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This paper investigates the temporal-spatial characteristics of ground displacements as well as vertical and horizontal displacements
and axial forces in existing piles induced by twin shield tunneling in clays. To that end, a case study and three-dimensional (3D)
finite element (FE) analysis were performed. Based on the in situ monitoring data from the presented twin tunneling case
history with existing piles beneath, the adopted 3D FE method was validated to be competent to yield reasonable simulation
results. The validated 3D FE method was then used to analyze the effects of the distance between the tunnel and the pile, the
distance between tunnel faces, and the pile length on the horizontal and vertical displacements and axial stresses in piles. It was
found that the horizontal displacement distribution forms along the pile shaft for the front piles are similar to that for the back
piles, whereas the magnitudes of the horizontal displacements of the front piles are slightly larger than that of the back piles.
The interactions between piles in the pile group provide protection of the middle piles in the pile group against twin tunneling
effects. With a reduction in the distance between the tunnel and the pile, the pile displacements and stresses increase
nonlinearly. With an increase in the distance between tunnel faces, the maximum positive pile displacements and the maximum
and minimum axial pile stresses increase, while the maximum negative pile displacements and the difference between the
maximum and minimum axial pile stresses decrease.

1. Introduction

In congested urban cities, one of the effective means of
relieving traffic pressure is to construct metros. The metro
tunnels, in many cases, are adjacent to pile-supported
structures [1, 2]. Studies have indicated that tunneling
adjacent to pile-supported structures can induce ground
movements [3], excessive lateral pile displacements [4],
and reduction in structure bearing capacity and stability
[5]. This will pose serious risks to people’s lives and prop-
erties. Consequently, it is significant to investigate
tunneling-induced ground movements and pile group
responses [6–11].

Prediction of ground movements induced by tunneling
can be made employing numerical analyses [12, 13], analyti-
cal expressions [14–16], artificial neural networks [17], and
empirical methods [18]. The empirical methods have been
proposed on the basis of the Gaussian error function [19–
22] and are widely used in engineering practices because of
convenience and simplicity [23]. However, limitations of
the empirical methods exist, which include taking no account
of the tunnel geometry, ground condition, and construction
technique and providing insufficient information about sub-
surface settlements and horizontal displacements [24, 25].

Tunneling-induced ground movements affect the
responses of the adjacent pile group because of the tunnel-
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soil-structure interaction effect [26, 27]. This effect is depen-
dent on factors such as the location of the pile relative to the
tunnel, pile working load, cover-to-diameter ratio, and pile
and tunnel dimensions [28]. To better understand this vital
issue, researchers have carried out numerous studies based
on different methods such as field monitoring [29], theoreti-
cal analysis [30], numerical simulation [31], and experimen-
tal investigation [32]. Actually, each of these methods has its
ownmerits. The merits of numerical simulation, for example,
are being able to account for the tunnel-soil-pile interaction
effect, soil heterogeneity, and complex boundary conditions
[33].

Pile group responses to tunneling can vary slightly,
depending on the characteristics of the stratum in which
tunneling occurs [34–36]. Studies on pile group responses
to tunneling in a clay stratum are available in the literature.
Ieronymaki et al. [37] conducted a comparative study into
the effects of methods of tunneling in stiff clay on ground
movements. It was found that the closed-face method con-
trolled best the volume loss, while the open-face shield exca-
vation method produced the largest tunnel cavity ovalization.
Cattoni et al. [38] investigated the coupled hydromechanical
processes related to shield tunneling in soft clays. A new
method for predicting the displacement and internal force
of constructed tunnels induced by adjacent excavation with
dewatering was proposed by Guo et al. [35]. Using the force
relaxation technique and finite difference program, Shiau
et al. [39] analyzed the ground settlements induced by circu-
lar tunneling in soft clay. Son [40] made an analysis of struc-
ture responses to ground movements induced by tunneling
in clay soils. Wang and Li [36] investigated the deformation
and failure of surrounding rock after tunnel excavation under
different joint network and groundwater conditions. Laver
et al. [41] proposed a new method of estimating long-term
ground movements induced by tunneling in London clay.
Sun et al. [42] performed three-dimensional coupled consol-
idation finite element analyses to study the influence of con-
solidation on the tunnel response to excavation. However,
the focus of most of these studies is on single-line tunnels.
The effects of twin tunneling in a thick clay stratum on
ground movements and pile group responses have not been
fully captured.

Twin tunneling is becoming common with the develop-
ment of urban underground traffic systems [43–45]. How-
ever, the number of studies available into the effects of twin
tunneling on ground movements and pile group responses
is limited. Moreover, most of the studies available are mainly
focused on the effects of twin tunneling in dry sand [46–48].
Thus, twin tunneling-induced ground movements and pile
group responses still remain poorly understood, especially
for twin tunneling in a thick clay stratum.

The present study is targeted at investigating the ground
surface settlements and pile group responses induced by twin
tunneling in clays. 3D finite element analysis was performed
to capture the development of ground surface settlements
and pile group responses with advancing tunneling steps
and to ascertain the effects of the distance between the tunnel
and the pile, the distance between tunnel faces, and the pile
length on the pile group responses on completion of tunnel-

ing. The performance of the 3D finite element analysis has
been verified by the in situ monitoring data. The results
obtained in this study have the potential to guide the protec-
tion of the pile group adjacent to twin tunneling.

2. Case History

2.1. Overview. The considered case history is a twin
tunneling-by-shield tunneling machine for the construction
of Hefei Metro Line 2 in Hefei, China. The twin tunneling
passes underneath the Wulidun Overpass in the mileage
range of SK26+050–SK26+450 between Qingyang Road Sta-
tion and Xiyuan Road Station. The Wulidun Overpass, sup-
ported by a pile group, is located at the intersection of West
Changjiang Road, Tunxi Road, and Hezuohua Road. It has
connected the traffic in 17 flow directions. The maximum
height of theWulidun Overpass is 21m from the ground sur-
face. The superstructure of the Wulidun Overpass is a con-
tinuous beam on many supports. Figure 1 shows the
location of the engineering site.

2.2. Parameters for the Ground, Tunnel, and Pile Group. The
twin tunnels (i.e., the right and left tunnels) were excavated in
a thick clay stratum and have a cover depth of 20m, as
depicted in Figure 2. The clay’s engineering properties have
been investigated by the authors and reported elsewhere
[49–52]. The horizontal distance between the tunnel axes of
the left and right tunnels is 28m. The pile group foundation
is composed of 8 bored concrete piles of 1m in diameter and
30m in length. The distance between the centers of any two
adjacent piles in the pile group foundation is 3m. The short-
est distance between the pile group foundation and the left
tunnel is 3m. Three different strata (i.e., backfill soil, clay,
and weathered rock) are penetrated by the pile group founda-
tion. The pile cap is 12m in length, 6m in width, and 1m in
height. Besides, the tunnel segments’ internal diameter,
thickness, and ring width are 5.4, 0.3, and 1.5m, respectively.
The thickness of the grouting in the TBM tail interspace is
0.1m.

2.3. Instrumentation. To ensure stability and safety for
tunneling construction and the adjacent pile group, instru-
ments of different types were installed at various positions
to monitor the responses of the tunnel structure, ground sur-
face, and pile group at different tunneling steps. The mea-
surement items, instruments, and monitoring point
arrangement for the considered case history are summarized
in Table 1. As shown in the table, the measurement items
include the ground surface settlement, tunnel vertical dis-
placement, tunnel peripheral convergence, pile cap settle-
ment, pile cap tilt, pile cap differential settlement, pile cap
fissure, and Wulidun Overpass beam stress. The adopted
instruments consist of the precise leveling instrument, steel
ruler, convergence gauge, laser range finder, total station,
reflector, crack gauge, vernier caliper, and taseometer.
Figure 3 depicts the arrangement of the monitoring points
in the field. The distance between two neighboring monitor-
ing points can be 2.5, 3.5, or 5m. The symbol “DBC” repre-
sents the instrumented section in the transverse direction
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Note: the map was drawn using so�ware programs
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along the tunnel axis. “DBCL” and “DBCR” denote, respec-
tively, instrumented sections in the tunnel axis direction
above the left and right tunnels.

3. Three-Dimensional Finite Element Analysis

3.1. Modeling of the Pile Group, Strata, and Their Interaction.
Numerical modeling of the pile group, soil strata, and pile-
soil interaction is established using the finite element
method. Figure 4 shows the meshing of the numerical
models based on MIDAS GTS NX [53]. A spatial model
size of 78m × 60m × 60m (i.e., x × y × z) is selected for
the purpose of minimizing the potential boundary effects
as much as possible. As for the model boundary condi-
tions, normal restraints are applied to the four vertical
boundaries and base boundary, while the top boundary
is free. Therefore, there is no normal movement for the
vertical boundaries and no movement for the base bound-

ary. Tetrahedral elements are adopted here to mesh the
soil, pile cap, lining segments, and bored concrete piles.
The TBM shell and grouting are modeled using shell ele-
ments. Table 2 summarizes the mechanical parameters of
the materials used in numerical modeling. In this table,
the parameters for the geomaterials, including backfill soil,
clay, and weathered rock, were obtained by performing in
situ and laboratory tests. It is noted that the elasticity
modulus of the weathered rock is significantly greater than
that of the backfill soil and the clay, whereas the difference
among the other four parameters of the three types of
soils is not very significant. For the artificial materials
(i.e., grouting, segment, shield, and pile), the parameters
were obtained from design specifications or from empirical
values. Note that there are no cohesion and no internal
friction angle for these artificial materials as their constitu-
tive behavior was simulated with a linear elastic model in
the numerical analysis.

Table 1: Summary of the in situ monitoring information.

Item Instrument Arrangement

Ground surface settlement Precise leveling instrument; steel ruler Interval of instrumented sections = 20m; built-up areas

Tunnel vertical displacement Precise leveling instrument; steel ruler Interval of instrumented sections = 5m
Tunnel peripheral convergence Convergence gauge; laser range finder Interval of instrumented sections = 5m
Pile cap settlement Precise leveling instrument; steel ruler On the two sides of each pier perpendicular to the tunnel axis

Pile cap tilt Total station; reflector On the two sides of each pier perpendicular to the tunnel axis

Pile cap differential settlement Precise leveling instrument; steel ruler Each pier

Pile cap fissure Crack gauge; vernier caliper On the two sides of each fissure

Wulidun Overpass beam stress Taseometer In the middle of the bridge beam and slab structure
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Figure 3: Schematic diagram of the in situ monitoring point arrangement.
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In numerical modeling, the interaction between the pile
and the surrounding soil is simulated by generating interface
elements in the pile-soil interface based on the Coulomb fric-
tion theory. A summary of the parameters for the interface
elements generated in numerical modeling is presented in
Table 3. As presented in Table 3, there are in total four differ-
ent parameters required for the contact elements. Consid-
erations on determining the magnitudes of the interfacial
shear modulus, normal modulus, cohesion, and internal
friction angle are presented as follows. The interface ele-
ments have a shear modulus of 80% of the elastic modulus
of the piles. The normal modulus of the interface elements
is taken as 10 times the shear modulus of the interface ele-
ments. For convenience, the cohesion and internal friction
angle for the interface elements are regarded approxi-
mately to be equivalent to that of the surrounding soil in
contact with the piles.

3.2. Modeling of Twin Tunneling. For numerically simulating
the twin tunneling process, several assumptions have to be
made. First, take no account of the effects of permeation
and hydraulic pressure induced by groundwater. Second,
assume that the soil strata are isotropic, homogeneous, elas-
tic, perfectly plastic materials. Third, take no account of the
ultimate consolidation settlement of soil.

Before tunneling, initial gravity stress is applied to soil
strata. Then, reset the displacement of soil strata to zero.
The weight of the overpass supported by the pile group is
equivalent to a uniform load of 2MPa applying on the pile
cap. Twin tunneling starts from y = 0m and progresses step
by step until reaching y = 60m. The length of two segments
(i.e., 3m) is selected as the progressing distance of each step.
During twin tunneling, the tunnel face of the left tunnel gets
ahead of the tunnel face of the right tunnel with a distance of
30m between these two tunnel faces, as shown in Figure 5.

The procedure for numerically simulating twin tunneling
is as follows. First, remove the initial soil elements included
in a progressing distance (i.e., 3m), apply a normal compres-
sive stress of 0.2MPa on the tunnel face, and install two
pieces of lining segments under the protection of the TBM
shell. Second, progress the TBM for a progressing distance
of 3m and grout in the interspace of the TBM tail with a
grouting pressure of 0.2MPa. Third, release the grouting
pressure after the hardening of the grout is achieved. Repeat
the aforementioned three steps until finishing twin
tunneling.

3.3. Parametric Analysis. The finite element method has been
used in this research work for the analysis of pile group
responses to twin tunneling at different distances between
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Table 2: Material parameters for numerical analysis.

Material Elasticity modulus (MPa) Unit weight (kN/m3) Poisson’s ratio Cohesion (kPa) Internal friction angle (°)

Backfill soil 13 19 0.35 10 8

Clay 37 20.3 0.33 40 20

Weathered rock 100 26 0.3 35 30

Grouting 10 23.6 0.3 / /

Segment 30000 24.5 0.2 / /

Shield 200000 78.5 0.3 / /

Pile 33000 25 0.2 / /
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the tunnel and the pile, different distances between tunnel
faces, and different pile lengths. Keeping the distance
between the left and right tunnels constant, five different dis-
tances between the tunnel and the pile which are 3m (i.e.,
0:5D (D is the tunnel diameter)), 6m (i.e., 1D), 9m (i.e., 1:5
D), 12m (i.e., 2D), and 15m (i.e., 2:5D) are considered. Note
that the distance between the tunnel and the pile is the min-
imum horizontal distance between the left tunnel and the pile
group. Also, five different distances between tunnel faces,
defined as the difference in the y-coordinate values of the left
tunnel face and the right tunnel face, are considered for cap-
turing the effects of this parameter on the displacement and
stress behavior of the pile group. The considered distances
between tunnel faces are 10, 20, 30, 40, and 50m. The consid-
ered four different pile lengths are 10, 20, 30, and 40m.

4. Development of Ground and Pile
Responses with Advancing Tunneling Steps

4.1. Ground Surface Settlements. The tunneling-induced
ground surface settlements at y = 21m by the 3D finite ele-
ment analysis and in situ monitoring are shown in Figure 6.
In general, a good agreement between the 3D finite element
analysis and in situ monitoring results can be observed. This
indicates that the 3D finite element method adopted in this
study has the ability to well capture the responses of the
ground surface to twin tunneling at different tunneling steps.
Moreover, it can be seen that as the tunnel face approaches
y = 21m, the ground surface settlements increase gradually.
However, the rates of increases in the ground surface settle-
ments decrease as the tunnel face exceeds y = 21m. The set-
tlement versus step curves of steps 5 to 9 show that, when
the distance between the left tunnel face and y = 21m is less
than 1D, the variation of the ground surface settlements
reaches the maximum, which is 3.2mm. However, when that
distance is larger than 2D, the variation of the ground surface
settlements with progressing tunneling steps is relatively
small with a maximum value of 1.3mm, as indicated by
ground settlements of steps 13 to 32. Particularly, no matter
what the tunneling step is, the ground surface settlement at
the tunnel axis is larger than that at other locations. The max-
imum ground surface settlement, which is 6.9mm, is
achieved at the left tunnel axis at tunneling step 32.

The ground surface settlements at the right tunnel axis
are similar in tendency to that at the left tunnel axis. How-
ever, the maximum variation of the ground surface settle-
ments at the right tunnel axis when the right tunnel face is
in the area of ±D with respect to y = 21m is 3.6mm, which
is slightly larger than that at the left tunnel (i.e., 3.2mm).
The ultimate ground surface settlement at the right tunnel

axis is the maximum, which is 8.4mm. In addition, previous
studies have indicated that the tunneling influence zones
depend primarily on parameters such as the tunnel diameter,
tunnel cover depth, and soil parameters [54–56]. Based on
the calculation methods used in the literature and the practi-
cal conditions presented in this research work, the diameter
of the tunneling influence zones for twin tunneling is approx-
imately 23m. Thus, obvious superimposed effects can be
observed for the ground surface settlements between the
two axes of the left tunnel and the right tunnel.

Due to the fact that the pile group is nearer to the left tun-
nel than to the right tunnel, the inhibiting effects of the pile
cap on the ground surface settlement are more observable
at the left tunnel axis compared to the right tunnel axis.
Hence, the maximum superimposed effects of twin
tunneling-induced ground settlements occur at a data collec-
tion point that is nearer to the left tunnel than to the right
tunnel.

Figure 7 presents the ground surface settlements at y = 4
m obtained by the 3D finite element analysis and in situmon-
itoring for various tunneling steps. A comparison between
Figures 6 and 7 indicates that the settlement curves presented
in Figure 6 are in a better symmetry with respect to x = 0
compared to the settlement curves presented in Figure 7. It
is indicated by Figure 7 that the ultimate ground surface set-
tlements at the left tunnel axis and at the right tunnel axis are,
respectively, 6.9mm and 8.6mm. The maximum superim-
posed effects of twin tunneling-induced ground surface set-
tlements occur almost in the lateral middle of the two
tunnels, which is in good agreement with the ground surface
settlements’ tendency predicted using the Peck formula.
Consequently, the pile-to-tunnel distance affects significantly
the twin tunneling-induced ground surface settlements.

A comparison of the ground surface settlement at Point
A and the pile cap settlement at Point B by the 3D finite ele-
ment analysis and in situ monitoring is shown in Figure 8.
Points A and B are at y = 30, as depicted in Figure 5. The
comparison indicates that when the distance between the left
tunnel face and y = 30 is less than 2:5D, the settlements at
Points A and B increase with progressing tunneling steps at
a relatively high rate. However, when that distance is larger
than 2:5D, the rate of increase in the settlements at Points
A and B reduces gradually until reaching a steady settlement.
The ultimate settlements at Points A and B are, respectively,
3.6mm and 4.6mm. During the whole tunneling process, the
settlement at Point A is consistently larger than that at Point
B. This is because the pile cap stiffness is greater than the
ground stiffness. The stability of the pile group is reduced
due to the relative displacement between the pile and the soil
around the pile resulting from the differential settlements
between them. Thus, special attention should be paid to that
issue in practical engineering so as to avoid undesirable
accidents.

4.2. Horizontal Pile Displacement. The finite element analysis
results indicate comparable horizontal displacements for dif-
ferent piles in the group. Therefore, for convenience, in this
section, only the horizontal displacement of Pile 1 is dis-
cussed. Figure 9 shows the variation of the horizontal

Table 3: Parameters for contact elements.

Parameter Value

Shear modulus (MPa) 26400

Normal modulus (MPa) 264000

Cohesion (kPa) 36

Internal friction angle (°) 28
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displacement of Pile 1 with tunneling steps. Note that in
Figure 9, the monitored horizontal pile displacement is only
available at the pile top due to the difficulty in installing
instruments on the pile shaft below the ground surface. It
can be indicated that the horizontal displacement of Pile 1
is relatively small at tunneling steps 1 to 7. During these
tunneling steps, the shortest distance between the tunnel face
and the pile group is larger than 2D. When this distance
decreases from 2D to 1:5D, the horizontal displacement of
Pile 1 increases gradually. In addition, the distribution along
the pile shaft of the horizontal displacement of Pile 1 is
approximately S-shaped, with the horizontal displacements

at the pile top and bottom being negative and at the cover
depth of the tunnel centerline being positive.

During tunneling steps 7 to 10, when the shortest dis-
tance between the tunnel face and the pile group is no more
than 1D, the variation of the horizontal displacement of Pile
1 is the maximum. Similarly, the variation of the horizontal
displacement of Pile 1 at the cover depth of the tunnel center-
line reaches the maximum (i.e., 1.3mm). The maximum hor-
izontal displacement of Pile 1 at the cover depth of the tunnel
centerline (i.e., 1.9mm) is achieved at tunneling step 10. The
negative displacements at the pile top and pile bottom
remain increasing when the tunneling step progresses from
7 to 10. Because the pile bottom is penetrated into bedrock,
the horizontal displacement of the pile bottom is slightly
smaller than that of the pile shaft above the pile bottom,
which results in a point of inflection for the pile shaft. Pro-
gressing tunneling steps from 11 to 15, it is found that the
positive horizontal displacement at the cover depth of the
tunnel centerline decreases, while the negative horizontal dis-
placements at the pile top and pile bottom increase. The max-
imum negative horizontal displacement is 2.4mm. No
apparent variation occurs of the horizontal displacement of
Pile 1 after reaching tunneling step 15, when the shortest dis-
tance between the tunnel face and the pile group is larger
than 3D. A point of inflection is generated at the pile shaft
of the cover depth being slightly smaller than that of the tun-
nel centerline. The horizontal displacements of the pile shaft
above the point of inflection decrease with an increase in the
tunneling steps due to a relatively looser constraint that back-
fill soil poses on the pile shaft than clay.

In fact, during the whole tunneling process, the primary
reason for a gradual increase in the positive horizontal
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displacement of Pile 1 is that the support pressure of the left
tunnel is larger than the stress-releasing effects of the soil
around the left tunnel induced by the left tunneling. How-
ever, the positive horizontal displacement of Pile 1 will be
restrained and even reduced due to the gradual decrease in
the left tunnel support pressure caused by the TBM shell’s
absence and hardening of the grout and due to the support
pressure induced by the right tunneling.

Figure 10 shows horizontal displacements of different
piles in the pile group foundation at tunneling step 32. For
convenience, Piles 1, 2, 3, and 4, which are nearer to the left
tunnel compared to the other four piles, are termed the front
piles, and the other four piles (i.e., Piles 5, 6, 7, and 8) are
termed the back piles. It can be seen from Figure 10 that
the ultimate horizontal displacements of the front piles are

generally larger than that of the back piles, although their dis-
tributions along the pile shaft of the ultimate horizontal dis-
placements are similar in form. The positive horizontal
displacements of the front piles at the cover depth of the tun-
nel centerline are larger than that of the back piles, resulting
from a larger support pressure of the left tunnel subjected by
the front piles than by the back piles due to a relatively
smaller distance between the front pile and the left tunnel.

Figure 10 also indicates that the negative horizontal dis-
placements at pile tops and pile bottoms of the front piles
are larger than that of the back piles. This involves two rea-
sons, which are, first, a relatively larger value for the left
tunneling-induced stress-releasing effects subjected by the
front piles than by the back piles and, second, a smaller value
for both the right tunneling-induced stress-releasing effects
and the support pressure of the right tunnel resulting from
the shielding effects of the back piles. Consequently, the dis-
tributions along the pile shaft of the horizontal displacement
are similar in form between the front and back piles, but the
magnitude of the horizontal displacement of the front piles is
slightly larger than that of the back piles.

4.3. Vertical Pile Displacement. Figure 11 shows the variation
of the vertical displacement of Pile 1 with tunneling steps. It
is indicated that the pile top settles most, and the settlements
at the pile shaft decrease gradually with an increase in the
cover depth till reaching maxima at a cover depth. After this,
the pile shaft heaves slightly. The settlement of Pile 1 is no
more than 1mm from tunneling steps 1 to 5 when the short-
est distance between the tunnel face and the pile group
exceeds 2D. The rate of increase in the vertical displacement
of Pile 1 increases with progressing tunneling steps from 5 to
11, during which the shortest distance between the tunnel
face and the pile group reduces from 2D to 1D. After reaching
tunneling step 11, the rate of increase in the vertical displace-
ment of Pile 1 starts to reduce until tunneling step 15, after
which the vertical displacement of Pile 1 turns to be an
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almost steady value. At last, the pile top settlement reaches
the maximum with a value of 3.9mm, while a maximum
heave (i.e., 0.5mm) appears at the pile bottom.

The vertical displacement of the pile and its distribution
along the pile shaft are attributed to the tunneling-induced
stress-releasing effects subjected by the soil around the tun-
nel, which can induce movements of the soil around the tun-
nel and of the pile penetrated in the soil to the tunnel
centerline. Moreover, the magnitude and direction of this
movement of the pile depend primarily on the relative loca-
tion and distance between the tunnel centerline and the pile
shaft.

It is observed from Figure 12 that the vertical displace-
ments of the front piles are larger in magnitude than that of
the back piles. Among the front piles, the two corner piles
(i.e., Piles 1 and 4) settle most compared to the other front
piles. But the vertical displacements of Piles 6 and 7 in the
back piles are the minima. Nevertheless, the distributions
along the pile shaft of the vertical displacement of all the piles
in the pile group are almost identical. Thus, twin tunneling-
induced pile responses are varied for different piles in the pile
group. By comparison, the corner piles in the pile group are
more susceptible to twin tunneling than the middle piles,
demonstrating that the interactions between piles in the pile
group provide protection of the middle piles in the pile group
against twin tunneling effects.

4.4. Axial Pile Stress. The distributions along the pile shaft of
the axial stresses of different piles in the pile group are pre-
sented in Figure 13. It is observed that all the piles are under
compression over the entire pile shaft with a most identical
distribution form of axial pile stress. The compressive stress
along the pile shaft increases from the ground surface to
the cover depth of the tunnel centerline. After reaching the
cover depth of the tunnel centerline, the magnitude of the
compressive stress decreases with a further increase in the
cover depth. Hence, the maximum compressive stress in Pile
1 (i.e., 17.3MPa) is achieved at the cover depth of the tunnel
centerline, while the compressive stress at the bottom of Pile
13, which is 9.3MPa, is the minimum.

Before twin tunneling, initial compressive stress exists in
the pile group, which is generated by the pile weight and the
uniform load applied on the pile cap. However, this initial
compressive stress has been changed since the beginning of
twin tunneling, resulting from the relative displacement
between the pile shaft and the soil around the pile induced
by the soil’s stress-releasing effects. The magnitude of the rel-
ative displacement in the pile-soil interface depends primar-
ily on the cover depth of the pile shaft. Above the pile shaft of
the cover depth of the tunnel centerline, the relative
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displacement in the pile-soil interface induces negative fric-
tion along the pile-soil interface, and the magnitude of which
increases with an increase in the cover depth. On the con-
trary, positive friction has been induced along the pile-soil
interface below the pile shaft of the cover depth of the tunnel
centerline. Consequently, the magnitude of the twin
tunneling-induced compressive stress increases with an
increase in the cover depth of the pile shaft until reaching
the cover depth of the tunnel centerline, after which a further
increase in the cover depth of the pile shaft results in a reduc-
tion in the compressive stress along the pile shaft.

5. Discussion

5.1. Effect of the Distance between the Tunnel and the Pile.
Figure 14 shows the variation of the twin tunneling-
induced horizontal displacement of Pile 1 with the distance
between the tunnel and the pile. When the distance between
the tunnel and the pile increases from 3m to 9m, Pile 1
moves more further to the left tunnel, which means a reduc-
tion in the horizontal displacement of Pile 1. Particularly, the
variation of the maximum horizontal displacement of Pile 1
is larger than that of any other horizontal displacement of
the pile shaft. A rather small horizontal displacement ranging
from -0.3 to 0.2mm is produced of Pile 1 at a pile-to-tunnel
distance of 9m. The pile group approaches the right tunnel
gradually when the pile-to-tunnel distance increases from 9
to 15m. At this time, the horizontal displacement distribu-
tion along the pile shaft of Pile 1 becomes apposite to the case
where the pile-to-tunnel distance is 3 or 6m.

Figure 15 presents the vertical displacements of Pile 1
induced by twin tunneling at different distances between
the tunnel and the pile. Pile settlement occurs at all the con-
sidered distances between the tunnel and the pile. The effects
of the left tunneling on pile settlement decrease with an

increase in the distance between the tunnel and the pile,
which is characterized by a reduction in the vertical pile dis-
placement. The pile top settlement reduces from 3.9 to 3mm,
and the vertical displacement at the pile bottom changes
from 0.5 to -0.1mm when increasing the distance between
the tunnel and the pile from 3 to 12m. The pile group
becomes closer to the right tunnel than to the left tunnel at
a distance between the tunnel and the pile of 15m. In this cir-
cumstance, the vertical pile displacement is affected predom-
inantly by the right tunnel rather than the left tunnel.

The axial stress of Pile 1 induced by twin tunneling at dif-
ferent distances between the tunnel and the pile is shown in
Figure 16. It is shown that the axial stress distributions along
the pile shaft are consistent at different distances between the
tunnel and the pile. The maximum axial pile stress reduces
slightly with an increase in the distance between the tunnel
and the pile due to a lower magnitude of the relative displace-
ment in the pile-soil interface.

Consequently, the horizontal pile displacement is most
susceptible to the distance between the tunnel and the pile
compared to the other responses of the pile group to twin
tunneling. Thus, in engineering practices, a larger distance
between the tunnel and the pile is recommended for twin
tunneling adjacent to an existing pile group foundation.
Moreover, it should be taken into consideration that the
distance between the left and right tunnels is subjected
to constraints. By comparison, the optimal distance
between the tunnel and the pile for the engineering case
presented herein is 9m. More importantly, a recommen-
dation can be made for the design of twin tunneling adja-
cent to an existing pile group that the pile group should
be placed in the middle of the left and right tunnels in
order to minimize the adverse effects of twin tunneling
on pile group responses.
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5.2. Effect of the Distance between Tunnel Faces. Figure 17
shows the variations of the maximum positive and negative
horizontal displacements of Pile 1 on completion of twin
tunneling with the distance between tunnel faces. From this
figure, it can be indicated that both the maximum positive
and negative horizontal displacements increase nonlinearly
with an increase in the distance between tunnel faces. How-
ever, the rate of the increase becomes smaller at a larger mag-

nitude of the distance between tunnel faces. When the
distance increases from 10 to 50m, the maximum positive
and negative horizontal displacements increase, respectively,
from approximately 0.195mm to about 0.235mm and from
approximately 0.185mm to about -2.0175mm to about
-1.9975mm. Nevertheless, the effect of the distance between
tunnel faces on the maximum horizontal displacement of
Pile 1 is negligible, as the variations in these values are gener-
ally less than 0.1mm which can be also neglected.

Figure 18 presents the variations of the maximum posi-
tive and negative vertical displacements of Pile 1 on comple-
tion of twin tunneling with the distance between tunnel faces.
It is shown that when the distance between tunnel faces
increases from 10 to 50m, the variation of the maximum pos-
itive vertical displacement is less than 0.01mm, while the var-
iation of the maximum negative vertical displacement is less
than 0.25mm. These extremely small variations demonstrate
that the distance between tunnel faces has a trivial effect on
the maximum positive and negative vertical pile displace-
ments induced by twin shield tunneling in clays. In addition,
a further comparison between the variational trends in
Figures 17 and 18 indicates that the maximum positive dis-
placements in both the horizontal and vertical directions
are one order of magnitude lower than the maximum nega-
tive displacements in both the horizontal and vertical direc-
tions. Hence, increasing the distance between tunnel faces
within certain limits does benefit the stability of the pile
group.

The variations of the maximum and minimum axial
stresses of Pile 1 on completion of twin tunneling with the
distance between tunnel faces are shown in Figure 19. It is
observed that the maximum and minimum axial pile stresses
increase slightly, while the difference between the maximum
and minimum axial pile stresses decreases with an increase in
the distance between tunnel faces. This demonstrates that a
relatively uniform distribution of the axial pile stress along
the pile shaft can be achieved by increasing the distance
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between tunnel faces. After the distance between tunnel faces
exceeds 30m, a further increase in the distance between tun-
nel faces results in no apparent variation in the horizontal
and vertical displacements and axial pile stress. Moreover, a
shorter construction period is favored in practical engineer-
ing practices for maximizing the economic benefits. Thus,
30m has been chosen as the optimal distance between tunnel
faces for the twin tunneling engineering case presented in
this study for the purpose of achieving a balance between
maximizing economic benefits and minimizing pile group
responses induced by twin tunneling.

5.3. Effect of the Pile Length. Figure 20 presents the variation
of the pile settlement with the cover depth for various pile
lengths. It is found that the maximum pile settlement occurs
at the pile bottom at relatively low pile lengths (i.e., 10 and 20
m). At relatively high pile lengths (i.e., 30 and 40m), the

maximum pile settlement occurs at a cover depth of appro-
priately 10m. In general, the maximum pile settlement
decreases with an increase in the pile length. This is mainly
because a higher pile length corresponds to a larger side fric-
tion between the pile and the soil and a greater bearing capac-
ity of the soil at the pile bottom. Moreover, the difference
between the settlements at the pile top and bottom increases
with an increase in the pile length. At the pile length of 10m,
the difference between the settlements at the pile top and bot-
tom is 0.01mm. This value increases to 1.5mm at the pile
length of 40m. Nevertheless, an increase in the pile length
from 10m to 40m leads to a decrease in the maximum pile
settlement of 0.62mm which is negligible. Therefore, it can
be noted that the effect of the pile length is trivial on the mag-
nitude of the pile settlement and is significant on the distribu-
tion of the pile settlement.

Figure 21 presents the variation of the horizontal pile dis-
placement with the cover depth for different pile lengths. It
can be seen that the distribution of the horizontal pile dis-
placement along the pile shaft is similar at different pile
lengths. At a pile length, the horizontal pile displacement
decreases with an increase in the cover depth until reaching
the cover depth of the twin tunnels (i.e., 20m). After this,
the horizontal pile displacement increases with an increase
in the cover depth until reaching a cover depth of appropri-
ately 30m. With an increase in the pile length, the horizontal
displacement at the pile top decreases till reaching the pile
length of 30m and then increases again when the pile length
increases from 30 to 40m. Moreover, it seems that an
increase in the pile length has a tendency to reduce the max-
imum negative horizontal pile displacement. However, the
reduction in the maximum negative horizontal pile displace-
ment due to an increase in the pile length is negligible.

Figure 22 presents the variations of the maximum and
minimum axial pile stresses with the pile length. It is clear
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in Figure 22 that the relatively low maximum and minimum
axial pile stresses can be achieved at a pile length ranging
between 20 and 30m. At the pile length of 10m, the maxi-
mum and minimum axial pile stresses are far beyond that
at the other three pile lengths. The reason for this is that
the side friction between the pile and the soil is greater at a
relatively low pile length.

6. Conclusions

Ground surface settlements and pile group responses
induced by twin tunneling in clays have been investigated
by performing 3D finite element analysis validated with the
in situ monitoring data. The characteristics of the develop-

ment of twin tunneling-induced ground surface settle-
ments, horizontal and vertical pile displacements, and
axial pile stresses with advancing tunneling steps were cap-
tured. The effects of the distance between the tunnel and
the pile, the distance between tunnel faces, and the pile
length on the pile group responses were discussed. The
main conclusions that can be drawn from this study are
summarized as follows:

(i) The ground surface settlements increase nonlinearly
with progressing tunneling steps. The rates of
increases in the ground surface settlements achieve
maxima when the tunnel faces reach the positions
under consideration. At any of the tunneling steps,
the ground surface settlements are greater at the tun-
nel centerlines compared to the other positions. The
maximum ground surface settlements at the center-
lines of the left tunnel and right tunnel are, respec-
tively, 7.9mm and 8.6mm

(ii) The horizontal pile displacements change from
being negative at the pile tops to being positive at
the cover depth of the tunnel centerline. A maxi-
mum horizontal pile displacement of 1.5mm is
achieved at tunneling step 9. The vertical pile dis-
placements decrease with an increase in the cover
depth until reaching a cover depth of approximately
23mm, after which a pile heave occurs. The distribu-
tions along the pile shafts of axial pile stresses are
similar for different piles in the pile group

(iii) Compared to the vertical pile displacements and
axial pile stresses, the horizontal pile displacements
are more susceptible to the distance between the
tunnel and the pile. A distance between the tunnel
and the pile of 9m is found to be optimum for the
considered engineering case. An increase in the dis-
tance between tunnel faces reduces the maximum
negative horizontal and vertical pile displacements,
improves the pile group stability, and facilitates a
more uniform distribution along the pile shaft of
the axial pile stress. The optimum distance between
tunnel faces is found to be 30m. The effect of the pile
length is more significant on the distribution of the
pile settlement than on the magnitude of the pile set-
tlement. The axial pile stresses reach the minimum
when the pile length is slightly greater than the cover
depth of the twin tunnels
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