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Study on the behaviour of pre-existing single piles
to adjacent shield tunnelling by considering the changes
in the tunnel face pressures and the locations of the pile tips
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Abstract. In the current work, a series of three-dimensional finite element analyses have been conducted to investigate the
behaviour of pre-existing single piles in response to adjacent tunnelling by considering the tunnel face pressures and the relative
locations of the pile tips with respect to the tunnel. Via numerical modelling, the effect of the face pressures on the pile
behaviour has been analysed. In addition, the analyses have concentrated on the ground settlements, the pile head settlements
and the shear stress transfer mechanism at the pile-soil interface. The settlements of the pile directly above the tunnel crown
(with a vertical distance between the pile tip and the tunnel crown of 0.25D, where D is the tunnel diameter) with a face pressure
of 50% of the in situ horizontal soil stress at the tunnel springline decreased by approximately 38% compared to the
corresponding pile settlements with the minimum face pressure, namely, 25% of the in situ horizontal soil stress at the tunnel
springline. Furthermore, the smaller the face pressure is, the larger the tunnelling-induced ground movements, the axial pile
forces and the interface shear stresses. The ground settlements and the pile settlements were heavily affected by the face
pressures and the positions of the pile tip with respect to the tunnel. When the piles were inside the tunnel influence zone, tensile
forces were induced on piles, while compressive pile forces were expected to develop for piles that are outside the influence
zone and on the boundary. In addition, the computed results have been compared with relevant previous studies that were
reported in the literature. The behaviour of the piles that is triggered by adjacent tunnelling has been extensively examined and
analysed by considering the several key features in substantial detail.
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1. Introduction

Recently, various tunnelling activities have been
conducted in urban areas, where ground excavation might
affect the engineering behaviour of pre-existing adjacent
piled foundations (Lee 2012). Tunnelling below or adjacent
to existing piles can influence the serviceability and, in the
worst-case scenarios, the stability of the piled foundations
due to the tunnelling-induced ground movements, which
result in pile deformations and changes in the pile forces
(Lee 2012). Williamson (2014) has analysed most of the
relevant studies that have been conducted in substantial
detail. Numerous studies on this problem have been
conducted based on theoretical methods and laboratory tests
or geotechnical centrifuge tests (Jacobsz 2002, Lee and Ng
2005, Ong et al. 2006, Pang 2006, Cheng et al. 2007, Lee
and Chiang 2007, Marshall 2009, Lee 2012, 2013, Ng et al.
2013, Dias and Bezuijen 2014a, b, Hartono et al. 2014, Liu
et al. 2014, Ng and Lu 2014, Ng et al. 2014, Williamson
2014, Lee et al. 2016, Lee 2016, Raid et al. 2016, Oh et al.
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2018, Soomro et al. 2018). Compared to these works, field
measurements from full-scale tests are limited. However,
Selemetas (2005), Pang (2006), Liu ef al. (2014), Mair and
Williamson (2014) and Williamson (2014) have reported
measured pile behaviour from field measurements. Fig. 1
shows a sectional view of a large-diameter shield
TBM(tunnel boring machine) tunnel site in Shanghai,
China, which was reported by Liu et al. (2014). The authors
analysed the pile behaviour in response to tunnelling when
the piles are located laterally based on field measurements
and numerical analyses.

The shield TBM method, which can minimise the
ground deformation in response to tunnelling, has emerged
as an optimal alternative to the conventional tunnelling
method (NATM). Studies on shield TBM have been
actively conducted; however, the behaviour of the piles that
are adjacent to shield TBM has not attracted the interest of
engineers and has yet to be clarified. Kaalberg et al. (2005)
analysed the behaviour of the piles and the ground surface
settlements in response to TBM tunnelling based on
numerical analysis and field measurements. They identified
the influence zone of tunnel excavation by considering the
relative locations of pile tips. Mroueh and Shahrour (2008)
analysed the settlements of the ground surface and the
surrounding soil near the tunnel according to the stress
release due to tunnelling and the tunnel advancement under
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Fig. 1 Sectional view of a tunnel that crosses a bridge foundation (Liu ef al. 2014)

constant face pressure. Lee et al. (2012) conducted a
numerical analysis of the behaviours of structures by
simulating TBM tunnelling while considering the distance
of the tunnel from the upper structures. They reported that
the conditions of the construction site should be considered
in tunnelling because the behaviour of a structure depends
heavily on the distance between the structure and the tunnel.
Lee et al. (2012), Cho et al. (2014a, b), Xu et al. (2015),
You and Kim (2017), and Ahn et al. (2018) have reported
analyses of the ground settlements and behaviour of the
piles that are caused by adjacent TBM tunnelling; however,
they did not consider the face pressures.

In this study, the behaviours of the ground and piles in
response to adjacent shield TBM tunnelling according to the
distance of the pile tips from the tunnel were studied by
considering changes of the face pressures via a series of
three-dimensional (3D) finite element analyses. In addition,
the effects of tunnelling on the piles were identified by
analysing the tunnelling-induced pile head settlements, the
axial pile forces, the relative shear displacements and the
shear transfer mechanism at the pile-soil interface.

2. Numerical modelling
2.1 Finite element mesh and boundary conditions

In the current study, a three-dimensional (3D) finite
element programme, namely, Plaxis 3D (2018), was used
for the numerical analyses to study the behaviour of the
piles by simulating the shield TBM method while
considering the relative locations of the pile tips with
respect to the tunnel and various face pressures. Fig. 2
presents a finite element mesh that is used in the numerical
analyses. The representative geometry of the current
analysis is shown in Fig. 3(a). Additionally, Fig. 3(b) shows
the locations of the pile tips with respect to the tunnel and
the tunnel influence zone represented by the dotted line.
The tunnel diameter (D) in the analysis was 8 m with
segmental thickness (t=0.25 m), and the tunnel springline
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Fig. 2 Representative 3D finite element mesh that is used
in the current study (the pile centre is located at Y/D=3.5,
where D is the tunnel diameter)

was located at a depth of 26 m below the ground surface.
The piles were assumed to be 14 m~20 m in length L; and
0.5 m in diameter d. This corresponds to V,
0.25D~1.00D, where V, is the vertical distance between the
tunnel crown and the pile tip. The locations of the piles
were arranged to be at offsets of H, = 0.0D~2.0D, where D
is the tunnel diameter and H, is the distance between the
tunnel centreline and the centre of the piles in the horizontal
direction, as shown in Fig. 3(a). To simulate the shield
TBM, a machine of 9 m in length was applied on plate
elements, and the length of the segment was 1.5 m, as
shown in Fig. 4. Hence, the ground was excavated 1.5 m in
each increment (Plaxis 3D 2018). Additionally, it was
assumed that there were 15-m-long pre-installed segments
prior to tunnel advancement, as presented in Fig. 4. The
details of the tunnel excavation process will be discussed in
substantial detail in Section 2.3.

A constant face pressure is applied on the tunnel face to
analysis the behaviour of piles qualitatively following
Mroueh and Shahrour (2008) rather than assuming a linear
increase in the face pressures and the value of the face
pressure was calculated as FxZxyxK, in consideration of
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Fig. 3 (a) Sectional view of the analysis geometry and (b) Locations of the pile tips that are assumed in the current study
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Fig. 4 Modelling of TBM tunnelling and the application of tunnel face pressure (F = the change in the tunnel face pressure
(0.25-1.00), Z = the distance from the soil surface to the tunnel springline (26 m), y = the unit weight of the material, and

Ko= the lateral earth pressure coefficient at rest)

the distance from the ground surface to the tunnel springline
(Mroueh and Shahrour 2008), where F is the change in the
face pressure (0.25~1.00) in response to the in situ vertical
soil stress prior to tunnelling, Z is the distance from the
surface to the tunnel springline, y is the unit weight of the
soil, and K, is the lateral earth pressure coefficient at rest.
Table 1 summarises the numerical analyses that were
conducted in the current study. A total of 22 analyses were
conducted, which included the greenfield condition and
various pile tip locations with various face pressures. For
the piles with H,=0D and V,=0.25D, 4 face pressures of 65
kPa (F=0.25), 130 kPa (F=0.50), 195 kPa (F=0.75) and 260
kPa (F=1.00) were considered for various pile tip locations,
as summarised in Table 1. The minimum pressure (65 kPa)
that is considered in the current study is slightly smaller
than the face pressure (orc = 86.0 kPa) that is calculated via
Bolton's (1991) equation, which considers the face pressure
of a tunnel collapse in sandy soil. In addition, each face
pressure was considered using the load factor (LF), which is
expressed in equation (2). In this case, LF is roughly
approximately as the inverse of the safety factor because LF
=1 corresponds to the collapse of the tunnel.

") D (Kp-2)
N e 1_(—) 1

YL+ q—or
LF=——— 2
YZ+q — orc @

where v is the unit weight of the soil, Z is the distance from
the surface to the tunnel springline, q is the surface load,
otc is the magnitude of the face pressure (86.0 kPa) at the
tunnel collapse, D is the tunnel diameter, K, is the
coefficient of the passive earth pressure, and C is the
distance from the ground surface to the tunnel crown. The
current study has modelled a dry soil condition as Mroueh
and Shahrour (2008) did in their analysis

2.2 Material parameters and constitutive models

An elastoplastic analysis was conducted to simulate
tunnel construction and the pile-soil interactions that are
triggered by tunnelling. The pile-soil interactions at the
pile-soil interface were included by using interface elements
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Table 1 Summary of the numerical analyses (D: tunnel diameter)

Pile tip location measured from

Analysis series Face(lflggsure (loa deIZ ctor) tunnel Remarks
H, V,

L1 - - - 0.25D Pile load test, L, =20 m

L2 - - - 0.50D Pile load test, L, = 18 m

L3 - - - 0.75D Pile load test, L, = 16 m

L4 - - - 1.00D Pile load test, L, = 14 m

G50 130 0.90 - - Greenfield
FP50(H,=0D, V,=0.25D) 130 0.90 0D 0.25D L,=20m
FP50(H,=0D, V,=0.50D) 130 0.90 0D 0.50D L,=18m
FP50(H,=0D, V,=0.75D) 130 0.90 0D 0.75D L,=16m
FP50(H,=0D, V,=1.00D) 130 0.90 0D 1.00D L,=14m
FP50(H,=1D, V,=0.25D) 130 0.90 1D 0.25D L,=20m
FP50(H,=1D, V,=0.50D) 130 0.90 1D 0.50D L,=18m
FP50(H,=1D, V,=0.75D) 130 0.90 1D 0.75D L,=16m
FP50(H,=1D, V,=1.00D) 130 0.90 1D 1.00D L,=14m
FP50(H,=2D, V,=0.25D) 130 0.90 2D 0.25D L,=20m
FP50(H,=2D, V,=0.50D) 130 0.90 2D 0.50D L,=18m
FP50(H,=2D, V,=0.75D) 130 0.90 2D 0.75D L,=16m
FP50(H,=2D, V,=1.00D) 130 0.90 2D 1.00D L,=14m
FP25(H,=0D, V,=0.25D) 65 1.05 0D 0.25D L,=20m
FP25(H,=1D, V,=0.25D) 65 1.05 1D 0.25D L,=20m
FP25(H,=2D, V,=0.25D) 65 1.05 2D 0.25D L,=20m
FP75(H,=0D, V,=0.25D) 195 0.75 0D 0.25D L,=20m
FP100(H,=0D, V,=0.25D) 260 0.60 0D 0.25D L,=20m

*Note: FP25 [tunnel face pressure=25% of the in situ horizontal soil stress at the tunnel springline(ono)], FP50 [tunnel
face pressure=0.56n0], FP75 [tunnel face pressure=0.756no], and FP100 [tunnel face pressure=1.00no]

Table 2 Material parameters in the numerical modelling

. b E’ c’ o
Material Model (KN/m?) K, v (MPa) (kPa) 0'(°)
Soil (Mroueh and Shahrour 2008)  Mohr-Coulomb 20 0.5 0.3 30 5 27
TBM machine
(Plaxis 3D 2018) 247 - - 200,000 - -
Segment Elastic R -
(Plaxis 3D 2018) 27 0.01 0.1 31,000
Pile 25 0.01 0.2 30,000 - -

*Note: y (unit weight of the material), K, (lateral earth pressure coefficient at rest), v (Poisson’s ratio), E’ (Young’s

modulus), ¢’ (cohesion), and ¢' (internal friction angle of soil)

at the sides and bases of the piles, which are represented by
dotted lines in Fig. 3(a), to allow for soil slip when plastic
soil yielding occurs. The shield TBM machine is
represented by a plate element, which is based on general
three-dimensional continuum mechanics (Plaxis 3D), and
interface elements were included between the tunnel (the
combination of the segment and the TBM machine) and the
surrounding soil, except at the tunnel face. The assumed
material parameters, which are listed in Table 2, were
obtained from a previous study by Mroueh and Shahrour
(2008) and by using Plaxis 3D (2018). An isotropic elastic

model was used for the pile and the precast tunnel
segments, and a Mohr-Coulomb model that was governed
by a non-associated flow rule with an isotropic elastic
modulus was used for the residual soil. The interfaces are
joint elements, which enable the accurate modelling of the
soil-structure interaction and can be used to simulate the
thin zone of intensely shearing material at the contact
between a pile and the surrounding soil (Brinkgreve et al.
2015). In addition, the interfaces are composed of 12-node
elements that consist of six pairs of nodes, which are
compatible with the 6-noded triangular sides of the soil and
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structure elements. The reduction in the shear strength
parameters at the pile-soil interface that is associated with
the pile installation effect was considered using Egs. (3) and

(4).

C’int:Rint X C’soil (3)

¢'in=tan™(Rine * tan(@'soir)) 4)

where c'in; 1s the adhesion at the interface, Rix is the strength
reduction factor at the interface (0.7), c'sil is the cohesion of
the residual soil, @'y is the interface friction angle (19.6°)
and @'si is the internal friction angle of the s0il(27.0°).

2.3 Numerical modelling procedure

In the numerical analysis, the stress changes of the
ground that are associated with the effect of the pile
installation are not considered. Therefore, the assumed pile
in the current work is similar to a cast-in-place pile. Tunnel
excavation was simulated from 0D ~ +7D (0 m ~ +56 m) in
the longitudinal direction (Y). It was assumed that a
segment of 15 m in length and the shield TBM machine of 9
m in length were installed prior to tunnelling, as discussed.
At each step, the tunnel was excavated in a 1.5-m
increment; hence, 37 excavation steps were conducted.
Following the initial geostatic step, axial loads of 600 kN
(Ly=20 m), 500 kN (Ly=18 m), 408 kN (Ly=16 m), and 313
kN (L,=14 m), as determined from analyses L1, L2, L3 and
L4, were applied on the pile head to simulate a service load
prior to the tunnel excavation. In each analysis step, the
segment assembly and the tunnel excavation were
conducted simultaneously. In the case of the face pressure,
the distance (Z = 26 m) from the surface to the tunnel
centre, the unit weight of the soil and the lateral earth
pressure coefficient at rest (K, = 0.5) are considered, as
explained in Section 2.1. The applied face pressure was
constant with depth at the tunnel face. Upon completion of
the numerical analysis, the axial pile force on the pile P was
calculated as P =6,,)avz XAp, Where 0., avg is the averaged
vertical stress in the pile elements at a specified elevation
and A, is the cross-sectional area of the pile. Similarly, the
relative shear displacements and the interface shear stresses
were also averaged.

3. Computed results
3.1 Determination of the allowable pile capacity

A series of incremental axial pile loadings were applied
on the pile head to simulate a pile loading test, which
enables the quantification of the load-settlement relation of
the piles with various lengths. Four analyses, which are
labelled as L1~L4, were conducted with identical boundary
conditions to those in Fig. 3(a) and the same material
parameters; however, the tunnel excavation was not
included. Fig. 5 presents the relationships between the axial
pile loading and the pile head settlements that are computed
from these analyses, which are used to determine the
allowable pile capacity. In analysis L1, a nearly linear
relation was obtained between the axial pile force and the
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Fig. 5 Relation of the axial pile load and the pile head
settlements

Table 3 Computed maximum pile head settlements and
maximum axial pile forces

Pile tip location Face A
Analyses ————————— pressure X"“}m“ Pretmax/Pa
H, v, (kPa) gmax
FP50 0D 130 1.62 (-)0.36
FP50 1D 130 0.67 (+)0.20
FP50 2D 130 0.23 (+)0.12
FP25 0D 65 2.59 (-)0.45
FP25 1D 65 1.26 (+)0.20
0.25D
FP25 2D 65 0.57 (+)0.17
FP75 0D 195 1.17 (-)0.32
FP100 0D 260 1.10 (0.31

*Note: (+)ve: compression, (-)ve: tension, Ag)max: 10.8
mm, and P,: 600 kN (L,=20 m)

pile head settlement up to an axial pile loading of
approximately 1,190 kN. However, after that threshold, a
sudden increase in the pile settlement was observed with
increased axial pile force, which corresponds to the
development of plastic yielding of the soil that is adjacent to
the pile. Similar trends have been observed in analyses
L2~L4. In the current study, the widely used Davisson
(1972) method was used to determine the allowable pile
capacity. The Davisson (1972) empirical envelope consists
of an elastic compression line and an offset, as plotted in
Fig. 5. The Davisson (1972) lines for the various pile
lengths (14~20 m) are almost the same; hence, only a single
line is plotted in the figure for clarity. The computed load-
settlement curve and the Davisson (1972) envelope coincide
when the axial pile force is approximately 1,200 kN, 1,000
kN, 815 kN and 625 kN, which correspond to analyses L1,
L2, L3 and L4, respectively; hence, ultimate pile capacities
of 1,200 kN, 1,000 kN, 815 kN and 625 kN were deduced,
as shown in Fig. 5. Then, by applying a factor of safety of
2.0, the allowable pile capacities P, were obtained as 600
kN, 500 kN, 407.5 kN and 312.5 kN with pile head
settlements A of 5.3 mm, 4.8 mm, 4.3 mm and 3.7 mm,
which correspond to analyses L1, L2, L3 and L4,
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respectively. To analyse the behaviour of existing piles in
response to tunnelling, the allowable pile forces were
applied on the pile head prior to tunnelling.

3.2 Settlement of the ground and piles

Table 3 presents the normalised tunnelling-induced
maximum pile head settlements (Ap neomax/Dgnmax) and the
normalised tunnelling-induced maximum axial pile forces
(Pretymax/Pa) for various pile tip locations and the face
pressures, where Apneymax 1S the maximum tunnelling-
induced pile head settlement; Agymax is the maximum soil
surface settlement at the centre of a pile with H,=0, which is
computed from the FP50 greenfield condition; and Pregmax 1S
the tensile or compressive force. The largest pile head
settlement developed with the smallest tunnel face pressure,
and all the piles with the tips in the upper part of the tunnel
crown (H,=0) developed tensile pile forces regardless of the
face pressures. This will be discussed in detail later.

Fig. 6(a) shows the changes in the normalised

tunnelling-induced pile head settlements Apyet/Agrymax and
the soil surface settlements Ag/Agmax for all tunnel
excavation steps (X/D = 0D ~ +7D) for the FP50 condition
with various pile tip locations (V,=0.25D, 0.5D, 0.75D and
1D) and with H;=0D, where Apjne is the tunnelling-induced
pile head settlement, which excludes the pile settlement that
developed under the application of the axial pile loading;
Ay is the soil surface settlement at the pile centre location,
which is obtained from the greenfield condition; and Agrmax
is the maximum soil surface settlement at the centre pile
location, which is computed from the FP50 greenfield
condition (Agymax =10.8 mm). According to Fig. 6(a),
Appet/ Agymax - and  Ag/Agymax  increased as the tunnel
excavation proceeded. The rate of the pile settlement
increase at each analysis step was maximal when tunnelling
was conducted at Y/D =%1 from the pile location (behind
and ahead of the pile axis in the longitudinal direction) and
approximately 69% of Apneymax had developed, where
Apneymax 1S the maximum tunnelling-induced pile head
settlement. This occurred when the tunnel face was located
below the pile axis (Y/D = 3.5). Subsequently, the rate of
the settlement was observed to be significantly reduced.
Additionally, when the tunnelling was conducted at +0.5D
from the pile centre in the longitudinal direction,
approximately 37% of Apneymax Was realised. All the piles
in most of the tunnel excavation are analysed to exceed the
surface settlement of the greenfield condition. At the end of
the tunnel excavation, the pile head settlement at the
shortest vertical distance from the tunnel FP50(V,=0.25D)
was Apnet/ Agnmax = 1.62. As the vertical distance of the pile
tip from the tunnel increased (V,=0.5D-1D), the pile head
settlements gradually decreased to Appnet/Agymax = 1.41,
1.27 and 1.18. The pile head settlement at the end of the
tunnel excavation, namely, FP50(V,=1D), was reduced by
27% compared to FP50(V,=0.25D) because the ground
settlements decreased towards the surface from the tunnel.
Fig. 6(b) shows changes in the normalised tunnelling-
induced pile head settlement Apjne/Agymax and the soil
surface settlement Ag/Agymax for all tunnel excavation steps
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(Y/D = 0D ~ +7D) by considering FP50 and FP25
according to the various horizontal distances (H,=0D, 1D
and 2D) with location V,=0.25D (L,=20 m), where Apyet is
the tunnelling-induced pile head settlement that excludes
the pile settlement that developed under application of the
axial pile loading and Agymax i1s the maximum soil surface
settlement at the location of the centre pile (H,=0D), which
was computed from the FP50 greenfield condition
(Agymax=10.8 mm). The pile head settlements at the end
tunnel excavation for FP50(H,=0D) and FP25(H,=0D) are
significantly larger than the pile head settlements under
other conditions due to existing piles above the tunnel
crown. Additionally, the pile head settlement at the end
tunnel excavation of FP25(H,=0D) was computed as
approximately 1.6 times larger than that of FP50(H,=0D)
and approximately 11 times larger than that of
FP50(Hy;=2D). The pile settlement for FP25(H,=1D) was
larger than that for FP50(Hp=0D) until Y/D=0.00~3.45, and,
subsequently, the final pile head settlement was small. It has
been shown that the tunnel excavation causes ground

settlements that differ according to the face pressure
conditions; hence, comparison with the tunnel influence
zone may be necessary.

Fig. 7 plots the normalised pile heads Apynet/ Agymax and
the free-field ground surface settlements Ay/Agymax With
tunnelling-induced volume losses at Y/D=3.5 for the
various face pressure conditions with the pile tip location of
V,=0.25D and H,=0D. Under the greenfield condition, the
soil surface settlement increases with the volume loss
almost linearly; however, when there was a pile in the
ground, the pile settlements increased rapidly. Additionally,
as the magnitude of the tunnel face pressure decreased, the
volume losses and the pile settlements increased, as shown
in Fig. 7. Under the FP25 condition, the volume loss after
the completion of tunnelling was approximately 1.2%, and
the pile settlement according to the volume loss was the
largest. In contrast, under the FP75 and FP100 conditions,
the volume losses after the completion of tunnelling were
less than 0.5%.

3.3 Distributions of the axial pile forces

Fig. 8(a) presents the distributions of the normalised
axial pile forces P/P, with the normalised pile depth (Z/Ly)
for FP50 at four pile tip locations (V;=0.25D, 0.5D, 0.75D
and 1D, with Hy=0D), where P is the axial pile force at a
specified depth and P, is the service pile load prior to
tunnelling. The axial pile forces that are due to pile loading
on the head prior to tunnel excavation and the axial pile
force distributions upon completion of tunnelling are shown
in Fig. 8(a). The distributions of the normalised axial pile
forces according to the design load (L1~L4) were similar
for all the piles, and the axial pile forces near the pile tip
were P/P, = 0.20~0.28. In contrast, upon completion of the
tunnel excavation, the axial pile forces of the pile tips are
decreased by the tunnelling-induced positive shaft
resistance. In the case of the V;=0.25D pile, small tensile
pile forces (maximum P/P, = -0.04) were computed at Z/L,,
= 0.8~1.0. However, the structural problem of the pile has
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been unlikely to develop because these forces are very
small compared to the typical allowable tensile strength of
the pile material.

Fig. 8(b) presents the distribution of the normalised
tunnelling-induced axial pile forces Pne/P. with the
normalised pile depth (Z/L,) to clarify the effects of
tunnelling on the axial pile forces for FP50 at the various
pile tip locations (V,=0.25D, 0.5D, 0.75D and 1D) with
H,=0D, where P is the tunnelling-induced axial pile force.
Additionally, the axial pile forces of all pile conditions
decreased from the surface to near Z/L, = 0.8, and Py
ymax/Pa values of -0.36 and -0.20 are computed for the piles
of FP50(V,=0.25D) and FP50(V,=1.00D), respectively,
where Prey(ymax 1s the maximum tensile pile force.
According to these results, as the vertical distances of the
pile tips from the tunnel crown increased, the maximum
values of the tensile force decreased. Fig. 8(b) plots the
normalised tunnelling-induced axial pile force distributions
that are deduced from a field measurement and a

geotechnical centrifuge test that were reported by Selemetas
(2005) and Williamson (2014), respectively, for
comparison. The Pnet-max/Pa values of -0.42 and -0.25 were
obtained based on studies that were reported by Selemetas
(2005) and Williamson (2014), respectively. The
distributions of the tunnelling-induced tensile pile forces
that were deduced from these works agree with the
computed results, which supports the validity of the current
results.

Fig. 9 shows the distribution of the normalised
tunnelling-induced axial pile force Pn/P. with the
normalised pile depth (Z/L;) that is obtained by considering
FP50 and FP25 with various horizontal distances of the pile
tips from the tunnel (H,=0D, 1D and 2D, and V,=0.25D
(Ly=20 m)). The tunnelling-induced tensile pile forces were
computed for FP50(H,=0D) and FP25(H,=0D) above the
tunnel crown; however, other piles with Hy=1D and 2D that
were measured from the tunnel centre were subjected to
compressive pile forces, as shown in Fig. 9. The
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distributions of the axial pile forces depend heavily on the
pile tip location. The axial pile forces for H,=0D and 2D
with FP25 were observed to be larger than the those with
FP50. This was anticipated due to the high degree of shear
strength mobilisation between the pile and the soil since a
lower face pressure corresponds to larger ground
settlements. The maximum tensile pile force of Pne/Pa = -
0.45 in FP25(H,=0D) was computed (inside the influence
zone), and the maximum compressive pile force Pne/Pa =
0.2 in FP25(H,=1D) was obtained (outside the influence
zone and on the boundary). Therefore, it is concluded that
sufficient consideration of the magnitudes of the face
pressures is required because the change in the face
pressure has significant effects on the ground settlements
and the pile settlements.

3.4 Shear stresses at the interface

Fig. 10(a) shows the distributions of the shear stresses at
the pile-soil interface with the normalised pile depth (Z/L;)
for FP50 at the various vertical distances (V,=0.25D, 0.5D,
0.75D and 1D, with H,=0D) and excluding the effect of the
axial pile loading prior to tunnelling. The distributions of
the shear stress under the design loading were similar;
however, the longer the pile length, the larger the shear
stresses. Under the pile loading, the shear stresses are fully
mobilised from the pile head to approximately Z/L,=0.3,
after which only slight changes of the shear stresses are
computed. However, the ranges of plastic soil yielding at
the pile-soil interface are expanded due to tunnelling: The
closer the pile tip to the tunnel, the larger the range of the
soil yielding. There are points where the depth of the shear
stress changes from (+)ve to (-)ve, namely, the directions of
the shear stress components change from upward to
downward, as reported by Lee (2012). The shear stresses
after the completion of tunnelling were increased to
Z/1L,=0.57 in FP50(V,=0.25D), after which the shear
stresses gradually was decreased to the (-)ve value.
Additionally, the shear stresses under other conditions
increased to Z/L,=0.39-0.53 after the completion of
tunnelling but gradually decreased towards the pile tip.
Thus, the shear strength was completely mobilised from the
pile head to the specified depth, and only part of the shear
strength was mobilised below the specified depth.

Fig. 10(b) presents the distributions of the tunnelling-
induced shear stresses at the pile-soil interface with the
normalised pile depth (Z/L,) for FP50 at the various vertical
distances (V,=0.25D, 0.5D, 0.75D and 1D, with H,=0D).
The piles of all conditions developed very small shear
stresses from the pile head to near Z/L,= 0.30 due to the full
mobilisation of skin frictions in response to the pile loading,
as explained above, which corresponds to the development
of soil slip. In the case of FP50(V,=0.25D), the shear stress
gradually increased from Z/L;=0.30 to 0.57 where the
maximum shear stress was computed. Then, the shear stress
below Z/L;=0.57 decreased towards the (-)ve values at the
pile tip. Similar trends were observed in the piles under
other conditions. Fig. 10(b) also shows the normalised
tunnelling-induced interface shear stress distributions that
were deduced from previous studies by Selemetas (2005)
and Williamson (2014). The computed shear stress

distribution deviates slightly from the measurements;
however, the trend of the distributions of the shear stresses
are qualitatively similar.

Figs. 11(a) and 11(b) show the distributions of the
tunnelling-induced shear stresses at the pile-soil interface
with the normalised pile depth (Z/L,) under conditions
FP50 and FP25 for various pile tip positions (H,=0D, 1D
and 2D, and V,=0.25D (L,=20 m)). In the cases of
FP50(Hp=0D) and FP25(H,=0D), upward (resisting) shear
stress at the upper end of the pile and downward (acting)
shear stress at the lower end of the pile were computed as
indicated by the arrows in the figures. The smaller face
pressure causes the ground settlements to increase, and the
relative displacements between the pile and the soil
increase; hence, the shear stresses increase. Therefore, in
the case of FP25(H,=0D), the maximum positive shear
stress was larger and the minimum negative shear stress
was smaller compared to those that were computed for
FP50(Hp=0D). For the piles outside the influence zone and
on the boundary [with FP50(Hp,=1D), FP25(H,=1D),
FP50(H,=2D) and FP25(Hy=2D)], opposite shear stress
distributions with smaller magnitudes are obtained. A small
downward (acting) shear stress at the upper end of the pile
and a relatively large upward (resisting) shear stress at the
lower end of the pile developed. Hence, the upper part of
the soil drags the pile down, while lower part of the soil
resists pile settlement, thereby resulting in compression of
the pile, as explained in Section 3.3.

3.5 Relative shear displacements at the interface

Fig. 12 shows the distributions of the relative shear
displacements at the pile-soil interface with the normalised
pile depth (Z/L,) that are obtained by considering two face
pressures, namely, FP25 and FP50, with various horizontal
distances of the pile tips (H,=0D, 1D and 2D; V,=0.25D;
and L,=20 m). Prior to tunnel excavation, the pile
settlement was larger than the soil settlement over the entire
pile depth under the application of the axial pile loading,
which mobilised positive shaft resistance at the interface, as
expected. However, after the tunnel excavation was
completed at Hy=0D, the relative displacements increased
substantially. In contrast, in the cases of H,=1D and 2D,
substantially smaller relative displacements developed
compared with the H,=0D condition. In addition, the
distributions of the relative displacements for each analysis
are not consistent; hence, it may be necessary to consider
tunnelling-induced relative shear displacements in detail.

Figs. 13(a) and 13(b) present the distributions of the
tunnelling-induced relative shear displacements (pile
movement-soil movement) at the pile-soil interface with the
normalised pile depth for two face pressures, namely, FP25
and FP50, with various pile tip locations (H,=0D, 1D and
2D; V,=0.25D; and L;=20 m). Under the FP25 condition,
the relative shear displacements are computed to be
relatively large compared with the FP50 condition, which
causes larger shear stresses. The tunnelling-induced pile
settlements (Apiie) for the Hy;=0D condition are larger than
the tunnelling-induced soil settlements (A1) at the upper
part of the pile (Z/Ly,= 0.0 ~ 0.8), whereas at the lower parts
of the piles (Z/Ly= 0.0 ~ 1.0), the relative displacements
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gradually decrease, which probably resulting from
downward movement of the soil near the tunnel (Aol >
Apiie). Therefore, the upper parts of the piles mobilised to
restrain the pile movements that were triggered by ground
settlement that was caused by the tunnelling. Hence, the
shear stress distributions that are presented above are
supported by the relative shear displacements. This trend is
consistent with the distributions of the shear stresses,
thereby implying upward (resisting) shear stress at the
upper end of the pile and downward (acting) shear stress at
the lower part of the pile when the piles are inside the
influence zone. However, the distributions of the relative
displacements when the piles are outside the influence zone
and on the boundary (H,=1D and 2D) are opposite, thereby
resulting in compression of the piles, as explained
previously.

Fig. 14(a) presents the distributions of the effective
normal stresses at the pile-soil interface for the two face

pressures of FP25 and FP50 with various horizontal
distances of the pile tips (H,=0D, 1D and 2D; V,=0.25D;
and L,=20 m) versus the normalised pile depth(Z/L;).
Except for the piles at the upper part of the tunnel crown, all
the piles under the axial pile loading and tunnelling
developed similar normal stresses. In contrast, for the piles
(H,=0D) on the upper part of the tunnel crown, the normal
stress distributions were smaller than that of the pile of the
service loading. This is because the settlements of the
surrounding soil at the pile were larger than under the other
conditions (H,=1D and 2D). Under the H,=0D condition, as
the depth of the pile increased, the settlements of the
surrounding soil at the pile increased due to tunnelling and,
hence, the normal stresses decreased. For this reason, it may
be necessary to examine the tunnelling-induced normal
stress distributions of the surrounding soil with the pile
depth.

Fig. 14(b) shows the distributions of the tunnelling-
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induced normalized effective normal stresses Acy/cni at the
interface for two face pressures, namely, FP25 and FP50,
with various horizontal distances of the pile tips (H,=0D,
1D and 2D; V,=0.25D; and L,=20 m) versus the normalised
pile depth (Z/L,), where Aoy, is the change in the normal
stresses due to tunnelling and oy is the initial normal stress
prior to the application of the axial pile loading. The
normalised normal stress along the direction of increase of
the pile depth at H,=0D is greater than the stresses at
Hy=1D and 2D. Under the H,=0D condition, from the pile
head to Z/L = 0.8, the normal stresses are increased by
approximately 30~40%, while much larger increases are
computed near the pile base (Z/L = 0.8~1.0). The
normalised normal stresses near the pile tip are larger than
the initial normal stress due to soil arching and dilation, as
discussed by Jacobsz (2003). In contrast, under the H,=2D
condition, the normal stresses increased slightly near the
pile tip; this is because the surrounding soil near the pile tip

may constrain the pile movement more than under the
H,=0D condition.

3.6 Analysis of the pile behaviour by considering
previous studies

Fig. 15 shows the ratios (Apynet/Asurfmaxnet) Of the
tunnelling-induced pile settlement (Apnet) to the maximum
tunnelling-induced ground surface settlement (Asurfymax,net)
with respect to the normalised depth ((Z-L,)/D) and
normalised horizontal distance (Hp/D) of the pile tips,
which are obtained by considering the results of previous
studies that are summarised by Dias and Bezuijen (2014b)
and the current work, where Z is the distance from the
surface to the tunnel centre, and L;, H, and D are marked on
the layout of Fig. 3(a). Additionally, the values that were
obtained via the numerical analysis that was conducted in
the current study are represented by boxes. The piles for
H,/D values between 0.0 and 0.5 were larger than 1, except
for the value of 0.77 that was proposed by Jacobsz et al.
(2004), and these results are similar to the results of the
numerical analysis that was conducted in the current study.
For Hy/D of 0.5 ~ 1.5, the values of Apynet/ Asurfymax, NEt Were
distributed at approximately 1. The piles at horizontal
distances in excess of 1.5 from the tunnel were less than 1
in both the previous studies and the numerical analysis of
the current work. If the value of Apyet/ Asurfmax.net €Xceeds 1,
the pile head settlements exceed the surface settlements,
whereas if the value of Appet/ Asurfymaxnet i less than 1, the
reverse trend is observed. Fig. 15 also shows three zones
that were proposed by Selemetas et al. (2005). Selemetas et
al. (2005) discussed this relation by proposing three zones,
namely, zones A~C, around the tunnel. In summary, piles
with bases in Zone A were shown to settle 2~4 mm more
than the ground surface (R > 1, where R is
Apyet/ Asuriymaxnet)- Piles with their bases in Zone B (defined
by an angle of 45° between Zones A and C, as shown in Fig.
15) settled by the same amount as the surface (R = 1).
Finally, piles with their bases in Zone C were found to settle
less than the surface (R < 1). The computed tunnelling-
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induced settlements of the piles in Zone A in the current
study were similar or slightly larger than those that were
estimated by Selemetas et al. (2005). Similarly, the
tunnelling-induced pile settlements in Zones B and C are
also consistent with those of Selemetas ef al. (2005).

3.7 Settlement contours according to the changes in
the face pressures

Figs. 16(a)-16(d) plot the settlement contours of the pile
and the ground according to various face pressures upon
completion of tunnelling at Y/D=3.5 on the X-Z plane(pile
tips are directly above the tunnel crown). The pile
settlements and the ground settlements include all the
movements that are associated with the pile loading and
tunnelling. Fig. 16(a) plots the contour for the FP(25)
condition. The settlement at the upper part of the tunnel
crown was approximately 50 mm, and the settlement at the
surface was approximately 20 mm. According to the
analysis, the pile settlements and the ground settlements
increased due to the decreasing the face pressure.
Furthermore, the difference in the settlements between the
pile and the ground also increased. Fig. 16(d) plots the
contour for the largest face pressure (FP(100)). Under the
FP(100) condition, the pile settlement was roughly 17 mm,
and the surface settlement was about 8 mm. The settlement
characteristics of the pile and the ground differ according to
the magnitude of the face pressure, and the influences of the
face pressure were adequately expressed by the contour
lines.

4. Conclusions

A series of three-dimensional parametric numerical
analyses were conducted to study the responses of the piles
to adjacent shield tunnelling while considering two key
factors: the face pressures and the relative pile tip locations.
The following conclusions are drawn from the present study
regarding the pile head settlements, the axial pile forces, the
interface shear stresses and the relative shear displacements.

¢ When the pile tips are directly above the tunnel crown,
pile head settlements that exceed the surface settlements of
the greenfield conditions have developed. The rate of pile
settlement increased at each analysis step, and the
maximum value was attained when tunnelling was
conducted at Y/D=+1.0 behind and ahead of the pile axis in
the longitudinal direction from the pile centre, where
approximately 69% of the final settlement had developed
when tunnelling underneath the pile tip. The pile head
settlement when the face pressure was 25% of the in situ
horizontal soil stress (FP25) was computed to be
approximately 1.6 times larger than that computed for the
face pressure of 50% of the in situ horizontal soil stress
(FP50) for the piles above the tunnel crown. In addition, the
smallest pile settlements developed at the farthest pile from
the tunnel, which were only approximately 10% of the
largest pile settlement when the pile tip was above the
tunnel crown with the minimum vertical distance between
the pile tip and the tunnel crown.

 For the piles above the tunnel crown, the tunnelling-
induced tensile pile forces decreased with the pile depth,
which was consistent with previous studies from field

measurements. The maximum normalised tensile pile force,
namely, Pne/Pa = -0.45, was computed with FP25 for the
pile inside the tunnel influence zone; also, the maximum
normalised compressive pile force, namely, Pne/P, = 0.20,
was obtained with FP25 for the pile outside the tunnel
influence zone. It has been demonstrated that the pile
behaviour depends heavily on the locations of pile tips with
respect to the tunnel position.

e For the piles inside the influence zone, an upward
(resisting) shear stress at the upper end of the pile and a
downward (acting) shear stress at the lower end of the pile
developed. In contrast, for the piles outside the influence
zone and on the boundary, a small downward (acting) shear
stress at the upper end of the pile and a relatively large
upward (resisting) shear stress at the lower end of the pile
developed. The relative shear displacements with the face
pressure of 25% of the in situ horizontal soil stress are
computed to be relatively large compared with those with
the face pressure of 50%,75% and 100% of the in situ
horizontal soil stress; the same result is obtained for the
shear stresses.

e In the current study, a comparative analysis was
conducted based on previous studies from the literature.
The ratio of the tunnelling-induced pile head settlement to
the surface settlement (Apynet/ Asurfmaxnet) 1nside the tunnel
influence zone was larger than 1 or about 1. In contrast, for
the piles outside the tunnel influence zone, the value of
(Apynet/ Asurhmaxnet) Was calculated to be less than 1 in both
the previous studies and the current study. Hence, the
computed results of the previous study and the current study
were similar for the tunnel influence zone, which supports
the validity of the current study. It is anticipated that the
tunneling influence zone may be used to assess pile
response to adjacent tunnelling and to estimate tunnelling-
induced pile settlements.
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