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Abstract. Existing piles, especially in urban areas, are at risk of being cut by new tunnel construction, potentially affecting their
serviceability. This study examined the behaviour of piles under various reinforcement conditions subject to tip cutting resulting
from tunnel excavation. For this, the construction of a tunnel using a shield tunnel boring machine adjacent to existing single and
group piles was simulated. A three-dimensional finite element analysis was used to perform the simulations. Certain piles in the
group were simulated by cutting the pile tips to mimic the effect of tunnel excavation, and the behaviour of the piles was studied
by considering the effect of pile cap and ground reinforcements. A numerical analysis was used to examine the ground
settlement caused by tunnel excavation, pile head settlement, axial pile force, and shear stress occurring at the pile—ground
interface. The results revealed that for all piles with pile tips supported by weathered rock, the shear stress distributions
demonstrated similar trends, whereas for piles with cut tips, tensile or compressive forces occurred simultaneously according to
the relative position by pile depth. Additionally, when the pile tip was supported by weathered rock, approximately 70% of the
support was due to shaft friction and the remaining 30% was provided by the pile tip. For piles without reinforcement, the final
settlement was approximately 70% greater than that of piles with grouting reinforcement. These results indicate that pile and

ground settlements are substantially influenced by pile tip cutting and reinforcement conditions.
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1. Introduction

In recent years, the various tunnel construction projects
undertaken to build convenient infrastructure in densely
populated urban areas have induced ground settlement.
Previous research has indicated that settlement of the
ground surrounding tunnel excavation is inevitable, causing
the deformation of pile structures adjacent to the tunnel and
altering the axial force distribution, thus significantly
impacting the behaviour of the piles and their serviceability
(Lee 2012a). To address the problems associated with pile
behaviour changes caused by tunnel excavation, researchers
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have conducted numerous studies, including numerical
analyses, theoretical research, indoor model tests, and
centrifugal model tests (Jacobsz 2002, Pang 2006, Cheng et
al. 2007, Lee and Chiang 2007, Marshall 2009, Lee 2012a,
b, c, Lee 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, Hong et al. 2015, Jeon and Lee
2015, Jeon et al. 2015, Lee et al. 2016, Jeon et al. 2017,
Jeon et al. 2018, Soomro et al. 2018, Jeon et al. 2020a, b,
Zhang et al. 2021, Jeon et al. 2022, Wang and Yuan 2022,
Jeon and Lee 2023). In contrast, field measurement studies
are relatively limited. However, Selemetas (2005), Pang
(2006), Liu et al. (2014), Mair and Williamson (2014),
Williamson (2014), and Selemetas and Standing (2017)
conducted field measurements to study the effects of tunnel
excavation on the behaviour of adjacent piles. Fig. 1
illustrates a typical cross-section of the Bangkok
Metropolitan Rapid Transit (MRT) tunnel constructed by an
earth pressure balance machine that passes between bridge
piles in Bangkok, as presented by Phienwej et al. (2006).
Approximately 339 pile structures were monitored during
the tunnel excavation. They found that for piles located
above the tunnel, the pile head settlement ranged from
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Fig. 1 Cross-section of the Bangkok MRT between

bridge piles (Phienwej et al. 2006)

approximately 20 to 40 mm. However, when the tunnel
passed alongside the piles, the pile head settlement was less
than 10 mm. Consequently, appropriate measures should be
established because pile settlement is highly dependent on
the relative position of a tunnel to the surrounding piles.

Recently, the shield tunnel boring machine (TBM)
method has emerged as the optimal method for minimising
ground deformation and civil complaints. The shield TBM
method applies face pressure during excavation to minimise
ground settlement and has the advantage of shortening
construction time through a continuous process of segment
assembly and grouting during excavation. Kaalberg et al.
(2005) conducted field measurements and a numerical
analysis using the TBM method to determine the impact of
tunnel excavation on ground and pile settlements. They
compared the influence zones of ground settlement due to
tunnel excavation by considering the relative position of the
tunnel to the pile tip. Williamson (2014) studied the
influence zones of ground settlement due to tunnel
excavation and reported that piles within the influence zone
had a lower apparent factor of safety than those outside the
influence zone. The explanation for this phenomenon was
unclear, thus necessitating a systematic study. Thus, Mroueh
and Shahrour (2008) simulated TBM excavation with
constant face pressure through numerical analysis,
examining surface settlement and changes in the ground
near the tunnel. Moreover, Jeon et al. (2018) simulated the
shield TBM method under varying face pressures using a
numerical analysis to study the pile behaviour during close-
proximity tunnel construction. Furthermore, the researchers
at Cambridge University monitored the behaviour of under-
-reamed piles partially cut during tunnel excavation. They
used vibration sensors to detect changes in the axial pile
forces and evaluated pile stability through data collection
and analysis. Finally, they concluded that monitoring the
behaviour of piles subject to tunnel excavation played a
significant role in maintaining pile stability (University of
Cambridge: 2020 Case Studies, 2020).

Most studies conducted in South Korea on the behaviour
of piles due to tunnel construction have not considered pile

ﬁ Gongludagiao

Station
—

- = ‘

Hesong Street{
LR o5 Lstation
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project (Wang and Yuan 2022)
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cutting (damage) from tunnel excavation. Thus far, no
studies have investigated the behaviour of piles after being
directly cut during tunnel construction. According to Wang
and Yuan (2022), cutting of existing reinforced concrete
piles has been reported to occur often in TBM construction
in China and Israel, with up to 14 piles having been cut
during tunnel excavation in Israel. Fig. 2 depicts the project
planning area wherein the Harbin Metro Line 3 passes must
cut existing bridge piles, as presented by Wang and Yuan
(2022). These examples highlight the need to investigate
serviceability problems caused by pile cutting.

Therefore, in this study, we simulated the shield TBM
method using a three-dimensional finite element analysis to
study how pile tip cutting due to tunnel excavation affects
pile behaviour. The effects of various reinforcement
conditions on single and group piles were considered,
focusing on tunnelling-induced pile head settlement, axial
pile forces, relative displacement, and shear stress at the
interface.

2. Numerical analysis
2.1 Overview and boundary conditions

The three-dimensional finite element analysis program
Plaxis 3D (2024) was used to simulate tunnel excavation
adjacent to single and group piles. Pile behaviour was
analysed by considering various conditions, including pile
tip cutting, grouting reinforcement, and pile cap
reinforcement. Fig. 3(a) illustrates the representative finite
element mesh applied in the analysis. The mesh sizes used
in the model considered the element distribution to coarse
mesh. Figs. 3(b) and 3(c) show the sectional and top views
used in the analysis, respectively. In the finite element
analysis, the tunnel diameter (D) was assumed to be 8 m,
with the centre of the tunnel located 20.5 m below the
surface. The ground was assumed to consist of a weathered
soil layer up to 19 m from the surface, with a weathered
rock layer underneath. The pile diameter (d) and pile length
(Lp) were 0.5 and 20 m, respectively, simulating cast-in-situ
piles, with a centre-to-centre spacing of 2.5d for the group
piles. The analysis was performed by classifying the piles
into single and group piles to examine pile behaviour. Pile
tip cutting due to tunnel excavation was assumed to occur
only in group piles. Therefore, the position of the single pile
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(a) Representative three-dimensional finite element mesh used in this study (2 x 2 pile group, D denotes tunnel diameter)
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Fig. 3 Structural elements used in analyses and their geometries
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Table 1 Characteristics of the numerical analyses

Analvsi Ground Reinforcement Pile Cap Reinforcement Remark

aysis Thickness Thickness crmarks

PL - - Pile load test

Gr - - Greenfield

Sp - - Single pile without reinforcement

Gp - - Pile group without reinforcement

GG 05m ) Pile group with ground
reinforcement
Gy-GC 05m I'm Pile group with ground and pile

cap reinforcements

Table 2 Pile locations and analysis conditions

Pile Location (shown in

Analysis Ground Reinforcement ~ Pile Cap Reinforcement Fig. 3(d)) Remarks
Sp-2 (DL - 2
Gl;- ) ((DL)) i 1 Design load condition
Single pile without pile
Sp-2 - 2 cap or ground
reinforcements
Gp-1 - 1 Pile group without pile
cap or ground
G2 ) 2 reinforcements
Gp-G-1 Y 1 Pile group with ground
Gp-G-2 Y 2 reinforcement
Gp-GC-1 Y 1 Pile group with pile cap
Y 2 and ground
Gp-GC-2 reinforcements

was selected as position 2 in the group pile condition (Fig.
3(d)). Prior to tunnel construction below the piles, the pile
tips were assumed to be embedded 1 m into the weathered
rock for all pile conditions. In the group pile analysis,
certain pile tips in contact with the tunnel were cut owing to
tunnel excavation. Thus, grouting reinforcement or pile cap
reinforcement was performed before the construction of the
tunnel below the piles. The grouting reinforcement had a
fixed angle of 180° and a thickness of 0.5 m. For the
grouting reinforcement, 2 m reinforcements were applied at
the initial and final reinforcement points and 1.5 m
reinforcements were applied in the remaining areas. The
grouting reinforcement was considered simultaneously with
the pile cap reinforcement (t), which was applied at the
initial grouting reinforcement point (explained in Section
2.3). Through back analysis, the face pressure of the tunnel
was determined to be the minimum face pressure preventing
ground collapse due to tunnel excavation, that is, 180 kPa
and assumed to act uniformly on the tunnel face. Table 1
summarises the characteristics of each analysis conducted
in this study (a total of six analyses were conducted). For
the group pile analysis, piles with cut tips (Pile 1) and
without cut tips (Pile 2) were analysed and considered.
Their positions are shown in Fig. 3(d). Table 2 presents the
pile locations and reinforcement conditions. In this analysis,
the groundwater level was assumed to be 5 m below the
surface, and during tunnel excavation, the tunnel interior
was assumed to be free of groundwater.

2.2 Applied constitutive models and material
properties

An elastoplastic analysis was performed to simulate
tunnel excavation, and an interface element was applied to
allow slip to occur in the case of plastic yielding at the
boundary between the ground and the pile. The aim was to
analyse the transfer process of shear stress at the boundary
between the pile and the adjacent ground. To ensure the pile
tip and ground could separate when tensile forces acted on
the pile, an interface element was specified at the pile tip.
Table 3 lists the material and ground properties applied in
the numerical analysis. These properties are typical of
weathered soil, weathered rock, and concrete in South
Korea (Lee 2012a). The grouting material properties were
obtained using the method presented by Choi et al. (2003)
through back analysis, and the properties applied to the pile
were also used for the pile cap. An elastoplastic model
based on the non-associated flow rule and Mohr—Coulomb
failure criterion was applied to the weathered soil and rock,
and an isotropic elastic model was assigned to the pile cap,
pile, and segments. To consider the reduction in shear
strength constants (¢';,¢, ©'ine) at the pile shafi—ground and
pile tip—ground interfaces due to pile construction, a
strength reduction factor, Ri, = 0.75, was applied according
to the guidelines set out by Brinkgreve et al. (2015). The
appropriate shear strength constants were then calculated
using Eqs. (1) and (2), as expressed below.
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Table 3 Material and ground parameters for numerical modelling

, E’ c’

Material Model (kI\}I//tnP) Ko v (MPa)  (kPa) 9’ )
V‘(’;itggfgfzj;ﬂ Mohr—Coulomb 20 075 035 8 50 35
“zef:;ezrg(li;;))ck Mohr-Coulomb 20 0.75 025 200 100 35
gf;tzfaf?a;gg?) Mohr-Coulomb 25 0.01 02 800 250 35
G oo e
(Plaifsgggto . Elastic 27 0.01 0.1 31,000 - -
Pile/Pile cap 25 001 02 30000 - -

Note: ¥, (unit weight of material), K, (lateral earth pressure coefficient at rest), v’ (Poisson’s ratio), E' (Young’s modulus), ¢' (cohesion), and @' (internal

friction angle)

! _ !
Cint = Rint X C soil> (1)

tan(¢’int) = Ripe X tan((plsoil)’ 2

where ¢',;; is the cohesion of the ground, R, is the
strength reduction factor, ¢',,;; is the internal friction angle
of the ground, and ¢';,, is the interface friction angle
(calculated as 27.79).

2.3 Numerical analysis process and examination

The change in ground stress due to pile installation was
not included in the numerical analysis; thus, the piles in this
study were considered similar to cast-in-situ piles. Tunnel
excavation was conducted in the range of —=5.00D to +3.75D
(—40 m to +30 m) in the longitudinal direction (Y) (Fig.
3(a)). Before implementing step-by-step tunnel excavation,
the design load (P, = 1,800 kN) determined through a
separate analysis was applied, and the load on the pile head
was gradually increased in stages (600 kN — 1,200 kN —
1,800 kN). A tunnel excavation 19 m in length was assumed
to have been completed, with the shield TBM equipment
having a length of 9 m within the 19 m excavation. The
step-by-step tunnel excavation was executed in 34 steps,
advancing 1.5 m per step. The cutting of pile tips due to
tunnel excavation was simulated by cutting the overlapping
portion of the tunnel’s cross-section and pile tip, as
illustrated in Fig. 3(b), assuming that approximately 1 m of
the pile tip was cut. Grouting reinforcement was executed in
the longitudinal direction (Y) 1D (8 m, 16 m
reinforcement in total) from the centreline of the pile cap
(Fig. 3(c)). At the initial and final reinforcement points, 2 m
of reinforcement was applied, while in the remaining
reinforcement areas, 8 rounds of reinforcement
corresponding to the tunnel excavation length (1.5 m) were
applied (18 m reinforcement: initial reinforcement (2.0 m)
— [excavation (1.5 m) — reinforcement (1.5 m)] x 8 times
— excavation (1.5 m) — final reinforcement (2.0 m)).
Additionally, in the analysis considering both pile cap and
grouting reinforcements, the pile cap reinforcement was
applied when the grouting reinforcement commenced. As
explained in Section 2.1, the face pressure of the tunnel was
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Fig. 4 Relationship between the axial pile forces and pile
head settlements

determined using back analysis to be the minimum face
pressure preventing ground collapse due to tunnel
excavation and uniformly applied to the tunnel face. For the
analysis, the pile axial force P at a given depth was
calculated using the formula P = Gzzavg XAp, where 6, ave 18
the average vertical stress of the pile at a specific depth, and
A, is the cross-sectional area of the pile.

3. Results and discussion
3.1 Determination of the design pile bearing capacity

Fig. 4 illustrates the load—settlement relationship of the
pile calculated through a simulated pile load test. This
relationship was used to determine the design bearing
capacity of the piles. Tunnel excavation was not included in
the calculation of the design bearing capacity of the piles,
and the load test was simulated by gradually increasing the
compressive load on the pile head. Fig. 4 illustrates that the
relationship between the pile load and pile head settlement
is almost linear until the pile head load reaches
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approximately 3,100 kN; beyond this, rapid settlement
occurs. In this study, the widely used method proposed by
Davisson (1972) was applied to determine the designed
bearing capacity of the piles from the load—settlement
relationship. The estimated pile failure load was 3,600 kN.
By applying a safety factor (Fs) of 2.0, we calculated the
design load (P,) to be 1,800 kN (3,600 kN/2 = 1,800 kN).
The settlement (A) of the pile head under the applied design
load (P,) was 5.6 mm. To analyse the behaviour of a pre-
installed pile during the excavation of the boundary
between the pile and ground, we applied the load to the
head of the pile in three stages (600 kN — 1,200 kN —
1,800 kN). The load was applied before tunnel excavation
to simulate the design load (P,). This process simulated the
behaviour of the piles in use, after which the tunnel
excavation was performed step-by-step.

3.2 Settlement of pile heads and the ground surface
due to tunnel excavation

Fig. 5 illustrates the distribution of normalised
settlements (Apn/Agmax and Ag/Agmax) at each stage of
tunnel excavation for single and group piles, considering
various reinforcement conditions (Y/D: normalised
longitudinal direction). Here, A, represents the ground
surface settlement at each stage of tunnel excavation at
position 1 of the group pile under greenfield conditions
without piles or reinforcement. A, purely represents the
pile head settlement at each stage of tunnel excavation.
Additionally, Agmax 1s the maximum ground surface
settlement due to tunnel excavation under greenfield
conditions (Agmax = 5.56 mm). As shown in Fig. 5, the
normalised settlements, A, n/Agmax and Ay/Ag max, gradually
increase as the excavation stages progress. The highest
ratios of the pile head and ground surface settlements
occurred when the tunnel passed through the Y/D = —1.5 to
+1.5 zone. Thereafter, the settlement ratios significantly
decreased. Thus, the pile head settlement due to tunnel
excavation mainly occurred when the tunnel passed through
the Y/D =—1.7 to +1.7 zone. The final settlement of the pile
heads exceeded that of the ground surface under greenfield
conditions for all piles, except the G,-G-2 pile. Moreover,
before the tunnel passed directly under the piles (Y/D = 0),
the settlement of all piles was less than that of the ground
surface under greenfield conditions. Additionally, for all
piles, the pile head settlement gradually increased until the
tunnel reached the Y/D = 0 point, after which it decreased.

This phenomenon was caused by the segment
installation effect and stress concentration occurrence in the
simulation of the shield TBM excavation method. The G-
G-2 pile experienced the smallest settlement at the pile
head, which was attributed to the pile tip being supported
by weathered rock and the effective reinforcement from
grouting. Additionally, the G,-GC-2 pile, which considered
both pile cap and grouting reinforcements, demonstrated a
larger settlement than that of the G,-G-2 pile because the
weight of the pile cap connected to the pile head affected
the pile. In contrast, for the G,-G-1 and G,-GC-1 piles,
where the pile tip was cut, the pile head settlement in G-
GC-1 was reduced compared to that in G,-G-1 because of
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Fig. 5 Normalised pile head and soil surface settlement
with tunnel advancement (Agmax = 5.56 mm)

the effective application of pile cap reinforcement.
Therefore, the presence or absence of support at the pile tip
resulted in different magnitudes of settlement, and the
reinforcement effect of the pile cap also varied.
Additionally, the final settlement of the G,-1 pile was
approximately 70% greater than that of the G,-G-2 pile,
which experienced the smallest settlement. Upon analysing
the settlement pattern, we predicted that differential
settlement could occur in the pile cap as the settlement
magnitudes differed for piles located at positions 1 and 2 in
the group pile connected to the pile cap.

3.3 Lateral displacement of piles and ground

Fig. 6 illustrates the normalised lateral displacements,
AXp/ AXgmax and AXg/AXgmax, after tunnel excavation for
single and group piles, considering various reinforcement
conditions along the normalised pile depth (Z/L,). Here,
AXx, represents the lateral displacement at each group pile
depth at position 1 under greenfield conditions without piles
or reinforcement. Ax, represents the lateral displacement of
the pile calculated after tunnel excavation. Additionally,
AXgmax 18 the maximum lateral displacement at the group
pile depth at position 1 under greenfield conditions (AXg max
= 6.93 mm). Fig. 6 illustrates that the piles without
reinforcement, that is, S,-2, Gp-1, and G,-2, experience
displacements exceeding those under greenfield conditions
for most of the pile depth. This phenomenon indicates that
the pile displacement is greater than the ground
displacement, thus necessitating appropriate reinforcement.
Additionally, for piles at position 2, with the pile tip
supported by weathered rock, the displacement was
significantly restrained near the pile tip. The Ilateral
displacement of the pile demonstrated a different pattern
from that of the vertical settlement, with the piles that had
applied reinforcement exhibiting a displacement below that
under greenfield conditions. Thus, the grouting and pile cap
reinforcements  effectively  restrained the lateral
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displacement caused by tunnel excavation. Therefore, the
largest lateral displacement occurred for the Gp-1 pile with
no reinforcement and a cut pile tip, suggesting potential
serviceability problems.

3.4 Moment distribution in piles due to tunnel
excavation

Figs. 7(a) and 7(b) illustrate the distribution of the
lateral (M) and longitudinal (M,y) bending moments
induced in the piles, respectively, due to tunnel excavation,
considering various reinforcement conditions along the
normalised pile depth (Z/L,;). The magnitude of the bending
moments was calculated using the formulas My = EI x

d2f(x) _ d*f(y)

(?) and Myy = EIX(?), where f(x) and f(y) are the
lateral and longitudinal forces, respectively, obtained from a
numerical analysis of the pile’s centre. Here, E is the pile’s
modulus of elasticity, I is the moment of inertia, and dz is
the vertical distance between two nodes. Figs. 7(a) and 7(b)
illustrate that the lateral displacement of the pile is
generally far greater than the longitudinal displacement,
resulting in My, being larger than M,,. Fig. 7(a)
demonstrates that the largest bending moment occurs at
position 1, where the pile tip is cut, with a maximum
bending moment of approximately —90 kNm occurring in
the G,-1 pile. Additionally, the G,-GC-1 and G,-GC-2 piles
reinforced by a pile cap exhibited relatively larger bending
moments near the pile head than the other piles because of
the resistance generated by the pile cap. Fig. 7(b) illustrates
the My, bending moments, which are, as expected, much
smaller than the M« bending moments. Similar to the My
bending moments, the largest bending moment occurred
near the pile tip at position 1 where the pile tip was cut. The
value was calculated to be approximately —5 kNm. If we
assume that the allowable bending strength of concrete is
7.5 MPa, the allowable bending moment of the pile is 92.0

Z/ Lp

-120 -80 -40 0 40 80
Moment (kNm)

(a) Bending moment My, with depth

ZIL,

Moment (kNm)
(b) Bending moment My, with depth

Fig. 7 Bending moments in the piles

kNm, which is approximately 102.2% that of the previously
calculated maximum bending moment (—90 kNm). This
result indicates that the lateral displacement of the pile
caused by tunnel excavation can potentially cause severe
issues pertaining to the serviceability of the piles.

3.5 Settlement of pile heads and the ground surface
with volume loss

Fig. 8 illustrates the normalised tunnelling-induced pile
head settlements (A +/Agmax) and greenfield ground surface
settlements (Ag/Agmax) at Y/D = 0 for single and group
piles, considering various reinforcement conditions with
respect to tunnelling-induced volume loss. Here, A,
represents the ground surface settlement at each stage of
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tunnel excavation at position 1 of the group pile under
greenfield conditions without piles or reinforcement. For
the pile at position 1, where the pile tip was cut, the
settlements were smaller than those of the greenfield ground
surface until the volume loss reached approximately 0.29%.
As the volume loss increased beyond this value, the pile
settlements exceeded those of the greenfield ground surface.
However, for the pile at position 2 with the tip supported by
weathered rock, except for the S,-2 pile, the pile settlements
did not exceed the greenfield settlements up to the
maximum volume loss. This phenomenon is attributed to
the supporting effects of the pile tip and reinforcement.
Consequently, the conditions without reinforcement and
pile support demonstrated increased volume loss and pile
settlement compared to the conditions with reinforcement
and pile support. Macklin (1999) analysed and reported on
various volume losses in over-consolidated clay ground due
to tunnelling in the UK, revealing a volume loss range of
approximately 0.5% to 3.0%. In contrast, insufficient
theoretical studies and measured data on volume loss are
available in South Korea. Utilising volume loss
considerations for construction management, ground
settlement prediction, and structural stability assessment in
South Korea will be necessary in the near future.

3.6 Axial force distribution in piles

Fig. 9 illustrates the distribution of normalised axial
forces (P/P,) in single and group piles with various
reinforcement conditions after tunnel excavation along the
normalised pile depth (Z/L;). The figure also illustrates the
distribution of axial forces for the design load applied to the
pile head before tunnel excavation. Here, P represents the
axial force at any depth, and P, is the design load (1,800
kN) applied to the pile head before tunnel excavation. As
mentioned in Section 2.3, the axial pile force is calculated by

0.0

® - Sp-2(DL)
—O0— Sp-2
| Gp-1(DL) /v
0.2 1—o— Gp-1 7
& Gp-2 _Vl
—— Gp-G-1 " v
04 4 & Gp-G-2 v
P —4&— Gp-GC-1 v
N v Gp-GC-2
0.6 1
0.8 1
1.0 L . . :
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 9 Normalised axial pile forces with depth

averaging the vertical stress at any depth. For S,-2 (DL) and
G,-1 (DL), with only the design load applied, the axial pile
force gradually decreased with depth, with approximately
80% supported by shaft friction and the remaining 20% by
the pile tip. After tunnel excavation, for the Sy,-2, G,-2, Gy-
G-2, and G,-GC-2 piles with pile tips supported by
weathered rock, approximately 70% of the load was
supported by shaft friction and the remaining 30% by the
pile tip. This result is attributed to the significant resistance
at the pile tip caused by settlement due to tunnel excavation.
In contrast, for the Gy-1, G,-G-1, and G,-GC-1 piles where
the pile tip was cut due to tunnel excavation, the axial pile
force gradually decreased until a Z/L,, of approximately 0.85
from the surface was reached. The force then increased
again, with an axial pile force close to the design load
occurring at the pile tip. This is attributed to stress changes
due to segment installation and grouting reinforcement
immediately after pile tip cutting, suggesting that tip
resistance was restored after initially being relieved.
However, because isolating the axial pile force distribution
caused by tunnel excavation from the total distribution is
difficult, examining the distribution of the axial pile force
induced purely by tunnel excavation is necessary.

Fig. 10 illustrates the distribution of normalised
tunnelling-induced axial pile forces (P,/P,) in single and
group piles with various reinforcement conditions along the
normalised pile depth (Z/L,). These distributions were used
to clearly identify the changes in axial pile forces due to
tunnel excavation. Here, P, represents the axial pile force
caused purely by tunnel excavation. Fig. 10 illustrates that
for all piles at position 2 with pile tips supported by
weathered rock, the axial pile force gradually increases
from the surface to approximately Z/L, = 0.9 owing to
tunnel excavation and then subsequently decreases towards
the pile tip. In contrast, for all piles at position 1 where the
pile tip was cut due to tunnel excavation, the axial pile force
gradually decreased from the surface to approximately Z/L,,
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Fig. 10 Normalised tunnelling-induced axial pile forces
with depth

= 0.9 and then significantly increased from Z/L, = 0.9 to the
pile tip. This occurred because the cutting of the pile tip and
release of ground stress at position 1 due to tunnel
excavation, followed by segment installation and grouting
reinforcement effects caused a stress concentration.
Additionally, the piles at positions 1 and 2 exhibited
different axial pile force distributions, with compression
forces at position 2 due to the pile tip being supported by
weathered rock. At position 1, where the pile tip was cut,
tensile forces were observed from the surface to
approximately Z/L, = 0.9, after which compression forces
were observed towards the pile tip. The mechanisms of the
compression and tensile forces acting on the pile are
explained in detail in Section 3.8 with regard to the relative
displacement distribution of the pile. For the G,-GC-1 and
Gp,-GC-2 piles, with both grouting and pile cap
reinforcements, the axial pile forces in both tension and
compression were larger than those of the other piles
because of the combined effects of grouting and pile cap
reinforcements, as well as the added weight of the pile cap.

3.7 Shear stress distribution of piles

Fig. 11 illustrates the distribution of shear stress at the
pile—ground interface after tunnel excavation for single and
group piles, considering various reinforcement conditions
along the normalised pile depth (Z/L;). The figure also
illustrates the shear stress distribution before tunnel
excavation and after applying the design load. The shear
stress distribution of the S,-2 (DL) and G,-1 (DL) piles with
the design load applied before tunnel excavation
demonstrated similar trends. However, slight differences in
the values emerged because of the group effect in group
piles. For the Gp-1, G,-G-1, and G,-GC-1 piles, where pile
tip cutting occurred owing to tunnel excavation, the shear
stress increased from the surface to approximately Z/L, =

0.0

@ Sp-2(DL)

Z/Lp

-120 -60 0 60 120 180

Interface shear stress (kPa)

Fig. 11 Interface shear stresses with depth

0.3, decreased to Z/L, = 0.9, and increased again towards
the pile tip. Additionally, the G,-G-1 and G,-GC-1 piles
showed negative shear stress values around Z/L, = 0.9,
which was attributed to stress concentration effects due to
grouting reinforcement and segment installation. For all
piles at position 2 with pile tips supported by weathered
rock, the shear stress decreased from the surface to
approximately Z/L, = 0.75 and then increased towards the
pile tip. When the pile tip was supported by weathered rock,
the shear stress distribution was similar to that under the
design load condition, thus minimising the impact of tunnel
excavation on the pile and surrounding ground.

Fig. 12 illustrates the distribution of shear stress caused
purely by tunnelling for single and group piles with various
reinforcement conditions along the normalised pile depth
(Z/Ly). As illustrated in the figure, all piles with pile tips
supported by weathered rock exhibit similar trends in the
distribution of shear stress caused purely by tunnelling.
Additionally, for all piles at position 2, the direction of
shear force acting on the pile was reversed at approximately
Z/L, = 0.87. This indicates that from the surface to Z/L, =
0.87, the downward shear stress was caused by ground
settlement exceeding pile settlement. Meanwhile, from Z/L,
= 0.87 to the pile tip, the upward shear stress was caused by
pile settlement exceeding ground settlement, resulting in a
compression force distribution in the pile. In contrast, for
the Gp-1, G,-G-1, and G,-GC-1 piles, the shear stress value
was close to zero from the surface to approximately Z/L, =
0.17, increased to approximately Z/L, = 0.7, and then
decreased and became negative beyond Z/L, = 0.7.
Additionally, the positive shear stress reappeared at the tip,
demonstrating both compression and tensile force
distributions throughout the pile. The upward shear stress
for piles at position 1 was observed from Z/L, = 0.17 to
Z/L, = 0.70 because the pile settlement was greater than the
ground settlement. This outcome was followed by the
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Fig. 12 Tunnelling-induced interface shear stresses
with depth

downward shear stress below this range, demonstrating a
tensile force distribution. The shear direction changed again
near the pile tip, indicating both tensile and compression
forces throughout the pile depth. Particularly for the G,-G-1
and Gp-GC-1 piles, significant shear stress was calculated
near the pile tip. This significant stress is attributed to the
support from grouting reinforcement and segment
installation, which restrained pile settlement, resulting in a
compression force distribution.

3.8 Relative displacement distribution in piles

Fig. 13 illustrates the distribution of relative
displacement at the pile—ground interface calculated for
single and group piles with various reinforcement
conditions due to tunnel excavation along the normalised
pile depth (Z/L;). Owing to the design load applied to the
pile head before tunnel excavation, the settlement of the pile
exceeded that of the ground over the entire pile length. The
relative displacement distribution of the pile under the
design load demonstrated similar trends for both single and
group piles, but the relative displacement of the entire pile
was smaller for group piles than for single piles. This result
is attributed to the group effect, where the surrounding
grounds tend to move together because of overlapping
effects from pile settlement. Additionally, the relative
displacement distribution of all piles calculated after tunnel
excavation decreased from the pile head to approximately
Z/L, = 0.8 and then increased towards the pile tip. For the
pile at position 1, where the pile tip was cut due to tunnel
excavation, the relative displacement after tunnel
excavation was larger than that of the piles supported by
weathered rock. This result indicates that pile tip cutting can
affect pile serviceability. For the G,-GC-1 pile, the relative
displacement significantly decreased because of the
grouting and pile cap reinforcements, indicating the
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appropriate application of reinforcement effects. Therefore,
the trend of the changes in relative displacement varies
depending on whether the pile tip is cut, and various
reinforcement conditions can be applied, necessitating a
detailed examination of the tunnelling-induced relative
displacement.

Fig. 14 illustrates the distribution of tunnelling-induced
relative displacement for single and group piles, considering
various reinforcement conditions along the normalised pile
depth (Z/L;). For the Gp-1 and G,-G-1 piles, the relative
displacement was larger than that of the other piles, with the
largest relative displacement occurring in the unreinforced
Gp-1 pile. Additionally, the G,-GC-1 pile, which was
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reinforced by grouting and a pile cap, showed the smallest
relative displacement among the piles at position 1, proving
the appropriate effectiveness of the reinforcement. For the
Gp-1, Gp-G-1, and G,-GC-1 piles, the relative displacement
value turned negative at approximately Z/L, = 0.75 and
turned positive again at approximately Z/L, = 0.9. This
behaviour indicates that the direction of friction changed
twice along the pile length. Thus, both compressive and
tensile axial forces occurred in the pile. For piles supported
by weathered rock, the relative displacement decreased
from the surface to approximately Z/L, = 0.7, then
increased with a sign change at approximately Z/L, = 0.85.
This phenomenon indicates that downward friction acts on
the upper part of the pile because of ground settlement,
whereas upward friction acts on the lower part of the pile
because of the ground resisting pile settlement. Therefore,
the distribution of axial and shear stresses previously
explained is reconfirmed by tunnelling-induced relative
displacement. Pile tip cutting due to tunnel excavation
increases the relative displacement between the pile and the
ground and can be reduced with appropriate reinforcement.

3.9 Distribution of pile and ground settlements with
various  reinforcement conditions  (contour and
displacement vectors)

Figs. 15(a)-15(d) illustrate the contour of settlements for
piles and the ground after tunnel excavation, considering
various reinforcement conditions for single and group piles
at the pile location on the X—Z plane. Fig. 15(a) illustrates
the vertical displacement contours of the piles and ground
caused by tunnel excavation under the S, condition. The
settlement of the pile head under the S, condition exceeds
the ground settlement, with the opposite trend occurring as
the pile depth increases. Fig. 15(b) illustrates the group pile
under the G, condition without reinforcement, where the
settlement of Pile 1, whose tip is cut, is larger than that of
Pile 2, whose tip is supported. Additionally, owing to the
group effect of the piles, the ground settlement around the
group piles is greater than that around a single pile. Figs.
15(c) and 15(d) illustrate the vertical displacement contours
under the G,-G and G,-GC conditions, respectively. The
different settlements of Piles 1 and 2 under these conditions
indicate potential differential settlement for piles connected
by a pile cap under the G,-GC condition. Additionally, the
pile head and pile tip near the cut pile tip experienced
settlements exceeding the ground settlement, creating
pulling effects in opposite directions on the pile, delineating
the previously mentioned tensile force mechanism.

Figs. 16(a)-16(d) illustrate the displacement vectors
after tunnel excavation for single and group piles,
considering various reinforcement conditions at the pile
location on the X—Z plane. Figs. 16(a) and 16(b) illustrate
the displacement vectors under conditions without
reinforcement, with a larger vector distribution and
magnitude under the G, condition compared to the S,
condition. Additionally, the magnitude of the displacement
vectors in the ground around the tunnel is larger for the S,
and G, conditions than the G,-G and G,-GC conditions,
where grouting reinforcement is considered. The

distribution of displacement vectors due to tunnel
excavation is similar to the influence zone of the tunnel
excavation, as presented by Jacobsz (2002), because the pile
tip is within the influence zone, thus pile serviceability can
be affected.

4. Conclusions

A three-dimensional finite element analysis was used to
simulate shield TBM tunnel excavation adjacent to single
and group piles, considering various conditions such as pile
tip cutting, grouting reinforcement near the tunnel, and pile
cap reinforcement. The analysis examined tunnel-induced
pile settlement, axial force, shear stress, relative
displacement, and ground displacement around the tunnel.
The following conclusions can be drawn from the results
obtained.

1. The highest pile head and ground surface
settlement ratios occurred when the tunnel passed
through the Y/D = —1.5 to +1.5 zone, after which
the settlement ratios significantly decreased. The
final pile head settlement exceeded the greenfield
condition’s final ground surface settlement for all
piles, except the Gp-G-2 pile. Before the tunnel
passed directly beneath the piles (Y/D = 0), all
piles demonstrated less pile head settlement than
the greenfield condition’s ground surface
settlement. Additionally, the difference between
the maximum and minimum pile head settlements
after tunnel excavation was approximately 70%
greater than the minimum settlement.

2. The analysis of the lateral displacement of the
piles showed that piles with tips supported by
weathered rock had significantly restrained
displacement near the pile tip. The lateral
displacement of the piles exhibited different
patterns from those owing to vertical settlement,
with reinforced piles showing a smaller lateral
displacement than under greenfield conditions. In
other words, grouting and pile cap reinforcements
effectively restrained the lateral displacement
caused by tunnel excavation. Owing to the lateral
displacement of the piles, My bending moments
occurred, with the maximum bending moment
reaching approximately 97.8% of the allowable
bending moment, indicating potential
serviceability problems for the pile.

3. For piles with cut tips due to tunnel excavation,
the axial force gradually decreased from the
surface to approximately Z/L, = 0.85 and then
increased towards the pile tip. Axial forces near
the design load occurred at the pile tip. This
phenomenon was attributed to the stress changes
from the segment installation and grouting
reinforcement immediately after the pile tip was
cut, suggesting that tip resistance was restored
after initially being relieved.

4. Pile tip cutting due to tunnel excavation resulted
in two changes in the shear force direction along



Effects of pile tip cutting due to shield TBM tunnel construction on pile behaviour under various reinforcement conditions 193

(¢) G,-G con

(d) G,-GC condition
Fig. 16 Displacement vector plots around the tunnel and pile (X-Z plane)



194 Young-Jin Jeon et al.

the entire pile length, indicating both compressive
and tensile axial force distributions. Upward shear
forces occurred in the range of Z/L, = 0.17 to
Z/L, = 0.70 because the pile settlement exceeded
the ground settlement, followed by downward
shear forces below this range, indicating tensile
axial forces, with compressive forces occurring
near the pile tip. A comprehensive analysis
showed that the behaviour of piles due to tunnel
excavation varied significantly depending on the
reinforcement and pile conditions. Therefore, a
thorough examination of the reinforcement effects
on the ground adjacent to piles and tunnels is
necessary as part of the continuing research on
this issue in the future.
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