
Geomechanics and Engineering, Vol. 35, No. 6 (2023) 603-615 

https://doi.org/10.12989/gae.2023.35.6.603                                                                                                                                            603 

Copyright © 2023 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=gae&subpage=7                                                                                                              ISSN: 2005-307X (Print), 2092-6219 (Online) 

 
1. Introduction 
 

Population growth and space limitations have pushed 

engineers to propose more sophisticated and efficient means 

of transportation (Ding et al. 2017). As a result, 

underground transit systems have gained more attention 

(Liu et al. 2023, Ye et al. 2023, Shi et al. 2019a, 2023). 

However, due to the scarcity of urban space, it is inevitable 

to construct these tunnels in close proximity to existing 

infrastructures such as high-rise building, bridges (Lu et al. 

2020, Lee 2019). Battered piles have been used for a long 

time to resist large lateral loads from winds, water waves, 

soil pressures, and impacts (Bharathi et al. 2022, Mu et al. 

2021). Their distinct advantage over vertical piles is that 

they transmit the applied lateral loads partly in axial 

compression, rather than only through shear and bending. 

However, given the limited urban space, it is unavoidable to 

construct these tunnels near existing infrastructures which 

can cause additional settlement, lateral movement and 

tilting of piled structure which may jeopardize the piled 

foundation (Soomro et al. 2022). Jacobsz et al. (2006) 

reported the 35-km long twin tunnels were constructed 

adjacent to a bridge supported by vertical and battered pile.  
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Each bridge pier is supported on a total of 31 piles of which 

12 are vertical and 19 battered. The vertical piles were of 

driven-cast-in situ construction, while the battered piles 

were bored. Hence, it is crucial to investigate the impact of 

tunnelling on adjacent battered piles. Extensive research has 

been conducted to investigate the effects of single tunnels 

as well as twin tunnels effects on vertical piles. Various 

scholars have documented case histories that illustrate 

instances of excessive settlement and lateral deflection of 

piles induced by tunnelling (Forth and Thorley in 1996, 

Coutts and Wang 2000, Pang et al. 2005, Selemetas 2005, 

Jacobsz et al.2006; Boonyarak et al. 2014). Moreover, 

researchers have conducted physical model tests to examine 

the behaviour of piles in response to single tunnel 

excavations (Loganathan et al. 2000, Lee and Chiang 2007, 

Marshall and Mair 2011, Franza and Marshall 2018, 

Meguid et al. in 2008, and Boonsiri and Takemura in 2015). 

These investigations have demonstrated that the extent of 

tunnelling-induced settlements is significantly influenced 

by factors such as tunnel volume loss and the depth at 

which the tunnel is buried relative to the piles. Franza and 

Marshall (2018) carried out a set of centrifuge experiments 

with the aim of simulating the impact of tunnel excavation 

beneath piled structures in dry sand. The findings of their 

research demonstrate that the settlement and failure 

mechanisms of the piles are greatly influenced by the initial 

loads on the piles and the redistribution of these loads  
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Abstract.  Population growth and urbanization prompted engineers to propose more sophisticated and efficient transportation 

methods, such as underground transit systems. However, due to limited urban space, it is necessary to construct these tunnels in 

close proximity to existing infrastructure like high-rise buildings and bridges. Battered piles have been widely used for their 

higher stiffness and bearing capacity compared to vertical piles, making them effective in resisting lateral loads from winds, soil 

pressures, and impacts. Considerable prior research has been concerned with understanding the vertical pile response to tunnel 

excavation. However, the three-dimensional effects of tunnelling on adjacent battered piled foundations are still not investigated. 

This study investigates the response of a single battered pile to tunnelling at three critical depths along the pile: near the pile shaft 

(S), next to the pile (T), and below the pile toe (B). An advanced hypoplastic model capable of capturing small strain stiffness is 

used to simulate clay behaviour. The computed results reveal that settlement and load transfer mechanisms along the battered 

pile, resulting from tunnelling, depend significantly on the tunnel's location relative the length of the pile. The largest settlement 

of the battered pile occurs in the case of T. Conversely, the greatest pile head deflection is caused by tunnelling near the pile 

shaft. The battered pile experiences "dragload" due to negative skin friction mobilization resulting from tunnel excavation in the 

case of S. The battered pile is susceptible to induced bending moments when tunnelling occurs near the pile shaft S whereas the 

magnitude of induced bending moment is minimal in the case of B. 
 

Keywords:   battered pile; bending moment; settlement; stiff clay; tunnelling 

 



 

Mukhtiar Ali Soomro, Naeem Mangi, Dildar Ali Mangnejo and Zongyu Zhang 

 

 

 

among the piles during the loss of tunnel volume. These 

factors are directly associated with the weight and stiffness 

of the structures. Furthermore, several researchers 

(Loganathan et al. 2001, Mroueh and Shahrour 2002, Lee 

and Ng 2005, Huang et al. 2009, Zhang et al. 2011, 

Marshall 2012, Lee 2012a, Lee 2012b, Lee 2013, Hong et 

al. 2015, Soomro et al. 2015, Soomro et al. 2017) have 

investigated this issue by proposing analytical solutions and 

conducting numerical modelling. In order to further explore 

the effects of twin tunnelling on both individual piles and 

pile groups in dry sand, centrifuge model tests were 

conducted, and subsequent analysis was performed (Ng and 

Lu 2013, Ng et al. 2013, Ng et al. 2014, Ng et al. 2015). 

These tests simulated side-by-side twin tunnels either 

adjacent to or beneath the toe of the piles. The existing 

single pile or pile group was situated between the twin 

tunnels, which were excavated sequentially. The results 

revealed that twin tunnelling did not induce significant 

bending moments in either case, with the induced moment 

not exceeding 17% of the pile's bending moment capacity. 

Additionally, twin tunnelling caused a maximum increase in 

axial force of 27% in the single pile due to load transfer 

within the pile. Furthermore, the second tunnelling process 

reversed the tilting effect on the existing pile group caused 

by the first tunnelling. Considerable prior research has been 

concerned with understanding the vertical pile response to 

tunnel excavation. However, the three-dimensional effects 

of tunnelling on adjacent battered piled foundations are still 

not investigated. 

In view of the aforementioned issues, this study aims at 

systematically investigating the settlement and load transfer 

mechanism of an existing battered single pile due to tunnel 

in saturated clay. To achieve these objectives, a three-

dimensional coupled-consolidation numerical parametric 

study is carried in this study. Settlement and deflection of 

the battered pile, py curves, axial load distribution along the 

pile, stress changes and bending moment during tunnelling 

advancement are reported and discussed. 

 

 

2. Development of three-dimensional numerical 
model 

 
2.1 Description of geometry of the numerical models 
 
The present study investigates the effects of an 

advancing tunnel on an existing battered pile in medium 

stiff clay. To achieve this, numerical analyses are conducted 

using the three-dimensional finite element program Abaqus 

6.14-2 (Hibbitt et al. 2015). The analysis takes into account  

 

 

the soil consolidation that occurs during tunnel construction 

through the implementation of coupled-consolidation 

analysis. The study investigates the depth of the tunnel in 

relation to the length of the pile. Three critical depths along 

the pile depths are selected which are near the pile shaft (S), 

next to (T) and below the pile toe (B) considering the 

position of the tunnel on the opposite side of battered pile.  

The cases are denoted according to tunnel location 

relative to pile length e.g., S represents the case in which 

tunnel is excavated near the pile shaft on the opposite side 

of the battered pile. Figs. 1(a)-1(c) illustrate the elevation 

view of cases S , T, and B, respectively. In the case of S, the 

tunnelling is simulated near the adjacent pile shaft on the 

opposite side of the pile batter. Conversely, in the T and B 

cases, the tunnel is excavated next to pile toe and below the 

pile toe, respectively. The tunnel diameter is taken as 6 m 

(D) with a cover of 8 m (C), resulting in a cover-to-diameter 

ratio (C/D) of the tunnel equal to 1.33 in case of S. For the 

cases of T and B, a cover-to-diameter ratio (C/D) of the 

tunnel equal to 2.33 and 3.53, respectively. The embedded 

length (Lp) and diameter (dp) of the pile are 18 m and 0.8 m, 

respectively. The pile is inclined at a batter angle (θ) of 20°, 

which is the optimized angle for the battered pile (Bharathi 

et al. 2022, Jamil and Ahmed 2019). A working load in 

vertical direction is applied on the battered pile head. The 

magnitude of the vertical working load is determined from a 

pile load test which is conducted numerically (discussed in 

section 2.4). The clear distance (s) between the tunnel and 

the battered pile is 2.5 m, equivalent to 0.42D.  

Fig. 2 illustrates the plan view of the configuration of 

the numerical simulation. The tunnel in the simulation has a 

length of 72 m, which corresponds to 12 times the diameter 

(D) of the tunnel. The excavation process of each tunnel 

was simulated in 28 steps. During each step, the tunnel 

advanced by a distance of 2.5 m (0.42D) (Lee 2012, Lee 

and Ng 2005). In the finite element analysis, a time 

increment of one day was used for each step. To monitor 

the progress of the tunnel advancements, a monitoring 

section located at the transverse centreline of the pile (i.e., 

y/D = 0) was selected as a reference point.  

The primary objective of this study is to examine the 

effects of tunnelling on a battered pile under vertical 

working load. To achieve this, a numerical pile load test (L) 

is conducted in "greenfield" conditions, meaning no tunnels 

are present. The purpose of this test is to determine the 

ultimate capacity of the pile in medium stiff clay. After the 

ultimate capacity is determined from the pile load test, the 

working load is calculated by applying a factor of safety of 

3.0 (Polous 2001). This ensures a sufficient margin of 

safety in the design (Lu et al. 2020, Shi et al. 2020, Qian et  

Table 1 Summary of numerical simulations 

Case ID C/D Remarks 

S 1.33 Tunnelling near pile shaft and opposite side of batter pile 

T 2.33 Tunnelling next to pile toe and opposite side of batter pile 

B 3.53 Tunnelling below pile toe and opposite side of batter pile 

Note: C/D= cover to diameter of tunnel ratio 

604



 

The responses of battered pile to tunnelling at different depths relative to the pile length 

 

 

 

al. 2020). The obtained working load is then applied to the 

battered pile in the subsequent numerical simulations. Table 

1 summarizes numerical simulations conducted in this 

study. 

 
2.2 Geometry discretisation, boundary and initial 

conditions 
 

The 3D FE simulations discussed in the paper aimed to 

model the battered pile responses to an adjacent advancing 

tunnel. Fig. 3 shows an isometric view of a typical finite 

 

 

element mesh of the case T_b. The length along the y-axis, 

width along the x-axis, and depth along the z-axis of the 

mesh are 80 m, 80 m, and 60 m, respectively. The depth of 

the model is chosen to be 10 time the diameter of the 

tunnel. The mesh consists of 88752 elements and 100145 

nodes. The soil domain is discretized using 8-node brick, 

trilinear displacement, trilinear pore pressure. Coupled-

consolidation analysis was performed to simulate 

accumulation of excess pore water pressure. The pile is 

discretized using 8-node linear brick. The sensitivity of the 

numerical results with respect to size of mesh was explored  

 

(a) 

 

(b) 

 

(c) 

Fig. 1 Elevation view of numerical simulations of cases (a) S, (b) T and (c) B 
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and it was found that without undermining stability of 

analysis, the optimum value 1.5 mm of element was chosen. 

All displacement components were prescribed to be zero at 

the base of the mesh, while only displacements orthogonal 

to the boundaries were restrained on the vertical sides. The 

effective vertical stress was initialized in the numerical 

model by adopting a saturated bulk unit weight of 16.5 

kN/m3 and the hydrostatic pore pressure distribution. The 

coefficient of lateral earth pressure at rest, Ko is estimated 

by Mayne and Kulhawy’s equation (i. e. ,  𝐾0 =

(1 − 𝑠𝑖𝑛𝜑′)(𝑂𝐶𝑅)𝑠𝑖𝑛𝜑′
).   

 

 

 

In order to consider the interaction between soil and 

structures, specific properties related to tangential 

behaviour and normal behaviour are chosen for the contact 

between the battered piles nd soil. The Coulomb Friction 

model is utilized to define frictional contact properties, 

enabling the simulation of tangential behaviour. On the 

other hand, the Hard Contact model is employed to replicate 

the nature of surface contact and simulate normal behaviour 

in Abaqus. In all analyses, a standard value of μ (coefficient 

of friction) for a bored pile was assumed to be 0.35 

(Indraratna et al. 1992, Tsubakihara and Kishida 1993,  

 

Fig. 2 Plan view numerical simulation of a typical case of S 

 

Fig. 3 Finite element mesh of a typical numerical analysis for the case of T 
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Karira et al. 2022). To achieve complete mobilization of the 

interface friction, a limiting shear displacement of 5 mm is 

considered, corresponding to μ multiplied by p', where p' 

represents the normal effective stress between the two 

contact surfaces. This approach is implemented consistently 

throughout the analyses. 

In this study, the displacement-controlled model (DCM) 

was utilized, following the approach proposed by Cheng et 

al. 2007. Prior to the tunnelling process, the volume loss 

was predetermined by defining the dimensions of the gap 

between the tunnel lining and the excavated soil. The soil in 

this specific section was removed by employing a technique 

referred to as "element death". Simultaneously, the shell 

element representing the tunnel lining was activated. Mair 

and Taylor (1997) documented that tunnel excavation using 

earth pressure balance shields resulted in typical volume 

losses of up to 1% in sand, while soft clay exhibited volume 

losses of approximately 2%. Additionally, Abrams (2007) 

and Shirlaw et al. (2003) reported volume losses ranging 

from 1% to 4% in mixed-face tunnelling scenarios 

involving clay and sand. Based on these reports, a volume 

loss of 2% was adopted in this hypothesized study. 

 

2.3 Material models and input parameters 
 

A hypoplastic(clay) model is used to capture behaviour 

of soil which is capable to model small strain stiffness 

(Mašin 2005). The basic hypoplastic model was developed 

to capture the nonlinear behaviour of granular materials 

under medium-to-large strain levels during monotonic 

loading (Mašín and Herle 2005, Mašín 2005). This model 

consists of five parameters, namely 𝑁,,,
𝑐
and 𝑟. The 

parameters N and λ* define the position and slope of the 

isotropic normal compression line in the ln(1+e) versus 

ln(p') plane, where e represents the void ratio and p' denotes 

the mean effective stress. The parameter κ* defines the 

slope of the isotropic unloading line in the same plane. 
𝑐
 

represents the critical state friction angle, while r controls 

the shear modulus at large strains. To incorporate strain 

dependency and path dependency of soil stiffness at small 

strains, Niemunis and Herle (1997) improved the basic 

hypoplastic model by introducing the concept of 

intergranular strain. This enhancement requires five 

additional parameters: (𝑅, 
𝑟
, , 𝑚𝑇  𝑎𝑛𝑑 𝑚𝑅,) . The 

parameter R determines the size of the elastic range, while 


𝑟
 and    control the rate at which stiffness degrades. The 

parameters 𝑚𝑇 𝑎𝑛𝑑 𝑚𝑅 govern the initial shear modulus 

when the strain path is reversed by 180° and 90°, 

respectively. The hypoplastic clay model, including small 

strain stiffness, has been implemented in the commercial 

finite element software package Abaqus as a user-defined 

subroutine. 

In this hypothetical study, kaolin clay was selected as 

the artificial soil due to its extensively studied physical 

properties and basic geotechnical parameters. The choice of 

kaolin clay is supported by prior research that has focused 

on microstructure characterization (Gasparre 2005), seepage 

tests (Al-Tabba 1987), compression tests, and shear tests 

(Benz 2007).  Additionally, kaolin clay has been widely 

used as a standard testing material for model tests that 

simulate different soil-pile interaction problems 

(Loganathan et al. 2000, Wang et al. 2015). The parameters 

for the hypoplastic clay model used in this study are 

adopted from previous research (Soomro et al. 2020). The 

researchers calibrated these parameters by comparing them 

against experimental results reported in the literature. 

Furthermore, they validated their parameters by comparing 

them with the measured results of cyclic behaviour of piles 

in centrifuge tests. Four out of the 10 parameters for kaolin 

clay have been widely studied and reported 

(i.e.,  𝑁, , and 
𝑐

). Based on these four known 

parameters, the other six model parameters controlling soil 

stiffness at medium to large-strain levels (i.e., r) and at 

small-strain levels (i.e., 𝑅, 
𝑟
, , 𝑚𝑇  𝑎𝑛𝑑 𝑚𝑅 ) were 

calibrated against existing experimental data of kaolin clay. 

The model parameters at small-strain and large-strain 

ranges are calibrated against the measured stress–strain 

relationships (reported by Parry and Nadarajah 1974) and 

the measured stiffness degradation curves (reported by 

Benz 2007) in kaolin clay, respectively. All model 

parameters for clay and concrete are summarized in Table 2 

and Table 3, respectively. 

 

2.4 Determination of working load for the pile 
 

In this parametric study, the primary objective is to 

investigate the battered pile responses when subjected to a 

working load during the advancement of tunnel in clay. To 

determine the ultimate load carrying capacity of the battered 

pile (and hence the working load), a computed load-

settlement relationship was obtained from simulation L as 

shown in Fig. 4. The load applied on the pile was gradually 

increased to 4 MN over a period of 24 h. Based on the 

failure criterion, suggested by ISSMFE (1985) (i.e., 10% of 

pile diameter), the ultimate bearing capacity of 3.2 MN was 

computed. Using factor of safety as 3, the working load was 

determined to be 1067 kN. The settlement of the battered 

pile is computed as 12.0 mm (1.5% dp) due to application of 

the vertical working load. 

 

 

3. Interpretation of computed results  
 

3.1 Progressive pile settlement due to advancement of 
tunnelling 

 

Fig. 5 compares the induced settlement of the battered 

pile during construction of tunnel in cases of S, T and B. 

The induced settlement (Sp) is expressed as percentage of 

the pile diameter (dp). The passage of the tunnel is 

represented by normalized distance by tunnel diameter (y/D) 

which is measured from monitoring section. It can be seen 

from the figure that no settlement is induced when the 

tunnel is sufficiently far from the pile (i.e., at the 

monitoring section where y/D=0) in all three cases. 

However, as the tunnel face reaches a distance of y/D=-4.0 

behind the pile, the battered pile begins to experience 

settlement. The induced settlement further increases as 

tunnelling activity is carried out closer to the pile.  
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Fig. 4 Load settlement curve obtained from the load test 

 

Fig. 5 Induced settlement of battered pile during tunnelling in cases of S, T and B 

Table 2 Model parameters of kaolin clay adopted in the parametric study 

Description Parameter 

Effective angle of shearing resistance at critical state: ’ 22o 

Parameter controlling the slope of the isotropic normal compression line in the ln(1 + e) versus lnp plane, * 0.11 

Parameter controlling the slope of the isotropic normal compression line in the ln(1 + e) versus lnp plane, * 0.026 

Parameter controlling the position of the isotropic normal compression line in the ln(1 +e)–    lnp plane, N 1.36 

Parameter controlling the shear stiffness at medium- to large- strain levels, r 0.65 

Parameter controlling initial shear modulus upon 180 strain path reversal, m
R
 14 

Parameter controlling initial shear modulus upon 90 strain path reversal, m
T
 11 

Size of elastic range, R 1×10-5 

Parameter controlling the rate of degradation of the stiffness with strain 
r
 0.1 

Parameter controlling degradation rate of stiffness with strain  0.7 

Initial void ratio, e 1.05 

Dry density (kg/m3) 1136 

Coefficient of permeability, k (m/s) 1×10-9 
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Table 3 Concrete parameters adopted in finite element 

analysis 

Description Parameter 

Young's Modulus, E 35 GPa 

Poisson's ratio, 0.3 

Density,  2400 kg/m3 

 

 

However, no substantial settlement was observed when 

the tunnelling activity is carried out at a distance of 

y/D=+4.0 both in front of and beyond the pile. Thus, the 

zone of influence was identified as being between y/D=-4.0 

and y/D=+4.0. Furthermore, the maximum settlement was 

induced in the battered pile when the tunnel was excavated 

on opposite side of the battered pile in case of T. This 

observation is different from that was made when tunnel 

passes near the pile shaft. This is because the lower part of 

the pile including the pile toe is substantially affected by the 

stress relief due to tunnelling next to the pile toe in case of 

T (discussed in section 3.5). For case of B, the settlement of 

the battered pile is attributable to reduce mobilized end-

bearing of the pile (discussed in section 3.4) due to 

tunnelling-induced stress release (discussed in section 3.5). 

The battered pile has to settle in order to mobilize shaft 

resistance. The final induced settlement of 0.60%dp, 

2.94%dp and 1.84%dp computed in cases of S, T and B, 

respectively. 

In case of tunnelling excavated near the pile shaft (i.e., 

case S), negative deflection was induced in the battered pile 

(with a maximum of 1.07%dp at Z/Lp=0.44), and negligible 

movement was induced at the pile head. This occurred 

because the location of the tunnel (relative to the batter side  

 

 
of the pile) was opposite to the batter side of the pile in the 
case of S. The ground movement due to tunnelling 
(discussed in section 3.3) dragged the battered pile towards 
the tunnel, but the normal components to the battered pile 
pulled the pile in the opposite direction to the drag caused 
by tunnelling. The tunnel excavation in case of T induced 
lateral movement as rigid body movement (with maximum 
values of -3.0%dp) at the pile toe. This mechanism can be 
attributed to push from the tunnelling-induced ground 
movement as well as the normal component of the vertical 
working load applied on the pile head. In contrast to 
intuition, the maximum lateral movement (with maximum 
values of -1.0%dp) in the toe of the battered pile is induced 
in case of B. This is because of the coupled effects of 
ground movement due to tunnelling-induced stress release 
(discussed in section 3.5) and the normal component of the 
vertical working load on the pile head. The normal 
component of the pile caused lateral movement of the upper 
portion of the pile and the ground movement drag the pile 
toe towards tunnel in case of B. The deflection of -2.96%dp 
and -0.97%dp were induced at the pile toe due to tunnelling 
in cases of T and B, respectively. 

 

3.2 Induced lateral movement of pile due to tunnelling 
 

Fig. 6 shows deflection of the battered pile on 

completion of tunnelling near pile shaft in cases of S, T and 

B. The positive value represents lateral movement of the 

pile towards the tunnel.  

In case of tunnelling excavated near the pile shaft (i.e., 

case S), negative deflection was induced in the battered pile 

(with a maximum of 1.07%dp at Z/Lp=0.44), and negligible 

movement was induced at the pile head. This occurred 

because the location of the tunnel (relative to the batter side  

 

Fig. 6 Induced pile deflection on completion of tunnel 
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of the pile) was opposite to the batter side of the pile in the 

case of S. The ground movement due to tunnelling 

(discussed in section 3.3) dragged the battered pile towards 

the tunnel, but the normal components to the battered pile 

pulled the pile in the opposite direction to the drag caused 

by tunnelling. The tunnel excavation in case of T induced 

lateral movement as rigid body movement (with maximum 

values of -3.0%dp) at the pile toe. This mechanism can be 

attributed to push from the tunnelling-induced ground 

movement as well as the normal component of the vertical 

working load applied on the pile head. In contrast to 

intuition, the maximum lateral movement (with maximum 

values of -1.0%dp) in the toe of the battered pile is induced 

in case of B. This is because of the coupled effects of 

ground movement due to tunnelling-induced stress release 

(discussed in section 3.5) and the normal component of the 

vertical working load on the pile head. The normal 

component of the pile caused lateral movement of the upper 

portion of the pile and the ground movement drag the pile 

toe towards tunnel in case of B. The deflection of -2.96%dp 

and -0.97%dp were induced at the pile toe due to tunnelling 

in cases of T and B, respectively. 

 

3.3 Tunnelling induced displacement and shear 
strain mechanisms 

 
To understand the mechanisms of tunnelling-induced 

soil movement and shear strain generated in the ground and 

its effects on the battered pile, displacement vectors and 

shear strain contours were drawn from selected elements at 

the monitoring section (i.e., y=0) for all the cases. Figs. 7(a), 

(b) and (c) show the tunnelling-induced displacement 

vectors and shear strains in cases of S, T, and B, 

respectively. It can be seen that the induced ground 

movement due to tunnel excavated near the battered pile 

shaft is towards the tunnel in all cases. This is because of 

tunnelling induced stress release due to 2% of volume loss. 

As result of this, significant shear strains were generated 

around the tunnel.  

In case of S (in which tunnel is excavated on the other 

side of the tunnel), the shear strains were induced 

underneath the pile toe. This is because of mobilization of 

the end-bearing of the pile due to reduction in shaft 

resistance and “dragload” resulting from negative skin 

friction. As a consequence of this, the induced settlement of 

the battered pile in case of S occurred (see Fig. 5). On the 

other hand, both the tunnelling-induced ground movement 

and intensive shear strain around the pile toe, and the action 

of normal component of vertical working load in case of T, 

caused larger settlement (see Fig. 5) and lateral movement 

(see Fig. 6) in the pile toe than that in case of S. It can be 

seen that the displacement vectors near the tunnel are larger 

than that near the ground surface in case of B. Since the 

tunnel is excavated below the pile toe, the tunnelling-

induced stress release caused reduction of the end-bearing 

of the battered pile (discussed in section 3.5). The pile had 

to settle to mobilise the shaft resistance of the pile (see Fig. 

5). The counter-intuitive settlement behaviour is because of 

the ground movement towards the tunnel drag the pile in 

case of B. The settlement of the battered pile led to generate  

 
(a) 

 
(b) 

 
(c) 

Fig. 7 Displacement vectors and shear strain contours 

around the pile due to tunnelling in cases of (a) S, (b) T 

and (c) B 

 

 

substantial shear strains on the battered side of the pile. 

Therefore, the induced pile deflection at the toe of the pile 

(see Fig. 6). 

 

3.4 Changes in load distribution along the length of 
the pile 

 
As discussed in previous section, the vertical working 

load applied on the battered pile head is resolved into two 

components (i.e., one normal to the pile and the other in the  
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axial direction.). In this section changes in load in axial 

direction along the length of the battered pile due to 

tunnelling is explored. Fig. 8 compares the axial load 

distribution along the battered pile before (but after 

application of the working load) and after the tunnelling in 

cases of S, T and B. The axial component (i.e., 1010 kN) of 

the vertical working load (i.e., 1070 kN) was carried is 

carried by the battered pile through a combination of 70% 

with shaft resistance and remainder 30% with end-bearing 

of the pile.  

In cases of S, the upper half portion of the battered pile 

is subjected to the “dragload” due to negative skin friction 

mobilization on completion of tunnel. However, shaft 

resistance along the upper portion vertical pile (i.e., 

Z/Lp<0.42) decreases to zero. This is because of the 

battered pile shaft is subjected to stress release due to 

tunnelling (discussed in section 3.5). Since the battered 

piles are installed at an inclination, the soil settled larger 

than the pile resulting in pulling the battered pile downward 

which cause negative shaft resistance along the battered pile. 

In order to ensure the pile maintained its equilibrium, 

positive skin friction (PSF) along the lower portion of the 

pile at the interface between the pile and the soil, as well as 

end-bearing resistance are mobilized. On completion of 

tunnel, mobilized shaft resistance and the end-bearing 

increased to 9% and 28% in case of S, respectively. Due to 

tunnelling next to the pile toe in case of T, the resistance 

along the lower portion of the pile is decreased due to stress 

release induced by tunnelling (as discussed in section 3.5). 

To compensate for the reduction in shaft resistance, the  

 

 

settlement of the pile (as shown in Fig. 5) mobilizes both 

the shaft resistance and the end-bearing of the pile. 

Therefore, the largest settlement occurs due to tunnelling in 

the case of T. In contrast, the axial load decreased along the 

entire length of the battered pile in case of B. This is 

because of the tunnel led to reductions in the end-bearing of 

the pile as a result of stress release. To compensate for the 

decrease in end-bearing resistance, the pile has to settle 

substantially (see Fig. 5) to mobilise the shaft resistance 

along the entire pile length. The end-bearing is decreased by 

21% and the shaft resistance is increased by 10% due to 

tunnelling. 

 

3.5 Changes in normal stress on the piles 
 
The load transfer along a pile can be attributed to 

several factors, including the normal stresses acting on the 

pile shaft, the angle of friction between the soil and the pile 

interface, and the degree of relative displacement between 

the pile and the surrounding soil. To understand the normal 

stress changes on the pile, elements at the monitoring 

section are selected to draw stress contours. Figs. 9(a)-9(c) 

illustrate the contours of stress changes in the selected 

elements in cases of S, T and B, respectively. The purple 

and red colored contour lines represent increases and 

reductions in stresses, respectively. The phenomenon of soil 

arching causes a decrease in horizontal effective stresses at 

the springline of the tunnels, while an increase in stress 

levels is observed at the tunnel crown and invert (Jacobsz 

2004, Ng and Lee 2005). Since tunnel is located adjacent to  

 

Fig. 8 Changes in axial load along the pile length near pile shaft; next to the pile toe; and below the pile toe 
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(a) 

 
(b) 

 
(c) 

Fig. 9 Changes in stresses contours around the pile due to 

tunnelling in cases of (a) S (b) T and (c) B 

 

 

the pile shaft in case of S, the pile shaft is subjected to the 

stress release and stress increment at the pile toe. This led to 

negative shaft resistance along the battered pile (see Fig. 8). 

Because the location of the tunnel is next to the pile toe in 

case of T, the stress release resulting from the tunnel affects 

both the lower part of the pile shaft and the pile toe. Slight 

increase in stress is induced under the left side of the upper 

portion of the pile in case of T. This is because of the tunnel 

location is on the other side of the batter of the pile. As a 

result, the largest settlement is induced in the battered pile 

in case of T. On the other hand, in case of B, the pile toe 

experiences the stress reduction due to tunnelling. As a 

result, end-bearing of the pile decreases, and shaft 

resistance is mobilized along the pile length (see Fig. 8). 

 
3.6 Induced bending moment along the length of the 

pile 
 
As discussed in section 3.4, the vertical working load 

applied to the head of the battered pile is resolved into two 
components. One component acts normal to the pile, while 
the other acts along its axial direction. The normal 
component induces a bending moment along the length of 
the pile. However, during tunnel excavation adjacent to the 
battered pile, additional bending moments can be induced in 
the pile. Fig. 10 compares the induced bending moment 
along the pile battered after completion of tunnelling in 
cases of S, T and B. A positive bending moment means that 
compressive stress was induced along the pile shaft facing 
the tunnel. In case of S, the positive bending moment is 
induced at the lower portion of the pile (0.3≤Z/Lp≤0.7). This 
is because of the combined effects of stress release caused 
by tunnelling (see Fig. 9) and the normal component of the 
working load to the battered pile. Since the head of the pile 
is free to move, there is negligible bending moment induced 
at the pile head. 

The maximum bending moment of magnitude 370 kNm 

is induced at Z/Lp =0.48. However, negative bending 

moment is induced at the lower portion of the pile (0.7≤ 

Z/Lp≤1.0). This is attributable to the location of the tunnel 

which is on the opposite side of the batter of the pile. The 

tunnelling-induced soil movement towards the tunnel 

resulting from significant stress release and the normal 

component of the working load are acting on the pile in 

opposite direction. 

In the contrast, minimal bending moment is induced 

along the length of the battered pile in case of T. The reason 

is ascribed to the location of the tunnel which is on the 

opposite of the batter of the pile. The normal component of 

the vertical load and the tunnelling-induced ground 

movement have opposing effects, resulting in minimal 

bending moment. When the tunnel is excavated below the 

pile toes in case of B, positive bending moment is induced 

along the upper portion of the pile. However, the lower part 

of the pile experiences negative bending moment at the 

lower portion of the piles (0.65≤ Z/Lp≤0.77). This is 

because the tunnel is excavated below the pile toe, the 

ground movement due to tunnelling is in vertical direction 

in the pile region (see Fig. 7). The maximum bending 

moment of 162 kNm occurs at Z/Lp=0.5. 

 
 
4. Conclusions 

 
The paper examines the settlements and load changes 

that occur in a battered pile due to an adjacent tunnel 
excavation. This study also includes parametric analyses to 
investigate the impact of different tunnel depths in relation 
to the pile length. Based on the results presented, the 
following conclusions can be drawn: 
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a) The settlement and load transfer mechanisms along 

the battered pile as a result of tunnelling are highly 

dependent on the length of the pile. The largest 

settlement of the battered pile is induced in case of 

T. This is due to significant stress relief affecting 

the lower part of the pile, including the pile toe, as 

a result of tunnelling near the pile toe in case of T.  
b) The largest pile deflection is caused by tunnelling 

next to the pile toe. This is because of the coupled 
effects of ground movement due to tunnelling-
induced stress release and the normal component 
of the vertical working load on the pile head. The 
deflection of -2.96%dp and -0.97%dp were induced 
at the pile toe due to tunnelling in cases of T and B, 
respectively. 

c) The battered pile is subjected to “dragload” due to 
negative skin friction mobilization due to tunnel 
excavation in cases of S. This occurs because the 
shaft of the battered pile experiences stress release 
due to tunnelling. Because the battered piles are 
installed at an angle, the surrounding soil settles 
more than the pile, causing it to be pulled 
downward and resulting in negative shaft 
resistance along the battered pile. 

d) The battered pile is vulnerable in terms of induced 
bending moment when tunnelling is carried out 
near pile shaft in case of S. However, the 
magnitude of induced bending moment is minimal 
induced in case of B. 
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