitiyodom et al. 2005; Cheng et al. 2007; Yang et al. 2011; Lee, 2012a, 2013; Zidan and
Ramadan, 2015; Soomro et al. 2015; Lee et al. 2016; Al-Omari et al. 2019; Soomro et al. 2020D).
Most of the studies carried out have focused on tunneling-induced pile responses in
homogeneous soils. However, the study of the problem in a multi-layer soil remains very limited.

The analyses of the induced soil movements and the response of the piles due to
tunneling have been studied by various researchers using numerical methods by decoupled
loadings in plane deformation. However, experimental studies have highlighted the limitations of
the 2D approach, due to the restricted assumptions on which the formulations are based, and
have confirmed that the problem is clearly three-dimensional. Thus, a full three-dimensional
coupled numerical analysis of the problem, which takes into account the real tunnel-soil-pile
interactions, has become an important contribution to a thorough understanding of the observed
phenomena.

In this chapter, a full 3D numerical analysis is performed to study the effect of ground
movements caused by tunneling on the adjacent piled foundations in a non-homogeneous
geological context. The different constituents of the problem (tunnel, pile, soil) and the different
stages of tunnel construction were modeled using the PLAXIS 3D software (Brinkgreve et al.
2016). The numerical analyses mainly focus on both vertical and horizontal single pile
responses. The validation of the numerical model was performed by comparison with the results
of a centrifuge test conducted at an acceleration field of 100g according to Ong (2009). The
relevance of the three-dimensional model is also judged by comparison with the plane strain
model using PLAXIS 2D code (Brinkgreve et al. 2017).

From a 3D numerical reference model, a series of parametric analyzes were performed to
gain a deeper understanding of the tunneling-induced pile responses. The tests focus mainly on
the effect of tunnel advancement steps (front location of the tunnel in relation to the pile
location), volume loss, pile position, pile extent, pile diameter, clay over consolidation ratio
(OCR), tunnel depth, and tunnel diameter on single piles behaviour. To give supplementary
comprehensions concerning groups of piles, a 2x2 pile group with two different pile head
conditions (free and capped) was considered.

5.2 Validation of 3D finite element model against centrifuge test results
5.2.1 Description of the centrifuge test

The centrifuge test, used for the validity of the finite element modelling approach
performed in this study, was carried out using the Geotechnical Centrifuge facility at the
National University of Singapore by Ong (2009). The centrifuge test was conducted at an
acceleration field of 100g to investigate tunneling-induced soil deformations in clay overlying
dense sand and their effects on adjacent free-headed single pile.
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The model was prepared and tested in a plane strain strong box (plane strain model of
long tunnel section). The container used is made of stainless steel alloy and has internal
dimensions of 525 mmx200 mmx490 mm (lengthxwidthxheight). Figure 5.1a shows the side
view of the centrifuge test. The centrifuge model was carried out to simulate the inward tunnel
deformation (soil move towards the tunnel lining using an innovative model tunnelling
technique). The tunnel is made of a circular rigid outer plate and a hollow metallic circular tube
of 60 mm diameter, simulating a 6 m tunnel diameter at 100g. The gap parameter GAP as
proposed by Lee et al. (1992) was used to model the over-cut of the tunnel. To achieve the
volume loss of 3% in 100g, a GAP parameter of 100 mm in prototype scale is needed. The
tunnel is 200 mm long, and 150 mm depth. The whole mechanism works as such when there is a
force pushing the aluminium sliding rod, the small rods will fall onto the three thinner parts of
sliding rod of smaller cross-sectional area. This causes an ‘immediate’ closure of the GAP and
simulating the inward tunnel deformation.

Regarding the adjacent piles, two different types of pile pattern are used in the test, and
each pile is placed on either side of the tunnel. The piles were fabricated using square aluminum
tube 9.53 mm in width and 1.59 mm thick. Ten pairs of strain gauges were attached along the
piles shaft to measure bending moments and axial forces of piles. Thin layer of epoxy coating
was used to protect strain gauges from damage. The final external width of pile is 12.6 mm
which simulates a prototype width of 1.26 m at 100g.

The soil used in the test is kaolin clay and Toyoura sand. Sand was first rained into the
model’s container. Clay was prepared in slurry form by mixing water to dry clay powder to 1.5
time’s liquid limit of the clay. The clay slurry was then consolidated under a small pressure of 20
kPa in the laboratory at 1g (earth gravitational field). The Malaysian kaolin clay has a
compression index C,. of 0.56, swelling index C, of 0.12, initial void ratio e;,;; of 2.25, liquid
limit (LL) of 80%, plastic limit (PL) of 40%, and plasticity index (PI) of 40 %. The coefficient of
permeability of kaolin clay normally consolidated at a consolidation pressure of 100 kPa has
been determined to be approximately 2 x 1078 m/s. The clay has an effective internal friction
angle ¢’ of 23°, a coefficient of earth pressure at rest of about 0.6, and a specific gravity of 2.65
(Ong, 2009). The undrained shear strength C, of the clay is on average 0.25 of the effective
overburden pressure. Mechanical properties of Toyoura sand are well documented by Teh and
Wong (1995). The sand has a relative density RD = 90%, an average particle size of 0.2 mm, and
a unit weight of 15.78 kN/m®. The critical state friction angle and the effective cohesion are 32°,
0 kPa, respectively. The sand also presents an average particle size of 0.16 mm, uniformity
coefficient of 1.3, maximum and minimum void ratio of 0.977 and 0.605; respectively. The sand
underlying the clay serves as a drainage channel and interlocking for the pile.

Potentiometers were employed to measure the ground and pile head settlement during the
test. Pore pressure transducers (PPTs) were inserted into the sample to measure the pore water
pressure at various locations. Non-Contact Laser Transducers were used to measure the lateral
pile head deflections during and after tunnel excavation.
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5.2.2 Numerical finite element modelling

The numerical modeling was carried out using the PLAXIS 3D software (Brinkgreve et
al. 2016), which is a flexible device for analysing nonlinear 3D soil-structures interaction
problems. The 3D mesh of the numerical model used to simulate the centrifuge test is shown in
Figure 5.1b. Due to symmetry, only one-half of the centrifuge setup was modeled. The finite
element model has an overall dimension similar to the centrifuge container size at 100g, i.e.
length of 26.5 m, width of 20 m, and height of 27 m. The pile and tunnel lining (the hollow
metallic circular tube) are modelled using “Embedded pile” and “plate” structural elements,
respectively.

The pile model has a bending stiffness EI, of 3.97 x 10° kNm? and an axial rigidity EAp
of 3.64 x 107 kN. The total pile length is 22 m (embedded 3 m in the dense sand). The single
pile is located at 6 m from the vertical axis of the tunnel. Both pile and tunnel lining were
modelled using an isotropic linear elastic model with Young’s modulus E= 23.5 and 200 GPa,
respectively. Concerning the boundary conditions, no horizontal displacement is authorized on
the nodes of the vertical boundaries of the numerical model. However, the nodes of the bottom
boundary are fully fixed in both vertical and horizontal directions. The right vertical boundary
corresponds to the symmetry axis of the problem. In hydraulic terms, these boundaries are
assumed to be impervious.

The behaviour of the interface between the shaft of the pile and the soil is governed by a
linear elastic constitutive law with restricted strength. The mobilization of the resistances of the
shaft and the base of the pile is governed by the relative displacement between the soil and the
pile as well as by the soil shear modulus. The development of negative shear stress along the
shaft of the pile is permitted, which is practical for modelling negative lateral friction.

The Hardening Soil Model with small-strain rigidity (HSsmall), implemented in PLAXIS
3D, was used in this study to model the non-linear stress-strain soil behaviour. The HSsmall
model is an innovative model suitable for both rigid and soft soils subject to loading - unloading
phenomenon. The HSsmall model has the benefit of using the same parameters of the Hardening
Soil Model by only two additional material parameters needed to governor the strain and stress
history dependent stiffness. These parameters are the initial shear modulus (G5¢f) and the shear
strain (yq.7) at which the shear modulus has decayed to 70% of its initial value.

The HSsmall model involves four various stiffness moduli namely E7¢/, EZ¢, EL¢/, and

Gy ¢ each of them estimates the reference rigidity in a specific stress path for a given reference
pressure (P™". For a detailed description of the HSsmall model, see Benz et al. (2007) and
Brinkgreve et al. (2016).

Based on the relative density (RD), the following formulas developed by Brinkgreve et al.
(2010) were used in this numerical study to deduce the stiffness parameters of the HSsmall
model for Toyoura sand:
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E}¢) = EI°Y = 60000.RD/100  [kN/m?] (5.1)
Eny) =3 Egeh (5.2)
G7*f = 60000 + 68000.RD/100  [kN/m?] (5.3)

Regarding soft soils, such as Kaolin clay, the stiffness parameters can be calculated using
the relationships in the PLAXIS material model manual, as follows:

2.3(1+ejnit)Pref

Ce="af G4
C, = 2.3(1+elz,11t)$;2f(1 2V)Pref (55)
E5S = 1-2 Egey (5.6)
G = 5 57)

Hence, using the relationships mentioned above and the different soil properties reported
by Ong (2009), the required parameters of the HSsmall model for both layers (soft clay and
dense sand) are deduced and summarized in Table 5.1.

Experimentally, the Poisson’s ratio v,,,-, the unloading modulus E,,,- and the first loading
modulus Ez, (secant modulus) are determined from triaxial compression tests with primary
loading and unloading-reloading. However the oedometric modulus E . is determined using the
oedometer test. The realization of ‘‘loading-unloading-reloading’’ cycles provides useful
information and accessing to a state that can be reasonably close to the in situ behavior.

Table 5.1 Soil parameters used in the analyses

Soil Yunsat  Ysaa  EZY  ERE ERf o m vy, P Gy @ K{S Yo7 Goef
& & (MPa) (MPa) (MPa) s O (MPa)

Kaolin 16 18 26 13 905 1 02 100 3 23 06 2x10°* 37

Clay

Toyoura 185 205 54 54 162 04 02 100 001 39 037 11x107* 1212

Sand

Notes: y: Unit weight, ELS": Reference secant stiffness modulus, E“’Gl Reference tangent stiffness
modulus, EFEf: Reference unloading-reloading stiffness modulus, m: Power for stress dependent stiffness,
C,ef: Effective cohesion, ¢: Friction angle, v,,: Poisson’s ratio for unloading-reloading, Prf: Reference
stress for stiffness, K5¢: Coefficient of earth pressure for normal consolidation, G§e': Reference shear
modulus, v, : Shear strain.
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Figure 5.1 Details of the centrifuge test (a) Side view (b) Finite element mesh

The numerical modeling procedure is the same as for the centrifuge test, as follows:
1. Generate the initial stresses using the Ko procedure at 1g
2. Activate the pile model (wished-in-place)

3. Increase the amount of gravity to 100g using Y. Myyeigne Wich is the total multiplier for the
material weight

4. Simulate tunnel excavation: to simulate the plain strain condition, the entire length of the
tunnel model has been excavated all at once by deactivating soil elements inside. Successively,
activate the tunnel lining (Plate), and then apply the volume loss (3% according to the test) using
the contraction function.

5.2.3 Comparison of numerical and measured results

To judge the relevance of the numerical model, the pile responses in terms of bending
moment and lateral displacement, were compared to the measurements as shown in Figure 5.2.
From Figure 5.2a, the pile deflected towards the tunnel with a cantilever-type deformation for
the centrifuge test, while the numerical model shows a deflection shape close to a straight line.
However, the deflection trend at the top of the pile appears to be similar for both results, with
almost the same maximum deflection (about 3mm) at the pile head. Figure 5.2b shows that the
computed bending moment significantly overestimates the measurements in the upper part of the
pile. However in the lower part (0.45L, and 0.8L;), a good agreement was found between the
measurements and the calculations, where both indicate the same maximum bending moment
(about 150 kN) which occurred at the same depth (i.e. near the horizontal axis of the tunnel).
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Because pile head was not constrained, zero bending moments were obtained at pile head. Some
of the unimportant difference seen in the pile responses between measurements and numerical
calculations may have been due to the use of a thin layer of epoxy coating, to protect the strain
gauges used in the test, making the lateral surface of the pile much smoother than that of the
concrete pile. Generally, the numerical results slightly overestimate the pile responses and are
thus on the conservative side. However, the obtained results reveal that there is an ability to
perform a numerical parametric study (effect of some key parameters) to investigate single pile
and pile group behaviour near tunnel excavation using the HSs model.

Lateral deflection (mm) Bending moment (kNm)
-1 0 1 2 3 4 -150  -100 -50 0 50 100 150 200
0 1 1 y - ] 0 1 1 1 1 1
N 21 (b)
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Figure 5.2 Comparison of the computed and measured results (a) pile lateral deflection (b)
induced bending moment

5.3 Numerical reference model used for the parametric analyses
5.3.1 General presentation of the model

Unlike of the centrifuge test, the main object of this numerical analysis is to study the pile
behaviour before, during, and after the passage of the tunnel face. In this paper, the construction
of the tunnel was performed using the shield tunnel boring machine (TBM). The shields provide
protection against collapse of the tunnel walls and the excavation front before the installation of
the tunnel lining.

Using the PLAXIS 3D finite element numerical code, a full 3Dnumerical analysis was
carried out to investigate the effects of tunnel construction on nearby pile foundation. The
subsoil of the model consists of two layers. The upper layer is saturated soft clay and extends to
a depth of 18 m. Underneath there is a very dense layer of sand, which extends to a large depth.
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To model the nonlinear stress-strain soil behaviour, the Hardening Soil model with small-
strain stiffness mode (HSsmall) was used. The input parameters of the HSsmall model for both
layers are the same as those of the centrifuge test (see Table 5.1). Due to the symmetry of the
problem, only half of the model is analysed.

Figure 5.3 shows the model geometry used for the analysis (side and longitudinal views).
The ground domain extends for a distance equal to 3.5 times the tunnel diameter (3.5 D,) in the
lateral and vertical directions (Yang et al. 2011; Zidan and Ramadan, 2015). In the longitudinal
direction (Figure 5.3b), the soil domain extends eight times the diameter of the tunnel (8 D).
Consequently, the reference 3D numerical model sizes are 64 mx28 mx28 m (length x width x
height). These dimensions are appropriate to permit for any possible failure mechanism to
develop and to avoid any influence of the model boundaries. Soil was simulated using a 10-node
tetrahedral element.

Figure 5.4 shows the three dimensional finite element mesh used in the numerical
analyses. The mesh consisted of 15745 soil elements and 21919 nodes. The diameter (D,), and
depth (H,) of the tunnel are 8 m and 16 m (2D,), respectively. To ensure a sufficiently high
safety factor, the excavation was supported by t;= 0.25 m thick concrete lining. The pile was
assumed to be 24 m in length (L, = 3Dy) and 1 m in diameter (d,= 0.125D). The horizontal
distance between tunnel vertical axis and the free headed single pile was X,=8 m (1Dy).
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- 5

Pile cap Tunnel vertical axis
1

[- -6 © X,=(1/1,5/2/2,5) D, —— 5> Tunneling advancement

i
i
10 z |
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Figure 5.3 Typical geometry of the model used in this study (a) side view (b) longitudinal view
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Figure 5.4 Three dimension finite element mesh

The pile was modelled using the embedded pile structural element. It consists of beam
elements with special interface elements providing the interaction pile-soil. Material properties
of the embedded pile used in this analysis are summarised in Table 5.2. The water table is at the
ground surface and the pore pressure distribution is assumed to be hydrostatic. The tunnel boring
machine shield (TBM) is 8 m long, and it was modelled using a 6-node triangular plate element.
The concrete tunnel lining are modelled using 10-node volume elements with a specific weight y
=24 kN/m?, Young's modulus E; = 30 GPa, and Poisson's ratio v = 0.2.

To take into account the soil-structure interaction, positive interface elements of 12 nodes
have been added to the plate element (around the TBM). The behaviour of the pile, tunnel lining,
and the TBM is assumed to be elastic, linear and isotropic.

Table 5.2 Material properties of the embedded pile (L,= 24 m)

Description/ Parameter/ Unit Value
Unit weight, y (kN/m3) 24

Young modulus, E (GPa) 30
Diameter, d, (m) 1

Skin resistance at top layer, T (kN/m) for Z,=0— 18 m 0-135.5
Skin resistance at bottom layer, T (kN/m) for Z,=18— 28 m 135.5-145
Base resistance (kN) 16560
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5.3.2 Construction sequences

In practice, tunnel construction can be realized with different Tunnel Boring Machine
(TBM) techniques: Open Face TBM, Slurry Pressure Balance (SPB), Earth Pressure Balance
(EPB), and compressed-air TBM. In the current study the Slurry Pressure Balance technique
(SPB) is used.

The whole construction activities included excavation, installation of the TBM,
installation of tunnel lining, grouting the gap between the soil and the newly installed lining, and
application of the support pressure to prevent active failure at the tunnel face. In each phase of
tunnel advancement, the same construction sequences are repeated. The sequence of the
installation of the pile itself is not taken into account; therefore the pile is assumed as “wished in
place”.

5.3.3 Numerical modelling procedures

The numerical modelling procedures consisted of three mainly steps: initial geostatic
equilibrium, application of the working load at the pile head, and tunnel excavation. Due to the
fact that TBM advances at a quite low speed and the permeability of sand layer is high, drained
analysis was performed to examine the pile behaviour in long-term. Location of the tunnel face
at any step is normalised by tunnel diameter (Y/D;). Tunnel excavation was simulated from
Y/D= -4 to +4 (-32 m to +32 m) in the longitudinal direction (Y), as shown in Figure 5.3. The
pile axis was located at Y/D; = 0.

In order to model the advancement of the TBM, computations are carried out in 32
successive steps after the application of pile loading. Therefore, at each step, the tunnelling rate
of 2 m/day was assumed. The first four excavation steps represent the installation of the TBM
shield. Next, grout pressure is applied 2m behind the shield. Followed by the laying of the
precast concrete lining (each slice is 2 m in length and 0.25 m in thickness).

In order to simulate the volume losses due to the overcut zone and the conicity of TBM,
contraction factor is used. Thus, contraction is applied to the TBM to simulate the reduction of
the tunnel cross section. The TBM is slightly conical, and the tail diameter is assumed to be 8 cm
less than the front one. This effect has been modelled using a total contraction of 1% in volume.
The TBM causes a gap between the external diameter of the shield and the erected concrete
lining at the tail end of the TBM which is filled with grout during the TBM advancement. The
grouting process is important to lead the settlement of the soil surface to be within acceptable
limits and provides stability for the surrounding soil. Thereafter it is assumed that the grout has
settled and dewatered enough that no additional deformations are produced.

In the numerical simulation, the grouting pressure is modelled by a non-uniformly
distributed load acting on the soil elements that directly follow the shield to avoid the collapse of
surrounding soil. This distribution is kept constant with the advancement of the TBM. The grout
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pressure has been set to 194.5 kN/m? at the top (tunnel crown), increasing to 328.5 kN /m?at the
bottom (increases linearly with depth by a rate of 16.5 kN/m?/m). To prevent collapse of the
soil in front of the TBM, the face support pressure is applied at the excavation face. The frontal
tunnel pressure in this study is assumed to be 178.5kN/m? at the top, increasing to 260.5
kN/m? at the bottom (tunnel invert). The pressure at the tunnel face is a bentonite-based
pressure. Table 3 summarise the numerical modelling procedure.

Table 5.3 Numerical modelling procedures

Steps Description

1 Generating the initial effective stresses using the K, procedure Ko=1 — sin ¢'.

2 Activate the single pile (modelled as ‘wished in place’).

3 Apply the working load at the single pile head (1.5 MN determined from pile load test),
and allow excess pore pressure induced due to applied working load to dissipate.

4 Excavate the first 2 m by deactivating the soil element in 1 day for an excavated volume
of 100 m3, activateplate elements represent the TBM shield, interface elements, and
application of contraction. After that applying a support pressure at the tunnel face.

5,6 Repeat Phase 4 by excavating 2 m in each phase until excavates 6 m of the soil. Due to
the TBM slight cone shape and the reduction of the diameter over the first 6 m length of
the TBM, a linear contraction with a reference value C,..,= 1%, and increment
Cinc,axiar= -0.167 was activated in each phase.

7 In this phase the TBM advances from Y= 6 m to Y= 8 m (1Dy), with the same steps as
the previous one, only apply to the last 2 m of the TBM a uniform contraction of 1%
(the tail which has a constant diameter).

8 In this phase another tunnel advancement from Y= 8 m (1 Dt) to Y= 10 m, followed by
application of the grout pressure to the back of the TBM.

9 In this phase another advances of the TBM (Y= 10 m to Y= 12 m), followed by the
activation of the volume element representing the concrete lining.

10  Continue the construction process by the same rate of excavation 2m/day, until the last

phase of excavation (i.e., Y = +4Dy) is completed in 32 days.

5.3.4 Two-dimensional numerical analysis

To judge the relevance of the 3D model, a two-dimensional numerical analysis using the

PLAXIS 2D code with an assumption of plane strains (Brinkgreve et al. 2017), was also carried
out. The characteristics for both layers (the soft clay and the dense sand) used in the 2D analysis
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are the same as those of the 3D analysis. Both the model pile and tunnel lining are simulated
using “Plate” structural element with thickness of 1 m and 0.35 m, respectively. The tunnel
excavation was simulated by deactivating the two soil clusters inside the tunnel and the water
pressure was eliminated by making the excavated area dry, then the lining was put in place
(modelled using elastic plate elements). Using the contraction function, the volumetric
contraction was then applied at the tunnel centre in the following calculation step to simulate the
tunnelling-induced volume loss. The grout pressure, face pressure, and tunnel boring machine
(TBM) advancement it cannot be modeled in 2D analysis. Figure 5.5 shows the 2D mesh of the
numerical model.

Ong (2008) performed a comparative study of finite element analysis using PLAXIS 2D
versus centrifuge modeling to investigate pile behavior subjected to lateral ground movement
and the effect of smearing the properties of a 3D pile in a 2D finite element environment.

In 2D plane-strain finite element analysis, it is not possible to model the 3D nature of a
pile because of the difficulty in selecting adequate parameters to represent 3D effect. As such,
the actual properties of a 3D pile are “smeared” in the plane strain direction to obtain the
“equivalent” pile properties per meter width. Indeed, the 3D nature of a pile is now represented
by an equivalent wall. This can be done by considering the contact areas of a cylinder and a
rectangular wall as shown schematically in Figure 5.6 for a single pile and a pile group.

18 m
i C=12m

Dt=8m

<

Figure 5.5 2D Finite element mesh
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Figure 5.6 Method of smearing 3D pile to an equivalent 2D wall (a) single pile (b) pile-group,

from Ong (2008)

Table 5.4 Method of converting response of equivalent wall to that of a pile for the case of a

single pile

Pile response

Quantity per linear m of
wall as output by PLAXIS

Conversion to quantity per
pile

forces (F)

Bending ) ]

BM in kNm/m BMx3d to obtain kNm
moment (BM)
Axial or shear ) )

F in kN/m Fx3d to obtain kN

Table 5.5 Method of converting response of equivalent wall to that of a pile for the case of a

group of piles

Pile response

Quantity per linear m of
wall as output by PLAXIS

Conversion to quantity per
pile

Bending
moment (BM)

BM in kNm/m

BMx[(n-1)xs]/n to obtain
KNm

Axial or shear
forces (F)

F in kN/m

Fx[(n-1)xs]/n to obtain kN
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> Single pile

In the case of a single pile, by assuming all unit length for parameters r, h, w and b (i.e.
all with value 1), the unit contact areas of the cylinder (2xmxrxh) and the rectangular wall
(2xhxw) are 2 m and 2, respectively. This shows that the contact area of a 3D cylinder is actually
larger by © (=3.142) than that of a 2D rectangular wall, thus the development of Equations (5.8)
and (5.9). This value is important in the case of a single pile as it represents the extent of
influence imposed by the single pile. In general, the formulations used to obtain a 2D equivalent
wall for the case of a single pile can be written as:

Axial rigidity: (EpAp) / (3d) (5.8)
Bending rigidity: (Eply) / (3d) (5.9

Where Ep, Ay, Iy and d are the Young’s modulus, sectional area, second moment of area
and diameter of the pile, respectively.

> Group of piles

For the case of a pile group, the 3D single pile properties are multiplied by the number of
similar piles in the plane-strain direction and smeared (divided) by the pile group centre-to-
centre spacing, s, in the plane-strain direction as shown in Figure 5.6b. In general, the
formulations used to obtain a 2D equivalent wall for a group of piles in the plane strain direction
can be written as:

Axial rigidity: n(EpAp) / [(n-1)(s)] (5.10)
Bending rigidity: n(Eplp) / [(n-1)(s)] (5.11)

Where n is the number of piles in the plane strain direction and s is the centre-to-centre
pile spacing between 2 piles in the plane strain direction.

By converting 3D piles to equivalent 2D wall, the magnitudes of bending moment and
forces (axial or shear) will be output as kNm/m and kN/m, respectively. In order to obtain the
“actual” pile bending moment and forces, multiplication of smeared dimensions is necessary.
Tables 5.4 and 5.5 show the methods of converting response of equivalent wall to that of a pile
for a single pile and group of piles, respectively. Nevertheless, the resulted deflections and
rotations remain similar.

5.3.5 Determination of the axial load-carrying capacity of single pile and pile group

Excavating a tunnel close to a pile (single or in a group) not only causes soil
deformations and stress release, but can also reduce the bearing capacity of the pile. Therefore,
prior to tunnelling, it is necessary to determine the bearing capacity of the pile so that the
working load to be applied on the pile could be deduced.
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To achieve this objective a pile load test was thus carried out with absence of tunnel.
Figure 5.7a shows the relationship between axial load and pile settlement for pile length of 24 m
(Lp/H¢= 1.5). The settlement is normalized by the pile diameter (d,). The ultimate load capacity
of pile was determined using the displacement-based failure criterion proposed by Ng et al.
(2001) for single pile with large diameter (greater than 0.6 m). The failure criterion is given by
the following expression:
1PhLp

Spmax = 0.045 dyy + 77222

(5.12)

Where 6 max is the maximum pile head settlement that defines the ultimate load capacity of the
pile, dj, is the pile diameter, P, is the pile head load, L;, is the pile length, E; is the Young’s
modulus of the pile shaft, and A, is the cross-sectional area of the pile.

For the reference model (L,= 24 m), the load applied to the pile head was gradually
increased to 5 MN with an increment of 250 kN. Based on the load settlement curve, the ultimate
capacity of the pile was 4.5 MN. A working load of 1.5 MN was adopted with a factor of safety
(FOS) of 3. A pile settlement of 0.29% d, (2.9 mm) due to the applied working load was
observed.

From the failure criterion, it is clear that the working load depend on the pile geometry,
and soil conditions. Other loading tests were performed for different pile lengths and pile
diameters as shown in Figure 5.8 (which will be used later).
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Figure 5.7 Load settlement relationship obtained from load test for (a) single pile (b) pile group
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In order to highlight the pile length effect, pile responses are investigated using five
different pile lengths (i.e. L,/H, = 0.5/ 0.75/ 1/ 1.25/ and 1.5). Using the failure criterion
indicates that the working load is determined to be 92, 165, 360, 1180, 1500 kN, respectively.
Pile diameters variation testing revealed that the working load is determined to be 1000, 1200,
1500, and 1800 kN, for pile diameters of d,,= 0.6/ 0.8/ 1/ and 1.2 m, respectively. For the case of
Lp/H¢ = 1.25 and 1.5, the pile head was loaded gradually to higher values as it is embedded in

the sand layer (end bearing pile). Since the numerical model inincludes two layers, the analysis
was carried out using two different piles, namely floating and end bearing pile.

As there is no failure criterion available for pile group, the failure criterion proposed by
Ng et al. (2001) for single pile is adopted in many researches and in the current study to
determine the ultimate pile group capacity as shown in Figure 5.7b. An axial load is applied on
the pile cap and gradually increased to 20 MN corresponding to 24 m long pile group. Based on
the adopted failure criterion, the ultimate load-carrying capacity of pile group is 18.3 MN. With
a factor of safety of 3, the working load is determined to be 6.1 MN. For the case of free-head
pile group, the working load determined from load test of single pile was applied to each pile
head individually.
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5.3.6 Results and discussions
5.3.6.1 Soil movements in Greenfield conditions

The ground movements caused by tunnel construction need to be evaluated for safety
issue implications on adjacent structures. Greenfield conditions (or free-field soil movements)
are considered to be those occurring solely through tunnelling without interaction with nearby
structures or foundations (i.e. without the presence of piles).

In this section, ground movements obtained from the numerical analysis (both 3D and 2D
simulation) are compared with some existing empirical methods and also with some analytical
closed-form solutions proposed in the literature. The tunnelling process is associated with
surface settlement, subsurface settlement, and lateral deformations. The shapes of surface
settlement trough during tunnel excavation are well described by a Gaussian distribution
function (Peck, 1969). Ground surface settlement, S, is defined as:

XZ
S = Sihax EXP (— 2—1)2() (5.13)
with
Vs 0.313 V|D?
Smax = == T (5.14)

O’Reilly and New (1982) proposed iy = 0.5z, for cohesive soils (clay, silt). Also Clough
& Schmidt (1981) proposed an empirical relationship to estimate the settlement trough width as:

i = R(;—i)o'g (5.15)

Loganathan & Poulos (1998) proposed a closed-form analytical solution to predict
surface settlements trough as:

H 1.38x2
S,—0 = 4g,(1 — V) R? o XP (— (H+R)2) (5.16)

where: S = S,_, = vertical settlement trough at distance X/ S,,x = maximum settlement
above the tunnel axis/ X = lateral distance from the tunnel centerline/ i, = trough width
parameter (distance from the tunnel centreline to the point of inflection)/ z, = H = tunnel depth/

V; = the volume of settlement trough/ V; = ¢, = % = ground loss ratio (volume loss)/ V; =
t

volume to be excavated/ R= tunnel radius/ D, = tunnel diameter/ v = soil poisson ratio.

For a volume loss of 1% and at the monitoring section (Y/D.= 0), the surface settlement
trough at the final step of tunnel excavation are shown in Figure 5.9a. The distance from the
tunnel axis and the soil settlement are normalized by the tunnel diameter (D,). The results
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obtained from numerical analysis are compared to those obtained by the Gaussian distribution
function (Peck, 1969) using the trough width parameter proposed by O’Reilly and New (1982)
and Clough & Schmidt (1981), where iy is 8 m and 6.97 m, respectively. The trough width iy in
our case is about 8.5 m.

Ground volume loss, VI (%)
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Figure 5.9 Soil settlement (a) surface settlement trough in transverse direction at (Y/D.= 0) for
the last step (Y /D, = +4), (b) relationship between maximum ground settlement and volume loss

The results showed that the maximum ground settlement S, above the tunnel centreline
is equal to 27.2 mm (about 0.34%D,) for the numerical results and those obtained using the
Gaussian distribution function. While S, is relatively large for the solution proposed by
Loganathan & Poulos (1998). However, this comparison reveals that the empirical and analytical
results agree well with those of the numerical analysis in terms of the shape and the amplitude of
the settlement trough. The numerical results showed that the maximum vertical displacement at
the tunnel crown S 1oy is eqoual to 32 mm (0.4D;) which represent 1.2 times of S ax.

The settlement trough is also characterized by its total volume Vi. This volume is
expressed as a function of the maximum settlement S, and the parameter i, as follows:
Vs = iy V2Tt Sppax- (5.17)

Compared to the theoretical excavated volume (V; =50.24 m?/m), the volume of the
settlement trough is equal to 0.58 m? (1.15% V,). For a trough width of 8.5 m, and S, Of 27.2
mm, the volume loss V; =1.15% is very close to the inserted value in PLAXIS (1%).
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In this study, three different values of volume loss considered V; =1/ 2/ and 3%, which
gives three different values of S,,.x = 27.2, 55.4, and 79.76 mm, respectively. Therefore, trough
width of iy = 8.5/ 9/ and 9.5m. Using V; function, the obtained volume loss is V; = 1.15, 2.38,
and 3.78%, respectively, as shown in Figure 5.9b. This figure illustrates also the required values
of Sphax that should be abtained to reach a volume loss of Vj= 1, 2, 3 %. Also it’s evident that an
approximate linear relationship exists between maximum settlement and volume loss. The results
show that for V; >1%, the contraction function used in PLAXIS gives slightly conservative
results, this explain the adopted reference model with an inserted volume loss of V; =1%.

To estimate the subsurface settlement S, at any depth z, Loganathan & Poulos (1998) and
Mair et al. (1993), presented a closed-form solution and an empirical method given by Egs 5.18
and 5.19, respectively.

_ 2 (__(z-H) (3-4v)(z+H) 2z [XZ—(Z+H)2]) [_ ( 1.38x2 0.6922)]
S, = &R ( X2+(z—H)2 = x2+(z+H)? [x2+(z+H)?2]? (H+R)? H2 (5.18)
* 2 2
SZ - (0 175+(01.32255:?1—z/z ) * Iz{_) €Xp\ ~ 0.175+(0 325*(?—2/2 N\ (5'19)
' ' 0 0 2*( : (1'_2/20) 0 ) *(29—2)2

Figure 5.10a shows the subsurface settlement profiles at the tunnel centreline obtained
from the numerical analysis compared to those estimated from Mair et al. (1993) and Loganathan
& Poulos (1998). The results showed that at the ground surface and at the tunnel crown, the
subsurface settlement S, is equal to the maximum ground settlement S, and to the maximum
vertical displacement at the tunnel crown S 1., respectively.

For the horizontal movements, Loganathan & Poulos (1998) presented a closed-form
solution to predict the lateral ground movements S, as follows:

_ 2 1 3-4v_ 4z(z—H) ) [_(1.38x2 0.6922)]
Sx = ~ER™X (x2+(H—z)2 + i(Ht0? | GEt(Hin2z) P (H+R)2 T (5.20)

Besides, O’Reilly and New (1982) approximated the surface horizontal displacements by:

X*S

S, = — (5.21)

Zo

Figure 5.10b compare the surface horizontal displacements in Greenfield conditions
(PLAXIS 3D) with those obtained using equations 5.20 and 5.21. The Figure shows good
agreement between the results especially in the proximity of the tunnel centreline (1> X /D, >0).
The results reveal that the maximum values are induced at a distance of X/D; = 1.15 (about 9 m
from tunnel centreline).
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The results of the 2D calculation are plotted in the same figures for comparison with
those of the 3D calculation. A good agreement is noticed in terms of surface settlement and
subsurface settlement. While in terms of horizontal displacements, the 2D numerical results are
over-estimated.

Figure 5.11a shows the deformed mesh when the tunnel face is located at Y/D; =0. In
this Figure, the settlement trough above the tunnel is clearly visible and the maximum settlement
is occured at the tunnel centreline. The results from the calculations are quite realistic and agree
well to the field measurements and the typical Greenfield ground movements associated with
tunnelling (Attewell et al. 1986). Figure 5.11b shows the shadings of the total displacements of
the soil and Figure 5.11c shows the settlement trough at the ground surface at the same location.
These figures confirm the obtained results of the deformed mesh and show in more details where
the largest displacements occur (i.e. just above the tunnel crown), which are somewhat larger
than that at the soil surface.
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Figure 5.10 Comparison of soil movements (a) subsurface settlement (b) lateral movement
(Y/D; = +4)
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Figure 5.11 PLAXIS 3D output results (Greenfield condition) at tunnel face location of (Y/
D, =0) (a) deformed mesh (b) shadings of the total displacements of the soil (c) settlement
trough at ground surface level
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5.3.6.2 Pile responses

The digging of a shallow tunnel induces more or less significant disruptions in the
internal balance of the surrounding soil volume, which causes deformations and displacements of
the soil in both horizontal and vertical directions. In urban areas, this phenomenon can affect the
stability of adjacent structures, which makes estimating the effects of these movements on
existing pile foundations a major challenge for designers.

5.3.6.2.1 Pile lateral responses

Figures 5.12a and 5.12b show the distributions of the lateral deflection induced along the
pile in the transverse and longitudinal directions due to the tunnelling operations. The results
reveal that during tunnel excavation, the lateral pile deflection in the longitudinal direction
depends on the current location of the tunnel face; a movement of the pile towards the
excavation face is noted with the advancement of this one, which means a tilting backwards
when the front approaches, then forwards after it has passed.

Unlike in the longitudinal direction, in the transverse direction, the pile deflection is
always oriented towards the tunnel axis (a cantilever type deflection) regardless of the location
of the working face. Figure 5.12a shows that the lateral deflection U, increases with tunnel
advancement. Also, the maximum deflection occurred at the pile head and decreased with depth
until the pile toe.When the tunnel face reaches and then passes the pile location (Y /D, =0), the
lower part deflects away from the tunnel with slight shift of the pile toe even with 6 m of pile
embedment in the underlying dense sand layer (about 0.25L;). This figure also reveals that the

lateral displacement of the pile U, reaches its maximum value of about 7.14 mm (0.714%d,,)

when the tunnel face is at a distance of (Y/D, =2) and stops increasing when the tunnel face
exceeds this distance.

Figure 5.12b shows that the pile deflection in the longitudinal direction U, is induced
mainly before the passage of the tunnel face (Y /D, <0). The maximum value occurs at pile head
when the tunnel face reaches the pile position (Y /D, =0) and it is about 4.5 mm (0.45%d,),
which is 1.6 times less than the maximum value occurred in the transverse direction. After the
passage of the tunnel face, a decrease of pile deflection is observed. This may be because of
lining installation (especially when the lining installs at the level of pile location) which helps
soil stabilisation behind tunnel face. Thus, a combined upward heave-longitudinal soil movement
is induced (Y /D, =1) which pushes the pile forward. When the tunnel face pass from (Y /D, =0)
to (Y/D, = +4), pile deflection becomes less about 4.5 times.

Figures 5.12c and 5.12d show the distributions of the tunnelling-induced bending
moment along the pile in the transverse and longitudinal directions, respectively. For both
directions, the maximum values of the induced bending moment occur near the horizontal axis of
the tunnel (Z,=0.67L,). A slight bending moment induced in the lower part due to 6 m of pile
embedding in the underlying dense sand layer. Since the pile head was unconstrained, zero
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bending moments were obtained from the numerical results at the pile head. Figures 5.12c shows
that the bending moment in the transverse direction (Myy) increases significantly due to the
increasing in lateral deflection with tunnel advancement, and it remains negative almost all along
the pile(Z,=0.87L,).
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Figure 5.12 Pile lateral responses in transverse and longitudinal directions
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Figure 5.12d shows that the bending moment in the longitudinal direction (My) is mainly
induced before the passage of the tunnel face due to the increase in lateral deflection from
Y/D, =-2 to Y /D, =0. The bending moment along the whole pile is positive. When the tunnel
face location becomes greater than Y /D, >0, a negative bending moment has developed at the
top of the pile (Z,=0.5L,). Comparing Figure 5.12c and 5.12d, the magnitude of maximum
bending moments is higher in the transverse direction about twice than that in the longitudinal
direction.

In order to properly compare the results of the 2D model with those of the 3D model, the
results of the 2D calculations are reported on the same figures. The deflection and bending
moment profiles of the pile in the transverse direction show good agreement with the 3D
calculations, both for the form of the curves and for the order of magnitude. Nevertheless the
maximum lateral displacement of the 2D analysis is overestimated by 25%. This difference may
be due partly to the fact that tunneling is inherently a three-dimensional problem (Houhou et al.
2016; Migliazza et al. 2009), and partly to the numerical modeling method of the pile itself.

In fact in the 2D model, it is very difficult to perform the 3D effect of a pile due to the
difficulty in specifying the suitable pile parameters. In the 2D model, the pile is simulated by a
plate element, whereas in 3D analysis it is simulated by an embedded pile element. So, the real
properties of a pile are smeared in the direction of the plane strain model to obtain the equivalent
properties of the pile per meter of width (performed by an equivalent 2D wall).

5.3.6.2.2 Pile vertical responses

Figure 5.13a shows the distributions of normalized pile settlement along the pile
depending on the advancement of the working face. It should be noted that U, is the total pile
settlement combined with the effect of service pile loading and tunnelling process. It can be seen
that the developed settlement increases with the progress of the tunneling and a maximum value
of 8.4 mm (0.84%d,,) is observed at the pile head.

Figure 5.13b illustrates the skin resistance evolution along the normalised pile depth
(Z,/Ly). It can be seen that when the pile is in front of the working face (Y /D, <0), a positive
skin resistance develops along the entire length of the pile to bear the applied load and increases
linearly in depth until the pile toe reaching a maximum skin resistance of 145 KkN/m.
Consequently, the normalised axial load decreased from the pile head to the toe, as shown in
Figures 5.13c, where P is the axial pile force at a certain depth and P,, is the working load
applied on the pile head before tunnelling (1500 kN). However, when the tunnel face exceeds the
vertical axis of the pile (Y/D, =0), negative skin friction is developed along the upper part of the
pile (above the tunnel horizontal axis), as a result the axial load increased from the pile head and
achieves a maximum value of (P/P,=1.25) at a depth of (Z,/L,=0.45). The negative skin
friction leads to a drag load in the pile and therefore to an increase in pile settlement, as shown in
Figure 5.13a.
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Figure 5.13c also reveals that no significant change in the axial load at the pile head,
while at the pile toe the axial force increases with the advancement of the tunnel face (more
loads transferred to the tip of the pile), which affects the performance of the pile in service.

From Figure 5.13, it can be seen that when the face of the tunnel becomes sufficiently
forward of the vertical axis of the pile (Y/D, =1), pile settlement, axial load and skin friction
stagnate (does not change in shape or magnitude viewpoint).

By comparing 3D and 2D results, in terms of vertical displacement U, and induced axial
force, it is found that the 2D numerical results are overestimated.
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Figure 5.13 Pile vertical responses (a) pile settlement (b) skin resistance (c) axial load
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From Figure 5.14 which shows the contours of the total displacement of the soil around
the pile and tunnel, it can be noted that the soil as well as the pile undergo the same movement
laterally towards the tunnel. This phenomenon of movement is due to the loosening of the soil
during the digging of the tunnel (Stresses relief around the excavated zone). It should also be
noted that most of the movements occur in the upper part of the pile (above the tunnel crown
level) reflecting a cantilever type displacement profile (see Fig. 5.12a).

By comparing the behavior of the soil in the 3D model with that of the plane strain
model, it can be seen that the soil volume mobilized in the 2D model is relatively greater. The
extent of the ground movement both at the surface and in depth is larger in the 2D model.

At depth, the soil movements in the 2D model slightly exceed the pile toe (Fig. 5.14b),
while in 3D model it does not even reach the toe of the pile (Fig. 5.14a).Thus, as already
observed in Figure 5.12a, the movements obtained by the plane strain analysis are relatively
overestimated. Therefore, it was shown that plane strain simulations could give conservative
results.

() (b)

Figure 5.14 Total displacement contours of the soil at (Y /D, =0) (a) 3D simulation (b) 2D
simulation
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5.4 Parametric study

Given full soil-structure interactions, a 3D parametric study was carried out by varying
certain key parameters to study their influence on single pile performance. The numerical model
already studied in section 3 is used as a reference model for this parametric investigation. Table
5.6 summarizes the key parameters used in this parametric analysis. In addition, the pile group
effect has also been investigated. For this purpose a configuration of 2x2 pile group with two
cases of pile head conditions was considered.

Table 5.6 Parameters used in the parametric analysis

Parameters Notations Units Variations
Normalised pile location X, /Dy / 1 (ref)/ 1.5/ 2/ 2.5
Volume loss \/ [%] 1(ref), 2, 3
Normalised pile length Ly /H¢ / 0.5/ 0.75/ 1/ 1.25/ 1.5 (ref)
Diameter of the tunnel D¢ [m] 6/ 8 (ref)/ 10
Normalised tunnel depth H./D; [m] 1.5/2(ref)/ 2.5

Pile diameter dp [m] 0.6/ 0.8/ 1 (ref)/ 1.2
Over consolidation ratio OCR / 1 (ref)/ 1.25/ 1.5

5.4.1 Effect of volume loss

The effect of volume loss on ultimate pile responses for different positions of the tunnel
face is shown in Figure 5.15. In this analysis, three different values of volume loss were
considered V; =1, 2 and 3%. It can be seen that all peak pile responses increase exponentially
with increasing volume loss. As long as the face of the tunnel is relatively far from the pile
location (Y /D, < -2), it can be said that the pile responses are considered negligible regardless of
the volume loss.

From Figures 5.15a, 5.15b, 5.15c, and 5.15d, which represent the evolution of the
maximum of the normalised pile head settlement (U,/dp), normalised pile lateral deflection
(Uy/dy), pile bending moment in lateral direction (Myy), and normalised pile axial force during the
advancement of the tunnel face, respectively, it can be seen that the maximum pile responses
increase significantly with increasing volume loss when the tunnel face passes from Y /D, = -2 to
+2. These figures also reveal that there is no additional effect of the volume loss on the behavior
of the pile when the tunnel face progress further away from the position of the pile (Y /D, >2).

When the volume loss increases from 1% to 3%, the pile head settlement, pile lateral
deflection, pile bending moment, and pile axial force increase by a maximum of 83%, 140%,
53%, and 12%, respectively.
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Figure 5.15 Effect of volume loss on ultimate pile responses during tunnel advancement
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With regard to the behavior of the pile in the longitudinal direction, it can be seen that the
pile behaves differently than in the transverse direction as shown in figures 5.15e and 5.15f. The
maximum bending moment (Myy) and deflection (Uy) are induced mainly when the tunnel face
reaches the pile location (Y/D; = 0), then tend to decrease until the face of the tunnel is away
from the pile by three times the diameter of the tunnel (+3D,). However, beyond this distance,
the behavior remains unchanged.

Excavating a tunnel close to a pile not only causes ground deformations, but also can
reduce the pile bearing capacity. Some researchers have used centrifuge tests or numerical
analyzes to study the tunnel impact on the pile bearing capacity (Ng et al. 2001, 2013; Soomro et
al. 2020b).

Pile bearing capacity is often inferred using settlement criteria, and pile settlements
induced by tunnel excavation were correlated with the apparent loss of pile capacity (ALPC).
Owing to the initial applied working load (1.5 MN), the pile has settled 2.94 mm in the case of
1% volume loss, and an additional pile head settlement of 5.5 mm (0.55%d,,) was induced due to
tunnelling. Therefore, a total pile settlement of 8.44 mm is deduced (combined effect of applied
load and tunnelling). So, based on these results and using the load-settlement relationship
obtained by Ng et al. (2013) from load test for single pile with and without tunnelling, an
equivalent pile load after tunnelling of 2 MN is deduced (see Figure 5.7a). Thus, an additional
load of 0.5 MN is induced due to tunnelling. Based on the failure criterion proposed by Ng et al.
(2013), the ultimate load capacity of the pile was 4.5 MN. Therefore, it can be considered that an
ALPC of 11% occurred due to tunnelling. In the case of volume loss of 2% and 3%, the total pile
settlement is 11.64 and 13 mm, and the deduced equivalent applied loads are 2.25 and 2.4 MN,
respectively. As a result, the apparent loss of pile capacity (ALPC) is17% and 20%, respectively.

Based on the results of the apparent loss of pile capacity (ALPC), it is suggested that the
serviceability limit state of the pile should be taken into account for the design of the piles due to
tunnelling.

5.4.2 Effect of pile location

In order to study the effect of pile location on pile responses at the last phase of the tunnel
excavation (Y= +4Dy), the numerical reference model has been tested for four different
normalised values of the pile location with respect to the vertical axis of the tunnel (X,/D; = 1;

1.5; 2; 2.5). The maximum distance X, has been set to 2.5D; so that it corresponds at the
maximum vertical limit of the tunneling influence zone defined by Mroueh and Shahrour (2002)
and Al-Omari et al. (2019).

Figure 5.16 shows the distributions of bending moment (Myy), lateral deflection Uy, pile
settlement U, and axial force of a single pile with length L,= 24 m located at different distances
X, from the tunnel axis. Generally the numerical results indicate that the pile location has a
significant effect on pile behaviour. It can be seen that pile responses decrease significatlly with
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increasing pile location. As for the shape of the curves, they are quite similar with that of the
reference case. Figure 5.16 indicates that in all cases the maximum values of the normalised
lateral deflection Uy and normalized pile settlement U, occured at the pile head. On the other
hand, the results show that there is slight shift upwards of the maximum induced bending
moment (My,) and normalised axial load (P/P,) with decreasing of pile location. From the
Figure 5.16, it can also be noted that when X, increases from 8 m to 20 m, the maximum
response of the pile decreases by about 80% for the lateral deflection, 57% for the pile
settlement, 72% for the bending moment, and 15% for the axial load.
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Figure 5.16 Effect of pile location (X) on (a) pile lateral deflection (b) pile settlement (c)
bending moment (d) axial load (Y/D, = +4)
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For each pile location value, to better understand the single pile behaviour, the pile
response was also analyzed for several values of the pile length. Figure 5.17 shows the
distribution, for different pile lengths, of the maximum induced lateral bending moment,
normalised lateral deflection, normalized pile settlement, and the axial force of a single pile
located at different distances X, from the tunnel vertical axis.

The curves shown in Figure 5.17 indicate that when the pile is farther from the tunnel
axis and for any pile length, the pile responses decrease exponentially. In terms of axial load and
bending moment of the pile, this tendency is more obvious when the pile length is relatively
important (L, /H>1). However, in terms of horizontal and vertical pile displacements, this trend
is more marked when the pile length is relatively short (L, /H; <1).
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Figure 5.17 Effect of pile location on (a) pile bending moment (b) pile lateral deformation (c)
pile settlement (d) pile axial load, for different pile lengths
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When the pile is situated at 20 m (i.e. 2.5D;) from the tunnel vertical axis, the effect of
pile length on pile responses becomes negligible, except for the response of the pile in terms of
axial load where the effect of pile length remains significant. This is due to the fact that the pile
axial force is not only due to the tunnelling but also due to the workload applied at the head of
the pile which is independent of the pile location. In the case of pile length equal to 24 m (L,/
H.=1.5), when Xp increases from 1D; to 2.5D;, the maximum response of the pile decreases by
about 73,81, 57, and15% for the bending moment, lateral deflection, pile settlement, and axial
force, respectively.

5.4.3 Effect of pile length

For the last excavation stage where the working face is located ahead at a distance Y =
4Dy, in order to highlight the effect of pile length on pile responses due to tunnelling, the
numerical model was tested for five different normalised values of pile length (L,/H; = 0.5;
0.75; 1.0; 1.25; 1.5).

According to Figure 5.18a which shows the evolution of the normalized lateral deflection
of the pile according to its length, it can be seen that in all cases the pile moves towards the
tunnel. This is due to the stress relief induced by tunnelling and the ground movement towards
the tunnel. Figure 5.18a shows that the maximum deflection decreases with increasing pile
length and always occurs at the pile head. When the normalised pile length increases from 0.5 to
1.5, the pile lateral deflection decreases by a maximum of 18%. The figure also shows that when
the normalized pile length is relatively large (L,/H; = 1), the lower part of the pile deflects
away from the tunnel and a significant negative displacement is observed at the level of the
tunnel horizontal axis. The more the pile is embedded in the underlying dense sand layer, the
more this negative displacement decreases until it becomes negligible (extreme case of L,/H; =
1.5).

Figure 5.18b shows the distributions of the induced bending moment along the pile in the
lateral direction for the different cases considered. In contrast to the lateral displacement of the
pile, the bending moment constantly increases with the increase in the pile length. Increasing the
normalized pile length from 0.5 to 1.5 causes an increase in the maximum bending moment of
about 7 times. It is also observed that when the end of the pile remains in the overlying soft clay
layer (L,/H; <1.25), the bending moment along the whole pile remains negative (response of a
floating pile) and the maximum of this bending moment is observed almost at mid-depth of each
pile. When the tip of the pile is situated below the tunnel horizontal axis (L,/H; >1) and within
the dense sand, the maximum bending moments are induced almost at the level of the horizontal
axis of the tunnel (Z,=0.67L,). From Figure 5.18b, it should also be noted that in all cases no
bending moment is induced at the pile head, because there was no rigid restriction at this level
(the head of the pile was free to move and rotate).
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Figure 5.18c shows the axial load distribution for different pile lengths. Using single pile
load test, the corresponding working load for each pile length: L,/H, = 0.5; 0.75; 1.0; 1.25; 1.5
was 92, 165, 360, 1180, and 1500 kN, respectively. It should be noted that the axial load
increases dramatically with increasing pile length, and in any case the pile remains compressed.
When the normalised pile length increases three times (from 0.5 to 1.5), the peak axial force
increases about 13 times.
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Figure 5.18 Effect of pile length on (a) lateral deflection (b) pile bending moment (c) axial load
(d) pile settlement
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In cases where L,/H; <1 (floating piles), the majority of the working load is mobilised
by the positive skin resistance developed along the shaft of the pile. Due to the negative skin
friction developed along the top of the end bearing piles (L,/H=1.25 and 1.5), the axial load
increases from the top up to the depth of 0.5L, where it reaches its maximum value, then it
decreases up to the pile tip because of the positive skin resistance mobilized in the lower part of
the piles.

The impact of pile length on pile settlement was also investigated, as shown in Figure
5.18d. This figure shows that the normalised pile settlement decreases with increasing pile
length. By increasing the length of the pile from 8 m to 24 m, the pile head settlement decreases
by approximately 63%. The pile experiences greater settlement if the pile toe is located above
the horizontal axis of the tunnel. This is because the pile tip is subjected to the greatest stress
release, which results in a large reduction in the pile tip strength.

5.4.4 Effect of tunnel diameter

In order to investigate the effect of tunnel diameter (D,) on pile responses when the
tunnel face is in front of the pile position by a distance Y= 4Dt, the numerical reference model
was tested for three values of D; namely D=6 m, 8 m and 10 m.

In general, the results obtained indicate that the tunnel diameter has a significant
influence on the pile behaviour as shown in Figure 5.19. Due to the increase in the theoretical
excavated volume (1), the excavation induced more stress release and soil movement towards
the tunnel opening, which will affect the pile responses.

As shown in Figure 5.19, pile responses increase with increasing tunnel diameter. When
D; increases from 6 m to 10 m, the magnitude of the maximum pile response increases by about
120%, 63%, 10%, and 75% for the lateral deflection, induced bending moment, axial load, and
the pile settlement, respectively. However, the diameter of the tunnel has no impact on the shape
of the pile response curves.

From Figures 5.19b and 5.19c, it is observed that the position of peak bending moment
and axial load shifts slightly downward with increasing tunnel diameter.

Figure 5.20, which represents the shadings of the total displacements of the soil around
the tunnel and the pile when the working face reaches the position (Y /D, = +4), clearly shows
the increase in the amplitude of the soil displacements around the pile and the tunnel with the
increase in the diameter of the tunnel.
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Figure 5.20 Total displacement shadings at (Y /D, = +4) for three cases of tunnel diameter
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5.4.5 Effect of tunnel depth

For the last stage of tunneling activities (Y /D; = +4), in order to study the tunnel depth
effect (H,) on pile responses, the analyses are carried out for tunnels placed at three different
normalised depths i.e., H; = 1.5D; (shallow tunnel), 2D; (intermediate tunnel), 2.5D; (deep
tunnel) as shown in Figure 5.21. For the cases of shallow and intermediate tunnel, the excavation
Is carried out in the soft clay layer. Whereas in the case of the deep tunnel, the tunneling taken
place in the dense sand layer.
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Figure 5.21 Effect of tunnel depth on (a) lateral deflection (b) pile bending moment (c) axial
load (d) pile settlement
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Variation in tunnel placement depth significantly influences the behaviour of the single
pile, as shown in Figure 5.21. It was found that an increase in tunnel axis depth from 1.5D; to
2.5D; results in an increase in the maximum magnitude of lateral deflection, bending moment,
axial load, and pile settlement of approximately 420%, 32%, 30%, and 146%, respectively.

From Figures 5.21a and 5.21d, it can be observed that the maximum normalised lateral
deflection (U,/d,) and the normalised settlement of the pile (U,/d,) , whatever the value of the
tunnel depth, are induced at the pile head. However, as shown in Figures 5.21b and 5.21c, the
location of the induced maximum bending moment (M,y) and normalised axial load (P/F,) is
shifted significantly downwards with increasing tunnel axis depth. Nevertheless, the maximum
bending moment always occurs at the tunnel depth.

From Figure 5.21, it can also be seen that for the shallow tunnel (H./D, = 1.5), unlike the
other cases, the pile shaft around the tunnel depth deflects away from the tunnel, a significant
positive bending moment develops in the lower part of the pile, and the maximum axial force is
induced at the pile head then decreases to the pile toe.

In the case of the deep tunnel (H,/D; = 2.5) the pile behaves almost in the same way as
that in the reference case (intermediate tunnel, H; = 2Dy). Most of the bending moment is
negative along the pile; the deflection is generally towards the tunnel with a form of cantilever,
except at the bottom where the pile moves slightly away from the tunnel).

Figure 5.22 presents the shadings of soil total displacements at the final step of
excavation for the three considered depths of the tunnel. This figure confirms the above results
and shows that increasing in tunnel depth affects the soil movement and increases its amplitude
especially at ground surface. The width and the shape of the shadings of the total ground
displacements indicate that the soil deformations correspond well with observations obtained
from pile lateral deflections and pile settlements. As the tunnel axis got closer to the pile toe the
effect of excavation on the pile response increases (the pile toe is subjected to the greatest release
of stress).

‘‘‘‘

Figure 5.22 Shadings of the total displacements around the tunnel and pile at (Y /D, = +4) for
three different tunnel depth
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5.4.6 Effect of pile diameter

Using different pile diameters, the influence of pile stiffness on pile performance for the
last step of excavation (Y/D.= +4) is investigated. For the results given in Figure 5.23, the pile is
located at 8 m away from the tunnel centreline, and for three different values of volume loss
Vi =1/ 2/ and 3%. Using pile load test, the working load for each pile (i.e. d,= 0.6/ 0.8/ 1/ and
1.2 m) is determined to be 1000, 1210, 1500, and 1800 kN, respectively (see Figure 5.8Db).

From Figure 5.23a, it can be seen that the induced bending moment increases almost
constantly with increasing of pile rigidity. It can also be noted that the distribution of the
maximum bending moment is quite similar in shape for the different cases considered for the
volume loss. However the pile lateral deflection decreases with increasing of pile diameter as
shown in Figure 5.23b

The numerical results reveal that the pile diameter significantly affects the induced
bending moment for all cases of volume loss. In the case of V| = 3%, when the pile diameter
increases from 0.6 to 1.2 m, the maximum bending moment increases by about 750%. Noting
that the effect of the volume loss is all the more important as the diameter of the pile is large. In
the case of d, = 0.6m, the increase in the loss of volume from 1% to 3% causes an increase in the
bending moment of 45%. Whereas for d, = 1.2 m, this same increase in volume loss causes an
increase in the bending moment of 55%.

From Figure 5.23b, it can be noted that the effect of increasing the diameter of the pile is
only palpable in the case of significant volume loss (V| = 3%). In other words, for low values of
volume loss (V)| < 2%), the stiffness of the pile has no significant influence on the deflection of
the pile. For V; = 3%, when pile diameter is varied from 0.6 to 1.2 m, the maximum pile lateral
deflection decreases by about 25%.
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Figure 5.23 Effect of pile diameter on (a) pile bending moment (b) pile lateral deflection
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5.4.7 Effect of over consolidation ratio (OCR)

The effect of stress history of the soil on the pile behaviour is investigated by analyzing
the over consolidation ratio (OCR) effect. Since the HSs model was used to model the
constitutive behaviour of soil, the over consolidation ratio (OCR) was considered using three
different values (OCR= 1, 1.25 and 1.5). It should be noted that a uniform over consolidation
ratio value were considered only through the depth of clay layer, while the over consolidation
ratio of the dense sand layer is fixed to (OCR=1).

Figure 5.24a and 5.24b shows the effect of OCR on the maximum induced pile bending
moment and lateral deformation, respectively. The effect of OCR was tested for three different
values of volume loss Vi= 1, 2, and 3%. As expected, the stress soil history significantly affects
the pile response. It can be seen that for overconsolidated soils with high OCR values (OCR>1),
both the induced bending moments and pile lateral deflection decreases. When the OCR
increases from 1 to 1.5, for V; = 3%, the maximum bending moment and the lateral deflection of
the pile decrease by about 60% and 58%, respectively.
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Figure 5.24 Effect of overconsolidation ratio (OCR) on pile (a) bending moment (b) lateral
deflection

5.4.8 Effect of pile group

In urban environments, piles are often used in groups (piled raft or group of piles). In this
perspective, a parametric analysis is performed to study the responses of the piles in groups
during the final phase of the excavation activities (Y /D, = +4). For this aim, a configuration of
2%2 pile group was considered. To study the effect of head support conditions of the piles, two
pile head condition types were considered, namely free and capped. The geometry of the 3D
numerical model used for this parametric analysis has been shown in Figure 3. Both pile group
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configurations (free and capped) involve two pairs of piles, front and rear, located at horizontal
distances of X,= 1D and X,= 1.5D, respectively, from the tunnel centreline (spacing between
piles is 4 m (4d)).

The raft used for capped the four identical piles is square (7 m x 7 m) with a thickness of
1 mand it is elevated enough so that it does not touch the ground surface. The raft model has a
bending stiffness EI,, of 17.5 x 10° kNm? and an axial rigidity EAp of 2.10 x 107 kN. The raft
as the piles is modelled with elastic properties.

Computed pile responses of the two configurations (free and capped) are presented in
Figures 25 and 26. The responses obtained from tests of a single pile located at an equal
horizontal distance with the front and rear piles are shown in the same figures for comparison
purposes. In general, the pile responses are lower in the pile group than in the single pile case,
indicating a positive group effect. It should also be noted that the responses of the front piles are
constantly greater than those of the rear piles. This is because the front piles undergo the
uppermost impact due to tunnelling. It's like the front piles play the role of a shelter on the back
piles.

The results in terms of normalised pile lateral deflection are shown in Figure 25. It can be
seen that, whether for front or rear piles (free and capped), the lateral pile deflection is quite
similar in shape to single pile cases. It is also observed that in all cases, the maximum deflection
occurred at the pile head and the lower half of the pile deflects slightly away from the tunnel. As
shown in Figure 25, the maximum deflection of the front or rear piles, in the free or capped case,
is lower than that of a single pile located at the same distance from the tunnel centerline. This
could be due to the positive effect of the pile group.

The results obtained from Figure 25a indicate that the maximum deflection of the front
piles is less than that of the single pile by almost 25% and 33%, respectively in the capped and
free head case. From Figure 25b, it can be noted that the peak deflection of the rear piles is lower
than that of the single pile by approximately 26% and 31%, in the case of capped and free head,
respectively. It should also be noted that the rear piles (free or capped) undergo a maximum
displacement lower by 11% than that of the front piles. This may be due to the shading effect of
the row of front piles on that of the rear piles.

From Figure 26 It can be noticed that the induced bending moment curves of the group
piles, whether for front or rear piles, are quite comparable in shape to those of the single piles, in
particular in the case of free head. The pile head being free, the generated bending moment is
zero at the pile head. Due to the restraint of the pile cap, an important bending moment is
induced at the top of the front and rear piles. It should also be noted that a positive bending
moment is developed in the lower part of the rear piles (free and capped head), which is not the
case for the front piles.

From Figure 26a, the results obtained show that the maximum bending moment of the
front piles is smaller than that of the single pile by almost 15% and 24%, respectively in the free
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and capped head case. Regarding the rear piles (Figure 26b), the maximum pile bending moment
is lower than that of the single pile by approximately 28% in the case of free head. However in
the case of capped head, the maximum bending moment (induced at the head) remains greater
than that of the single pile by about 35%. The numerical results show that the maximum bending
moment of the front piles is larger than that of the rear piles by about 47% in the case of free
head. However in the capped head case, the maximum bending moment of the front piles is
smaller than that of the rear piles by about 30%.

Normalised pile lateral deflection (Ux/dp)% Normalised pile lateral deflection (Ux/dp)%
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Figure 5.25 Comparison of pile lateral deflection (U,,) (a) Front pile (b) Rear pile
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In order to study the influence of the presence of the pile group on the surface ground
movement, Figure 5.27 shows the transverse troughs of the surface settlement at the section
(Y/D= 0) for single pile, pile group and Greenfield cases. It can be seen that the presence of the
piles affects the settlement troughs distributions (reduced the soil settlement notably for pile
group case). It is also notable that when there is a pile in the ground, the settlement trough does
not follow exactly the well-known Gaussian settlement trough. The settlement troughs for the
single pile and pile groups become similar to the Greenfield settlement trough only when X/D; is
almost 2.25. This figure reveal that the estimation of pile settlement due to tunnelling using the
Greenfield condition may result in overestimation of pile settlement, in particular for the piles in
groups (positive group effect). To express the settlement trough, settlement distribution patterns
other than the Gaussian curve may be needed when there are pre-existing piles in the ground
(Lee, 2013).

X/Dt
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:}N ' - 0,00
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—@— Single pile

Pile group
1 -0,30
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Figure 5.27 Surface settlement troughs for single pile, pile group and Greenfield cases at the last
step of tunnel excavation (Y/D, =+4)

5.5 Conclusion

In this chapter, a full 3D numerical analysis is carried out to study the response of vertical
single piles due to tunneling induced soil movements in soft clay overlying dense sand. Among
the various tunnel boring machines (TBM), the Slurry Pressure Balance (SPB) technique is used
in this study to simulate the construction of the tunnel. The numerical model has been validated
on the basis of the results of a centrifuge test published in the literature. The pertinence of the
three-dimensional model was also assessed by comparison with a 2D plane strain numerical
model. An extensive parametric study was conducted to investigate the effect of some key
parameters such as tunnel advancement, volume loss, pile location, pile length, tunnel diameter,
tunnel depth, and clay over consolidation ratio (OCR). The group effect on pile responses was
also studied using two pile group configurations.
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The results obtained from the 3D numerical modelling show that due to tunnelling-
induced soil movements, the pile response in terms of transverse bending moment, axial force,
shaft resistance, transverse deflection and pile settlement increases considerably with the
advancement of the tunnel. Pile responses seem stabilized once the tunnel face is in front of the
pile by a distance of twice the tunnel diameter. In the longitudinal direction, the maximum pile
responses (bending moment and deflection) occur when the working face is at the same level as
the pile location. Nevertheless the magnitude of the pile responses remains very low compared to
those in the transverse direction (a reduction coefficient up to 2.3 was observed).

Except bending moment, where the 2D analysis shows good agreement with the 3D
simulation, the pile responses using 2D numerical analysis are overestimated. Thus, 2D plane
strain modelling could give conservative results.

As the volume loss increases from 1% to 3%, pile head settlement, lateral deflection,
bending moment, and axial force increase by 83%, 140%, 53%, and 12% maximum,
respectively. The effect of volume loss on pile responses only becomes noticeable when the
tunnel face is located from a back distance of 2 times the tunnel diameter. Noting that the effect
of the volume loss is all the more important as the diameter of the pile is large. Excavating a
tunnel close to a pile not only causes ground deformations, but also can reduce the pile bearing
capacity. By increasing the volume loss from 1% to 3% the apparent loss of pile capacity
(ALPC) increases from 11% to 20%.

The variation in pile length revealed that the pile performance depends on the position of
the pile toe with respect to the tunnel depth. The pile experiences greater settlement if the pile
toe is located above the tunnel horizontal axis. This is because the pile tip is subjected to the
greatest stress release, which results in a large reduction in the pile tip strength and shaft
resistance. By increasing the pile length from 0.5H, to 1.5H,, the maximum pile head settlement
and lateral deflection decrease by about 63% and 18%, respectively. In contrast to the pile
displacements, the induced bending moment and axial load constantly increases with the increase
in the pile length. When the pile length increases from 0.5H; to 1.5H;, the maximum bending
moment and axial load increase by about 7 and 13 times, respectively.

For any pile length, pile responses decrease exponentially with lateral distance from the
tunnel axis. When the pile is located at a distance of 2.5D, the pile responses become
insignificant. The increase in theoretical excavated volume (V) induces more stress release and
soil movement towards the tunnel, which will affect the pile responses. The 3D results showed
that increasing the tunnel diameter from 6 m to 10 m results in a 120%, 75% and 63% increase in
maximum lateral deflection, pile settlement and bending moment, respectively.

Variation in tunnel placement depth significantly influences the behaviour of single piles.
It was found that an increase in tunnel axis depth from 1.5D; to 2.5D; (with L= 3Dy) results in an
increase in the maximum magnitude of lateral deflection, pile settlement, bending moment, and
axial load of about 420%, 146%, 32%, and 30%, respectively.
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As expected, the stress soil history significantly affects the pile response. When the OCR
increases from 1 to 1.5, for V; = 3%, the maximum bending moment and lateral deflection of the
pile decrease by about 59%.

In general, the results obtained showed that the pile responses are lower in the pile group
than in the single pile case, indicating a positive group effect. The response of a pile within a pile
group depends, among other parameters, on its location in the group (front or rear pile), and pile
head conditions (free or capped head).
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CHAPTER 6

3D Numerical Analysis of Pile Response Due to Deep Excavation-Induced
Ground Movements

6.1 Introduction

The development of urban areas leads to an increased demand for underground
constructions which often require deep excavations supported by strutted or anchored diaphragm
walls and therefore, the diaphragm wall is often found to be located at a close distance from
adjacent existing buildings. As the excavation progresses in depth, the soil inevitably moves
towards the excavation and causes both horizontal and vertical deformations. Consequently, the
nearby pile foundation will be potentially affected (Poulos and Chen, 1997; Schanz and
Vermeer, 1998; Leung et al. 2006; Ng et al. 2017). Hence, it is essential to have a thorough
understanding of the harmful effects of excavation on adjacent piles, especially concrete piles, as
they are generally not designed to withstand large lateral loads.

The estimation of additional deformations and internal forces in existing piles induced by
a nearby deep excavation has been and continues to be the topic of much numerical and
experimental research. One can refer to the research work of Poulos and Chen (1996, 1997),
Leung et al. (2000), Liyanapathirana and Nishanthan (2016), Ng et al. (2017), Nishanthan et al.
(2017), Soomro et al. (2018b, 2019a) or Shakeel and Ng (2018).

In first approach, the analysis is generally based on model tests (Chen et al., 1997) and
centrifuge modeling technique in sand (Leung et al. 2003; Zheng et al. 2012; Ng et al. 2017; Shi
et al. 2019) and in clay (Leung et al. 2006; Ong et al. 2009). These investigations reveal some
basic characteristics of this problem. However, for the preliminary design, the experimental
methods can be time consuming and expensive.

The responses of piles subjected to excavation-induced soil movements were also
evaluated using simplified method known as two-stage analysis method “TSAM” (Poulos and
Chen, 1996, 1997). However, this approach estimates the soil mass as a homogeneous linear
elastic material under plane strain conditions, which makes it problematic to extend to nonlinear
problems and multilayered soils. The three-dimensional numerical computation using finite
difference or finite element method has therefore become indispensable (Shi et al. 2019; Soomro
et al. 2018, 2019a, 2019b).

Results obtained from previous studies show that the response of piles subjected to
ground movements induced by deep excavations is related to a complex phenomenon of soil-
structure-pile interactions. As a result, the comparison of the numerical modelling of such
structures with instrumented sites or laboratory tests is often marked by disagreements. Thereby,
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advance studies are required to develop more insight on the mechanical behavior of the pile
foundation system subjected to soil movements induced by the excavation.

In this chapter, a full three-dimensional numerical analysis is carried out to investigate
single pile and pile group responses due to deep excavation-induced soil movement in bilayer
soil. The explicit finite element numerical code PLAXIS 3D (Brinkgreve et al. 2016) is used to
model the various phases of excavation in the presence of piles. The numerical model was
validated based on the results of a centrifuge test reported by Ong et al. (2006a). The relevance
of the 3D model is also judged by comparison with the 2D plane strain model. To better
understand the single pile behaviour near deep braced excavations, a parametric study was
carried out using 3D numerical model. The parametric study focuses on the effects of excavation
depth, pile location, sand density, support system, pile stiffness, head conditions, and pile length.
The effect of pile group on pile performance was also investigated using different pile group
configurations. In order to provide further insights about the response of pile group system, the
interactions between the different individual piles through the pile cap are investigated by
varying some parameters as the number of piles and the piles location from the wall. For a
preliminary design, this numerical study can serve as a practical basis for similar projects.

6.2 Validation of 3D finite element model using a centrifuge test data
6.2.1 Description of the centrifuge test

The centrifuge test, used for the validity of the numerical modeling procedure carried out
in this study, was conducted at 50g in the Geotechnical Centrifuge of the National University of
Singapore by Ong et al. (2006a) to assess excavations-induced ground deformations in clay and
their effects on adjacent pile foundation. The container used in the test is made of aluminum
alloy and has internal dimensions of 540mmx200mmx470mm (lengthxwidthxheight). Figure
6.1a shows the geometry of the centrifuge test (side view). The retaining wall is made of
aluminum alloy plate. The model pile was fabricated from a hollow square aluminum tube
covered with thin layer of epoxy coating was used to protect strain gauges from damage with an
external width of 12.6 mm. The pile is embedded at the base of the box (rested at the bottom of
the box which simulates rigid stratum). The soil used in the test is kaolin clay overlying a layer
of Toyoura sand.

The Malaysian kaolin clay has a liquid limit (LL) of 80%, plastic limit (PL) of 40%,
plasticity index (PI) of 40 %, compression index C. of 0.64, swelling index Cg of 0.14, and initial
void ratio ej,;; of 2.3 (Ong et al. 2006a). Compression and swelling indexes are determined
using the oedometer tests. The coefficient of permeability of normally consolidated kaolin clay
at a consolidation pressure of 100 kPa was determined to be about 1.36 x 1078 m/s.

The effective internal friction angle ¢’ is 23°. The clay has a coefficient of earth pressure
at rest of about 0.6, and a specific gravity of 2.65. The undrained shear strength C, of the clay is
0.20 to 0.30 of the effective overburden pressure. The variation of undrained shear strength of
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the clay with depth obtained using a T-bar penetrometer test (Ong et al. 2006a). However, the
failure characteristics of clay in drained behaviour (¢’ and ¢') are obtained from (CU + U)
triaxial tests.

The sand used is Toyoura sand (a type of quartz sand), whose mechanical properties are
well documented by Tatsuoka et al. (1986). The unit weight and relative density RD of the sand
were measured to be 15.78 kN/m3 and 90%, respectively. For a confining stress ranging from
50-100 kPa, the friction and dilation angles of the sand at the given density, from triaxial
compression test data of Tatsuoka et al. (1986), are determined to be about 43° and 12°,
respectively. The effective cohesion is 0 kPa, and the Young’s modulus is 6z MPa, where z is the
depth below the ground surface in meters. The coefficient of earth pressure at rest K, of sand is
about 0.32. Measurements of the coefficient K, are carried out from K, oedometer tests with
measurement of lateral stresses. In addition, this sand has an average particle size of 0.16 mm,
uniformity coefficient of 1.3, maximum void ratio e,,, 0f 0.977, minimum void ratio e,;, of
0.605, and specific gravity of soil particles of 2.64. The main soil parameters used are
summarized in Table 6.1.

An appropriate thickness of clay in front of the retaining wall was removed, and a latex
bag containing ZnCl, solution, having the same density as the clay, is placed in the excavated
area, then the excavation was simulated in-flight by draining away the ZnCl, solution from latex
membrane. Linear variable displacement transformers (LVDTSs) are used to measure pile lateral
deflection, rotation, and ground surface settlement. For more details about the soil parameters
and the measures obtained, the reader should refer to the research work of Ong et al. (2006a).

6.2.2 Three-dimensional finite element modelling

The numerical simulation was performed with the finite element code PLAXIS 3D
(Brinkgreve et al. 2016), which is a flexible tool for the analysis of 3D nonlinear soil-structure
interaction problems. Figure 6.1b shows the 3D mesh of the numerical model used to simulate
the centrifuge test. Due to symmetry, only one-half was modeled. Model dimensions are
determined so that they are equivalent to those of the centrifuge model at 50g (i.e. length of 27
m, width of 10 m, and height of 12.5 m). It is assumed that no horizontal and vertical
displacement at the bottom boundary by providing pin supports to the base of the mesh.
However, the vertical sides of the mesh were restrained from moving laterally but free to settle
by using roller supports. The retaining wall consists of a sheet pile (approximately equivalent to
that of a FSP-11A sheet pile wall) with an equivalent thickness at 50g of 15.87 cm and depth of 8
m. The equivalents embedment depth (L,) and external width (d) of the pile at 50g are 12.5 m
and 0.63 m, respectively.

The pile is modelled using the embedded pile feature available in PLAXIS 3D with a
bending rigidity EI, of 2.2 x 10° kNm?, and the retaining wall is simulated using the plate
element with a bending stiffness EI,, of 24 x 10° kNm?/m. Both pile and retaining wall were
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modelled using an isotropic linear elastic model. The behavior of the interface between the pile
shaft and the surrounding soil in the axial direction is governed by a linear-elastic constitutive
law with limited strength. Similar behavior is also adopted to simulate the response at the tip of
the pile. The mobilization of the shaft and base resistances is governed by the relative
displacement between the pile and the soil and also by the shear modulus of the soil. The
development of a negative shear stress along the pile shaft is allowed, which is useful for
modelling negative skin friction.

To model the small-strain nonlinear behaviour of the soil, the Hardening soil model with
small-strain stiffness (HSs), implemented in PLAXIS, was used in this analysis.

Thus, using the relationships mentioned in chapter 5 (see Egs. 5.1 to 5.7) and the various
soil properties reported by Ong et al. (2006a), the different parameters of the HSs model for both
layers (soft clay and dense sand) are deduced and summarized in Table 6.1.

The numerical modelling procedure is the same as that of the centrifuge test:

1. Generation of the initial effective stresses using the K, procedure at 1g;
2. Activate pile and retaining wall (modelled as “wished-in-place”);
3. Apply hydrostatic pressures to simulate the ZnCl, solution pressure on the wall;

4. Increase the amount of gravity to 50g using . Myyeign: (total multiplier for the material
weight);
5. Simulate the excavation by decreasing the pressure.
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Figure 6.1 Details of the centrifuge test (a) Side view (b) 3D Finite element mesh
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Table 6.1 Soil parameters used for the validation of 3D finite element model

Soil Yunsat Ysat ng)f Egg& Ell;f‘f m Vur Pref Cref ‘Po K:)lc Yo.7 G(I;Ef
kN kN kN
) &) (MPa) (MPa) (MPa) (% (6= (MPa)
Clay 16 18 24 12 87.5 1 0.2 100 3 23 0.6 2x 107* 33
Sand 18.5 20.5 54 54 162 04 02 100 001 392 037 11x10™* 1212

Notes: y= unit weight, ELST/ESf/Eref= reference secant/tangent/unloading-reloading stiffness, m= power for stress
dependent stiffness, C,..s= effective cohesion, @°= effective friction angle, v,= Poisson’s ratio for unloading-
reloading, Pr¢f= reference stress for stiffness, Ki= coefficient of earth pressure for normal consolidation, G5*f=
reference shear modulus at very small strains, y,, = shear strain.

6.2.3 Comparison of computed and measured results

Figure 6.2 shows comparison between the measured and computed pile responses at the
end of excavation in terms of bending moment and lateral deflection. Figure 6.2a shows that the
measured maximum induced bending moment is 86 kKNm at the end of the test (single pile
located at 3 m from the wall) and occurred at a depth of 0.6 L, (this depth also represents the
wall toe level). For the computed results, the maximum bending moment reaches 92 KNm at a
depth of 0.52L,,, which coincides with the base of the clay layer. From Figure 6.2b, it can be seen
that due to excavation procedures, the pile deflected towards the excavation with cantilever type
deformation, since the wall is unsupported during excavation. Consequently, both for the
computed results and the centrifuge test observations, the maximum horizontal displacement
occurred at the pile head (free-head) then decreases with depth until reaching a negligible value
at the pile toe, since the latter was embedded in rigid stratum, which means restrained
movements in all directions. For the centrifuge test, the pile deflection profile can be obtained by
integrating the bending moment twice, using the measured pile head deflection and rotation as
the input boundary condition. The magnitude of the maximum measured and computed pile
deflection is 12.5 mm (2.1%d,,) and 12 mm (2%d,,), respectively.

By comparing the results of the present numerical model to the centrifuge test
measurements, a good agreement is observed both in terms of pile lateral deflection and bending
moment (both for the curves shapes and magnitudes). Nevertheless, the position of the maximum
bending moment is slightly shifted upwards in the numerical model.

The obtained results reveal that there is an ability to perform a numerical parametric
study (effect of some key parameters) to investigate pile and pile group behaviour near deep
excavation using the HSs soil model.
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Figure 6.2 Comparison of the computed and measured results (a) pile bending moment (b) pile
lateral deflection

6.3 Reference 3D numerical model used for the parametric study

Using the finite element numerical code PLAXIS 3D, a full three-dimensional numerical
analysis was conducted to investigate the pile response due to nearby deep multi-strutted
excavation. The method of strutted diaphragm walls is one of the most commonly used methods
of deep excavation support. In practice, the construction of a deep excavation nearby to existing
pile foundations is a process that can consist of several phases. First the wall is installed to the
desired depth. Then some excavation is carried out to create space to install an anchor or a strut
to support the retaining wall. Then the soil is gradually removed to the final depth of the
excavation. Special measures are usually taken to keep the groundwater out of the excavation
(dewatering). The analysis neglects installation effects of the wall on existing piles and
concentrates only on the pile behavior due to excavation induced ground deformations.

6.3.1 General description of the model

In this reference model, the upper 28 meters of the ground consist of a layer of saturated
soft clay (the same as that reported in section 6.2.1). Underneath this clay layer there is a dense
stiffer layer of sand, which extends to a large depth (32 m of the sand layer are considered in the
model). It was adopted the same sand used in the centrifuge test but with different relative
density. The Hardening soil model with small-strain stiffness mode was adopted to model the
nonlinear stress-strain soil behaviour. The input parameters of the HSs model for the clay layer
are the same as those used for the validation test (see Table 6.1). However, the sand layer
parameters are those which correspond to a relative density RD of 60% as shown in Table 6.2.
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The sand has an internal friction angle of 35.5° dilation angle of 10°, permeability of 1.38 x
1076 m/s, and an effective cohesion of zero. The lateral earth pressure coefficient at rest, K, for
the sand is 0.42, and the Poisson’s ratio is assumed to be 0.2. The initial shear modulus

G,y */ defined for the reference pressure of 100 kPa is 100.8 MPa. The tangent reference modulus

of rigidity E7¢/

respectively.

and the unloading-reloading modulus stiffness E'¢/ are 54 MPa and 162 MPa,

ur

Due to symmetry of the problem, only one half of the model is analysed (the right
side). The 3D numerical model dimensions are 100mx20mx60m (widthxlengthxheight). These
dimensions are sufficient to allow any possible collapse mechanism to develop and to avoid any
effect of the model boundaries. Figure 6.3 shows the geometry of the model used for the analysis
(side and plan views). The volume to be excavated has dimensions of (10x20x20) m3 which is
equivalent to half width (B), length, and maximum depth of excavation (H,.), respectively. To
ensure a sufficiently high safety factor against the stability of the structure, the excavation was
supported by 1 m thick, 40 m long diaphragm wall (which represents two times the final
excavation depth), and ten levels of steel props with axial rigidity of EA=81x103 kNm. The first
level of props is installed at depth h,,,,; (unsupported excavation depth) of 1 m (Figure 6.3a). The
average vertical props spacing hg,, is 2 m, while the horizontal spacing is 4 m.

The embedded length (L,,) and diameter (d,,) of the pile are 40 m and 1 m, respectively.
The pile is located at a horizontal distance X,, of 4 m (i.e. 4d,,) from the diaphragm wall. The pile
was modelled using “Embedded pile” structural element which consists of beam element (3-node
line elements) with special interface elements providing interactions soil-pile. The embedded
pile element used in this numerical analysis has six degrees of freedom per node: three
translations (Uy, Uy, and U,) and three rotations (@, @, and @,). In this reference model it was
adopted the case of free-head (both translations and rotations are free). Material properties of
embedded pile are summarised in Table 6.3.
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Figure 6.3 Typical geometry of the reference model (a) side view (b) plan view
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Soil was simulated using a 10-node tetrahedral element. The soil mesh surrounding the
single pile was refined (fineness factor is 0.3536) and becomes coarser further away from the
pile. Finally, the mesh consisted of 12841 soil elements and 20266 nodes (Figure 6.4). Retaining
wall was modelled using a 6-node triangular plate element. The props and diaphragm wall are
modelled using anchors and plate elements, respectively. The behaviour of wall, pile and props is
assumed to be elastic, linear and isotropic. For a proper modelling of soil-wall interaction,
interface elements of 12-nodes were inserted between the soil and the wall. Interfaces are joint
elements consist of pairs of nodes, compatible with the 6-noded triangular side of a soil element
or plate element. The interfaces allow for the specification of a reduced wall friction compared to
the friction in the soil. Initially, the water table is at the soil surface and the pore pressure is
hydrostatic.

Axial Load
Single Pile

S
Retaining Wall -

Props

60 m

32m

Figure 6.4 3D finite element mesh

Table 6.2 Soil parameters used for the reference 3D numerical model

Soil Y“k“ﬁ‘“ y;s;t Eref Ereh Eref m Vg P:;f ckr]\?f @  Ki Yoo Gret
) 3 (MPa) (MPa) (MPa) G (&) (MPa)

Clay 16 18 24 12 87.5 1 02 100 3 23 06 2x107* 33

Sand 17 20 36 36 108 05 02 100 0.01 355 042 14x10™*  100.8

Table 6.3 Material properties of the embedded pile (L,= 40 m)

Description/ Parameter/ Unit Value
Unit weight, y (kN/m?) 24
Young modulus, E (GPa) 30
Diameter, dj, (m) 1

Skin resistance at top layer, T (kN/m) for Z,=0— 28 m 0-175
Skin resistance at bottom layer, T (kN/m) for Z,=28— 40 m 175-245
Base resistance (kN) 17000
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6.3.2 Construction sequences

The whole construction activities included staged dewatering, excavation and strutting.
At each stage, dewatering is first performed to lower the ground water table down to 1m below
the bottom of the subsequent stage of excavation, and then the soil is removed and followed by
the installation of all the struts at 1 m above the bottom of the excavation. Step by step, the
subsequent staged dewatering, excavation and strutting phases can follow each other until the
final bottom of excavation is reached. Table 6.4 summarise the numerical modelling procedure.

6.3.3 Numerical modelling procedures

In general, excavation was simulated by deactivating the soil element and making the
excavated area dry. The water table inside the excavation was progressively lowered with the
excavation of the soil during each phase, which is likely to correspond to the situation where a
pumping inside the excavation. Below the excavation level water condition was simulated by
using interpolate option. The displacements are reset to zero before starting of the excavation to
ensure that all deformations referred to hereafter are only a result of the excavation procedures.

Using the PLAXIS code, the systematic steps of methodology of the numerical
simulation of the problem are defined as follows:

1. General setting: The type of finite elements must be specified, the minimum dimensions of the
draw area must also be given here;

2. Creating a geometry model: A geometry model should include a representative division of the
subsoil into distinct soil layers, structural objects, construction stages and loadings;

3. Boundary conditions: Standard boundary conditions were adopted;

4. Material data sets: The soil model and appropriate material parameters must be assigned to the
geometry. For structures (like walls, plates, piles, struts, etc.) the system is similar;

5. Mesh generation: PLAXIS allows for a fully automatic mesh generation;

6. Initial conditions: Before starting the calculations, however, the initial conditions must be
generated. The initial conditions comprise the initial groundwater conditions, the initial
geometry configuration and the initial effective stress state;

7. Performing calculations: The construction process of an excavation can be simulated with the
Staged construction calculation option. The different stages of calculation are detailed in
Table 6.4;

8. Viewing output results: Once the calculation has been completed, the results can be evaluated
in the output program.
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Table 6.4 Numerical modelling procedure

Steps Description

1 Establish the initial phase using the K, procedure: K,=1 — sin ¢’.
2 Activate the single pile (modelled as “wished in place”)

3 Apply the working load on the single pile, and allow excess pore pressure induced due
to applied working load to dissipate. With a factor of safety of 4.0, the working load is
determined to be 5500 kN.

4 Install wished-in-place diaphragm wall by activate plate and the interface elements.

5 Excavate the first 2 m by deactivating the soil element in 8 days for an excavated
volume of 400 m3 (equivalent to that reported in centrifuge test by 50 m3/day), then the
first level of props is installed at 1 m below the ground surface (h,,s=1 m).

6 Excavate to 4 m below the ground surface with the same rate of excavation, followed by
the second rows of props at 1 m above the excavation level.

7 Repeat phase 6 by excavating 2 m in each phase followed by props installation with
h,vg= 2 m until the last phase of excavation (i.e., He= 20 m) is completed in 80 days.

6.3.4 Two-dimensional numerical analysis

=20m

He

28m

: Kacilin clay ' - ]

140 m 'l

“Toyoura sand

32m

100 m

Figure 6.5 2D Finite element mesh
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A two-dimensional numerical analysis, using the Plaxis 2D code with an hypothesis of
plane strains (Brinkgreve et al. 2017), was also performed in parallel to the three-dimensional
analysis so that the results of the two analyzes could be compared to assess the significance of
the 3D behaviour. Both the retaining wall and the pile are simulated using “Plate” structural
element with thickness of 1 m. The props are modelled using anchors structural elements with
spacing out of plane Ly of 4 m (simulates the horizontal space between props). Plates in the 2D
finite element model are composed of beam elements (line elements) with three degrees of
freedom per node: two translational (U, and Uy) and one rotational. The dimensions,
characteristics of the soil, and all the structural elements used in the 2D analysis are the same as
those of the 3D analysis. Figure 6.5 shows the 2D mesh of the numerical model.

6.3.5 Results and discussions

The pile responses in terms of bending moment, lateral deflection, skin resistance, axial
load, and settlement, for this reference model are shown in Figures 6.6 and 6.7. In general, it can
be seen that the pile responses increase with the depth of excavation; this is due to the stress
relief, soil movement due to excavation, and the dewatering.

From Figure 6.6a, it can be noted that in each stage and until the final excavation depth
(Zp/Lp= 0.5), the maximum induced bending moment occurred near the corresponding
excavated depth. At the final depth of excavation, the pile bends towards the excavation as
indicated by the negative bending moment magnitude (approximately 0.75L, of the pile is in
compression). While a positive bending moment is developed in the lower part due to 12 m of
pile embedding in the dense sand layer (about 0.25L,, of the pile is in tension). The positive value
of bending moment indicates that the side of the pile which is far away from the excavation is in
tension. Because pile head was not constrained (free), zero bending moments were obtained at
pile head.

During the early steps of excavation, a cantilever type deformation was observed for pile
lateral deflection as shown in Figure 6.6b. For H.= 2+-10 m, the maximum deflection occurred at
the pile head and then decreased till the pile toe. As the excavation progresses in depth (H.>10
m), due to the kinematics of the deflection in depth of the wall and the influence of props
rigidity, the pile shows a deep inward displacement profile with a maximum displacement
observed in depth after being at the head of the pile.

At the end of the excavation, the maximum normalised lateral displacement of the pile
reaches 32%d,, and occurs at a depth of 0.45L,, which almost corresponds to the final depth of
the excavation. When the excavation depth H, increases from 2 to 20 m, the maximum pile
deflection increases from 2 to 31.8 cm which represent an increase of about 15 times. It is also
observed that the displacement at the pile head is about half of the maximum displacement.
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Figure 6.6 Effect of excavation on (a) pile bending moment (b) pile lateral deformation

Figure 6.7a shows the skin resistance distribution along the normalised pile length
(Z,/Ly,) for different excavation phases. It can be seen that in the early stages of excavation (up
to He= 6 m), a positive skin resistance developed almost along the pile length to support the
applied load, and increases linearly with depth until reaching a maximum of 245 kN/m at the pile
toe. As a result, the pile axial load decreased from the head to the pile toe as shown in Figure
6.7b. However, at the final stage of excavation, a negative skin friction is developed along the
pile to a depth of 0.75L, and consequently the pile axial load increased from the top to Z,=

0.75L;, then decreases up to the toe of the pile due to the mobilization of positive skin friction.

The negative skin friction results in drag in the pile, and consequently in an increase in
pile settlement as shown in Figure 6.7c. By analysing the results of Figures 6.6b and 6.7c, it can
be noted that the maximum pile lateral deflection is about three times the maximum pile
settlement (U, /U,= 3).
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Figure 6.7 Effect of excavation on (a) pile skin resistance (b) axial load distribution (c) pile
settlement

To better compare the results of the 2D model with those of the 3D model, the 2D
calculation results are plotted in the same figures. The bending moment profiles and normalised
pile lateral deflection at the final phase of excavation show reasonably good agreement
compared to the 3D calculation, both for the shape of the curves and for the order of magnitude,
nevertheless the maximum pile bending moment and lateral deflection of the 2D analysis are
overestimated by 3% and 4%, respectively. Regarding the axial load and pile settlement, it can
be noted that the 2D results are significantly overestimated. At the final phase of excavation, the
maximum axial load and normalised pile settlement of the 2D analysis overestimates the 3D
results by about 38% and 36%, respectively. These differences may be due on the one hand to
the fact that the multi-propped deep excavations are in nature three-dimensional problems (Wang
et al. 2010; Hong et al. 2015a; Houhou et al. 2019, 2021), and on the other hand to the
simulation of the pile itself. Indeed in the plane strain model, it is not possible to represent the
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3D effect of a pile because of the difficulty in selecting adequate pile parameters. In fact the pile
is modelled by a plate element in 2D while in 3D analyses it is modelled by an embedded pile
element. Thus, the actual properties of a 3D pile are “smeared” in the plane strain direction to
obtain the equivalent pile properties per meter of width (represented by an equivalent 2D wall).
For more details on formulations used to obtain the 2D equivalent wall and to converting his
responses to that of a 3D pile, one can refer to section 5.3.4 of chapter 5.

From Figure 6.8 and Figure 6.9, it can be seen that there is a significant upward heave
ahead the wall, however behind the wall and pile, the ground surface mainly moves in the lateral
direction towards the excavation. This significant uplift ahead the wall is due to soil movements
beneath the bottom of the excavation. Stresses relief beneath the excavated zone (reduction of
the apparent weight of the soil) due to excavation induces a heave over the excavated bottom. As
a result, soil around the lower part of the pile and wall flows in the horizontal direction towards
the excavation.

Al

(@)

Figure 6.8 Deformed mesh at final excavation depth. (a) 3D simulation, (b) 2D simulation

According to Figure 6.10 which represents the horizontal displacement contours of the
soil, it can be seen that the pile as well as the wall undergoes the same movement as the ground
towards the excavation. It should also be noted that the movements are concentrated more in the
middle zone of the pile and the wall reflecting a displacement profile of deep inward type (see
Figure 6.6b). Despite the final embedded length of the wall and pile is rather important in
relation to the excavation bottom, a global rotation movement is observed in the lower part of the
wall and pile.
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€Y (b)
Figure 6.9 Total displacements vector around the wall and pile at final excavation depth (H.=
20m). (a) 3D simulation, (b) 2D simulation

By comparing the behavior in 2D and 3D, it can be noted that the volume of the ground
mobilized in the two-dimensional case is more important. The extent of the movement on the
surface as well as in depth is greater in the 2D case. In depth the ground movement in 2D
slightly exceeds the tip of the pile (Figure 6.9b), while in 3D does not even reach the pile tip. So,
as it has already been observed in Figure 6.6, movements predicted by the 2D analysis are
relatively overestimated. Thus, it has been shown that the plane strain simulations might give
conservative results.

(a) (b)
Figure 6.10 Horizontal displacements U, contours around the wall and pile at final excavation
depth (He=20m). (a) 3D simulation, (b) 2D simulation
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6.4 Parametric study

Considering the full interactions, a three-dimensional parametric study was conducted to
investigate the effects of some key parameters on mechanical behavior of single pile subjected to
ground deformations induced by an adjacent deep braced excavation embedded in a bilayer soil.
The numerical model studied in section 6.3 was used as the basic model for this parametric
analysis. The main parameters used in this parametric study are summarized in Table 6.5. In
addition, pile group effect was also studied. So several pile configurations were considered,
including two, four, and six pile groups, for each pile configuration two cases of head conditions
were examined as shown in Figure 6.20.

Table 6.5 Main parameters used in the parametric study

Parameters Values

Pile location X, [m] 4 (ref), 8, 12, 20, 30, 40, 60

Sand density D, [%] 30, 60 (ref), 90

Wall stiffness EI,, X 10® [kNm?/m] 0.33/0.83/ 1.67/ 2.5/ 3.33 (ref)/ 16.7/ 33.3
Pile diameter d,, [m] 0.4,0.6,0.8, 1 (ref), 1.2

Pile length L, [m] 10, 20, 30, 40 (ref)

Head condition Free, pinned, fixed

Props Stiffness EA [MN] 40, 80 (ref), 120, 160, 200, 350, 500, 1000

6.4.1 Effect of pile location

Figure 6.11 shows, for different excavation depths, the distributions of maximum induced
bending moment and normalised lateral deflection of a single pile located at various distances X,
from the retaining wall. In all cases, pile toe is located at two times of the final excavation depth
(H.= 20 m). These curves reveal that when the pile located farther away from the retaining wall
and for any excavation depth, the induced bending moment and pile deflection decreased
exponentially. This trend is more pronounced when the excavation depth is important. When the
pile is located at 60 m (i.e. three times of the final excavation depth 3H,), the excavation does
not have a significant effect on the pile behaviour and the pile response become negligible
whatever the excavation depth.

At the final excavation depth, when X, increases from 0.2H, to 2H, (i.e. increases 10
times), the maximum pile bending moment and lateral deflection decrease by about 87% and
80%, respectively. Figure 6.11 also shows that for any specific pile location, maximum bending
moment and lateral deflection varies linearly with excavation depth. The rapid decrease of the
pile bending moment with respect to the decrease of the pile lateral displacement, moving away
from the excavation, indicates that the pile is subject to flowing rather than bending as it moves
away from the excavation.
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Figure 6.11 Effect of pile location on (a) pile bending moment and (b) pile lateral deflection

6.4.2 Effect of sand density

Because the pile is embedded 12 m in the underlying sand layer (about 0.3L;), pile
responses are investigated for three cases of relative sand densities D= 30, 60 and 90%. Figures
6.12a and 6.12b show the bending moment and lateral deflection distribution at the final stage of
excavation, respectively. While Figure 6.12c shows the maximum pile settlement for different
excavation depths. Generally the numerical results indicate that the sand density has a significant
effect on pile behaviour. It can be seen that pile responses decrease with increasing sand density.
As for the shape of the curves, it is the same in all cases. For all cases of sand densities, the
maximum value of pile responses is observed near to the final excavation depth (0.5L,). From
Figure 6.123, it is also noted that with decreasing sand density, bending moment tends to shift to
the negative side of the curve. It is interesting that when the pile moves toward the excavation,
there is no change in pile head deflection in spite of the decreasing of sand density (Figure
6.12b). This may be due to the use of struts and the relatively high stiffness of the diaphragm
wall. As the relative density of sand increases from 30% to 90%, the maximum pile responses
decrease by approximately 27%, 30%, and 47% for bending moment, lateral deflection, and pile
settlement, respectively. These results indicate that sand density have a major effect on pile tip
resistance, where increasing sand density helps more to mobilise the working load.

It can be seen from the Figure 6.12c that bilinear increase in settlements was observed
with increasing normalised excavation depth (H¢/Ly,) in each case. The pile settlement increased
linearly with excavation depth, nevertheless, the rate of induced settlement increased with further
excavation steps in each case. The maximum pile settlement U, is about 15% d,, 10.8% d,,, and
8% d,, for D= 30, 60 and 90%, respectively.

Through the results of these tests, it should also be noted that the ratio between the
maximum horizontal displacement U, and the maximum settlement U, is not constant but
increases with increasing the density of the sand. U, /U, = 2.5, 3, and 3.5 for D, = 30, 60 and
90%, respectively.
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Figure 6.12 Effect of sand density on (a) pile bending moment, (b) pile lateral deflection, and (c)
pile settlement

6.4.3 Effect of excavation support system

The rigidity of the retaining wall, the number and stiffness of the struts are essential
parameters for controlling the movements induced by the excavation. The total rigidity of the
support system which includes among others the rigidity of the wall and struts spacing has been
much considered. There is many ways to study the influence of excavation support system. In
this study only the effect of system stiffness factor, the unsupported excavation depth hyns, props
axial stiffness EA, and the excavation width are investigated.

140



Chapter 6: 3D Numerical Analysis of Pile Response Due to Deep Excavation-Induced Ground Movements

6.4.3.1 Effect of system stiffness factor and unsupported excavation depth

In the literature there are several proposals to define the rigidity of the support system. In
addition to the flexural stiffness of the wall ( El,), often used by its logarithm, Clough and
O’Rourke (1990) introduce the approach of the stiffness of the wall-support system through the
average vertical spacing of struts (h,yg): S = (El,,)/ (ywhgvg). They developed the approach for
strutted excavation to compute the normalised lateral wall displacement (8;,,,/H,) for soft to
medium clays. For h,,,= 2 m, the influence of system stiffness factor (S) on pile behaviour was
studied by varying wall bending stiffness EI,, (see Table 6.5). Figure 6.13 shows the influence of
the system stiffness factor (S) on the pile behavior, at the intermediate and final excavation
phases, for different values of unsupported excavation depth h,,,.

According to Figure 6.13, there is a significant effect of support system factor on pile
behavior in particular in the final phase of excavation. Bending moment and normalized lateral
deflection of the pile decrease exponentially with increasing support system factor. At the final
phase of excavation with h,,s= 5 m, it is found that increasing the support system factor up to
10° decreases the pile bending moment and lateral deformation by approximately 71% and 57%,
respectively. It should be noted that in the case of h,,s=1 m, the pile response decreases by 78%
and 42% for the bending moment and the deflection, respectively. Thus, increasing the factor (S)
up to 10> is more beneficial when h,,, becomes lower.

It is clear that when the support system factor increases beyond 10°, there is no further
significant reduction in maximum bending moment and lateral movements of the pile.

The trend shown in Figure 6.13 highlights the negative impact of the unsupported
excavation depth on pile performance and the need for enforcing a strict restriction on this depth
to limit pile movements to acceptable levels, especially in the case of low system stiffness factor.
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Figure 6.13 Effect of system stiffness factor on (a) pile bending moment and (b) pile lateral
deflection
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6.4.3.2 Effect of props axial stiffness and excavation width

To better understand the effect of the support system on the pile performance, the axial
stiffness of the props (EA) was also studied. Figure 6.14 shows the variation of the maximum
bending moment and normalised lateral deflection with EA, for a range of excavation width
(B/H,), at the final stage of excavation (H.= 20 m). The props are spaced 2 m vertically and 4 m
horizontally for a pile located 4 m (4d,,) away from the retaining wall. It can be noted that the
pile response decreases exponentially with increasing EA, especially in terms of lateral
deformations. This tendency being more pronounced for a higher value of B/H,..

It should be noted that there is a significant reduction in pile responses in the range 40 to
500 MN. While by increasing EA beyond 500 MN, no palpable influence is recorded on the
behavior of the pile. For B/H.= 1, an increase in EA from 40 to 500 MN causes a decrease in the
maximum pile bending moment and lateral deflection of more than 40% and 70%, respectively.
On the other hand, the curves reveal that whatever the value of the props stiffness, the maximum
bending moment and the lateral deformations of the pile increase by increasing B/H,. In the case
of low axial rigidity (EA = 40 MN), it may be noted that when B/H, ranges from 0.25 to 1, the
maximum pile bending moment and lateral deflection increase by almost 100% and 230%,
respectively. Almost the same tendency was observed in the case of significant rigidities.
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Figure 6.14 Effects of Props axial stiffness and normalised excavation width on (a) bending
moment and (b) pile lateral deflection (H= 20 m)

6.4.3.3 Effect of props horizontal and vertical spaces

Figure 6.15 and Figure 6.16 shows the pile maximum induced bending moment and pile
lateral deflection with various props horizontal and vertical spaces for the six last stages of the
excavation. In Figure 6.15, the vertical space was fixed to h,,,= 2 m and the horizontal space
were changed. While in Figure 6.16, the horizontal space is fixed to 4 m and the vertical space
was changed. It should be noted that in both cases, the first level of props is installed at depth

142



Chapter 6: 3D Numerical Analysis of Pile Response Due to Deep Excavation-Induced Ground Movements

hyns= 1 m. For vertical space case, the number of props levels depends on the studied case
(varying of vertical space), therefore depends on the geometry of each case.

It can be seen that the evolution of the max bending moment is quite similar to that of the
lateral deflection. From these figures, it appears that whatever the excavation depth, the response
of the pile increases significantly with the increase in the horizontal and vertical space of the
struts. When the excavation depth is relatively low (H.=10, 12 m), the effect of the horizontal
and vertical spacing of the props is less important on the behaviour of the pile. However, when
the excavation progresses in depth (H.=14- 20 m), the effect becomes more obvious. Moreover,
for a depth of excavation 0.5L,, when the horizontal space of the props decreases from 10m to
2m, the pile response decreases to about half. Almost the same remark is valid for the props
vertical space effect.

6000

D
o

——He=10m

—&—He=12m (a)

5000 -

al
o

4000 -

1000 4 ./‘__‘__/‘

0 2 4 6 8 10 12 0 2 4 6 8 1I0 12

B
o

Bending moment (kNm)
8
8
Lateral deflection Ux (m)
3 8

=
o

Horizontal Space (m) Horizontal Space (m)
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6.4.4 Effect of pile stiffness

Using different pile diameters (see Table 6.5), the influence of pile stiffness on pile
behaviour for the maximum excavation depth H,= 20 m are investigated (Young's modulus is
fixed at 30 GPa). For the results given in Figure 6.17, the pile is located at 4d,, away from the
wall, which is supported by props spaced 2 m vertically and 4 m horizontally, having axial
rigidity of EA= 81x103 kNm. The results show that the distribution of bending moment and
lateral deflection are quite similar in shape. It can be seen that the induced bending moment
increases with increasing of pile stiffness as shown in Figure 6.17a. While Figure 6.17b reveal
that the maximum pile lateral deflection decreases with increasing of pile stiffness.

When the pile diameter varies from 0.4 to 0.8 m, the maximum bending moment occurred
in the lower part of the pile at Z,= 0.875L,. While for d,= 1 and 1.2 m, the maximum negative
bending moment is higher in magnitude than the positive one (observed in the upper part of pile
near to Z,= 0.5L;). It’s noted also that for d,= 0.4+0.8 m, the pile rigidity does not have a
significant influence on the pile deflection. It is noted that with increasing the pile stiffness, the
pile head deflect towards the wall from 11d,% to 17d,% for d, = 0.4 to 1.2 m, respectively.
These results show good agreement with studies conducted by (Poulos et al. 1997) to investigate
pile stiffness effect on pile behaviour using the two stage analysis method (TSAM). Where due
to its larger stiffness (solid pile), pile deflection decrease slightly with increasing pile diameter
but generally follows the soil movement unless the pile is very stiff (d >1 m).
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Figure 6.17 Effect of pile stiffness on (a) pile bending moment (b) pile lateral deflection (H.=

20 m)
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6.4.5 Effect of pile length

For the final excavation depth (H.= 20 m), in order to highlight the pile length effect, pile
responses are investigated using four different pile lengths (i.e. L,/H.= 0.5; 1; 1.5; 2),
consequently using different working load (i.e. 415 kN; 958 KkN; 2140 kN; 5500 kN,
respectively). From Figures 6.18a and 6.18Db, it can be seen that when the base of the pile is still
in the soft clay layer (L,/He= 0.5 and 1), the bending moment along the entire pile is negative,
and the pile deflection is almost linear (the toe of the pile moves more than its head). So this is
the response of a floating pile due to excavation-induced soil movements. When the pile toe is
located below the final excavation level and within the dense sand layer (end bearing pile),
maximum bending moment and lateral deflection always occurred at the final excavation level,
and then reduced till the pile toe. Up to a pile length equal to 1.5H,, the bending moment
remains negative along the pile (which implies that the tensile fiber is located on the face of pile
opposite to excavation), whereas in the case L,/H.= 2, positive bending moment is developed in
the lower part of the pile.

From Figure 6.18a it can be seen that no bending moment was induced at/near pile head
in all the 4 cases, since there was no rigid constraint at the pile head (pile head was free to move
and rotate). Figure 6.18b shows, in all cases studied, that the pile head remains almost
unchangeable and represents almost half of the maximum deflection, it can also be noted that as
excavation was carried out, the pile deflected towards excavation in all the four cases. This is
because of excavation-induced effective stress relief and soil movement towards excavation.

From Figure 6.18c, it can be seen that the axial load increases with the increase of pile
length, and in all cases the pile is subjected to a compressive force. In the cases of floating pile
(Lp/He= 0.5 and 1), most of the working load is mobilised by the positive skin resistance
developed along the pile, and the maximum axial load occurs at the pile head and then continues
to decrease until the pile toe. For end bearing piles (L,/H.= 1.5 and 2), due to negative skin
friction developed along the upper part, the axial load increases from the pile head to reach a
maximum value at the depth 0.75L;, then it decreases until pile toe due to the positive skin
resistance developed in the lower part of the pile. As the pile length increases from 10 to 40 m,
the maximum axial load increases by about 22 times. According to the 3D results obtained in this
study (Figure 6.19), when the axial load applied at the pile head increased from 2140 kN (L,/
He= 1.5) to 5500 kN (L,/H.= 2), the increase in induced pile lateral deflection and bending
moment are negligible.

Figure 6.18d shows the normalised pile vertical settlement (U,/d,) profile along the pile
length after the final excavation depth in all four cases (i.e. L,/H.=0.5; 1; 1.5; 2). It can be seen
that the pile head settlement increases with decrease of pile length. The single pile experienced
maximum settlements (due to the excavation work and the existence of working-load) of 108
mm, 187 mm, 263 mm and 277 mm (i.e., 10.8%, 18.7%, 26.3% and 27.7% of pile diameter) in
case of L,/He= 2, Lp/He= 1.5, L, /He=1 and L, /He= 0.5, respectively. Which means that the
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pile experiences higher settlement if the pile toe is located closer to the final excavation level
(pile toe is subjected to the largest stress release, leading to a large reduction in pile toe
resistance). On the other hand, the pile settlement profile is uniform along its depth. This is
because of higher stiffness of concrete as comparative to soil.

These results reveal that the pile performance depends, among other parameters,
relative position of the pile toe with respect to the excavation level.
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6.4.6 Effect of head conditions

Several researches show that the pile head conditions have major effects on pile
performance, either by using centrifuge tests (Leung et al. 2000; Leung et al. 2003) or using
numerical methods (Liyanapathirana and Nishanthan, 2016; Soomro et al. 2019a), particularly
on the induced bending moments and pile lateral deflection. Poulos et al. (1996) study the free
translation and fixed rotation as another type of head condition. The embedded pile element used
in this numerical analysis has six degrees of freedom per node: three translations (U, U, and U,)

and three rotations (@, @y, and @,). The create point prescribed displacement option

implemented in PLAXIS 3D is used to study the effect of the support conditions of the pile head,
where three cases were investigated: free head, pinned head, and fixed head.

Simulation of the three cases as follows: free case is simulated by a free head pile (both
translation and rotation are free). The case of pinned head is simulated by fixing only the
translation Uy and Uy, which is likely to correspond to the situation where the pile head-pile cap
connection is pinned, or where single piles supporting superstructure columns are often
connected by tie beams to enhance the overall foundation stability. In fixed case, all translation
(Ux, Uy and U,) and rotation (@, @, and @,) are fixed, which is likely to correspond to the
situation where a massive pile cap is restrained by ground beams, or when the pile is part of a
pile raft foundation for a large structure.

Figure 6.19 shows the pile responses at the last stage of an adjacent excavation. It shows
that the pile head conditions play an important role and affect the pile responses, especially in the
upper part of the pile, while there is no great change noticed in the lower part. For both the
induced bending moment and pile lateral deflection, the maximum values were occurred near the
final excavation depth He= 0.5L, except the fixed case. From Figure 6.19, in general, it appears
that the shape of the curves is quite similar for all cases considered, whether for the bending
moment or the deflection of the pile.

As the pile head is free, it can be seen that the induced bending moment is zero at pile
head. In terms of lateral displacements, the deflection at the pile head is approximately 50% of
the maximum deflection that occurred in the middle of the pile length.

In pinned case, it can be seen that the bending moment at pile head is zero because the
pile head was still free to rotate. However, a large negative bending moment developed at the
upper part of the pile. The pile head deflection has been effectively eliminated in this case.

In fixed case, a significant positive bending moment develops at the upper part of the pile
(maximum value about 5300 KNm at pile head), which can increase the risk of possible structural
damage to the pile. However, the pile head deflection is totally eliminated, and the deflection in
the upper half section of the pile is relatively less than the previous cases, so that the maximum
deflection decreased about 11%.
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Figure 6.19 Effect of head conditions on (a) bending moment and (b) pile deflection

6.4.7 Effect of pile group

In practice, piles are frequently used in groups especially in urban areas. Both numerical
and experimental studies have been carried out to investigate the influence of ground movement
on pile group response during nearby excavations. One can refer to the research work used the
centrifuge tests (Leung et al. 2003; Ong et al. 2009), or using numerical methods to study these
types of geotechnical problems (Nishanthan et al. 2017; Shakeel and Ng, 2018; Soomro et al.
2018b). In this context a parametric study is carried out to investigate the behaviour of piles in
groups at the final stage of excavation (H.= 20 m). For this purpose, several configurations of
pile group were considered including two, three, four and six single piles. Each configuration has
been tested for two different pile head condition cases, namely free and capped. Schematic
configurations for all pile group tests are presented in Figure 6.20. The dimensions,
characteristics of the soil and all the structural elements (wall, props, and piles) used in the
analysis are the same as those of the single pile case. The horizontal distance between the
retaining wall and the front piles row is X,= 4 m. For the horizontal direction X and Y, the
center-to-center spacing between piles was 4d,, except test 6 (S,= 2d;). In capped-head case, the
pile cap was assumed to be at 1.0 m above ground surface to avoid interactions between the pile
cap and the soil surface. But this does not prevent the different interactions that can occur
between the different individual piles through the pile cap. The pile cap is made from reinforced
concrete with thickness of 1.0 m which is modeled as a linear elastic material using a 6-node
triangular plate element with a Young’s modulus of 30 GPa and Poisson’s ratio of 0.2. The pile
cap bending rigidity depends on the configuration of the piles facing the excavation.
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Figure 6.20 Pile group configurations used in the analysis

6.4.7.1 Two and three-pile groups

Figure 6.21a shows the induced bending moment distribution of 2-pile group parallel to
the wall configuration, where tests 4 and 5 investigate the free-head and capped-head cases,
respectively. Due to symmetry, only one pile responses were presented. The test result of a
single pile case located at the same position labelled test 1 is plotted in the same figure for
comparison. It can be seen that the distribution of bending moment are quite similar in shape. In
each case, the maximum induced bending moment occurred near the final excavated depth H.=
20 m. Pile response in the upper part is very close to that of the single pile. A positive value of
bending moment in the lower part is developed. A negligible bending moment developed in pile
head for test 5 (due to the presence of pile cap). However, the results indicate that the induced
bending moment of the single pile was larger than that of the pile group. The same remark for
the maximum lateral deflection as shown in Table 6.6. It’s noted also that the pile deflects by the
same magnitude for tests 4 and 5.

Figure 6.21b shows the distribution of the induced bending moment of a group of 2 piles
arranged perpendicular to the wall for two configurations, the free-head and capped-head cases
which represent test 6 and test 8 respectively. The front and rear piles are located at 4 and 8 m
away from the retaining wall, respectively. Whether in test 6 or 8, the distributions of bending
moment are quite similar in shape for the front and rear piles. It can be seen that the front piles
experiences the highest effect from the excavation. It is clear that the existence of the front pile
which is located inside the wedge of weakened soil reduces the harmful effects of the deep
excavation on the rear pile.

Because the pile head is restrained for the capped-head 2-pile group case (test 8), a
positive bending moment has developed in the upper part of the pile (Z,= 0.25Lj,) for the front

and rear piles. In both tests, the piles deflected by approximately the same maximum value as
shown in Table 6.6.
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Figure 6.21 Pile response for (a) 2-pile parallel to the wall (b) 2-pile perpendicular to the wall
(He=20 m)
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Figure 6.22 Bending moment of pile situated at X,,=8 m from the wall
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A third case presented to study the behaviour of a pile situated at the same distance from
the wall in 2, and 3-pile group configuration (Figure 6.22). Only free-head pile group case is
presented. The intended pile is that located 8 m from the wall. In test 6 and test 7 it represents
front pile and rear pile, respectively. While it represents the middle pile with 4d,, and 2d,, centre-
to-centre spacing between piles for test 9 and 10, respectively. For comparison, the test result of
a single pile case located at the same position labelled test 2 is plotted in the same figure. It can
be seen that the distribution of bending moment profiles are quite similar in shape for the five
tests. Because of group effect, the magnitude of induced bending moment of the pile has reduced
(test 6, 7, 9, and 10), in particular for the middle pile case when compared to that of single pile at
the same location (test 2). The pile in test 7 is playing the role of the front one unlike in test 6
where the existence of the front pile diminishes the detrimental effects of excavation on the rear
pile.

Test 9 and 10 was conducted also to study the effect of centre-to-centre spacing between
piles. It appears that when centre-to-centre spacing decreases from 4d,, to 2d,, the pile response
decreases. Figure 6.22 also reveals, after comparing the groups of 2 and 3 piles, that as the
number of piles increases, the response of the piles decreases. For these tests (pile located at
8d,, from the wall), the corresponding pile deflection is slightly reduced as shown in Tables 6.6.
It can be seen that the front pile experiences the highest deflection followed by the middle and
rear pile, respectively.

6.4.7.2 Four-pile groups

Tests 11 and 12 were conducted involving a free-head and capped-head four-pile group,
respectively. These tests include a pair of front piles and another pair of rear piles located at 4
and 8 m from the wall, respectively. Due to symmetrical arrangement of piles relative to the
excavation face, only two piles behaviour is presented (one at 4 m and another at 8 m from the
wall). The results of these 2 tests in terms of pile bending moment are shown in Figure 6.23. The
results of two tests labelled test 1 and test 2 (single pile located at X,= 4 m and 8 m,

respectively) are plotted in the same figure for comparison with those of the front and rear piles.

It can be seen that either for test 11 or test 12 (front or rear piles), the distributions of
induced bending moment are quite similar in shape with that of single pile cases. In each case,
the maximum bending moment occurred near the final excavated depth (H.= 20 m). A positive
value of bending moment in the lower part is developed owing to 12 m (about 0.3Lj) of pile
embedment into the underlying dense sand layer. As the pile head is free (test 1, 2, and 11), the
induced bending moment is zero at pile head. Due to pile cap restraint (test 12), significant
positive bending moment is developed in the upper part (Z,= 0.2L;) for both front and rear piles.
In both configurations (free and capped head), the pile response is always higher when the pile is
in the forward position than when it is in the rear position, in other words, front piles experience
the highest effect of excavation. Therefore, the existence of front piles row reduces the harmful
effects of excavation on the rear piles.
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Figure 6.23 Pile bending moment of free and capped-head 4-pile group (Test 11 and Test 12)

The 3D numerical results show that the maximum bending moment of the front pile is
greater than that of rear pile by about 29% and 19% in the free and capped case, respectively.
The curves reveal also that the induced maximum pile bending moments in 4-pile group are
smaller than those of the single pile case (test 1 and 2) due to group positive effect. By
comparing the results of tests 11 and 12, the magnitude of the induced bending moment for the
capped-head pile group (front or rear pile) is slightly smaller than that of the free-head case due
to group interaction effect, and because of the presence of the pile cap which diminishes the
effect of the working load (where this pile cap are used to first transmit the working load to the
connected piles and then transmit it to the underlying bedrock), unlike when apply directly an
axial load on every single pile in free-head pile group case. From Figure 6.23, it can also be
noted that the maximum front pile bending moment in the free case is larger than that in capped
case by only 8%, however the maximum bending moment of the rear pile in the free or capped
case is almost the same.

As to the piles lateral deflection, the results are consistent with those found for the
induced bending moment. As shown in Table 6.6, the maximum pile lateral deflection of the
front or the rear piles in the 4-pile groups (tests 11 and 12) is smaller than that of a single pile
situated at the same distance behind the diaphragm wall (tests 1 and 2). This may be due to the
positive effect of the group and to the “shadowing” effect of the front pile over the rear pile.

The results show that the maximum lateral deflection of front pile (test 11 or 12) is
smaller than that of single pile located at the same distance from the wall (test 1) by about 10%,
however the deflection of rear pile is lesser (test 11 or 12) than that of single pile situated at X,=
8 m (test 2) by about only 7.5%. However it is noted that the value of the maximum lateral
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deflection of the front piles in the free-head case (test 11) is almost the same as that of the front
piles in the capped-head case (test 12). This also applies to the rear piles.

In Table 6.6, it can also be noted that the maximum pile lateral deflection of the front pile
is greater than that of rear pile by about 18% and 16% in the free and capped case (test 11 and
12), respectively.

Table 6.6 Maximum pile lateral deflection for different pile group configurations (H, =20 m)

Maximum pile lateral deflection in (cm)

Tests No. : - : 2
Front Piles Middle Piles Rear Piles
1 31.8 / /
26.7 / /
3 24 / /
4 31 / /
5 31 / /
6 30 / 26
7 25.3 / 21.56
8 29.9 / 25.6
9 29.8 25 21.3
10 26.4 24.7 23.7
11 29 / 24.6
12 28.5 / 24.5
13 28 25 20.9
14 27.25 22.7 20.5
15 (centre piles) 27.8 / 24
16 (centre piles) 27.3 / 23.45

For comparison and using the PLAXIS 2D code (Brinkgreve et al. 2017), a two-
dimensional analysis was also performed in parallel with that case of three-dimensional analysis
(four-pile group configuration (2x2)). The 3D single pile properties are multiplied by the
number of similar piles in the plane strain direction and smeared (divided) by the pile group
centre-to-centre spacing (s) in the plane-strain direction as shown in Figure 5.6b (see chapter 5),
while the deflection results remain similar.

Figure 6.24a and 6.24b shows comparison between 2D and 3D computed bending
moment for test 11 and 12, respectively. In general, the curves have similar shapes and the
results show that there is a good agreement between the two models, except for the rear piles
which are less predicted by the 2D model compared to those of the 3D analysis. The same cannot
be said for the maximum lateral deflection, which is very close to that of the 3D calculation: 29
and 26 cm for test 11, while 28.5 and 27.8 cm for test 12, for front and rear piles, respectively.
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6.4.7.3 Six-pile groups

Four tests were performed to study piles responses for the six-pile group configuration.
Two tests of (2 pilesx3 rows) configuration were conducted for free and capped-head cases
labeled test 13 and test 14, respectively (see Figure 6.20). These tests involved three pair of piles:
front, middle, and rear piles, located at 4, 8, and 12 m behind the wall, respectively. In addition,
two other tests labeled test 15 and 16 were carried out; it is the (3 pilesx2 rows) configuration.

Figure 6.25a shows the distribution of bending moment for the 2x3 configuration (tests
13 and 14). Since the response of the piles located at the same distance from the wall is identical
due to the symmetry of the model in the longitudinal direction, only three piles behavior is
presented (those located at 4, 8, and 12 m from the wall). It can be seen that when the piles was
located further away from the wall, the induced bending moment decreased exponentially. As
can be observed, the first pair of piles experiences the highest bending moment, followed by the
middle piles, with the rear pair experiencing the lowest bending moment. From Figure 6.25a, the
maximum bending moment of the front piles (test 13) is higher than that of middle, and rear piles
by about 25% and 83%, respectively. Between Z,= 0.3L, and Z,= 0.8L,,, for both tests 13 and

14, the front, middle and rear piles behave almost the same.

By comparing the piles located at the same distance from the wall, it is found that the
bending moment of the capped-head pile group is slightly smaller than that of the free-head case.
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Figure 6.25 Bending moment for 6-pile groups (a) 2x3 configurations “test 13 and 14 (b) 3x2
configurations “test 15 and 16”

Due to the influence of the group and the interaction through the pile cap, a substantial
positive bending moment developed at the pile head for test 14. According to the results obtained
in the previous section, it should be noted that the pile bending moment of a group of 6 piles is in
order lesser than that of a group of 4 piles and single pile. In addition to the shadowing effect, it
is thought that the diminution in ground movements is due to increased piles reinforcing the soil
behind.

Consistent with the observed pile bending moment in Figure 6.25a, the maximum lateral
deflection of the front piles is the largest, followed by the middle piles, and then finally by the
rear piles (see Table 6.6). However, there is no significant difference between the maximum
deflection of the piles of the free and capped-head cases.

In tests 15 and 16, four types of piles named as follows: front peripheral, rear peripheral,
front centre and rear centre pile are used to illustrate the behaviour of piles in 3x2 configurations
(2 rows of 3 piles) as shown in Figure 6.25b. The curves of this figure reveal that the induced
bending moment profiles are similar in shape. Whatever type of pile, peripheral or centre, the
responses of the front piles are more important than those of the rear piles, which agrees well
with the previous findings (tests 11, 12, 13 and 14). From Figure 6.25b, the maximum bending
moment of front piles (peripheral or centre) is greater than that of rear piles (peripheral or centre)
by about 20% in the case of free-head (test 15). In the case of capped-head (test 16), due to pile
cap restraint, a significant positive bending moment is developed at piles head. It should also be
noted that peripheral piles experience the highest effect of ground movements due to excavation.
It is obvious that peripheral piles protect and reduce the impact of soil movement imposed on

155



Chapter 6: 3D Numerical Analysis of Pile Response Due to Deep Excavation-Induced Ground Movements

central piles, in particular rear piles. Figure 6.25b also shows that the maximum bending moment
of peripheral piles (front or rear) is higher than that of the centre piles (front or rear) by almost
10% in the case of capped-head. Analysis of the results shows that the responses of the piles in
the 2x3 pile group are smaller compared to those of the 3x2 configurations. Indeed, in the 2x3
configuration, the last two pairs of piles (middle and rear piles) represent two thirds of the group
which is located relatively far from the wall, unlike the 3x2 configuration (2 rows of 3 piles)
where the first row, which represents half of the group, is in the primary influence zone (very
close to the wall).

Concerning the piles lateral deformations, the results obtained are consistent with those
obtained for the induced bending moment. As shown in Table 6.6, the deflection of front centre
pile is slightly higher than that of rear pile.

6.5 Conclusion

In this chapter, single pile behaviour due to deep braced excavation-induced soil
movements embedded in bilayer soil (soft clay overlying dense sand) was investigated using a
full three-dimensional numerical analysis, which was verified using some centrifuge test results
found in the literature. The relevance of the 3D model is also judged by comparison with a 2D
model. A thorough parametric study is carried out to investigate the effects of excavation depth,
pile location with respect to the excavation wall, sand density, stiffness of the support system,
pile stiffness, head conditions, and pile length. The effect of pile group on pile performance was
also investigated using different pile group configurations.

The 3D results obtained indicate that due to soil movements, the dewatering, and soil
stress relief upon excavation, the pile response in terms of bending moment, lateral deflection,
axial load, skin resistance, and pile settlement increases significantly with excavation depth.
Bending moment and pile lateral deflection using 2D analysis show good agreement compared to
those of the 3D calculation. However the 2D plane strain model might give conservative results.
Regardless of the excavation depth, the maximum lateral displacement and the bending moment
of the pile decrease exponentially with the distance from the excavation. They become negligible
when the pile is located at a distance of 3H, from the wall. At the final excavation depth, when
the sand relative density increases from 30% to 90%, the maximum pile responses decrease by
approximately 27%, 30%, and 47% for bending moment, lateral deflection, and pile settlement,
respectively. With increasing the support system factor, both pile lateral deformation and
maximum bending moment decrease exponentially. However, when the support system factor
exceeds 105, support system has no noticeable influence on pile behaviour. It should be noted
that the increase of the system stiffness (Without exceeding 10°) becomes more beneficial when
the unsupported excavation depth h,,¢ is low. The maximum pile bending moment and lateral
displacement decreases exponentially with increasing props axial stiffness EA (particularly the

156



Chapter 6: 3D Numerical Analysis of Pile Response Due to Deep Excavation-Induced Ground Movements

lateral deformations). This tendency is more pronounced as the normalised excavation width
(B/H,) increases. When EA exceeds 500 MN, no perceptible influence on the pile behaviour is
recorded. Whatever the value of EA, the maximums of the bending moment and the lateral
deformation of the pile increase by increasing B/H,.

Pile head condition has a massive impact on the pile performance with increasing degree
of pile head fixity, especially near pile cap in terms of induced bending moment, and pile lateral
deflection. In other words, the development of bending moment is very high in upper part of the
pile and the deflection is totally eliminated (pinned and fixed cases). Pile length variation testing
revealed that pile performances depend on the pile toe position relative to the excavation level.
As the pile length increases from 10 to 40 m, the maximum axial load increases by about 22
times. In the case of floating pile (when the pile toe is still in the soft clay layer, L,/He= 0.5 and
1), the pile experiences higher settlement because the pile toe is subjected to the largest stress
release, resulting in a significant reduction in the pile toe resistance. When the pile toe is below
the final excavation level (the case of end bearing pile), a positive bending moment and skin
resistance develop in the lower part of the pile.

The bending moment and lateral deflection of pile within a pile group depends, among
other parameters, on its location with respect to the other piles of the pile group (front, middle, or
rear pile), its distance from the retaining wall, pile head condition (free-head or capped-head),
the number of piles in the group, and centre-to-centre spacing.
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General Conclusion

The research work presented in this thesis focuses on the numerical analysis of the effect
of ground movements induced by the construction of underground structures on adjacent pile
foundations. The objective of this research work is to investigate single pile and pile group
responses due to tunnelling or deep excavation induced soil movements in soft clay overlying
dense sand using the explicit finite element code PLAXIS 2D & 3D. The response of vertical
piles to excavation-induced movements is evaluated in terms of: bending moment distribution,
lateral pile deflection, axial force induced in the pile (compression, tension), pile settlement, skin
resistance distribution, and pile bearing capacity.

Unlike previous studies which investigated the problem in homogeneous geological
context (sand or clay), in this thesis, the pile response was thoroughly studied in bilayer soil. To
take into account the small-strain nonlinear behaviour of the soil, the Hardening soil model with
small-strain stiffness (HSs) was used in the present numerical analyses.

This thesis consists of two main parts:

The first part is devoted to a bibliographic study containing four chapters, the first two
chapters presents a literature review on methods developed by researchers to predict tunnelling
induced ground movements in sands and clays, and the various studies that address the problem
of the effects of tunnelling on piles and piled structures (pile-soil-tunnel interaction problems).
The second two chapters presents a literature review on the various popular methods available to
predict ground movements due to deep excavation, and the various existing methods to
investigate piles responses due to ground movement induced by adjacent deep excavation (wall-
soil-pile interaction problems).

The second part, which includes two chapters, is the subject of the various contributions
made in this research. It involves numerical modeling to observe the additional responses of the
adjacent piles due to the effect of the movements of the surrounding ground induced by the
digging of the underground works, namely tunnels or deep excavations. The numerical modeling
of these underground structures includes four main aspects: construction phasing, three-
dimensional effects, hydromechanical coupling and soil-pile-structure interactions.

The validation of the numerical models was based on the results of centrifuge tests found
in the literature. The relevance of the 3D models was also judged by comparison with the 2D
plane strain models using the PLAXIS 2D code. The various numerical calculations carried out
show that the movements of the ground around the underground structures and consequently the
responses of the piles in the vicinity depend on a multitude of parameters: the geometry and in
particular the size and depth of the structural elements, the behavior of the soil mass, the stiffness
of the various elements constituting the problem, the geometric configuration of pile groups, and
construction phasing.
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First, a full 3D numerical analysis is carried out to study the effect of ground movements

caused by tunneling on the behavior of adjacent piles in soft clay overlying dense sand. The
Slurry Pressure Balance (SPB) technique is used in this study to simulate the construction of the
tunnel. The numerical analyses mainly focus on both vertical and horizontal single pile
responses. From a 3D numerical reference model, an extensive parametric study was conducted
to investigate the effect of some key parameters such as tunnel advancement, volume loss, pile
location, pile length, pile diameter, tunnel diameter, over consolidation ratio of the clay, and
tunnel depth. To give supplementary comprehensions concerning groups of piles, a 2x2 pile
group with two different pile head conditions (free and capped) was considered. Based on the
numerical analyses results obtained and within the range of the parameters tested and soil
conditions, the following conclusions can be drawn:

The results obtained from the 3D numerical modelling show that due to tunnelling-
induced soil movements, the pile response in terms of transverse bending moment, axial
force, shaft resistance, transverse deflection and pile settlement increases considerably
with the advancement of the tunnel. Pile responses seem stabilized once the tunnel face is
in front of the pile by a distance of twice the tunnel diameter. However in the longitudinal
direction, the maximum pile responses (bending moment and deflection) occur when the
working face is at the same level as the pile location. Nevertheless the magnitude of the
pile responses remains very low compared to those in the transverse direction (a
reduction coefficient up to 2.3 was observed).

Except bending moment, where the 2D analysis shows good agreement with the 3D
simulation, the pile responses using 2D numerical analysis are overestimated. Thus, 2D
plane strain modelling could give conservative results.

As the volume loss increases from 1% to 3%, pile head settlement, lateral deflection,
bending moment, and axial force increase by 83%, 140%, 53%, and 12% maximum,
respectively. The effect of volume loss on pile responses only becomes noticeable when
the tunnel face is located from a back distance of 2 times the tunnel diameter. Noting that
the effect of the volume loss is all the more important as the diameter of the pile is large.

Excavating a tunnel close to a pile not only causes ground deformations, but also can
reduce the pile bearing capacity. By increasing the volume loss from 1% to 3% the
apparent loss of pile capacity (ALPC) increases from 11% to 20%.

The variation in pile length revealed that the pile performance depends on the position of
the pile toe with respect to the tunnel depth. The pile experiences greater settlement if the
pile toe is located above the tunnel horizontal axis. This is because the pile tip is
subjected to the greatest stress release, which results in a large reduction in the pile tip
strength and shaft resistance. By increasing the pile length from 0.5H; to 1.5H,, the
maximum pile head settlement and lateral deflection decrease by about 63% and 18%,
respectively. In contrast to the pile displacements, the induced bending moment and axial
load constantly increases with the increase in the pile length. When the pile length
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increases from 0.5H; to 1.5H,, the maximum bending moment and axial load increase by
about 7 and 13 times, respectively.

For any pile length, pile responses decrease exponentially with lateral distance from the
tunnel axis. When the pile is located at a distance beyond 2.5D,, the pile responses
become insignificant.

The increase in theoretical excavated volume (V;) induces more stress release and soil
movement towards the tunnel, which will affect the pile responses. The 3D results
showed that increasing the tunnel diameter from 6 m to 10 m results in a 120%, 75% and
63% increase in maximum lateral deflection, pile settlement and bending moment,
respectively.

Variation in tunnel depth significantly influences the behaviour of single piles. It was
found that an increase in tunnel axis depth from 1.5D; to 2.5D; (with L,= 3Dy) results in
an increase in the maximum magnitude of lateral deflection, pile settlement, bending
moment, and axial force of about 420%, 146%, 32%, and 30%, respectively.

As expected, the stress soil history significantly affects the pile response. When the OCR
of the clay increases from 1 to 1.5, for V; =3%, the maximum bending moment and
lateral deflection of the pile decrease by about 59%.

Increasing of pile rigidity increases the bending moment and decreases lateral deflection.
In general, the results obtained showed that the pile responses are lower in the pile group
than in the single pile case, indicating a positive group effect. The response of a pile

within a pile group depends, among other parameters, on its location in the group (front
or rear pile), and pile head conditions (free or capped head).

Secondly, a full three-dimensional numerical analysis is performed to investigate single pile and
pile group responses due to deep excavation-induced soil movement in bilayer soil. To better
understand the single pile behaviour, a thorough parametric study was carried out using 3D
numerical model. It focuses on the effects of excavation depth, pile location, sand density,
support system rigidity, pile stiffness, head conditions, and pile length. In order to provide
further insights about the response of pile group system, several configurations of pile group
were considered including two, three, four and six single piles. Each configuration has been
tested for two different pile head condition cases, namely free and capped. Based on numerical
results and analysis presented herein, the following conclusions can be drawn:

The 3D results obtained indicate that due to soil movements, the dewatering, and soil
stress relief upon excavation, the pile response in terms of bending moment, lateral
deflection, axial load, skin resistance, and pile settlement increases significantly with
excavation depth.

Bending moment and lateral deflection using 2D analysis show good agreement
compared to those of the 3D calculation. However the 2D plane strain model might give
conservative results.
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e Regardless of the excavation depth, the maximum lateral displacement and the bending
moment of the pile decrease exponentially with the distance from the excavation. They
become negligible when the pile is located at a distance of 3H, from the wall.

e At the final excavation depth, when the sand relative density increases from 30% to 90%,
the maximum pile responses decrease by approximately 27%, 30%, and 47% for bending
moment, lateral deflection, and pile settlement, respectively.

e With increasing the support system factor, both pile lateral deformation and maximum
bending moment decrease exponentially. However, when the support system factor
exceeds 10>, support system has no noticeable influence on pile behaviour. It should be
noted that the increase of the system stiffness (Without exceeding 10°) becomes more
beneficial when the unsupported excavation depth h,,,,, is low.

e The maximum pile bending moment and lateral displacement decreases exponentially
with increasing props axial stiffness EA (particularly the lateral deformations). This
tendency is more pronounced as the normalised excavation width (B/H,) increases. When
EA exceeds 500 MN, no perceptible influence on the pile behaviour is recorded.
Whatever the value of EA, the maximum bending moment and pile lateral deformation
increase by increasing B/H,.

e Variation of pile diameter indicates that the bending moment in the pile increases with
increasing of pile stiffness. However the pile lateral deflection decreases with increasing
of pile stiffness.

e Pile length variation testing revealed that pile performances depend on the pile toe
position relative to the excavation level. As the pile length increases from 10 to 40 m, the
maximum axial load increases by about 22 times. In the case of floating pile (L,/H.= 0.5
and 1), the pile experiences higher settlement because the pile toe is subjected to the
largest stress release, resulting in a significant reduction in the pile toe resistance. When
the pile toe is below the final excavation level (the case of end bearing pile), a positive
bending moment and a skin resistance develop in the lower part of the pile.

e Pile head condition has a significant impact on the pile performance with increasing
degree of pile head fixity, especially near pile cap in terms of induced bending moment,
and pile lateral deflection. In other words, the development of bending moment is very
high in upper part of the pile and the deflection is totally eliminated (pinned and fixed
cases).

e The bending moment and lateral deflection of pile within a pile group depends, among
other parameters, on its location with respect to the other piles of the pile group (front,
middle, or rear pile), its distance from the retaining wall, pile head condition (free-head
or capped-head), the number of piles in the group, and centre-to-centre spacing.

For a preliminary design, the numerical analyzes studied in this thesis can serve as a practical
basis for similar projects.
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