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Abstract. In this study, 3D coupled-consolidation numerical parametric study was conducted to predict the deformation
mechanism of a 20 storey building sitting on (4x4) piled raft (with length of piles, L,=30 m) to adjacent 6 m diameter (D)
tunnelling in stiff clay. The influences of different tunnel locations relative to piles (i.e., z/L,) were investigated in this
parametric study. In first case, the tunnel was excavated near the pile shafts with depth of tunnel axis (z) of 9 m (i.e., z/Ly). In
second and third cases, tunnels were driven at z of 30 m and 42 m (i.e., z/L, = 1.0 and 1.4), respectively. An advanced
hypoplastic clay model (which is capable of taking small-strain stiffness in account) was adopted to capture soil behaviour. The
computed results revealed that tunnelling activity adjacent to a building resting on piled raft caused significant settlement,
differential settlement, lateral deflection, angular distortion in the building. In addition, substantial bending moment, shear forces
and changes in axial load distribution along pile length were induced. The findings from the parametric study revealed that the
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building and pile responses significantly influenced by tunnel location relative to pile.
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1. Introduction

It is not unusual situation for a tunnelling activity in
metropolitan cities to be performed very close to a high-rise
building which could be founded on deep foundation such
as piles and piled raft. It is highly likely that tunnelling-
induced ground movement and stress relief may lead to
severe damage and might result in collapse of structure.
Therefore, it is necessary for geotechnical engineers to
assess the detrimental effects of tunnelling activity on
nearby building. The tunnelling induced ground movement
and its effects on the building resting on piled raft is a
complex soil-structure interaction problem (Bai et al.
2021b). Several researchers have studied this complex
problem by means of different approaches. Current design
approaches for the assessment of damages (i.e., induced
deflection and tensile strain) on building due to tunnelling
are based on semi-empirical (Franza et al. 2017, Franza and
DelJong 2019). This approach is based on assumption that
the deformation pattern of structure will follow the induced
green-field settlement trough due to tunnelling (Boscardin
and Cording 1989, Burland ef al. 1977, O’Reilly and New
1982, Peck 1969). In another approach, researchers
assumed the building as an elastic Timoshenko beam (Burd
et al. 2000, Franzius et al. 2004, 2006, Pickhaver et al.
2010, Potts and Addenbrooke 1997, Bai et al. 2021c).
However, this method is only applicable to load bearing
structures. The limitations and applicability of the approach
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to framed building exists. In addition, experimental studies
were carried to understand responses of building to adjacent
tunnelling (Caporaletti et al. 2005, Farrell 2010, Franza and
Marshall 2018, Ritter et al. 2020, Taylor and Grant 1998,
Taylor et al. 2001, Lee et al. 2016, Heama et al. 2021).
Recently, the evaluation of tunnelling effects on building
has been studied by means of numerical (Boldini ef al. 2018,
Fu et al. 2014, 2018, Giardina et al. 2013, Goh and Mair
2011, Son and Cording 2007, Yiu et al. 2017, Soomro
2021a, Soomro et al. 2021b, Soomro et al, 2021¢c, Soomro
et al. 2020). These studies showed that when tunnelling is
performed close to a pre-existing pile, pile behaviour is
more affected than when the tunnel is located in the
transverse direction of the piles. In addition, axial pile
forces with depth are reduced, with tunnel advancement
indicating tunnelling-induced tensile force on piles. Among
those numerical studies, however, responses of framed
building to tunnelling were reported in a limited number of
studies. Most of these aforementioned research studies only
examined the tunnelling effects on building founded on
shallow footings (Boldini ef al. 2018, Fu et al 2014).
Therefore, there is a gap of systematic research on the
responses of a high-rise building subjected to live load and
resting on piled raft to advancement of adjacent tunnelling.
The paper aims to understand the responses of a 20 storey
building to ground movement due to tunnelling- induced
stress relief. To achieve this, three-dimensional coupled-
consolidation finite element analysis was conducted. The
building deformation (i.e., differential settlement, deflection
and crack damage) and piled raft (i.e., induced bending
moment and shear forces in the piles and induced shear and
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Fig. 1 (a) General setup of building, piled raft and tunnel for a typical case T (b) Piles arrangement in raft

Table 1 Summary of numerical simulations

Simulation ID z/Lyp C/D Remarks
S 0.3 1.0 The tunnel was excavated near the pile shaft.
T 1.0 4.5 The tunnel was excavated next to the pile toe
B 1.4 6.5 The tunnel was excavated below the pile toe

Note: z= depths of tunnel axis; L,= pile length; C/D= cover to diameter of tunnel ratio

Table 2 Summary of numerical simulations (Rasouli and Fatahi 2019)

Section type Column | Column II' Column Il Column IV Column VV Column VI Slab
Dimension (m) 0.75x0.75  0.70x0.70 0.65x0.65 0.6x0.6 0.55x0.55 0.50x0.50 13.5x13.5x0.25
Distribution level 1-3 4-7 8-11 12-15 16-18 19-20 All levels
Cross-sectional area, A (m?) 0.5625 0.49 0.4225 0.36 0.3025 0.25 0.25 (1 m width)

Flexural rigidity, El 0.794 0602 0448 0325 0230  0.157 0.039

(GPa.m*

normal tractions) were presented and discussed.

2. Development of three-dimensional finite element
model

2.1 General

In this study, three-dimensional numerical parametric
modelling technique was used to construction of tunnels
(with different cover-to-diameter C/D ratios) adjacent to a
20 storey high rising building which is resting on a (4x4)
piled raft foundation in stiff clay. 3D coupled-consolidation
analyses were adopted in this parametric study which is
consists of three different cases. In first case, a 6 m
diameter tunnel was excavated near the pile shaft with
cover depth of 6 m (i.e., C/D= 1.0). For simplicity, this case
is referred as case S hereinafter. In second and third cases
(which are named as cases T and B), tunnels were driven at
cover depths of 27 m and 39 m (i.e., C/D= 4.5 and 6.5),

respectively. Table 1 summarized all three cases conducted
in this parametric study. Abaqus software package version
6.14-2 was used to conduct finite element analyses in this
study. Fig. 1(a) illustrates the general setup of the 20 storey
building founded on piled raft and an adjacent tunnel in a
typical case T. A 60-m high, 12-m wide 20-storey, concrete
building with three spans in each direction was selected for
this parametric study. The building was founded on a square
raft; 15 m wide and 1.5 m thick supported by a group of
piles in a 4x4 configuration with centre-to-centre distance
of 3.75 m (see Fig. 1(b)). The diameter (d,) and length (L)
of each pile were 1 m and 30 m, respectively. The clear
distance between tunnel and the closest pile to the tunnel
was 2.5 m (2.5dp). Since the prime objective of this
parametric study is to assess the impact of tunnelling on the
20 storey building under dead and live loads. The live load
of 5 kPa [AS1170.1] was adopted in this study. With this
adopted piled raft system, the numerical prediction showed
that settlement of the building due to dead and live load was
45.2 mm (4.52%d,) which is within the limit of the
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allowable foundation settlement of 50 mm given by
Skempton and MacDonald (1956) and O' Brien (2012).

2.2 Features of the building

Fig. 2 illustrates the building and its sections of
structural components. The structural sections were adopted
from Rasouli and Fatahi. 2019. They designed the sections
by conducting a routine design procedure by conducting
analysis and design using SAP2000 based on AS3600,
AS1170.1, and AS1170.4. The details of all sections are
summarized in Table 2. The specific compressive strength
(f.) and mass density of the concrete members were
considered to be 32 MPa and 2400 kg/m3 respectively, and
the modulus of elasticity of concrete was estimated to be
equal to 30.1 GPa.

2.3 Characteristics of the numerical model

Fig. 3 shows the finite element mesh developed in
Abaqus software for case S. The different structural
components of the building (i.e., columns and slabs) were
modelled by using 2-node linear beam elements (B31), and
four-node shell elements (S4). The mechanical behaviour of
structural elements of the building were modelled using an
elastic-perfectly plastic constitutive model to capture any
possible inelastic behaviour of the structural elements; these
structural elements could behave elastically until they

=20x3=60m

Building height

1.5mthick raft

Pilelength =30 m ' \'

Fig. 2 Designed sections of columns and slabs

reached yielding stress that was equal to the compressive
strength of concrete (i.e., f/= 32 MPa) taken from study of
Shing and Tanabe (2001). The solid element with 8-node
brick, trilinear displacement, trilinear pore pressure (C3D8P)
was used to model soil. Coupled-consolidation analysis was
performed to simulate accumulation of excess pore water
pressure. The finite element method has inherent limitations
that make it difficult to capture shear localization in the soil
since the shear band generally develops in a zone of one
element wide (i.e. element size) (Ni et al. 2018b, Hu ef al.
2021). Dudoignon et al. (2001) reported the reorientation
and crushing of kaolin clay particles occurring in a shear
band of thickness 20-30 mm. The dimensions associated
with the centrifuge tests (conducted at 100 times the normal
gravity) were utilized for the numerical modeling.
Numerical difficulties were produced and errors were
obtained with element size of 30 mm. The sensitivity of the
numerical results with respect to size of mesh was explored
and it was found that without undermining stability of
analysis, the optimum value 1.5 mm of element width (50
times the shear band thickness) was chosen. A relatively
fine mesh was used near the piled raft and tunnel because
large shear strains were expected and the mesh became
coarser further away from the tunnels.

In previous studies, many researchers used different soil
models to investigate tunnelling related problems. Some
researchers adopted elasto-plastic model with Mohr-
Coulomb failure criterion (Lee 2012a, b, Mroueh and
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Table 3 Model parameters of kaolin clay adopted in the parametric study

Description Parameter Reference
Effective angle of shearing resistance at critical state: ¢ 22° (Powrie 1986)
Parameter controlllng*the slope of the isotropic normal compression line in the In(1 + 011 (Al-Tabbaa 1978)
e) versus Inp plane, A
Parameter controlllng*the slope of the isotropic normal compression line in the In(1 + 0.026 (Al-Tabbaa 1978)
e) versus Inp plane,
Parameter controlling the position of the isotropic normal compression line in the 136 (Al-Tabbaa 1978)

In(1 +e)-Inp plane, N

Parameter controlling the shear stiffness at medium- to large- strain levels, r 0.65  (Parry and Nadarajah 1974)
Parameter controlling initial shear modulus upon 180° strain path reversal, m, 14 (Benz 2007)
Parameter controlling initial shear modulus upon 90° strain path reversal, m. 11 (Benz 2007)

Size of elastic range, R 1x10°% (Benz 2007)

Parameter controlling the rate of degradation of the stiffness with strain, ﬂr 0.1 (Benz 2007)

Pgrameter f:ontrol_lmg degradation rate of 0.7 (Benz 2007)

stiffness with strain, »

Initial void ratio, e 105 Deduced from measured water
content

Dry density (kg/m?) 1136 gi:icf)uced from measured void

Coefficient of permeability, k (m/s) 1x10° (Al-Tabbaa 1978)

Shahrour 2003, Xiang ez al. 2008), the Drucker—Prager
model (Lee and Ng 2005, Soomro et al. 2015), or the
hardening soil model (Lee et al. 2012, Mica et al. 2009,
Yang et al. 2011) to predict tunnel-induced ground
deformation. Reasonable accuracy was achieved in
predicting ground movement due to tunnelling. However,
wider settlement trough was predicted (Tang et al. 2000)
because small-strain stiffness was not incorporated in these
models. Since the stress-strain relationship of soils is highly
nonlinear even at very small strain and the stiffness of soil
depends on the recent stress or strain history of the soil
(Atkinson et al. 1990, Masin 2005, Xue et al. 2021), an
advanced hypoplastic model was used to simulate the
behaviour of clay in this study. The hypoplastic model
(Herle and Gudehus 1999) (Masin 2005) is able to capture
the unique features of behaviour of clay (i.e., small-strain,
path and history dependent stiffness as well as stress-state
dependent dilatancy). The model parameters were taken
from study by (Soomro et al. 2020). They calibrated and
validated all the parameters of the hypoplastic clay model
against centrifuge test results (which was performed to
tunnel-soil-pile  interaction  problems had  been
demonstrated through back analysis of a centrifuge test
(which was performed to investigate the tunnelling effects
on pile) available in literature (Loganathan ef al. 2000).
These parameters are summarized in Table 3.

The tunnel excavation was simulated by deactivating
soil elements inside the tunnel and applying non-uniform
inward displacements to nodes around the boundary of the
tunnel, with a pre-defined 1% volume loss (i.e., difference
between original volumes to reduced volume). The face of
each tunnel section was fixed by applying zero
displacement boundary condition to restrain the inward
tunnel face movement similar to that in centrifuge tests.
Although tunnel lining was not explicitly simulated in the
numerical analysis, the effect of this was implicitly included

by controlling an equivalent volume loss. Pattern of the
applied non-uniform displacement boundaries was
determined according to Cheng et al. (2007)’s displacement
controlled model (DCM). The DCM was proposed based on
deformation mechanisms (in green-field) observed in the
field and in centrifuge tests.

2.4 Soil structure interactions and boundary conditions

In the analysis, the piled raft installation effect on in situ
stress distribution of soil was not considered and hence the
“wished-in-place pile” was modelled. Therefore, the
behaviour of the pile may be quite close to a bored pile. The
obtained computed results can be conservative with this
assumption. While modelling tunnel-pile-soil problem, one
of the important aspects of modelling soil structure
interaction (SSI) is to establish interaction between pile and
surrounding soil. Because relative pile soil movement and
separation between raft and soil can occur during
advancement of tunnelling. To incorporate the interactions
between pile-soil and raft-soil, surface- to-surface contact
technique provided in Abaqus software package was used.

In this approach, two surfaces in contact were assigned
as the master and slave surface. The penalty approach was
used for tangential contact and the normal behaviour is
modelled as hard contact with no normal relative
displacement between the pile and surrounding soil. The
interface was modelled by the Coulomb friction law, in
which the interface friction coefficient (z) and limiting
displacement (y;;,) are required as input parameters. A
limiting shear displacement of 5 mm was assumed to
achieve full mobilization of the interface friction equal to
uxp', where p' is the normal effective stress between two
contact surfaces, and a typical value 0.35 of ufor a bored
pile was used in all analyses (Lee 2012a, Soomro et al.
2020). Roller and pin supports were applied to the vertical
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Fig. 3 3D finite element mesh (showing model of building, raft and ground) for case S

sides and the base of the mesh, respectively. Therefore,
movements normal to the vertical boundaries and in all
directions of the base were restrained. The water table was
assumed to be at the ground surface. Initially, the pore water
pressure distribution was assumed to be hydrostatic. Free
drainage was allowed at the top boundary of the mesh. The
tunnel lining was assumed to be continuous and impervious.
It is well-known that overconsolidated clays have a
preconsolidation pressure higher than the present
overburden pressure due to unloading or aging effects.
Sivakumar, et al. (2009) stated that the value of coefficient
of lateral earth pressure at rest, Ko is constant during first
loading, as an increase in vertical loading also affects the
horizontal stress. It implies that Ko is function of over
consolidation ratio (OCR). Hence, the coefficient of lateral
earth pressure formula by (Mayne and Kulhawy 1982) (i.e.,

K, = (1 — sing’)(OCR)s™*"),
2.5 Numerical simulation

The numerical simulations of all the three cases were
carried out in the following steps

0] Initial geostatic stresses were generated in the
mesh by applying gravity load and the coefficient of lateral
earth (K,) value.

(i) The piles were constructed then raft was placed
on top of pile group and soil deposit
(iii) The 20 storey building was constructed on top of
the piled raft. A live load of 5 kPa was applied on the floor
slab of each storey.

(iv) Excess pore pressure developed in soil mass
resulting from dead load of the building and the live load
was allowed to fully dissipate.

v) Three-dimensional tunnel construction was

carried out by deactivating soil elements in zone of the
tunnel then tunnel lining was installed.

3. Interpretation of computed results
3.1 Settlement of piled raft

Settlement of the piled raft (S,) induced due to tunnel
advancement near pile shaft, next to and below the pile toe
in cases of S, T and B, respectively is plotted in Fig. 4. The
advancement of tunnel (y) is shown with respect to a
monitoring section selected at the mid of pile raft (see inset
in the figure). For convenience the S, and y are normalised
by pile diameter (d,) and tunnel diameter (D), respectively.
The numerical predictions in each case show that the
induced piled raft settlement increased non-linearly with
advancement of tunnel. The piled raft shows signs of the
settlement as tunnel reaches at y/D=-5.0. The S, kept
increasing as the tunnel passes through the monitoring
section (i.e., at y/D=0) until the tunnels reached at y/D=+5.0.
It implies that an influence zone (in which the building is
affected by nearby tunnel excavation) can easily be
identified. The influence is comprised of distance equal to
five times of tunnel diameter ahead and beyond the
monitoring section (i.e.-5.0< y/D <+5.0). Among the three
cases, the largest and smallest settlement were predicted
when tunnel was excavated near the pile shaft (case S) and
below the pile toe (case B), respectively. This was because
of the plastic strain generated surrounding the piles due to
tunnel-induced stress release (discussed in section 3.6).
Since the tunnel is located adjacent to pile shaft in case of S,
the shafts of the piles were affected by tunnelling-induced
plastic strain. However, the toes of the piles were resting on
the intact (from plastic strain) stiffer layer. Whereas, toes of
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the piles were severely influenced by the plastic strain due
to advancement of tunnelling adjacent to and below the pile
toes (in cases of S and T, respectively). Consequently, the
piled raft experienced the larger settlement in case of T and
B than that in case of S. On the other hand, because of
shallow in case of S and deeper tunnel in case of B, the
surface settlement is the largest and smallest, respectively.
On completion of tunnel excavation in cases of S, T and B,
the piled raft settlement was 0.40d,%, 1.15d,% and
1.82d,%, respectively. With settlement due to working load
(i.e. 4.52d,%), the total settlements of the building 4.92d,%
in case S and 6.34d,% in case B exceed the maximum
allowable foundation settlement (i.e., 50 mm) according to
Skempton and Macdonald (O’Brien 2012) and (Skempton
and MacDonald 1956). Hence, the numerical prediction

45 = =0 = =0 = 0 = < = = = i = = o = = Om = Om = Om = Om = O

65 R —r——————— RS S o S

B A

Fig. 5 Evolution of differential settlement in the raft

implies that the serviceability limit state of a building
founded on pile can be affected when tunnelling activities
are performed near or below the pile toes.

3.2 Differential settlement of piled raft

In addition to the discussion of piled raft settlement in
previous section, differential settlement induced in the
building is an important parameter to investigate. During
the tunnel excavation nearby piled raft foundation, as
expected, piles closest to tunnel are subjected to larger
ground movement and stress-release than those which are
farthest from tunnel. As a result, differential settlement is
induced in the piles. Fig. 5 shows settlements of piled raft
induced at various positions along the centerline of the raft
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Fig. 6 Lateral deflection and Inter-drift of the building after tunnel excavation

(see inset in the figure) before and after tunnelling in cases
of S, T and B. It can be seen that after completion of the
building construction (before tunnel excavation), the
settlement occurred in the building was uniform through the
centerline of the raft. However, as tunnel advanced the raft
corner closest to tunnelling settled larger than that of farther
from the tunnel. This observation is attributed to tunnelling-
induced stress release which is larger and smaller around
pile closest to and farthest from the tunnel. The induced
differential settlement caused the building permanent inter-
storey drifts (discussed in section 3.3.1). As it can be seen
from the figure, by increasing the tunnel depth from z/L, =
0.3 in case S to z/L, =1.4 in case B, the differential
settlement of the piled raft increased considerably from 2.4
mm to 19.5 mm on completion of tunnel.

3.3 Responses of the building frame

3.3.1 Flooring lateral displacement and inter-storey
drifts

The numerical predictions in previous section showed
that tunnelling resulted in differential settlement of the raft.
This led to displace the 20 storey building laterally towards
tunnel in each case. Fig. 6(a) illustrates the induced lateral
deflection of the building along each storey on completion
of tunnelling in all the three cases (i.e., S, T and B). It can
be seen from the figure that lateral deflection increased with
height of the building. The maximum lateral deflection
occurred at the top of the building (the roof level of 20%
storey). The largest and smallest lateral deflection was
predicted when tunnel was excavated below the pile toe in
case B and near pile shaft in case S, respectively. The
general trend of the lateral deflection profile is consistent
with differential settlement. Since inter-storey drift may
induce distress in structural component of the building, it is
necessary to predict the drift induced in the building due to
tunnel excavation at different depths.

Fig. 6(b) illustrates inter-storey drift of the building due to
tunnel excavation in cases of S, T and B. The inter-storey
drift of the building can be defined as ratio of difference of
deflections at two storeys to storey height. It is noted that
inter-storey drift shows similar trend as that of lateral
deflection. Similar to the induced lateral deflection in the
building, the inter-storey drift increases with tunnel depth
relative to the piles. The induced drift due to tunnel below
the pile toe in case B was 11 times larger than that in case S
in which tunnel is excavated near the pile shaft. The
maximum drift of 0.012%, 0.073% and 0.12% was
predicted in cases of S, T and B, respectively.

3.3.2 Induced slope, tilting and distortion in the frame
of the building

Tunnelling-induced differential settlement of the raft not
only caused building to deflect laterally but also induced
slope, tilting and distortion in the frame building. The slope
is defined as differential settlement at two points of the
frame normalized by horizontal distance between the two
settlement points. Moreover, tilting is defined as the ratio of
horizontal displacement at the two points to the vertical
distance between the two points. Angular distortion is
defined as shearing distortion of the frame. Mathematically,
angular distortion is calculated as Angular distortion =
Slope — Tilting. Fig. 7 shows induced slope, tilt and
angular distortion in three bays of the frame (i.e., Bay I,
Bay II and Bay III) on completion of tunnelling in cases of
S, T and B. The induced slope increased from Bay I to Bay
III in each case. As discussed in section 3.2, the differential
settlement of piled raft was greater as tunnel was excavated
deeper relative to piles. As a result, induced slope as well as
tilt was larger in case B as compared to cases S and T. The
tilt caused by the building in lateral direction results in
lateral movement of the building. Owing to angular
distortion induced due to tunnelling in each bay of the
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Fig. 7 Deformation of the building after tunnel excavation in cases of (2) S (b) T and (c) B

frame, each bay underwent an extension at either diagonal
line. In case S, the angular distortion and the horizontal
strain at top was -1.44x10* and -0.013x10* in bay I, and
0.39x10* and -0.013x10* in bay II, and 2.22x10** and -
0.013x10* in bay III, respectively. The angular distortion in
each of three bays decreased in cases T and B as compared
to case S. The induced angular distortion could incur
structural distress in the frame. However, the induced
angular distortion in each bay of the building frame in each
case is much lower than limiting tolerable value of angular

distortion (i.e., 0.002) proposed by (Xiang et al. 2008)
based on 57 cases of deep foundation.

3.3.3 Horizontal displacement of ground and piled raft
and development of shear traction at base of the raft

The computed horizontal displacements at the base of
the raft, and in the soils adjacent to the base of the raft
developed on completion of tunnel in each case (i.e., S, T
and B), are shown in Fig. 8(a). It can be observed from the
figure that when tunnel was excavated near pile shaft in
case S, significant raft movement in lateral direction was

induced compared to lateral movement of the raft in cases
of T and B. This is attributed to shear strain generated due
to tunnelling around the piles. These observations are
opposite to that of differential settlement of the raft. The
numerical predictions show that lateral movement of 18 mm,
6 mm and 11 mm was induced in cases of S, T and B,
respectively. Compared to horizontal displacement of the
ground surface underneath the raft, lateral movement of the

raft is substantially higher in magnitude near the edges of
the raft. This suggests that clearly sliding occurred at the

soil-raft interface. The sliding led in shear traction along the
raft (discussed later). However, at the mid-portion of the

raft, no relative movement between the raft and adjacent
soil was observed in each case.

3.3.4 Development of normal and shear traction at
base of the raft

As discussed in previous section that relative soil-raft
movement in lateral direction was developed. Consequently,
shear traction was generated at base of the raft. The
computed normal and shear traction after construction of
the building (before tunnelling) and on completion of tunnel
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in each case (i.e., S, T and B) are plotted in Figs. 8(b) and
8(c), respectively. The compressive normal traction and
shear traction in positive x-direction were taken as positive.
It can be seen from Fig. 8(b), construction of tunnel caused
normal traction to decrease in each case. This is because
load transferred from the raft to the piles (discussed later).
Consistent with these redistributed normal tractions,
additional settlement developed, which act to reduce the
differential settlements induced in the building. It can
clearly be seen that shear traction is mobilized over most of
the raft portion except mid-portion of the raft (i.e. —
0.125<x/B<0.25). This is because of large normal traction
and less relative raft soil displacement in that portion.

3.4 Changes in load taken by the raft during tunnel
excavation

After construction of the building resting on a piled raft
system, some of the building load is sustained by the raft
and remaining load is transferred to the piles. However, the
load taken by the raft can be altered when tunnelling
activity is performed close to piles. Fig. 9 represents the
change in load sharing by the raft during advancement of
twin tunnels in cases S, T and B. It can be seen that before
tunnelling (after application of working load), about
7.55%o0f the building load (i.e. 57.6 MN) was carried by the
raft and rest of the load was transferred to sixteen piles. In
case of S, the load taken by the raft kept decreasing during
the entire process of tunnelling. As the second tunnel

0

01 0.2 0.3 0.4 05

approaches the monitoring section, rate of reduction of the
load is the highest but as it passes through the monitoring
section, no further reduction was predicted. This indicates
that the building load was transferred to piles on completion
of tunnel. This can be attributed to separation of the raft and
the ground because of induced larger ground surface
settlement and lesser piled raft settlement. As a result of the
gap between the raft and the ground, normal traction
decreased (see Fig. 8(b)) on completion of tunnelling. In
contrast to case S, the load taken by the raft firstly
decreased then increased as tunnel approached the
monitoring section in both cases T and B. This implies that
the load is transferred to the raft. This is because the
tunnelling in both the cases led to substantial settlement in
the raft (see Fig. 4) which was less than tunnelling-induced
ground surface settlement. The maximum percentage
increment of the load carried by the raft on completion of
the tunnelling in case of T and B were 3% and 5%,
respectively.

3.5 Changes in axial load distribution along piles

As discussed in previous section, the load taken by the
raft altered substantially due to tunnel excavation in each
case. It suggests that changes in axial load distribution
along 16 piles can be induced. Since arrangement of the 16
piles in the piled raft system is in square pattern (i.e., 4x4
piles), the piles at critical positions are selected for
discussion in this section. The piles are designated as P1, P2,
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P3 and P4 (see the inset in Fig. 10). Figs. 10(a)-10(d)
compare axial load distribution along the lengths of piles P1,
P4, P2 and P3, respectively in cases S, T and B. For
comparison, load distribution along the length of each pile
before tunnelling is included in each figure. It can be
observed from the figure that the load taken by the piles
positioned at the corner of the raft (i.e., P1 and P4) is same
before tunnelling. Before tunnelling, the load taken by the
piles P1 and P4 is 5050 kN. Both piles resisted the load by
shaft resistance (77% of the load) and remainder resisted by
the piles end-bearing. In case S, the axial load along upper
portion of pile P1 (Z/L,<0.56) increased after tunnelling.
This indicates that shaft resistance decreased along that
portion of pile P1. This observation can be attributed to
tunnelling-induced shear stain due to stress release at the
mid-portion of the pile (discussed in section 3.6). To
support the load, shaft resistance was mobilised at lower
portion of the pile (Z/L,=0.5). Unlike in case S, the axial
load distribution along the entire length of pile P1 was
reduced in cases T and B. This prediction implies that end-
bearing reduced and shaft resistance was mobilised along
the entire length of the pile. This is because of location of
tunnel in both cases T and B. The tunnelling-induced shear
strain is around and below the pile toe in case of T and B,
respectively. This led the end-bearing of the pile to reduce
and consequently shaft resistance was mobilised to carry the
load. On the other hand, negligible changes were found in
axial load distribution of pile P4 due to tunnelling in each
case (see Fig. 10(b)). This may be because the location of
the pile P4 is at far side of the tunnelling. It can be seen
from Figs. 10(c) and 10(d) that before tunnelling the load
transferred to each of pile P2 and P3 was 1600 kN. The
piles resisted the load by mobilising shaft resistance (40%
of load) along lower portion of the piles and remainder 60%
of the load was resisted by end-bearing. It can be seen from
the figure that significant load increased along the upper
portion of the pile P2 (Z/L,<0.56) in case S and entire pile
length in cases T and B. Similar changes in axial load
distribution along the pile length P4 were observed after
tunnelling in each case. This load redistribution is ascribed
to tunnelling-induced stress release and load transfer from
the raft to piles. Further shaft resistance was mobilised

along the pile P2 (increased by 27%, 28% and 3% in cases
S, T and B, respectively) and pile P3 (increased by 34%.
33% and 11% in cases S, T and B, respectively) to carry the
transferred load from the raft.

3.6 Induced deviatoric strain around tunnel and piles

When tunnelling activity is carried out, it inevitably
induced stress release in the ground. As a result of stress
relief, shear strains are developed around the tunnel.
Significant shear strains were developed around the piles
when tunnels passed through mentoring section in each case.
Figs. 11(a)-11(c) show induced deviatoric strain (in
percentage) contours along YOZ plane on completion of
tunnelling in cases of S, T and B, respectively.

The green continuous and red dotted contours lines
represent compression and extension strains, respectively.
For reference, tunnel and piles locations are depicted in the
figures. It can be seen from the figure that significant
deviatoric strains (around 2% near the tunnel) are developed
around tunnel in each case. Since the tunnel location is near
pile shaft in case S, the shafts of piles were greatly affected
with plastic strains developed due to tunnelling. This
suggests that yielding of soil around pile shaft, resulting in
reduction of pile shafts (see Fig. 10(a)). On the other hand,
the tunnelling-induced plastic strain affected the toe of the
piles substantially in cases of T and B. This indicated that
the soil yielded at the toe of the piles and below in cases of
T and B, respectively. Consequently, the larger settlement of
the piled raft was induced in both cases (i.e., T and B) (see
Fig. 4). The larger settlement caused the raft to penetrate
into the ground led to increase in normal traction (see Fig.
8(b)) which resulted in developed deviatoric strain under
the raft.

3.7 Structural response of pile (induced bending
moment shear forces along piles)

Before tunnelling, the piles are horizontally confined by
the surrounding soil and are subjected to negligible shear
forces and bending moments. However, when tunnelling
activity is carried near piles and induces stress release in the
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ground, the substantial shear forces and bending moment
can be produced in the piles. Thus, the shear forces and
bending moment induced along piles due to tunnelling is an
important parameter to be predicted. Figs. 12(a)-12(c)
illustrate the induced shear forces along normalised depth of
four selected piles (i.e., P1, P2, P3 and P4) on completion of
tunnel in case of S, T and B, respectively. It is evident from
the figures that tunnelling location with respect to piles
substantially alters the shear forces distribution in the piles.
A highly non-linear shear force distribution was predicted
along each pile in each case. Due to rigid connection
between the piles and raft, the maximum shear force
generated is at head of the piles. In case S, the piles at the
corners of the raft (P1 and P4) are subjected to larger shear
forces than that placed in the middle of the raft (P2 and P4).
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Fig. 10 Axial load distribution before and after tunnelling in each case along

The maximum shear forces developed at pile head P1 and
P2 were 30 kN and 60 kN, respectively. In addition, shear
force with magnitude of 30 kN was induced in pile P1
(closest pile to tunnel). This is because of tunnelling-
induced shear strain ground movement towards tunnel (see
Fig. 11). Compared to shear forces developed along each
pile in case S, the shear forces induced in cases T and B
were computed smaller. This is attributed to ground
movement due to tunnelling-induced stress release were
next to and below pile toe in cases T and B, respectively.
Since the piles are mostly designed to carry the vertical load,
the bending moment induced in the piles is another
important parameter to investigate due to adjacent
tunnelling. Figs. 13(a)-13(c) show the induced bending
moments along normalised depth of four selected piles (i.e.,
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P1, P2, P3 and P4) on completion of tunnel in case of S, T
and B, respectively. It is clearly evidence from the figures
that the maximum bending moment induced at head of each
pile in each case (except pile P1 in case S). This is because
the piles are rigidly connected to the raft. In case S, the
maximum negative bending moment (460 kNm) was
predicted at Z/L,=0.3 in pile P1. To counter-balance the
negative bending moment, moment positive was induced at
lower portion of the pile (Z/L,>0.5). The piles in the middle
of the raft (P2 and P3) were subjected to smaller bending
moment than that of corner piles due to tunnelling. Since
tunnelling activities were performed next to and below pile
toe in cases T and B, respectively, the maximum bending
moment induced at the head of each pile. The reason can be
attributed to induced shear strain in the ground due to
tunnelling (see Fig. 11). The magnitudes of the maximum
induced bending moments in pile P4 were 275 kNm and
350 kNm in cases T and B, respectively.

4. Conclusions

To understand the deformation mechanism of a 20
storey building sitting on (4x4) piled raft to adjacent 6 m
diameter tunnelling in stiff clay, 3D coupled-consolidation
numerical modelling was carried out using Abaqus software.
The influences of different tunnel locations relative to piles (i.e.,
z/Lp) were investigated in this parametric study. In first case,

the tunnel was excavated near the pile shafts with depth of
tunnel axis (z;) of 9 m (i.e., z/L,). In second and third cases,
tunnels were driven at z; of 30 m and 42 m (i.e., z/L, = 1.0 and
1.4), respectively. An advanced hypoplastic clay model
(which is capable of taking small-strain stiffness in account)
was adopted to capture soil behaviour. This study shows
that tunnelling activity adjacent to a building resting on
piled raft caused significant settlement, differential
settlement, lateral deflection, angular distortion in the
building. In addition, substantial bending moment, shear
forces and changes in axial load distribution along pile
length were induced.

The findings from the parametric study revealed that the
building and pile responses significantly Influenced by
tunnel location relative to the pile. Based on numerical
predictions, the following specific conclusions are drawn:

1. In case B (in which tunnel was excavated below pile
toes), the largest settlement, differential settlement,
lateral deflection and inter-storey drift was induced as
compared to cases S and T (tunnel located near and
next to pile toes, respectively).

2. Lateral deflection increased with height of the building.
The maximum lateral deflection occurred at the top of
the building (the roof level of 20™ storey). The largest
and smallest lateral deflection was predicted when
tunnel was excavated below the pile toe in case B and
near pile shaft in case S, respectively.
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3. The tunnelling-induced ground movement led to
develop shear traction at the raft-soil interface. This is
because of lateral movement of the raft is substantially
higher as compared to horizontal displacement of the
ground surface.

4. In case of S, the load taken by the raft kept decreasing
during the entire process of tunnelling.

This indicates that the building load was transferred to piles

on completion of tunnel. In contrast, the load taken by the

raft is transferred to the raft on completion of tunnelling in

both cases T and B.

5. Apart from induced settlement, tilting, angular
distortion and lateral movement in the building due to
tunnelling, the piles are also subjected to substantial
shear forces and bending moment along pile lengths.
Compared to shear forces developed along each pile in
case S, the predicted shear forces in cases T and B were
smaller. In contrast, tunnelling below the pile toes in
case B caused the largest bending moment at the head
of piles. This is because of rigid connection between
raft and pile head and differential settlement due to
tunnelling.

It should be noted that the computed results reported in
this paper should be treated with caution since they may be
specific to the particular soil type, volume loss and
modelling techniques adopted.
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