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Abstract

Tunneling activity inevitably induces soil stress redistribution and ground deformation,
which may affect adjacent existing pile foundations. Since many previous studies have
mainly focused on circular tunnels, the effects of quasi-rectangular shield (QRS) tunneling
on adjacent existing pile foundations are not well investigated and understood. In this study,
a series of physical model tests were carried out to investigate the response of a single pile
and pile group subjected to newly QRS tunneling beneath an existing circular tunnel in dry
sand. Two distinct underpass cases were considered: an orthogonal underpass (QRS tunnel
axis perpendicular to the circular tunnel axis) and an overlapping underpass (QRS tunnel
axis aligned with the circular tunnel axis). The test results indicate that QRS tunneling-
induced ground surface settlement and single-pile settlement in the overlapping underpass
case were 3.6 and 1.2 times that in the orthogonal underpass case, respectively, with a
narrower settlement trough. The axial force distribution along the single pile remained
qualitatively consistent in both underpass cases, consistently exhibiting a downward load-
transfer mechanism, and further leading to a monotonic growth pattern in axial force with
progressive QRS tunnel excavation. The additional stress of the single pile was consistently
higher in the overlapping underpass case, which had maximum axial force, negative
bending moment, and maximum positive bending moment increases of 20%, 13%, and
6%, respectively, relative to the orthogonal underpass case. The front pile in the pile group
exerted a pronounced shielding effect on the rear pile, while the restraining action of the
pile cap also contributed measurably to the overall pile responses.

Keywords: quasi-rectangular shield tunnel; existing pile foundation; physical model test;
orthogonal underpass; overlapping underpass

1. Introduction
The rapid pace of urban development has led to problems such as population con-

centration, land scarcity, and traffic congestion, making the development of underground
space an essential solution. As of 31 December 2025, a total of 382 urban rail transit
lines had been put into operation in 58 cities in mainland China, with a total length of
13,071.58 km [1]. Due to its advantages, such as a high degree of mechanization, a small
environmental effect, a fast construction speed, and safety, the shield-tunneling method
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has been widely used as the preferred construction method for urban tunnels. However,
traditional single-circle shield tunneling, when constructed under narrow old city roads,
constantly encounters engineering and technical problems, such as “cannot be placed”
and “cannot be touched”. Compared with single-circle shield tunneling, quasi-rectangular
shield (QRS) tunneling has a larger space utilization rate and has obvious advantages when
underground space is limited. QRS tunneling generally possesses advantages such as good
structural performance and high space utilization. A single excavation can form a twin
tunnel during construction, maximizing the conservation of underground space resources
and significantly improving the tunnel’s ability to pass through narrow roads or between
high-rise buildings [2,3]. Therefore, studying the effect of QRS tunneling on adjacent pile
foundations is of great significance.

Currently, most shield tunnels studied in domestic and international research on the
effect of shield tunneling on adjacent existing pile foundations are circular tunnels. Research
methods can be categorized into field measurement methods [4], theoretical and numerical
analysis methods [5–7], and model-testing methods [8–10]. For field measurement methods,
due to the deep burial of existing pile foundations, installing sensors is not advisable,
resulting in limited reports of relevant field measurements. Furthermore, the measured data
mainly focus on the settlement of the pile foundation or superstructure, and the horizontal
displacement of the surrounding soil or pile foundation, with only a few cases including
observations of pile axial force and bending moment [11–15]. The earliest report dates back
to the study by Attewell et al. [11] in 1986 on the side passage of tunnels through existing
pile foundation buildings. By using an asphalt coating on the pile body, they effectively
reduced the negative skin friction of the pile caused by tunnel excavation. Subsequently,
Mair [12] and Lee et al. [13] reported an engineering case of a tunnel in London passing
through an adjacent pile foundation building in hard clay. Kaalberg et al. [14] studied the
range of influence of tunneling on existing pile foundations and divided it into three types
of areas based on the comparison of pile foundations and surface settlement. Boonyarak
et al. [15] found that the additional response of existing pile foundations is related to the
relative position of the tunnel–pile, including the clear spacing and the longitudinal relative
distance between the tunnel face and the pile. For theoretical and numerical analysis
methods, they can be generally divided into two categories, including the global analysis
method and the two-stage analysis method. The global analysis method analyzes the pile
foundation and the soil on the pile side as a whole while simulating the excavation process.
It considers the interaction between pile and soil and the interaction between piles in the pile
group, as well as the anisotropy of the soil and complex boundary conditions. It is usually
analyzed and calculated using the finite element method (FEM) or the finite difference
method (FDM) [16,17]. The two-stage analysis method analyzes the effect of tunneling on
the pile foundation in two stages: the first stage calculates the free-field soil displacement
caused by tunneling without piles; the second stage uses the boundary element method
or load-transfer method to apply the free-field soil displacement to the pile and analyze
the deformation and internal force changes in the pile [18,19]. For model-testing methods,
they can be divided into two types, including constant-gravity-scaled model tests [20–23]
and geotechnical centrifuge model tests [23–27]. These tests mainly study the influence
of parameters, such as the relative position of the tunnel and pile, the tunnel volume loss,
the working load on the pile top, and the pile type, on the additional pile responses. Most
of the soil materials used in the tests are homogeneous dry sand or remolded kaolin clay
due to the complexity of the granular-materials [28–31], which- differ significantly from
naturalundisturbed soils in stress history, structure, and anisotropy [32–34]. Some special
materials, such as aluminum rods [35,36] and transparent soil [37,38], have also been used
in model tests.
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However, the research on the effect of QRS tunneling on adjacent pile foundations
is relatively limited and mainly focuses on theoretical and numerical analyses. Based
on stochastic medium theory, an equation was proposed for calculating QRS tunneling-
induced transverse ground settlement [39]. A three-dimensional numerical model was
developed for the gradual construction of rectangular pipe jacking based on the quasi-
rectangular pipe jacking metro station project on Shanghai Line 14, and the interaction
between the subsequent construction of double-line pipe jacking and the pile foundation
was examined [40]. As underground engineering construction becomes more diversi-
fied and spatially intersecting, the effect of QRS tunneling crossing existing tunnels on
surrounding buildings has gradually become a challenge for future tunnel construction.

Therefore, based on the Ningbo Metro Line 3 Project in China, this paper focuses on
the effect of QRS tunneling on existing pile foundations when it orthogonally or overlap-
pingly underpasses existing circular tunnels. Several constant-gravity-scaled model tests
were conducted to analyze the additional deformation, internal forces, and load-transfer
mechanisms of the pile foundations during QRS tunneling.

2. Model Test
2.1. Test Program

The model tests in this study are designed for phenomenon simulation and mechanism
identification, rather than strict similarity reproduction. This study focused on the funda-
mental mechanical interaction between the QRS tunnel and adjacent pile foundations. To
isolate these core mechanisms, dry sand was used to eliminate pore water pressure effects.
Two idealized underpass configurations (orthogonal and overlapping) were examined to
represent end-member scenarios.

Table 1 lists the test program in the 1 g condition conducted in this paper, where T
denotes the tunnel, P denotes a single pile, and PG denotes a pile group. Taking TP1 as an
example, this test investigated the effect of QRS tunneling orthogonally underpassing an
existing circular tunnel on an existing single pile.

Table 1. Test program.

Test Pile Type QRS Tunneling Case Remark

TP1 Single pile
Orthogonal underpass (QRS tunnel
axis perpendicular to the circular

tunnel axis (Figure 1a,b))
i. Comparison of TP1 and TPG1 for studying
the influence of pile foundation type.
ii. Comparison TP1 and TP2 for studying the
influence of tunnel underpass case.

TPG1 2 × 2 pile group
Orthogonal underpass (QRS tunnel
axis perpendicular to the circular

tunnel axis (Figure 1c,d))

TP2 Single pile
Overlapping underpass (QRS
tunnel axis aligned with the

circular tunnel axis (Figure 2))

Figures 1 and 2 show schematic diagrams of a new QRS tunnel underpassing orthog-
onally or overlappingly an existing circular tunnel. The vertical clearance between the
QRS tunnel and the circular tunnel is 200 mm. For both the single pile and pile group, the
distance from pile A in the pile group to the QRS tunnel axis is 450 mm, and the pile bottom
is flush with the QRS tunnel axis.
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(a)  (b) 

   
(c)  (d) 

Figure 1. Orthogonal underpass case: (a) plan view of test TP1; (b) elevation view of test TP1; (c) plan
view of test TPG1; and (d) elevation view of test TPG1.

   
(a)  (b) 

Figure 2. Overlapping case model: (a) plan view of test TP2; (b) elevation view of test TP2. All di-
mensions are in mm in model scale.
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2.2. Test Material

Fine sand was selected as the soil material for this model test. Gui et al. [41] suggested
that when the ratio of the average particle size of the soil material to the size of the structural
model is less than 1/20, the influence of the particle size effect can be avoided in scaled
model tests. Therefore, to eliminate the particle size effect, the sand was dried and sieved
using a standard test sieve, and dry sand with a particle size of less than 1 mm was selected
for the model test. The physical and mechanical properties of the dry sand are shown in
Table 2.

Table 2. Parameters of sand in tests.

Soil Density
(g/cm3)

Internal Friction
Angle (◦) Porosity Compression

Modulus (MPa)

Dry sand 1.81 34.3 0.475 6.28

2.3. Model and Instrumentation
2.3.1. Model Box

The geometric scale ratio for this test was 1:20, and the net dimensions of the model
box were 3 m (length) × 2.5 m (width) × 2.1 m (height), as shown in Figure 3a. To facilitate
observation of the soil height and tunnel depth, the front side of the model box was made
of organic glass. The bottom of the model box was reinforced with steel plates, while the
left, right and rear sides were reinforced with steel plates and square steel pipes. Angle
steel was used for reinforcement around the perimeter to ensure the overall rigidity of the
model box. A quasi-rectangular opening was provided 1.1 m from the bottom of the model
box for installing the QRS tunnel model. A conveying system was installed above the
model box, including a sand-pumping machine (Figure 3b) and a sand-spreading machine
(Figure 3c). The sand-pumping machine, with a pipe diameter of 120 mm and a total length
of 6 m, was mainly used to transport dry sand to a temporary sand box for subsequent
loading into the model box. The sand-spreading machine was erected on the left and right
sides of the top of the model box via a truss structure and spreads sand evenly by moving
along a chute.

     
(a)  (b)  (c) 

Figure 3. Model box: (a) front view; (b) sand-pumping machine; and (c) sand-spreading machine.

2.3.2. Model Tunnels

Taking the QRS tunnel in the Ningbo Metro Line 3 Project as the engineering back-
ground, the cross-sectional width and height of the QRS tunnel were 11.83 m and 7.26 m,
respectively. An adjacent circular tunnel existed, with a diameter of 6.2 m. In order to
reflect the main effects of tunneling, the soil volume loss was used as the control parameter
to simulate tunnel excavation, which has become the most commonly used and recognized
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method [24–27]. As shown in Figure 4, this study used an outer cylinder to enclose an inner
cylinder to simulate the excavation of the QRS tunnel, which was applied by Zhao et al. [42].
The outer cylinder represented the shield machine, and the inner cylinder represented the
shield segment. The outer cylinder was pulled outward by a hydraulic press to simulate
shield construction, with a maximum tensile force of 100 kN. The vertical diameters of the
outer cylinder and the inner cylinder were D and d, respectively. The gap between the
inner and outer cylinders was regarded as the tunnel volume loss, with a value of 5% in
this study. As shown in Figure 5, the existing circular tunnel model was simulated using
a polyethylene pipe with an outer diameter of 315 mm, a wall thickness of 18.7 mm, an
elastic modulus of 1.77 GPa, and Poisson’s ratio of 0.45.

 
(a)  (b) 

Figure 4. Quasi-rectangular tunnel model: (a) physical picture; (b) working principle diagram.

 

Figure 5. Existing circular tunnel model.

2.3.3. Model Piles

A friction pile without a working load was used in this study. The pile body was made
of PVC pipe with an outer diameter of 40 mm (dp) and an embedment depth of 1005 mm
(Lp), simulating a prototype pile with a diameter of 0.8 m and a length of 20.1 m. The pile
spacing of the 2 × 2 pile group was 120 mm (prototype: 2.4 m), approximately 3 times the
pile diameter. The pile cap models for both the single pile and pile group were made of
organic glass plates measuring 220 mm (length) × 220 mm (width) × 25 mm (height), with
the bottom of the pile cap being 100 mm higher than the ground surface. PVC pipes were
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used to provide a consistent elastic modulus, allowing this study to focus on the primary
load-transfer mechanism.

2.3.4. Instrumentation

LVDTs were used to measure the ground surface settlement, pile settlement, and pile
group tilting. As shown in Figure 6, LVDTs for ground surface settlement measurement were
fixed to a temporary support structure, and the bottom was in contact with the gasket on
the ground surface. Measuring points L1 to L5 were evenly arranged along the monitoring
section, with L1 located directly above the QRS tunnel (Figure 1a). As shown in Figure 7a, the
LVDT for pile settlement measurement was located at the center of the pile cap, with L6 as
the measuring point for single-pile settlement and L7 as the measuring point for pile group
settlement. As shown in Figure 7b, the LVDTs for pile group tilting measurement were located
at two edges of the pile cap, and the tilting could be obtained by the ratio of the differential
settlements measured by L8 and L9 to the distance between them.

 

Figure 6. Measurement of ground surface settlement.

 
(a)  (b) 

Figure 7. Measurement of piles: (a) single pile; (b) pile group.

The axial force and bending moment of the pile were measured using a DH3816N
static resistance strain gauge. In the test, BX120-3AA type resistance strain gauges, with
a resistance value of 120 Ω, sensitivity coefficient of 2.0 ± 1%, and wire grid size of
3 mm × 2.2 mm, were attached to 10 equidistant sections in the pile and connected using
a Wheatstone bridge arrangement, as shown in Figure 8. The LVDTs used in this study
had an accuracy of ±0.1 mm. The strain gauges (BX120-3AA; resistance: 120 Ω; sensitivity
coefficient: 2.0 ± 1%) were calibrated prior to installation. The measured strains were
converted into axial force and bending moment using the standard formulas based on the
Wheatstone bridge arrangement. Parallel tests were conducted for each case, and the data
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scatter was within an acceptable range (less than 5%), indicating the good repeatability of
the experimental results.

 
(a)  (b) 

Figure 8. Layout drawing of strain gauge for measuring bending moment and axial force: (a) single
pile; (b) 2 × 2 pile group. All dimensions are in mm in model scale.

2.4. Test Procedure

The tests were carried out in the following steps:

(1) Turn on the sand-pumping machine and transport the sand to a temporary box. Turn
on the sand-spreading machine and spread the sand into the model box. Compact the
sand every 100 mm with wooden boards until the sand reaches a height of 1.1 m.

(2) Then, push the inner cylinder into the model box on the track, and place the outer
cylinder on the track. Using a hydraulic machine, steel ropes, and a gantry frame, fit
the outer cylinder around the inner cylinder to form a QRS tunnel model.

(3) Adjust the QRS tunnel model to the designed position and secure it to the vertical
supports with high-strength bolts. Seal the gaps at both ends of the tunnel model and
the opening in the model box with foam adhesive. Let it stand for one day to allow
the foam adhesive to stabilize before continuing to spread sand.

(4) When the sand is spread to the pile toe, use the baseline to erect the pile at the marked
location and spread 50 mm of sand to fix the pile, continuing to spread sand until the
filling height reaches the bottom of the existing circular tunnel arch. Then, place the
existing circular tunnel in the design position, and spread sand to the design height.

(5) Install the LVDTs and connect all wires to the terminals of the strain gauge and the
computer. Then, open the data acquisition and analysis system software and perform
the initial settings for sensitivity and other relevant parameters.

(6) Start the hydraulic machine to apply tensile force to the outer cylinder so that it is
pulled out at a uniform speed of 60 mm/s, simulating the segmented excavation of
the QRS tunnel. The computer automatically reads data every 3 s until the excavation
is completed.

3. Test Results
3.1. The Effects of QRS Tunnel Excavation on an Existing Single Pile
3.1.1. Ground Surface Settlement

Figures 9 and 10 show the ground surface settlement caused by QRS tunneling in tests
TP1 and TP2, respectively. In the figures, x represents the horizontal distance from the
tunnel axis, and y represents the horizontal distance from the tunnel face to the centerline of
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the pile. Since the tests were conducted in dry, free-draining sand, the settlements discussed
in this section represent immediate elastic–plastic deformations of the granular skeleton
and do not include consolidation or creep components. Both the measured ground surface
settlement (δυ) and the distance y were normalized by the QRS tunnel diameter (D). For
consistency, this paper defines the tunnel excavation into five stages based on the y/D
values, where y/D = −1.5 to −0.9 is stage T1, y/D = −0.9 to −0.3 is stage T2, y/D = −0.3 to
0.3 is stage T3, y/D = 0.3 to 0.9 is stage T4, and y/D = 0.9 to 1.5 is stage T5. It is evident that
significant ground surface settlement was caused by the excavation of the QRS tunnel, and
the settlement at different monitoring points increased with varying levels as the excavation
length increased.

   

(a)  (b) 

Figure 9. Ground surface settlement caused by QRS tunnel in test TP1: (a) distributions in longitudinal
direction y; (b) distributions in transverse direction x.

 
 

(a)  (b) 

Figure 10. Ground surface settlement caused by QRS tunnel in test TP2: (a) distributions in longitudi-
nal direction y; (b) distributions in transverse direction x.

As shown in Figure 9a, taking L1 as an example, it is indicated that the ground
surface settlement was small in the initial stage T1, with a value of 0.15%D. As the tunnel
was excavated, the ground surface settlement increased to 0.25%D in stage T2. When
the tunnel passed through the pile in stage T3, the ground surface settlement increased
significantly to 0.46%D and increased to 0.49%D in stage T4. After the tunnel excavation
was completed, the maximum ground surface settlement was reached in stage T5, which
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was about 0.55%D. The cumulative ground surface settlement was about 0.35%D during
stages T2–T4, accounting for about 65% of the total settlement. It can be considered that
the main longitudinal influence zone of QRS tunneling in the orthogonal underpass case
on ground surface settlement was concentrated within ±0.9D before and after the tunnel
face. As shown in Figure 9b, the transverse ground surface settlement troughs caused
by different excavation stages exhibited the same distribution pattern. The maximum
settlement was directly above the tunnel axis, while the minimum settlement occurred at
a position approximately −3D away from the tunnel axis, indicating that the transverse
influence zone of QRS tunneling in the orthogonal underpass case was at least ±3D.

As shown in Figure 10a, the ground surface settlement in test TP2 exhibited a similar
variation pattern with the tunnel excavation length as in test TP1. Taking L1 as an example,
the ground surface settlement occurring in stages T2–T4 accounted for approximately 62%
of the total settlement, reaching a maximum of 2.0%D in stage T5. This indicates that the
main longitudinal influence zone of QRS tunneling in the overlapping underpass case on
ground surface settlement was also concentrated within ±0.9D before and after the tunnel
face. However, the cumulative ground surface settlement in test TP2 (2.0%D) was greater
than that in test TP1 (0.55%D), which may be due to the influence of the existing circular
tunnel. As shown in Figure 10b, the ground surface settlement trough in TP2 showed a
similar distribution pattern to that in test TP1. The maximum settlement also occurred
directly above the tunnel axis, while the minimum settlement occurred approximately −3D
from the tunnel axis, indicating that the lateral influence zone of QRS tunneling in the
overlapping underpass case was also ±3D at this point.

Comparing those two underpass cases in tests TP1 and TP2, it can be indicated
that the ground surface settlement curves due to QRS tunneling conformed to a normal
distribution and exhibited a V-shape. However, the ground surface settlement in the
overlapping underpass case was much greater than that in the orthogonal underpass case,
with a narrower settlement trough, indicating greater soil disturbance in the overlapping
underpass case.

It is worth noting that the present experiments were performed in homogeneous dry
sand. In natural ground, soil properties often exhibit spatial variability (e.g., stratified
layers [43] and spatial correlation [44]). The 1D settlement and internal force data reported
here can serve as reference benchmarks for future studies that adopt neural network-
based models or geostatistical methods (e.g., Kriging [45]) to convert limited 1D geological
borehole data into 3D spatial distributions of soil parameters.

3.1.2. Pile Settlement

Figure 11 shows the settlement of a single pile caused by QRS tunneling in tests TP1
and TP2. The pile settlement (sp) was normalized by the pile diameter (dp). In test TP1, the
single pile experienced settlement of 0.5%dp and 1.8%dp in stages T1 and T2, respectively,
due to the soil volume loss. In stage T3, the pile settlement increased sharply to 3.9%dp

when the tunnel passed through the pile. As the tunnel continued to excavate further
away from the pile, the pile continued to settle, but the rate of increase decreased. The
settlement in stages T4 and T5 was 1.3%dp and 1.0%dp, respectively. Finally, a cumulative
pile settlement of 8.5%dp was caused by QRS tunneling in test TP1. Comparing the results
in tests TP1 and TP2, it can be seen that the single pile settlement in both underpass
cases had similar variation patterns. During the excavation stage T3, the pile settlement
increased suddenly because the tunnel was closest to the single pile at this time. During
the excavation stage with y/D = −0.9~0.9, the pile settlement accounted for about 80% of
the total settlement. The main longitudinal influence zone of QRS tunneling in sand on the
pile was identified to be between y/D = −0.9 and 0.9, which was basically similar to the
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conclusion of Lee and Ng [46] that the longitudinal influence zone of the circular tunnel
was about ±1.0D, obtained by numerical simulation. In addition, Figure 11 also shows
that the cumulative pile settlement in the overlapping and orthogonal underpass cases was
10.2%dp and 8.5%dp, respectively, where the former was about 1.2 times that of the latter.

Figure 11. Settlement of single pile in tests TP1 and TP2.

3.1.3. Axial Forces Along the Single Pile

Figure 12 shows the axial forces along the single pile in tests TP1 and TP2. The depth
(Z) was normalized by the pile length (Lp). As shown in Figure 12a, the axial force increased
progressively along the pile in test TP1. This is because downward soil displacement
above the arch crown was caused by QRS tunneling, and the surrounding soil settled more
than the pile without a working load, leading to negative skin friction. During different
excavation stages, the settlement of the surrounding soil was consistently greater than the
pile, causing a downward load-transfer mechanism in the pile, and a continuous increase
in the axial force, with a maximum value at the neutral plane. From the perspective of the
tunnel excavation stages, in the initial stages T1 and T2, the increased pile–soil relative
displacement allowed the negative skin friction on the upper part of the pile to be fully
utilized, gradually increasing the axial force. In stages T3–T5, as the tunnel approached
and moved away from the pile, the negative skin friction of the pile continuously increased
with the excavation progress, and the pile end resistance was further developed. The end
resistance after tunneling was approximately 27.3% higher than that before tunneling in
test TP1. As shown in Figure 12b, the axial force distribution and load-transfer mechanism
in test TP2 were basically consistent with those in test TP1, where a downward load transfer
occurred continuously during tunneling, and the axial force gradually increased downward
along the pile, with a further development of the pile end resistance. After tunneling in
stage T5, the pile end resistance in test TP2 was approximately 28.6% higher than that
before tunneling, which was greater than the increase in test TP1.

As compared in Figure 12c, the variation in the axial force was basically the same
during stages T2 to T5 as the tunnel passed through and moved away from the pile in both
underpass cases. However, the axial force in test TP2 was generally larger than that in
test TP1, with the maximum value reaching 1.2 times that in test TP1. This is because the
pile–soil relative displacement in the overlapping underpass case was larger than that in the
orthogonal underpass case, resulting in greater negative skin friction along the pile, which
led to downward load transfer and generated larger pile axial force and end resistance.
In terms of pile axial force, the overlapping underpass case is more unfavorable than the
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orthogonal underpass case, consistent with the previous analysis conclusions on ground
surface settlement and pile settlement.

     

(a)  (b)  (c) 

Figure 12. Axial forces along the pile: (a) test TP1; (b) test TP2; and (c) comparison of test TP1 and TP2.

3.1.4. Induced Bending Moments in the Single Pile

Figure 13 shows the pile bending moments in tests TP1 and TP2. A positive bending
moment was defined if tensile strain was induced on the pile surface facing the QRS
tunnel. As shown in Figure 13a, the bending moments generated by a single pile in test
TP1 were relatively small in the initial excavation stages T1 and T2. The pile bending
moment increased significantly in stage T3, where the tunnel passed through the pile,
and then further increased in stages T4 and T5. Finally, the maximum negative bending
moment of 81.2 N·m appeared at a depth of 0.4 Lp, and the maximum positive bending
moment of 109 N·m appeared at a depth of 0.8 Lp near the arch crown of the QRS tunnel
in test TP1. Throughout the excavation process, the upper part of the pile (Z/Lp < 0.65)
generated a negative bending moment, while the lower part (Z/Lp > 0.65) generated a
positive bending moment, indicating that the upper part of the pile bent away from the
tunnel, while the lower part bent closer to the tunnel. This may be because although both
the upper and lower parts of the pile underwent horizontal displacement, the horizontal
displacement of the lower part of the pile was larger due to the proximity of the tunnel to
the pile toe. As shown in Figure 13b, the variation law of the pile bending moment in test
TP2 is basically consistent with that in test TP1. Throughout the excavation period, the
pile bending moment also exhibited a distribution law of “a negative bending moment in
the upper part and a positive bending moment in the lower part”. Finally, the maximum
negative bending moment of 92.1 N·m appeared at a depth of 0.5 Lp, and the maximum
positive bending moment of 115.9 N·m appeared at a depth of 0.8 Lp near the arch crown
of the QRS tunnel in test TP2.

As compared in Figure 13c, the variation law of the bending moment during stages
T2 to T5 was basically consistent in both underpass cases. In the upper part of the pile,
the maximum negative bending moment in test TP2 was 1.13 times that in test TP1. In the
lower part of the pile, the maximum positive bending moment in test TP2 was 1.06 times
that in test TP1. This indicates that the bending moment induced in the pile was greater
when a new QRS tunnel underpassed overlappingly an existing circular tunnel. Combined
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with the pile axial force results, it can be seen that the influence of different underpass cases
on the pile axial force and bending moment was not significant, while the overlapping
underpass case was relatively more unfavorable to the pile.

   
(a)  (b)  (c) 

Figure 13. Induced bending moments in the pile: (a) test TP1; (b) test TP2; and (c) comparison of
tests TP1 and TP2.

3.2. The Effects of QRS Tunnel Excavation on an Existing (2 × 2) Pile Group
3.2.1. Settlement of Pile Group

Figure 14 shows the settlement of the pile group in test TPG1. It can be seen that
the pile group experienced a settlement of 1.1% dp in stages T1 and T2. The settlement
increased sharply to 2.6% dp during stage T3 and further increased in stages T4 and T5,
ultimately resulting in a total settlement of 4.9% dp. Comparing test TPG1 and test TP1, it
can be seen that the settlement of the pile group in each excavation stage was less than that
of a single pile, with a total settlement reduction of approximately 46%. This may be due to
the restraining action of the pile cap in the pile group.

 

Figure 14. Settlement of pile group in test TPG1.
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3.2.2. Transverse Tilting of Pile Cap in Pile Group

Figure 15 shows the transverse tilting of the pile cap in test TPG1. It can be seen that
the pile settlement in the pile group was differential due to the influence of the shielding
effect and restraining action in the pile group, which led to the pile group tilting towards
the QRS tunnel. The overall trend was “increase first and then decrease” during tunneling.
In stages T1 and T2 approaching the pile group, the settlement of pile B was less than that
of pile A, and the tilting gradually increased. In stage T3, while crossing the pile group,
the tilting increased significantly, reaching a maximum value of 0.33%, which exceeded
the allowable value (0.20%) suggested by Eurocode 7 [47]. In stages T4 and T5, away from
the pile group, the tilting rebounded and decreased, which is because the settlement of
pile B was greater than that of pile A during this period. Finally, the cumulative tilting
of the pile group was 0.20%. Figure 15 also shows the measured tilting of a 2 × 2 pile
group caused by one circular tunnel in test TT by Ng et al. [25]. It can be seen that the pile
tilting always increased with the excavation of the circular tunnel. This may be due to the
different influence range of the equivalent QRS tunnel and circular tunnel excavation on
the surrounding soil [39].

Figure 15. Transverse tilting of pile cap in test TPG1 [25].

3.2.3. Axial Forces Along the Piles in Pile Group

Figure 16 shows the axial force of piles A and B in test TPG1. Comparing Figure 16a
with Figure 12a, the variation of axial force of pile A was basically consistent with that of the
single pile in test TP1, showing a monotonic growth pattern with QRS tunneling. However,
the axial force of pile A was larger than that of the single pile at each excavation stage,
with the maximum axial force reaching 1.3 times that of the single pile in test TP1. This
may be attributed to the restraining action of the pile cap on pile A, which increased the
negative pile–soil relative displacement, thereby generating greater negative skin friction.
Comparing Figure 16a,b, the variation in the axial force of pile B was also basically the same
as that of pile A. That is, the settlement of pile B was always less than the settlement of the
surrounding soil throughout the excavation process. The negative skin friction caused the
axial force to gradually increase along the pile, with a downward load-transfer mechanism.
Nevertheless, the end resistance of pile B increased by 18% compared with before tunneling,
which was smaller than the 20% increase for pile A. The maximum axial force of pile B was
13% smaller than that of pile A. This may be because the distance between pile B and the
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tunnel was greater than that between pile A and the tunnel, resulting in less disturbance to
the surrounding soil and thus a smaller negative pile–soil relative displacement.

   
(a)  (b) 

Figure 16. Axial forces along the pile in test TPG1: (a) pile A; (b) pile B.

3.2.4. Induced Bending Moments in Pile Group

Figure 17 shows the induced bending moments of piles A and B in test TPG1. Comparing
Figures 17a and 13a, it can be seen that the distribution pattern of the bending moment of
pile A in the pile group was different from that of the single pile in test TP1. Throughout the
excavation process, the upper part of pile A generated a negative bending moment, and the
lower part generated a positive bending moment. Finally, the maximum negative bending
moment of 97.5 N·m was generated at 0.2 Lp of pile A, which was about 20% larger than that
of the single pile in test TP1. The maximum positive bending moment of 118.1 N·m was
generated at 0.8 Lp of pile A, which was about 8.3% larger than that of the single pile in test
TP1. This may be because the pile top of pile A was constrained by the pile cap, which limited
its horizontal displacement and rotation to a certain extent. The bending moment at the pile
top was no longer zero, thus increasing the bending moment along the pile.

Comparing Figure 17a,b, it can be seen that the distribution pattern of the bending
moment of pile B is different from that of pile A. The maximum bending moment at the
top of pile B was 82.5 N·m, which was greater than that at the top of pile A (79.8 N·m).
This may be because the restraining action of the pile cap on pile B was stronger than that
on pile A, thus enhancing its ability to limit horizontal movement, resulting in a larger
bending moment at the top of pile B. The maximum negative bending moment of pile B
(82.5 N·m) occurred at a depth of 0.1 Lp near the pile top, which was 15.4% smaller than that
of pile A (97.5 N·m), and its position was shifted upwards. The maximum positive bending
moment of pile B (75 N·m) also occurred at 0.8 Lp, which was 36.5% smaller than that of
pile A (118.1 N·m). Besides the restraining action of the pile cap, this may also be because
pile B was farther from the QRS tunnel, resulting in less disturbance to the surrounding
soil and a smaller horizontal pile displacement, which, in turn, led to a smaller bending
moment. Furthermore, due to the shielding effect of pile A, the influence of the bending
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moment on pile B was somewhat delayed, manifested as a higher increase in the bending
moment at stage T4 compared with pile A.

 
(a)  (b) 

Figure 17. Induced bending moments in piles in test TPG1: (a) pile A; (b) pile B.

4. Summary and Conclusions
A series of model tests in sand were conducted to investigate the effect of QRS tunnel-

ing on an adjacent single pile and a 2 × 2 pile group in two cases, where a new QRS tunnel
underpassed orthogonally or overlappingly an existing circular tunnel. The following
conclusions are drawn based on the test conditions of this study:

(1) The main longitudinal effect zone of QRS tunneling on the piles was concentrated
within ±0.9D before and after the tunnel face. Furthermore, the ground surface
settlement and single pile settlement in the overlapping underpass case were 3.6 times
and 1.2 times that in the orthogonal underpass case, respectively, indicating that the
overlapping underpass case was more detrimental to the piles.

(2) The distribution pattern of axial force in the single pile was basically consistent in both
cases, experiencing a downward load-transfer mechanism and a monotonic growth
pattern during tunneling. The additional internal forces on a single pile in the overlap-
ping underpass case were generally greater than those in the orthogonal underpass
case, where the maximum axial force and negative and positive bending moments in
the former case were 1.2, 1.13 and 1.06 times those of the latter, respectively.

(3) Due to the influence of the shielding effect and restraining action in the pile group, a
maximum tilting of 0.33% was reached during the QRS tunnel passing through the
pile group. The front pile A in the pile group exerted a pronounced shielding effect
on rear pile B, where the maximum axial force and negative and positive bending
moment of pile B were 13%, 15.4% and 36.5% smaller than those of pile A, respectively.

(4) While most previous studies focused on circular tunnels, this research provides the
first systematic 1 g model test data on QRS tunnel–pile interaction under orthogonal
and overlapping underpass configurations. The results quantify the differences in
settlement, axial force, and bending moment between the two cases, and identify the
shielding effect within a 2 × 2 pile group.
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The present study focused on the fundamental mechanisms under the specified test
configurations. Building upon this work, future research could extend the investigation to
include the overlapping underpass case for pile groups, as well as explore the effects of key
parameters such as clear distance, buried depth, pile diameter, pile spacing, and volume
loss rates.
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