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Abstract

Due to the unclear mechanisms behind tunneling-induced deformation of pile-raft foundations, there are strict global restrictions on
tunneling beneath embankments of high-speed railways. This study conducted a series of two-dimensional tunneling model tests to inves-
tigate the tunneling-induced deformation characteristics and mechanisms of pile-raft foundations. Soil displacement field and pile settle-
ment were measured using particle image velocimetry and displacement transducers. The changes in soil displacement and the flexure of
the pile-raft foundation in response to varying tunnel-pile distances, ground surface loads, and tunnel volume loss were analyzed. The
results indicate that the tunneling-disturbed zone can be categorized into a loosened zone and an arch zone as identified by the propa-
gation and separation of shear bands, with significant soil settlement occurring in the loosened zone. The maximum settlement of piles in
a pile-raft foundation is greater than that in greenfield due to the larger loosened zone. However, the settlement width at the ground
surface in pile-raft foundations is reduced due to the blocking effect of the piles. According to the relative position between the piles
and the formed arch structure, three patterns of tunneling-ground-pile systems can be identified. As the tunnel-pile distance increases,
the maximum settlement of the piles decreases. Increasing surface loads hardly affects the maximum settlement value of the pile, while
the tunneling-induced arch zone expands significantly. This study provides a fundamental understanding of pile settlement behavior for
tunneling beneath the pile-raft foundations of high-speed railways.
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1 Introduction as tunneling beneath the Shanghai-Nanjing High-speed

Railway in Suzhou, China (Huo et al., 2011), and tunneling

With the expansion of railway and metro networks, an
increasing number of cases of tunneling beneath existing
railway infrastructures have been reported worldwide, such
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beneath the Beijing-Shanghai High-speed Railway in Jinan,
China (Shan et al., 2021). Underpass tunneling can cause
unforeseen subgrade settlement and track irregularities,
which pose a direct threat to the operational safety of pass-
ing trains (Zhou et al., 2023; Shan et al., 2023; Wang et al.,
2024). This is particularly urgent and prominent for high-
speed railways (HSRs) because the maximum deformation
criterion for an HSR track is only 2 mm (Shan et al., 2022)
according to technical specifications in China (National
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Railway Administration of the People’s Republic of China,
2017). To determine a reasonable distance for tunneling
beneath HSRs, an understanding of the tunneling-
induced deformation mechanisms and the characteristics
of HSR subgrades is required.

Pile-raft foundations have been widely employed in
HSRs to control post-construction subgrade settlement.
The cushion layer between the piles and raft is used for
convenience and low construction cost. This layer will sep-
arate the pile and raft, to regulate the distribution of sub-
grade load (Liu et al., 2022; Bhartiya et al., 2021).
Tunneling beneath pile-raft foundations is inevitable in
the practical projects, such as tunneling beneath the
Shanghai-Nanjing Railway in Wuxi (Han, 2020).
Tunneling-induced soil deformation is the key control fac-
tor to ensure the safety of the cross point. The schematic
diagram of tunneling-induced soil settlement in pile-raft
foundation is shown in Fig. 1. The tunneling-induced
deformation characteristics depend on various design
parameters, including tunnel-pile distance (Chiang & Lee,
2007; Ng et al., 2013), pile working load (Hong et al.,
2015), structural stiffness of the foundation (Amorosi
et al., 2014) and soil density (Cao et al., 2024). Giardina
et al. (2015) demonstrated through model tests that the
building response depends not only on the relative stiffness
between the structure and the soil but also on the building’s
weight, which is often overlooked in current assessments.
Additionally, the pile settlement behavior is affected by
the connection types of pile-upper structure (Boonsiri &
Takemura, 2015; Ng et al., 2014). In HSR pile-raft founda-
tions, piles are unconnected to the raft; instead, a cushion
layer between the piles and the raft helps alleviate the upper
load from the subgrade. However, this layer and discon-
nection reduces the overall stability of the pile-raft founda-
tion (Lu et al., 2020) and increases sensitivity to tunnel
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construction. While previous studies have mainly focused
on the connected pile-upper structures, there is limited
guidance available for risk assessments related to tunneling
adjacent to the unconnected pile-upper structure.

The settlement of a pile foundation is significantly
affected by the location of the piles within various areas
of the tunneling-disturbed zone (Lim et al., 2023;
Jongpradist et al., 2013). Research on the identification
of the different risk level regions and scope of this disturbed
zone is crucial for assessing the stability and serviceability
of group piles adjacent to tunneling. Therefore, research
on identifying and classifying the tunnel-disturbed zone
has garnered widespread attention (Ong et al., 2007).
Kaalberg et al. (2006) and Selemetas et al. (2005) proposed
several relationships between soil displacement on the
greenfield surface and the settlement of pile toes, depending
on the position of the pile tip. Selemetas (2005) identified
three zones in which the settlement of the pile toe may be
greater than (zone A), equal to (zone B), or less than (zone
C) the soil settlement on the greenfield surface. Research
has shown that the extent of the tunneling-disturbed zone,
which experiences significant settlement, is related to the
tunnel burial depth and tunnel volume loss (Marshall et
al., 2012; Hu et al., 2024). However, previous studies on
the identification risk level region have mainly focused on
natural foundations or soft clay, with limited research on
tunneling-disturbed zones in pile-raft foundations.

Tunneling-disturbed zones exhibit different local defor-
mation mechanisms within sandy soil, which are related
to the development of arching effects (Franza et al., 2019;
Zhao et al., 2021; Wu et al., 2022). Therefore, elucidating
the evolution of such effects is crucial for ground and pile
settlement assessment. According to the characteristics of
soil deformation and stress transfer caused by tunneling,
the tunneling-disturbed zone can be divided into three
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Fig. 1. Tunneling beneath a high-speed railway subgrade.
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zones (Lin et al., 2019): the loosened zone, arch zone and
undisturbed zone. Based on observed displacements, Lai
et al. (2018) classified these deformed regions and explained
that the interactions of rotational contact forces are the
main reason for different soil arching structures and
embankment deformations. The development of arching
zone is affected by fill properties, filling height, and addi-
tional load on the surface (Rui et al., 2016; Khatami
et al., 2019). However, previous research on arching effects
has focused primarily on homogeneous strata or greenfield
(da Silva Burke & Elshafie, 2021; Khatami et al., 2021,
2020), with limited studies on the progressive arching zone
in pile-foundation systems and its impact on piled struc-
tures. Therefore, it is essential to study the tunneling-
induced deformation characteristics of pile-raft founda-
tions in conjunction with the arching effect for tunneling
beneath pile foundations.

In this study, we investigated the tunneling-induced
deformation characteristics of pile-raft foundations and
examined the impact of progressive arching on pile settle-
ment behavior, meanwhile, with emphasis on the effect of
tunnel-pile distance and subgrade load on pile settlement
and arching effect. To achieve these objectives, a model
testing device for tunneling beneath pile-raft foundations
was developed. The pile settlement, soil deformation and
soil stress were measured in our tests. Benefiting from a
comprehensive testing and analysis, this study elucidated
the relationship between arching effects and pile settlement
behavior. Further, different settlement patterns of
tunneling-ground-pile systems can be identified, according
to the relative position between the piles and the formed
arch structure.

Image data
acquisition

—

Displacement
data acquisition

2 Model testing
2.1 Model testing apparatus

The device used in our tests consisted of a tunneling-
ground-pile-raft model system and a data acquisition sys-
tem, as shown in Fig. 2.

2.1.1 Tunneling-ground-pile-raft model system

The model system included a model box, a ground loss
simulation system, and a pile-raft assembly. To balance
operational space and the accuracy of soil displacement
measurements, the experiment was scaled at 1:20. The
model was designed based on pile-raft foundations of
HSR with the following specifications: a subgrade height
of 5 m, a pile diameter of 0.6 m for cement fly-ash gravel
piles, a pile length of 6 m, and a pile spacing of 3 m. The
shield tunnel had a diameter of 6 m. The scaling ratios
for the main design parameters are listed in Table 1.

Cheng (2003) presented that the boundary of the
tunneling-disturbed zone has an influence angle 0 that is
equal to 45° + @/2 (e.g., ¢ is the angle of internal friction

Table 1
Scale relationships in our model experiment.

Components Physical quantity Scaling ratio
Pile Length, Cp. 1:20
Pile spacing, C; = CL 1:20
Pile diameter, Cy = C 1:20
Compressive rigidity, Cga= Ci 1:8 x 10°
Tunnel Tunnel diameter, Cp =C. 1:20
Soil Vertical earth pressure, Co= C.C, 1:20

Compensation
light

Fig. 2. Test equipment layout.
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Fig. 3. Model apparatus. (a) Model box, and (b) model piles.

of the soil), which guided the design of the model box’s
height and length. As shown in Fig. 3(a), the model box
dimensions were 1600 mm X 450 mm x 1600 mm.

For simulating ground loss, which is mainly distributed
above the tunnel crown (Zhou, 2015), a tunnel-shaped
trapdoor was employed. This trapdoor consisted of a flat
acrylic plate and a semicircular acrylic plate, with a tunnel
diameter of 300 mm and a length of 450 mm. The trapdoor
was connected to a motor by a screw, allowing precise con-
trol via a digital display screen.

Considering the scaling ratio of the vertical compressive
and bending stiffness values, aluminum pipe (elastic modu-
lus, E = 70 GPa) is often utilized to simulate vertical load-
ing piles (Franza & Marshall, 2018). In our study, the
length of the aluminum pipe was 300 mm, the diameter
was 30 mm, and the wall thickness was 3 mm. Because
the surface of the aluminum pipe is smooth while that of
an engineering pile is rough, granular sand was attached
to the pipe surface in our tests to increase pile side friction
(Franza & Marshall, 2019; Boonsiri & Takemura, 2015), as
shown in Fig. 3(b).

Because piles are not connected in the rafts of pile-raft
foundations, a pile group and loading plate were used to
simulate the pile-raft structure in our tests. The subgrade
load was applied to the pile-raft foundation through a jack.
Holes were drilled in the loading plate to facilitate the
installation of displacement transducers.

Half-sections of piles are often used to investigate pile-
soil interactions (Yuan et al., 2017, 2013). To observe the
tunneling-induced soil displacement field of the pile-raft
foundation in our tests, the model piles were machined into
half-sections along their vertical axes. The machined faces
of the piles were placed against the acrylic front panel.
The pile spacing was 150 mm, and four rows of piles were

arranged along the width of the model box. Seven piles
were placed along the length of each row. Therefore, a total
of 28 piles were buried. Piles 1-4 were distributed from the
tunnel center to the outside of the tunnel. The distance
between the side piles and the model box was 335 mm,
which was more than 10 times the pile diameter. As a
result, the influence of the model box on the pile founda-
tion was negligible (Bolton et al., 1999).

2.1.2 Data acquisition system

Pile settlement was measured by linear variable differen-
tial transformer (LVDT). The maximum measurement
value of the LVDT was 100 mm and the accuracy was
0.01 mm. To measure the variation in the vertical stress dis-
tribution, 10 pressure sensors (with a diameter of 16 mm)
were placed on the soil body, as shown in Fig. 4. The
capacity and sensitivity coefficient of the stress sensors were
50 kPa and 2.1, respectively.

Soil displacement was measured using particle image
velocimetry (PIV) technology, which is based on image
recognition technology and can accurately measure the posi-
tion of a target point in an image. In our experiments, the
PIV system consisted of a high-speed charge-coupled device
camera (CCD camera), two compensation lights, and image
data analysis software. The resolution of the CCD camera
was 2456 x 2056 pixels, and the sampling frequency of image
acquisition was 4 Hz. Through the image analysis process,
the displacement field was obtained based on image correla-
tion matching, and the actual particle displacement was
determined by converting pixel coordinates into physical
coordinates. Agreement between pile displacement data
obtained from the PIV and the LVDT systems on the pile
caps confirmed the accuracy of the PIV system, as shown
in Fig. 5.



58 B. Hu et al. | Underground Space 25 (2025) 54-73

S1 S2

Fig. 4. Layout of the pressure sensors. (Unit: mm)

Ve (%)
0 2 4 6 & 10 12 14
Vg

g 5t \ i

=10t :

=

O

g 15¢ . i

3

<

) 20r | ivpr 1

o ~———4-LVDT

= 25¢ 1-PIV i

& 4-PIV
o—

Fig. 5. Comparison of measurement data from PIV and LVDTs.

2.2 Material properties

Fujian Pingtan sand, a standard sand in China, was
used in the tests. The basic physical and mechanical prop-
erties of this sand are listed in Table 2. The particle size of
the sand ranges from 0.05 to 1.00 mm, and the size distri-
bution of sand is presented in Fig. 6. The soil in the model
box was filled in layers with a thickness of 15 cm. The soil
relative density was 70%, and the angle of internal friction
of the soil (@) was 31.55°, as measured through triaxial
tests.

Table 2
Physical and mechanical properties of the sand sample.
Properties Value
Maximum dry density pgmin (g/cm?) 1.768
Minimum dry density pgmin (g/cm®) 1.466
Specific gravity G 2.655
Relative density D, (%) 0.7
Angle of shear resistance of the sand (°) 31.55
Moisture content (%) 0
~
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Fig. 6. Particle size distribution of Fujian Pingtan sand.

2.3 Testing plan and procedure

To investigate the effects of the distance between the tun-
nel and pile tip (H) and ground surface load (P) on the dis-
placement of the pile and soil, six groups of tests were
designed in addition to a greenfield test for comparative test-
ing, as shown in Table 3. H/D is the normalized tunnel-pile
distance through the tunnel diameter (D). The tunnel volume
loss (V1) is the ratio of the difference between the excavated
volume and completed volume of the tunnel (AV) over the
tunnel volume (V) (i.e., Vi, = AVIV, see Fig. 1). According
to a previous study (Wei, 2010), most tunnel volume loss
(V1) values range from 0.13% to 4.30% depending on the
tunnel construction method, soil properties, and tunnel bur-

Table 3

Model testing matrix.

Test No. Foundation type H/D P (kPa)
1 Pile-raft 0.5 5

2 1.0 5

3 2.0 5

4 2.5 5

5 1.0 0

6 1.0 10

7 Greenfield 1.0 0
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ial depth. In our tests, V;, = 0.84% was selected for low tun-
nel volume loss, and ¥ = 8.48% was selected for extremely
high tunnel volume loss, which corresponded to trapdoor
displacements (6) of 2 and 20 mm, respectively. High tunnel
volume loss was included for cases in which tunnel boring
machines do not achieve the target tunnel volume loss.

The detailed steps of testing were as follows:

(i) The model test material preparation included sand
drying and applying lubricant to the sidewalls of
the model box.

(i1) The sand was filled into the model box in layers with
a thickness of 15 cm and pressure sensors were placed
on the soil surface. When the soil layer reached the
elevation of the pile tip, the model piles were buried
(Fig. 7(a)) and the soil continued to be filled using
the air pluviation method to the designed elevation
(Fig. 7(b)).

(iii) The loading plate was placed and the LVDTs were
installed above the piles (Fig. 7(c)). A jack was used
to load the soil surface (Fig. 7(d)).

(iv) A monitoring system was installed and a high-speed
CCD camera was set up in front of the model box
and connected to a computer. After the trapdoor
was moved downward, the soil displacement and pile
settlement were recorded.

3 Experimental results and analysis

3.1 Settlement characteristics of the pile-raft foundation
induced by tunneling

Figures 8 and 9 present the tunneling-induced contour
of soil displacement and shear strain in the greenfield and
pile-raft foundation. The vertical axis represents the dis-
tance between the soil and the bottom of the model box,
while the horizontal axis represents the distance between
the soil and the model box. As shown in Figs. §(a) and 9
(a), the tunneling-disturbed zones in the greenfield and
pile-raft foundation are similar when V) = 0.84%, with soil
settlement concentrated in the area above the tunnel. The
tunneling-induced shear bands in the pile-raft foundation

| g m—. s | T
|

Fig. 7. Testing process. (a) Pile embedment, (b) soil filling completed, (¢) LVDT layout, and (d) layout completed.
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Fig. 8. Displacement fields for two types of foundation. (a) Vi, = 0.84%, and (b) V;, = 8.48%.

extend vertically from the tunnel crown to the ground sur-
face and the settlement width of the ground surface is 1D.

The tunneling-disturbed zone expands with increasing
V.. Due to the blocking effect of the pile group, the
tunneling-disturbed zone in the pile-raft foundation is less
than that in the greenfield when V), = 8.48%. As shown
in Fig. 9(b), the tunneling-induced shear bands near the
surface curve to the outside of the tunnel extend from the
tunnel crown to the ground surface, and the settlement
width of the ground surface in the pile-raft foundation is
2D.

According to the characteristics of soil deformation and
stress transfer caused by tunneling, the tunneling-disturbed
zone has been divided into three zones by Lin et al. (2019):
loosened zone, arch zone, and undisturbed zone. The
deformation of soil in the loosened zone was significantly
affected by tunneling, which results in the loosened soil.
Tunneling has a limited effect on soil displacement within
the undisturbed zone. The soil settlement in the arch zone
is significantly less than that in the loosened zone.

Figure 9(b) shows two clear shear bands extending from
the tunnel to the ground surface, marked with a red dotted
line. According to the soil deformation field shown in
Fig. 8(b), large settlement occurs in the area below the
red dotted line, indicating that this area is the loosened

zone. The arch zone is the area inside the tunnel-
disturbed zone but outside the loosened zone. As shown
in Fig. 9(b), the arch zone in the pile-raft foundation is
smaller than that in the greenfield when V) = 8.48%, while
the loosened zone is larger than that in the greenfield.

The magnitude of ground loss is commonly expressed by
two parameters: tunnel volume loss (V) and soil volume
loss (V) (Franza et al., 2019). The concept of ground vol-
ume loss is illustrated in Fig. 10. Soil volume loss is defined
as Vis = Vs/Vy x 100, where Vs is the volume of the settle-
ment trough per unit length of the tunnel and V is the
notional final area of the tunnel cross-section. In Fig. 10,
U, max 18 the maximum soil displacement at the elevation of 4.

Figure 11 presents the settlement troughs at different
elevations (k) in two types of foundations. The maxi-
mum settlement values of the settlement trough gradu-
ally decrease with increasing h. When 7V, = 0.84%,
the settlement trough in different 4 were similar under
different foundation types. The maximum settlement
and the settlement width increase with the increasing
V11 The settlement width in the greenfield is similar
to that in the pile-raft foundation when V;; = 8.48%,
while the maximum soil settlement in pile-raft founda-
tion is larger than that in the greenfield due to the lar-
ger loosened zone, as shown in Fig. 9(b).
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Fig. 10. Illustration of soil and tunnel volume loss.

Figure 12(a) presents the vertical settlement along the
elevation of the tunnel centerline. The soil settlement grad-
ually decreases with the increasing 4. When Vi, = 0.84%,
the tunneling-induced vertical settlement in the pile-raft
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foundation is similar to that in the greenfield, which was
consistent with the results shown in Fig. 11(a). However,
when V), = 8.48%, the vertical settlement in the greenfield
is significantly smaller than that in the pile-raft foundation.
This indicates that the greenfield enhances the arching
effect to a certain extent and is more effective in preventing
soil settlement in high tunnel volume loss. The soil volume
loss gradually decreases with increasing /2 (as shown in
Fig. 12(b)), which is related to the dilatancy characteristics
of the soil (Franza et al., 2019).

3.2 Effects of tunnel-pile distance

Figure 13(a) presents the tunneling-induced soil
displacement fields at different H/D in V;, = 0.84%. For
H/D < 1.0, the soil deformation pattern extends vertically
from the tunnel crown to the surface, and the settlement
width of the ground surface is 1.D. For H/D > 2.0, the pile
foundation is outside the tunneling-disturbed zone and the
shape of the tunneling-disturbed zone resembles a tower,
indicating the formation of an arch.

With the increasing H/D, the soil deformation pattern
gradually changes from a trumpet to a funnel and the set-
tlement width is similar to the range of pile-raft structure,
as shown in Fig. 13(b).

Figure 14(a) presents the tunneling-induced shear strain
filed at different tunnel-pile distances when V;; = 0.84%.
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Fig. 12. Comparison of the vertical displacement of soil under different foundation types. (a) Vertical settlement with the elevation of the tunnel centerline,

and (b) variation of Vj with elevation.

Shear bands appear above the tunnel and develop vertically
upwards when H/D < 1.0. The shear band curves tend to
the inside of the tunnel with the increasing H/D. As shown
in Fig. 14(b), the arch zone expands with the increasing
H/D. When H/D < 1.0, the range of the loosened zone
extends to the ground surface. With the increasing H/D,
the height of the loosened zone decreases due to the
increasing confining stress (da Silva Burke & FElshafie,
2021). When H/D > 2.0, two clear shear bands form an
arch structure above the tunnel, and the piles are in the
arch zone. The height of the loosened zone is roughly 1D
when H/D = 2.0, which remains essentially unchanged with
a further increase in H/D.

Figure 15 presents the settlement troughs at the pile tip
elevation at different H/D. As H/D increases, the soil settle-
ment at the pile tip elevation decreases rapidly, and the
width of the settlement trough increases.

Figure 16 presents the evolution of pile settlement with
V. at different H/D. Pile 1 is at the tunnel centerline,
and pile spacing is 0.5D. It can be observed that within
the 1.0D range of the tunnel centerline (Piles 1 and 2),
the pile settlement decreases rapidly with the increasing
H/D, while outside the 1.0D range (Piles 3 and 4), the pile
foundation settlement increases with the increasing H/D.
Therefore, Piles 1 and 2 are called the inner-side piles,
and Piles 3 and 4 are called the outer-side piles.
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Fig. 14. Shear strain field at different H/D values. (a) V;, = 0.84%, and (b) V;, = 8.48%.

Figure 17(a) presents the evolution of inner-side pile set-
tlement with 7, for different H/D. Comparing the settle-
ment rate of pile foundations and tunnel-shaped trapdoor
through a 1:1 line, the settlement of piles can be divided
into two stages. In the initial stage, the pile settlement rate
was much lower than the trapdoor displacement rate. Zhao
et al. (2021) suggested that this period is the initial and
maximum arching stages. In the second stage, the loosened
zone develops upwards with the increasing Vj,, caus-
ing greater deformation of the soil around the pile, which
leads to an increase in the settlement rate of the pile foun-
dation. When the range of the loosened zone expands to
the pile tip, the pile settlement curve reaches the 1:1 line.
As seen in Fig. 17(a), the Pile 1 settlement curve does not

reach the 1:1 line during the trapdoor displacement when
H/D > 2.0, which indicates that piles are always in the arch
zone. For outer-side piles, the settlement behavior with V7
is presented in Fig. 17(b). The pile settlement rate was
lower than the trapdoor displacement rate, and a small
reduction in the pile settlement rate with 7}, can be shown.
This reduction was attributed to the slippage between pile
and soil, and additional shearing strains at the soil-pile
interface. The outer-side pile settlement increases with the
increasing H/D due to the larger tunneling-disturbed zone.

Figure 16 reveals that the settlement of each pile was dif-
ferent within the same test. Therefore, uneven settlement
inevitably occurs in the pile-raft foundation. To evaluate
the uneven settlement of piles, we propose a simple and
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Fig. 17. Evolution of pile settlement with V. (a) Pile at tunnel centerline (Pile 1), and (b) pile at outside of the tunnel (Pile 4).

effective index called the settlement deflection ratio (DR) of
the pile-raft foundation, which is defined as

DR = (Smax - Smin)/Smax> (1)

where Sp,ax denotes the maximum pile settlement, and Sy,
represents the minimum pile settlement. When DR is zero,
all piles settle equally, meaning there is no uneven
settlement.

Figure 18(a) presents the DR with the ratio of H/D at dif-
ferent V. As the H/D increases, the tunneling-induced DR
of the pile-raft foundation decreases. When V;; = 0.84%, the
reduction in settlement of the inner-side piles with increasing

H/D results in a lower settlement difference between the inner
and outer piles. Conversely, when V; ; = 8.48%, while the set-
tlement of the inner-side piles decreases with H/D, the settle-
ment of the outer-side piles increases. Otherwise, the DR
increases with greater tunnel volume loss, as shown in
Fig. 18(a), which is related to the variation of settlement rate
with 7} between the inner and outer piles.

The maximum settlement is normalized by the displace-
ment of the trapdoor (8), which represents the sensitivity of
the soil displacement to the displacement of the tunnel-
shaped trapdoor. Figure 18(b) presents the normalized
maximum settlement evolution with H/D at different V.
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Fig. 18. Effect of H/D on the deformation of pile-raft structure under different tunnel volume loss. (a) DR of pile-raft foundation, and (b) normalized pile

settlement.

The normalized pile settlement decreases significantly with
the increasing H/D. There is a slight reduction in the nor-
malized pile settlement rate with increasing H/D, which is
associated with the formation of an arching structure in
the ground.

3.3 Effects of ground surface load
Figures 19 and 20 present the tunneling-induced soil dis-

placement fields and shear strain fields under different sur-
face loads (P). As shown in Fig. 19(a) and 20(a), the
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tunneling-induced settlement pattern reaches the surface
vertically (6 ~ 90°), and the settlement width of the surface
was 1D when V;; = 0.84%. The tunneling-induced soil dis-
placement pattern was similar under different P.

The tunneling-induced disturbed zone expands as the Vj;
increases, and the settlement width of the surface was
greater than the tunnel diameter, as shown in Fig. 19(b).
The tunneling-disturbed zone expands with the increasing
P, and the settlement width of the ground surface gradually
increases from 2D to 4D. When P = ( kPa, the boundary of
the tunneling-disturbed zone develops upward along the

P=10kPa

1200

1000

Height (mm)
[-.]
1)
o

Height (mm)

L,

200 400 600 800 10001200 14001600
Width (mm)

0

0 200 400 600 800 10001200 1400160
Width (mm)

(a)

u,(mm)

Height (mm)

0 200 400 600 800 10001200 14001600
Width (mm)

=
S
S
e
=)
<3
3

x
=3
=3

800

Height (mm)
Height (mm)

=
=3
=3

600

=
=
=

400

200

0,

UO 200 400 600 800 100012001400 1600
Width (mm)

0 200 400 600 800 1000120014001600C
Width (mm)

(b)

Height (mm)

OO 200 400 600 800 10001200 1400 1600
Width (mm)

Fig. 19. Displacement fields with different values of P (H/D = 1). (a) V1, = 0.84%, and (b) V, = 8.48%.



66 B. Hu et al. | Underground Space 25 (2025) 54-73

P=0kPa

P=5kPa

P=10kPa

800 00

600

Height (mm)
Height (mm)

400

S
=3
=3

200 200

00 200 400 600 800 100012001400 1600

Width (mm)

0" 200 400 600 800 10001200 1400 1600
Width (mm)

(a)

(%)

Height (mm)

200 400 600 800 10001200 1400 1600
Width (mm)

Height (mm)
Height (mm)

1
00 200 400 600 800 10001200 14001600

Width (mm)

pile to the surface, indicating that the pile reduces the lat-
eral effect range and surface settlement width. However,
the blocking effect of piles gradually diminishes with the
increasing P. The settlement width of the ground surface
was increased to 4D when P = 10 kPa. As shown in
Fig. 20(b), the arch zone expands with the increasing P,
which is associated with the larger compression zone on
the surface of the foundation (Khatami et al., 2019). With
the increasing P, the height of the loosened zone is reduced
due to the greater confining stress (Iglesia et al., 2011).
Figure 21 presents the evolution of pile settlement with
V1. at different ground surface loads when H/D = 1.0.
For inner-side Pile 1, the pile settlement rate was lower
than the trapdoor displacement rate in the initial stage,
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Fig. 20. Shear strain fields with different values of P (H/D = 1). (a) Vi = 0.84%, and (b) V; = 8.48%.
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and the settlement curve reached the 1:1 line in the ultimate
stage, which indicates that P has a limited effect on the
inner-side maximum pile settlement. However, for outer-
side Pile 4, the pile settlement increases significantly with
P. When P = 0 kPa, tunneling has limited effect on Pile 4
(see Fig. 21(b)). When V7, is relatively large, the outer-
side settlement gradually tends to stabilize.

Figure 22 presents the DR of a pile-raft foundation with
P at different V. When P = 0 kPa, the DR is approxi-
mately 1 because the settlement of the outer-side piles is
nearly zero (as shown in Fig. 21(b)). As P increases, the
DR decreases significantly. This decrease occurs because
higher P values increase the load distribution to the foun-
dation outside the tunnel, leading to greater settlement of
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Fig. 21. Development of pile settlement with V7, at different values of P (H/D = 1.0). (a) Pile 1, and (b) Pile 4.
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the outer-side piles. Further, Fig. 22 reveals that the DR of
the pile-raft foundation increases with V;, because the set-
tlement rate of inner-side piles increases with V;,, whereas
the settlement rate of outer-side piles decreases. In general,
P has limited effect on the maximum pile settlement, but it
can effectively reduce the DR of the pile-raft foundation.

4 Discussion

Pile settlement is the most important parameter for the
serviceability analysis of piled structures (Chiang & Lee,
2007; Ng et al., 2013). The tunneling-induced pile settle-
ment is affected by soil displacement which is closely
related to the development of arching effects (Franza
et al., 2019; Zhao et al., 2021; Wu et al., 2022). Soil arching
effect helps explain (i) the transition from a narrow to a
wide tunneling-induced soil displacement field with increas-
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ing tunnel burial depth and (ii) the expansion of the
tunneling-induced soil displacement field with increasing
V11 Therefore, the arching effect should be given priority
in the engineering of tunneling beneath the pile-raft foun-
dation of HSR. The relationship between pile settlement
behavior and progressive arching deformation was dis-
cussed in this section.

4.1 Relationship between pile settlement behavior and
arching deformation

Significant differences exist in how tunneling-induced
settlement characteristics affect piles in various types of
tunneling-disturbed zones (Selemetas et al., 2005; He
et al., 2022). Based on the presented experimental data,
the maximum settlement occurs in the pile located on the
tunnel centerline, which directly threatens the safety and
stability of the pile-raft structure. According to the settle-
ment behavior of the pile located on the tunnel centerline,
three types of settlement patterns of tunneling-ground-pile
systems can be identified, as shown in Fig. 23. It also illus-
trates the impact of arching effects on the tunneling-
induced settlement pattern of pile-raft foundations.

The tunneling-induced settlement pattern of the pile-raft
foundation depends on the relative position between the
tunnel-pile distance and the height of the loosened zone.
The pile settlement behavior in different areas of
tunneling-disturbed zone can be divided into three types.
(1) When the tunnel-pile distance is less than the height of
the loosened zone, piles are in the loosened zone and the
settlement pattern is shown in Fig. 23(a). (ii) When the
tunnel-pile distance is greater than the height of the loos-
ened zone, piles are in the arch zone and the settlement pat-
tern is shown in Fig. 23(b). In these tests, the height of the
loosened zone was determined by the distance between the
intersection point of two clear bands and the tunnel crown.
(iii) When the tunnel-pile distance was greater than the

Arch zone [ Loosened zone

Soil arch

(a)

L Pile
(b)

—— Settlement trough

B Tunnel volume loss Vit
(©)

Fig. 23. Different tunneling-induced settlement patterns in pile-raft foundation. (a) Pile 1 in the loosened zone, (b) Pile 1 in the arch zone, and (c) Pile 1 in

the undisturbed zone.
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height of the arch zone, tunneling had a limited effect on
the pile-raft foundation, and the settlement pattern was
shown in Fig. 23(c). In the following section, combined
with the soil stress and settlement behavior, the evolution
of soil arching on the pile settlement behavior in the first
two settlement patterns was discussed.

4.1.1 Piles in the loosened zone

When piles are in the loosened zone, as shown in Fig. 24
(a), arching affects a proportionally large zone of soil above
the tunnel, resulting in a trumpet-like displacement field
with narrow settlement troughs. Figure 24(b) shows the soil
settlement trough and pile settlement at the pile tip eleva-
tion, where soil settlement exceeds pile settlement. This
results in reduced bearing capacity of the pile foundation.

Figure 24(c) presents the u,/d versus /D at different V.
The normalized soil displacement is defined as the ratio of
soil displacement (u,) to the displacement of the trapdoor
(9). u,/d represents the sensitivity of the soil displacement
propagation from the tunnel crown (or trapdoor position)
to the pile tip. The horizontal axis represents the elevation
(h) normalized by the tunnel diameter (D). Section S1 is the
tunnel centerline, and Section S2 is 1.5D away from S1 (see
Fig. 24(a)). As shown in Fig. 24(c), the displacement of soil
above the tunnel centerline has almost the same displace-
ment as the trapdoor, which indicates the soil is loosened,
and thus can be judged that this area is the loosened zone.
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The u,/d in the loosened zone increases with the increasing
V11, which indicates that the surrounding soil is more sus-
ceptible to disturbances caused by tunnel construction due
to the looser soil. Otherwise, the tunneling has limited effect
on the soil outside the tunnel (S2).

Due to the shearing dilation or contraction of the sand
with the development of V), the volume loss changes grad-
ually along / (Lin et al., 2021). Therefore, a transmission
ratio of ground volume loss (TRGVL) is defined as Eq. (2):

Vs(h)
AV (2)

TRGVL can represent the volume deformation features
of the soil between the tunnel crown and /4. For the dense
sand, due to the dilatancy behavior of sand, there should
be 0 < 7(h) < 1. This is consistent with the experimental
results, as D, is 70%. While, for loose sand, 7(%) will be lar-
ger than 1 for the contraction behavior of the loosened
sand. Figure 24(d) shows that 7(/) decreases linearly with
the increasing /, which indicates that the change of dila-
tancy volume is uniform along the elevation in the loosened
zone. This change can be attributed to the expansion of the
loosened zone to the surface, and the unformed arching
structure is unable to prevent the propagation of the soil
deformation.

The soil arching effect is a common stress transfer mech-
anism in sand, and the influence of the arching effect on the
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Fig. 24. Pile and soil displacement in the loosened zone (H/D = 0.5). (a) Shear strain field of Pile 1 in the loosened zone (H/D = 0.5), (b) soil settlement
trough and pile settlement at pile tip elevation, (c) normalized soil displacement, and (d) TRGVL.
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stress redistribution can be directly exacerbated by soil
stress (Bi et al., 2019). Figure 25 presents the variation of
vertical soil pressure (o)-depth curves in the loosened zone
at different 7, when H/D = 0.5. The soil stress at the pile
tip was very small in S1, which indicates that voiding
occurs above the soil at the bottom of the pile. The vertical
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Fig. 25. Variation of g-depth curves in loosened zone.
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stress in the soil above the tunnel center gradually transfers
towards the soil outside the tunnel with increasing V.

4.1.2 Piles in the arch zone

If piles are in the arch zone, a soil arching structure is
formed beneath the pile tip, as shown in Fig. 26(a). The
tunneling-disturbed zone extends to the ground surface,
resulting in wider settlement troughs at the surface. As
shown in Fig. 26(b), the pile settlement is consistent with
the soil settlement at the pile tip elevation, and tunneling-
induced uneven settlement of piles in pile-raft foundation.
This pattern is significantly different from the situation
where the pile is in the loosened zone (see Fig. 24(b)).

Figure 26(c) presents the u,/5 with the increasing 4. Two
sections, SI and S2, and two Vj4, 0.84%, and 8.48% were
selected to better demonstrate the role of the arch effect. (i)
At Section S1, for Vi, = 0.84%, the soil displacement
increases linearly with the increasing 4 when 0.5 <
H/D < 2.0 (Zone I). The soil displacement increases signifi-
cantly when 0 < H/D < 0.5, which is due to the unformed
arching structure. Therefore, the height of the loosened zone
was 0.5D. As V) increases from 0.84% to 8.48%, the height
of the loosening zone increases from 0.5D to 1.0D. (ii) At
Section S2, the settlement range is closed at the pile tip,
which is consistent with the results shown in Fig. 26(a).
The u,/0 at S2 decreases with the increasing V).
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Fig. 26. Pile and soil displacement in the arch zone (H/D = 2.0). (a) Shear strain field of Pile 1 in the arch zone (H/D = 2.0), (b) soil settlement trough and
pile settlement at pile tip elevation, (c) normalized soil displacement, and (d) TRGVL.
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Fig. 27. Variation of o-depth curves during tunneling. (a) ¥}, = 0.84%, and (b) V}, = 8.48% (H = 2.0D, P = 5 kPa).

Figure 26(d) presents TRGVL along A4/D. One can see
that 7(h) decreases nonlinearly with the increasing /.
TRGVL decreases linearly with the increasing H/D in the
loosened zone (Zone I), whereas the TRGVL decreases
slightly with the increasing H/D in the arch zone (Zone
II). This phenomenon indicates that an arching structure
formed at the upper part of the loosened zone can effec-
tively reduce the propagation of soil deformation.

Figuer 27(a) presents the variation of o-depth curves at
different ¥} when H/D = 2.0. Based on the o-depth curves,
we classify two tunneling-disturbed zones. (i) 0.5 < H/D <
2.0 in Fig. 27(a) and 1.0 < H/D < 2.0 in Fig. 27(b): The
increase in o, with depth becomes nonlinear. Compared
with the initial earth pressure, the soil stress decreases in
S1, whereas the soil stress increases in S2. This indicates that
the soil stress above the tunnel is transferred to the soil on
both sides of the tunnel (Chen et al., 2011). Therefore, the
monitoring section (Zone II) was located in the arch zone
at this time. (ii) 0 < /D < 0.5 in Fig. 27(a) and 0 < h/D
< 1.0 in Fig. 27(b): o, decreases or remains with the increas-
ing 71/D, indicating that the soil mass in this zone may be in
a loosened state (Lin et al., 2019). Otherwise, the height of
the loosened zone increases with an increasing V.

In summary, arching effect has a significant impact on
the soil displacement of pile-raft foundations and the
deflection of pile-raft structures during tunnel construction.
By leveraging the soil arching effect and optimizing factors
such as tunnel-pile distance, ground loads, and tunnel vol-
ume loss, the stability and performance of pile-raft founda-
tions near tunneling activities can be effectively ensured.

4.2 Limitations and future works

In this study, the tunneling-induced deformation charac-
teristics of pile-raft foundations were observed using PIV
and LVDTs. However, there are still some limitations to
this study. (i) Mobilisation mechanism: The discrete ele-
ment method will be used to elaborate on the impact of
the soil arching effect on the tunneling-induced deforma-
tion mechanisms of pile-raft foundations from a micro-

scopic perspective in future work. (ii) Structural
parameters of pile-supported foundations: Factors such
as different pile spacing and pile installation methods can
all affect the tunneling-induced settlement characteristics
of pile foundations. (iii) Dynamic load: The effects of
dynamic loads on soil arching and soil settlement are also
worth considering. The evolution process of the soil arch-
ing effect and soil settlement is affected by dynamic loading
(Bi et al., 2019; Dai et al., 2022; Ye et al., 2022; He et al.,
2024), which is of great significance for tunneling beneath
operating railway lines. (iv) From 1lg test to engineering
application: Charts summarizing pile settlements, deflec-
tion ratio, and critical tunnel volume losses were presented
based on our experimental data. The data were also
described to assess the tunneling-induced damage of pile-
raft foundations. Appropriate judgments should be made
before applying these outcomes to real cases, which may
differ considerably from the conditions considered in the
tests presented here.

4.3 Discussion on practical implications

Despite the limitations described above, our study on
the tunneling-induced deformation characteristics of the
pile-raft foundation offers valuable insights into how tun-
neling affects these structures. The findings can contribute
to the following areas of risk assessment and mitigation
strategies. (i) Optimized design and construction strategies:
Based on the understanding of the pile-soil deformation
characteristics caused by tunneling, engineers can design
more optimized construction plans and strategies. These
may include appropriately increasing the synchronous
grouting pressure and grouting volume to minimize the
impact of tunnel construction on HSR infrastructure by
controlling ground loss. For example, during the stage of
low tunnel volume loss, the soil and pile above the tunnel
center should be the key monitoring areas. As tunnel con-
struction progresses and the disturbed zone gradually
expands, the settlement of the pile and soil outside the tun-
nel center should be also monitored. (ii) Development of
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emergency response plans: Understanding deformation
characteristics can also contribute to the development of
emergency response plans. For example, when the tunnel
volume loss is low, excessive settlement deformation of
the subgrade is mainly concentrated in the area above the
tunnel center, and targeted settlement lifting measures
can be taken accordingly. As tunnel construction pro-
gresses and the disturbed zone expands, settlement moni-
toring should be conducted and maintenance
preparations should be made for the entire tunnel construc-
tion area.

5 Conclusions

A model testing device was developed to study the
tunneling-induced deformation behavior of pile-raft foun-
dations. The effects of the distance between the tunnel
and pile tip and surface load were also considered. The
key findings of this study can be summarized as follows.

(1) The tunneling-disturbed zone was divided into the
loosened zone, arch zone, and undisturbed zone
based on the observed shear band and soil displace-
ment, and significant settlement occurs in the loos-
ened zone. Compared with the tunneling-disturbed
zone in the greenfield, the pile-raft foundation
reduces the range of the arch zone due to the blocking
effect of the piles, while increasing the range of the
loosened zone.

(2) The distance between the tunnel and pile tip (H/D)
had a significant effect on the displacement of soil
and piles. The arch zone expands with the increasing
H/D, which results in the larger settlement of the
outer-side piles, and the height of the loosened zone
gradually decreases to approximately 1.0D. When
H/D > 2.0, the height of the loosened zone shows lit-
tle variation. When the piles are in the loosened zone,
the pile settlement with tunnel volume loss is similar
to the trapdoor displacement rate. The pile settlement
decreases significantly with the increasing tunnel-pile
distance when piles are in the loosened zone, whereas
the pile settlement decreases slightly when piles are in
the arch zone.

(3) The ground surface load (P) had limited effect on the
settlement of the pile at the tunnel centerline. As P
increases, the settlement of the outer-side pile
increases significantly due to the larger tunneling-
disturbed zone and the deflection ratio (DR) of the
pile-raft foundation decreases.

(4) The progressive arching deformation has significantly
affected the tunneling-induced soil deformation and
pile settlement behavior in the pile-raft foundation.
According to the relative position between the piles
and the formed arch structure, three patterns of
tunneling-ground-pile systems can be identified. (i)
Piles in the loosened zone: The soil settlement exceeds

pile settlement at the pile tip elevation, which causes
the loss of the pile tip resistance and reduces the bear-
ing capacity of the pile-raft foundation. (ii) Piles in
the arch zone: The tunneling-induced pile settlement
is similar to the soil deformation at the pile tip, and
the formed arching structure above the tunnel can
effectively reduce the propagation of the soil volume
loss. (iii) Piles in the undisturbed zone: Tunneling
has a limited effect on the pile-raft foundation.
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