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UNDERGROUND STRUCTURES
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Existing piles are commonly encountered during tunnel construction in congested underground areas.
Tunnel-soil-pile interaction has recently attracted considerable research attention; however, previous studies
have mainly focused on the pile response owing to small-scale tunnel excavation. In this study, we conducted
a three-dimensional centrifuge test to investigate the deformation mechanisms of a pile group owing to large-
scale twin tunnel excavation. Pile group settlement increases almost linearly with tunnel advancement in
response to a decrease of the tunneling-induced stress. A shorter distance between the monitoring point and
new tunnel results in higher pile group settlement. A maximum pile group settlement of 0.23% of the tunnel
diameter (D) is observed directly above the tunnel centerline upon completion of a single tunnel excavation.
After twin tunnel excavation, the maximum pile group settlement increases to 0.32% D and the location
of the maximum pile group settlement shifts to the centerline between the two tunnels. As the tunnel face
approaches the monitoring section, the existing pile group tilts rapidly toward the tunnel face. Tilting of
the existing pile group decreases as the tunnel face passes through the monitoring section. The measured
tilting of the pile group reaches a maximum when the tunnel face is located directly beneath the monitoring
section. This demonstrates the three-dimensional deformation mechanisms of the pile group owing to tunnel
excavation. If the tunnel excavation is simplified to a two-dimensional problem, tilting of the pile group along
the longitudinal tunnel direction is ignored, which is on the nonconservative side.

Introduction

Metro tunnels have become an effective way to relieve traffic jams in response to the rapid de-
velopment of urban modernization [1-2]. Existing piles are commonly encountered during tunnel
construction in congested urban cities. Field studies have been conducted to explore the effects of
tunnel construction on existing piles to ensure the long-term serviceability of pile-supported struc-
tures [3-5]. For example, tunnel excavation-induced ground loss reduces the bearing capacity of ex-
isting piles [3]. As a result of tunnel excavation, negative skin friction occurs at the bottom of the
pile, which can have adverse effects on the pile bearing capacity [4].

Numerous centrifuge tests have been conducted to investigate tunnel-soil-pile interaction prob-
lems [6-10]. When the tunnel centerline is at or near the end of a pile, tunnel excavation induces a
significant bending moment and lateral displacement in the existing piles, and changes in the axi-
al force of the piles are significantly affected by the construction of a tunnel below the pile tip [6].
Jacobsz [7] conducted centrifuge tests in dry sand and identified an influence zone where large set-
tlement is induced in the existing pile foundation. Lee and Chiang found that an end-bearing re-
duction caused excessive additional pile settlement owing to near-pile tunneling [8]. On the basis of
centrifuge test results, Ong [9] found that additional tunneling-induced bending moments and axi-
al forces of the piles are significantly affected by the pile head constraint conditions. Ma et al. [10]
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Fig. 1. Centrifuge model: a) plan view and b) elevation view (units: mm).

found that tunneling-induced bending moments in rear piles are considerably smaller than those
in front piles owing to shielding effects provided by the latter. Several studies have been conduct-
ed to investigate the response of a single pile and pile group owing to twin tunnel excavation in
dry sand [11-15].

Although several studies have investigated pile responses owing to tunnel excavation using cen-
trifuge tests, most focused on the pile response in sand. Moreover, previous studies mainly simulat-
ed the construction of small-diameter (e.g., 6 m) metro tunnels, whereas the effects of large-scale
(e.g., 15.3 m) twin tunnel excavation on pile response have been scarcely evaluated. In this study,
we conducted a three-dimensional (3D) centrifuge test to investigate the deformation mechanisms
of a pile group owing to twin tunnel excavation in sand and clay.

Three-Dimensional Centrifuge Modeling

We conducted a 3D centrifuge model test at the geotechnical centrifuge facility of the Tianjin
Research Institute for Water Transport Engineering. The centrifuge had a rotating radius of 5 m,
load capacity of 500 gt, and maximum acceleration of 250g. The 3D model container had a length
of 1,400 mm, width of 1,000 mm, and depth of 1,000 mm. By considering the size of the model con-
tainer and twin tunnels, the centrifugal acceleration was set to 75g. The scaling factors relevant
to the centrifuge test are summarized in [16-18].

Figure 1 shows the plan and elevation views of the centrifuge model. Twin parallel large-scale
tunnels were constructed underneath the Yangtze River. Prior to tunnel excavation, there was an op-
erating pile-supported wharf. Additional settlement was inevitably induced in the pile foundation
during construction of the two parallel tunnels. The burial depth (C) and outer diameter (D) of the
new tunnels were 480 and 207 mm, respectively, corresponding to 36 and 15.5 m in the prototype.
The cover-to-tunnel diameter ratio (C/D) was 2.3. The clearest distance between the two horizon-
tally parallel tunnels was 207 mm; equivalent to 15.5 m in the prototype (1D). The maximum thick-
ness of the soil simulated in the test was 810 mm, corresponding to 60.75 m in the prototype. The
ground was simulated with two slopes of 1:3 and 1:5, according to the site investigation.

The current pile support wharf was scaled down to model size based on the relevant scaling laws.
This consisted of a raft and several piles. Bolts were used to connect the raft and piles. An aluminum
alloy plate with dimensions of 1,013 x 267 x 10 mm was used to simulate the raft. The twin tunnels
were constructed directly underneath the pile foundation with a clear distance of 180 mm; equiva-
lent to 13.5 m in the prototype.
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TABLE 1

. Thickness in Unit weight Cohesion Frictional |Compression modulus
Soiltype  |model scale (mm)|  (kN/m% (kPa) angle (°) (MPa)
Silty clay 217 18.8 3.2 22.8 8.2

Sand 200 19.5 0.0 36.0 10.9
Silty clay 173 18.8 3.2 22.8 8.2

Sand 225 19.5 0.0 36.0 10.9
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Fig. 2. Simulation of tunnel excavation (units: mm).

Testing materials

According to the site investigation, the soil underneath the Yangtze River mainly consists of silty
clay, fine sand, sandy clay, and coarse sand. In this test, the soil ground was simplified to four layers
consisting of two silty clay and two sand layers. Fujian standard sand and silty clay were used to pre-
pare the sand and clay samples, respectively. Because soil-structure interactions are strongly affect-
ed by soil parameters [1-2, 15], additional laboratory tests were conducted to determine the sand and
clay sample parameters. The internal friction angle and compression modulus of the sand and silty
clay were determined based on triaxial shear tests and compression tests. The soil properties are sum-
marized in Table 1.

The pile group consisted of 10 rows of 5 straight piles and 4 inclined piles for a total of 90 piles. In
the field, the wharf was supported by a pre-stressed square pile with a side length of 550 mm. Circular
tubes with an outer diameter of 9.2 mm and thickness of 0.8 mm (in model scale) were used to simu-
late the model piles based on the flexural stiffness. The lengths of the straight and inclined piles were
357 and 370-378 mm in model scale, respectively.

Tunnel excavation simulation

Previous studies have simulated tunnel excavation by draining water from cylindrical rubber bags
[10-14, 16]. This method cannot simulate friction between the shield and soil during tunnel advance-
ment. To overcome those shortcomings, we developed a new tunnel excavation technique.

Figure 2 shows a cross-section view of the tunnel excavation simulation system. The tunnel mod-
el mainly consisted of a newly built tunnel, a stainless steel sleeve, and a tunnel support system. The
newly built tunnel was located inside the stainless steel sleeve. The thickness of the sleeve was used to
control tunnel volume loss. During the centrifuge test, the newly built tunnel was fixed and the sleeve
was pushed away from the new tunnel to simulate tunneling-induced volume loss. In this study, the
outer diameters of the newly built tunnel and stainless steel sleeve were 207 and 209 mm, respective-
ly. This means that the sleeve thickness was 1 mm in model scale. Pushing the stainless steel sleeve
away from the newly built tunnel resulted in the simulation of 1% tunnel volume loss. Because the
sleeve was made of a rigid material, the tunnel shape was circular after tunnel construction. Further-
more, pushing the sleeve simulated the friction effects between the shield shell and soil, which is more
consistent with that in practice.

Nine displacement sensors were installed in the centrifuge test. As shown in Fig. 1a, five linear
variable differential transformers (LVDTs) were installed to measure settlement of the pile group
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Fig. 3. Measured settlement of the piled raft: a) during tunnel excavation,
b) along the tunnel transverse direction.

along the transverse tunnel direction. Four laser sensors were installed to measure pile group set-
tlement along the longitudinal tunnel direction. The pile group tilting was obtained based on the
measured settlement along the longitudinal tunnel direction. The accuracy of the LVDTs and laser
sensors was 0.02 mm.

After installing a drainage pipe at the bottom of the model container, the sandy layer was prepared
using the sand pluvial deposition method. The raining distance between the sand hopper and sand sur-
face was held at 700 mm to reach the designed sand density. After preparing the sandy layer, silty clay
was prepared layer by layer according to the designed density. Upon completion of each clay layer, the
clay layer surface was scraped to increase the contact between layers. To saturate the soil sample, de-
aired water was slowly injected from the bottom of the model box, and the soil sample was soaked for
24 h. A vacuum was applied at the top of the model box to ensure a high degree of saturation.

Testing procedure

The centrifuge testing procedure was divided into the following stages.

1. The acceleration of the centrifuge was gradually increased to 75g over approximately 10 min.

2. The centrifuge was run at 75g for 10 h to complete the primary consolidation.

3. After the transducer readings stabilized, the stainless steel sleeve of right tunnel was gradual-
ly pushed out. The excavation of the second tunnel was then simulated using the same method over a
period of approximately 20 min.

4. The centrifuge was gradually reduced to 1g over a period of approximately 30 min.

Intepretation of Centrifuge Test Results

Figure 3a shows the typical variation of pile group settlement during tunnel construction. Pile
group settlement increases almost linearly with tunnel advancement. Points A and B are located above
the left and right tunnels, respectively. The excavation of the right tunnel was conducted first, fol-
lowed by excavation of the left tunnel. During the excavation of the right tunnel, the settlement mea-
sured at point A was significantly smaller than that measured at point D. The measured settlements at
points A and D were 10.8 and 35.3 mm, respectively. Pile group settlement then continued to increase
after completion of the right tunnel excavation owing to the dissipation of excess pore water pressure.
During excavation of the left tunnel, the incremental pile group settlement measured at point A was
significantly larger than that at point D. The corresponding incremental settlement at points A and
D were 30.1 and 11.7 mm, respectively. A shorter distance between the monitoring point and newly
constructed tunnel resulted in substantially higher pile group settlement. Tunneling-induced settle-
ment of the pile group is therefore closely related to the relative position between the tunnel and pile.
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Fig. 4. Variation of the measured settlement of the piled raft with constuction time:
a) centerline of the right tunnel, b) centerline of the left tunnel.

Figure 3b shows the measured pile group settlement along the transverse tunnel direction.
Upon completion of the right tunnel, the settlement of the pile group above the right tunnel was
substantially more than that above the left tunnel. Owing to the stress relief resulting from the
right tunnel excavation, a maximum pile group settlement of 35 mm (i.e., 0.23% D) was observed
above the tunnel centerline. The measured pile group settlement decreased with increasing dis-
tance between the monitoring point and tunnel centerline. During construction of the left tun-
nel, the pile group settlement increased rapidly. After the twin tunnels were constructed, the set-
tlement profile of the pile group became symmetrical. The maximum settlement increased to 49
mm (0.32% D), and the location of the maximum pile group settlement shifted to the centerline
between the two tunnels. Two months after tunnel construction, the maximum pile group settle-
ment had increased to 50.8 mm (an increase of 3.7%) owing to the dissipation of excess pore water
pressure. Since the settlement of pile group is closely related to soil properties [19], countermea-
sures such as soil treated by bacteria may be used to alleviate tunneling-induced the settlement
of pile group [20].

Figure 4 shows the variations of measured pile group settlement along the longitudinal tunnel di-
rection. The right and left tunnels were driven from points H to G and F to E, respectively. Settlement
was observed at all of the monitoring points during the excavation of both tunnels. As the tunnel face
approached the monitoring section, settlement differences between points H and G increased. Howev-
er, these differences decreased as the tunnel face extended beyond the monitoring section. The varia-
tion of settlement with tunnel advancement at points F and E was the same as that of points H and G.
Upon completion of the twin tunnel excavation, the differences between pile group settlement along
the longitudinal direction was less than 8%.

Tilting of the pile group was calculated based on the measured settlement along the longitudi-
nal tunnel direction. Figure 5 shows the longitudinal tilting of the pile group during the twin tunnel
excavation. As the right tunnel face approaches the monitoring section, the existing pile group tilted
toward the tunnel face and the tilting rapidly increased. This is because tunnel excavation reduced
the stress ahead of the tunnel face. As the tunnel face passed through the monitoring section, tilting
of the existing pile group decreased. This is because the stress reduction became symmetrical with
respect to the monitoring section. Additionally, the tilting of the pile group above the left tunnel
initially increased followed by a decrease with progressing tunnel advancement. However, the mea-
sured tilting above the left tunnel was substantially smaller than that above the right tunnel during
excavation of the right tunnel. This is because the monitoring points above the left tunnel were lo-
cated far from the right tunnel face. The same was observed during construction of the left tunnel;
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Fig. 5. Tunneling-induced tilting of the piled raft.

however, the incremental tilting of the pile group above the left tunnel was much larger than that
above the right tunnel. This further demonstrates that the response of the piled raft is closely relat-
ed to the relative position of the tunnel and pile. During the excavation of both tunnels, the mea-
sured tilting above the twin tunnels reached a maximum value when the tunnel face was located di-
rectly beneath the monitoring section. This clearly demonstrates the 3D deformation mechanisms
of the pile group owing to tunnel excavation. If tunnel excavation is simplified to a two-dimensional
problem (i.e., simulated in a single step), the longitudinal tilting of the pile group is ignored, which
is on the unconservative side. This highlights the importance of simulating tunnel excavation in 3D
physical and numerical models.

Conclusions

1. The measured settlement of the pile group increased almost linearly with tunnel advancement
owing to a reduction of tunnel excavation-induced stress. Tunneling-induced settlement of the pile
group is closely related to the relative position between the tunnel and pile. A shorter distance between
the monitoring point and tunnel construction results in larger pile group settlement.

2. After a single tunnel excavation, a maximum pile group settlement of 0.23% D was observed
above the tunnel centerline. Upon completion of the twin tunnel excavation, the maximum pile group
settlement increased to 0.32% D and the location of the maximum surface settlement shifted to the
centerline between the two tunnels.

3. As the right tunnel face approached the monitoring section, the existing pile group tilted rapid-
ly toward the tunnel face. As the tunnel face passed through the monitoring section, the tilting of the
existing pile group decreased. This is because the stress reduction became symmetrical with respect
to the monitoring section. During tunnel advancement, the measured tilting above the twin tunnels
reached a maximum when the tunnel face was located directly beneath the monitoring section. This
clearly demonstrates the 3D deformation mechanisms of the pile group owing to tunnel excavation.
Pile group tilting along the longitudinal direction is ignored when tunnel excavation is simplified to
a two-dimensional problem, which is on the unconservative side.
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