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Abstract

The main content of this paper is the preliminary numerical simulations of a 1g
shaking table test on shaft-tunnel junction in liquefiable soil. In addition to the soil-
structure models, a free-field model is also considered. They are all computed using
the OpenSees platform, and the PM4Sand constitutive model is used to characterize
the properties of liquefiable Fujian sand. The presented data include the excess pore
pressure and the vertical displacements of the structures. It has been demonstrated
that the difference between the uplifts of the shaft and the tunnel is quite significant,
posing a potential threat to the seismic safety of this type of underground structures.
These preliminary simulations make a reasonable prediction for the future shaking
table test, thus contributing to the design, the execution, and the interpretation of the
test.

Keywords: liquefaction, shaft-tunnel junction, OpenSees, soil-structure interaction，
Fujian sand, PM4Sand.

1 Introduction

Many researchers have conducted in-depth studies on the interaction between the
underground structure and the foundation soil when earthquake occurs in a
liquefiable ground. Tokimatsu et al. [1] studied the floating failure mechanism of
circular cross-section tunnels with different buried depths in liquefied sites
combining FLAC numerical simulation with a centrifuge shaking table test. Tao et
al. [2] conducted a series of shaking table tests on double-span subway tunnels in a
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single-layer liquefiable soil. Chen et al. [3] carried out a shaking table test on the
cross section of a three-arch subway station in liquefiable ground. Ozcebe et al. [4]
conducted a centrifuge shaking table test on the seismic responses of a circular
tunnel in a liquefied site, and the test results were numerically reproduced using the
OpenSees platform. It can be seen that previous research on the seismic responses of
underground structures in liquefiable soil mainly took the cross section of a tunnel
or the standard section of an underground station as the subject.

However, in practical engineering, underground structure is not always composed
of continuous linings or simple standard cross sections. For example, before the
construction of shield-driven tunnels, it is necessary to build a shaft as the starting
and ending points of the excavation by shield machine, thus forming a shaft-tunnel
junction. Cross passage should be set up as an emergency escape channel between
double-line parallel tunnels. There are also the connections of underground metro
stations and the interval tunnels. These critical structures are very common in
underground networks, and their dynamic soil-structure interactions (SSI) are very
complex due to the unique features of the adjoining structures, especially in the
context of liquefiable soil.

Shaking table test and numerical simulation are two of the main methods for
studying the SSI of underground structures. The former can offer the opportunity to
visually observe the behaviour and characteristic of the SSI [5,6]. The latter can be
used for further analysis of the test results and provide a more detailed description of
the SSI mechanisms. Therefore, the combination of these two methods will be
adopted to achieve a better understanding of the SSI of shaft-tunnel junction in
liquefiable ground. As a preliminary study before the actual shaking table tests, a
series of numerical simulations are performed using OpenSees platform.

2 The Shaking Table Tests

1g shaking table tests are intended on a shaft-tunnel junction in liquefiable soil as
well as the free field. The test is based on a prototype of typical utility tunnel. In the
process of similarity design, the safety factor against uplift Fs is adopted as the
criterion [7]

�s =
�+�

�s+�d+� (1)
where W is the weight of the underground structure; Q is the frictional resistance
between the side walls of the structure and the surrounding subsoil; Us is the
buoyant force due to hydrostatic pressure; Ud is the uplift force due to excess pore
water pressure caused by liquefaction; F is the seepage force transferred from the
lower soil block underlying the structure. The principle is that the safety factor is
consistent between the prototype and the model soil-structure systems, and a 1 / 20
geometric similarity ratio is found to be optimal.

Thus, the shaft model is tentatively designed with a width of 1.0 m, a height of 1.3
m, a longitudinal length of 1.0 m, and a wall thickness of 0.1 m. The circular tunnel
model has the outer diameter and lining thickness of 0.6 m and 0.025 m,
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respectively. The liquefiable ground will consist of saturated Fujian sand, which is
widely used in liquefaction-related experiments [8-11]. A hexagonal shear box is
used as the model container. The distance between two parallel sides of the hexagon
is 2.4 m., and the box has a height of 5 m. The mass of the shear box is
approximately 3.25 tons. The tests are scheduled to be conducted using the multi-
point shaking table system in Tongji University. According to the size and the
weight of the model structure and the shear box, it only needs to occupy one shaking
table with the bearing capacity of 70 tons.

3 The Numerical Models

The numerical models are constructed using the OpenSees platform [12]. The non-
linear dynamic behaviour of the liquefiable Fujian sand is simulated by the
PM4Sand model. It is a highly sophisticated constitutive model specifically
developed for the purpose of geotechnical earthquake engineering [13]. In OpenSees,
24 parameters are required to define a PM4Sand material. The target of the
calibration process is 10 of them, and the rest 14 parameters are given the default
values set by the developers.

The maximum and minimum void ratios of Fujian sand are measured to be �max =
0.882 and �min = 0.612, respectively. The mass density of the sand � is calculated by

� = �+�s
1+�

(2)
where e is the initial void ratio; Gs is the specific gravity of the solids, and it is
measured to be 2.65 for Fujian sand. The Poisson's ratio is given by

� = �0
1+�0

(3)
where K0 is the lateral pressure coefficient obtained by

�0 = 1 − sinπ �cv
,

180
(4)

where �cv
, is the critical state friction angle, and it is measured to be 32.8° by

undrained triaxial test.

Q and R are Bolton’s constants. They define the critical state line in PM4Sand.
Based on previous data of Fujian sand, they are determined to be 8.6 and 0.9,
respectively [14]. G0 is shear modulus constant. It controls the small-strain shear
modulus of the sand and is estimated to be 800.

hp0 is the contraction rate parameter, and it is calibrated by comparing the CRR vs
Nliq curves. Undrained cyclic triaxial (TRX) tests were conducted on samples of
Fujian sand. The initial void ratio was 0.801, meaning a relative density of 30%. The
samples underwent isotropic consolidation under a cell pressure of 50 kPa. The
amplitude of the cyclic deviator stress q ranged between 14.0 kPa and 20.0 kPa,
corresponding to cyclic stress ratios (CSR) from 0.074 to 0.148. Thus, a cyclic
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resistance ratio (CRR) curve was established for Fujian sand by the CSR and the
number of cycles to reach liquefaction Nliq. The contraction rate parameter hp0 is
calibrated so that the numerically obtained CRRDSS vs Nliq curve would match the
one by the TRX lab tests. Because PM4Sand is only available in plane-strain
formulation, undrained cyclic direct simple shear (DSS) tests are simulated under
the initial effective vertical stress of 50 kPa. It must be pointed out that the CRR data
are not directly comparable between the DSS and the TRX tests, so the following
conversion is necessary [15]

���DSS =
2(1+2�0)

3 3
���TRX

(5)
The comparison between the ���DSS converted from the TRX lab tests and the

���DSS simulated using PM4Sand is shown in Figure 1. The black curve is from the
TRX tests after the above conversion, and the red one is obtained by the DSS
simulations using PM4Sand. After numerous trials, it is found that hp0 = 0.250 could
yield the best matched results. The calibrated constitutive parameters are
summarized in Table 1.

Figure 1: The converted and the simulated CRRDSS vs. Nliq curves.

After the constitutive parameters have been properly calibrated, three plane-strain
numerical models are constructed and computed as shown in Figure 2. The first one
is a section of the free field, 2.4 m in width and 5.0 m in height, according to the
dimensions of the shear box. The Fujian sand is modelled by quadrilateral
displacement-pressure coupled elements termed as SSPquadUP elements [16]. The
nominal element size of the mesh is 0.1 m. The main purpose of this model is for the
nonlinear analysis of the liquefiable free field. The second model includes a cross
section of the shaft in the same ground conditions. The width of the shaft is 1.0 m,
and the height is 1.3 m. Its buried depth is 0.2 m below the surface. The third model
is similarly constructed consisting of a circular cross section of the tunnel and the
surrounding saturated Fujian sand. The diameter of the tunnel is 0.6 m, and the
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depth of its crown is 0.7 m. In both SSI models, the structures are modelled by
elastic beam elements, and the soil-structure contacts are defined as perfect ties.

Parameter Description Value for Fujian sand
�r Relative density 30%
�0 Shear modulus constant 800
ℎp0 Contraction rate parameter 0.250

� (Mg / m3) Mass density of Fujian Sand 1.94
�max Maximum void ratios 0.882
�min Minimum void ratios 0.612

�cv
， Critical state effective friction angle 32.8°

� Critical state line parameter 8.6
� Critical state line parameter 0.9
� Poisson's ratio 0.31
Table 1: Calibrated constitutive parameters of PM4sand for Fujian sand.

(a) (b) (c)

Figure 2: Plane-strain numerical models. (a) Free Field; (b) Shaft; (c) Tunnel.

In the above finite element models, the bottom edges are fixed in the vertical
direction. A near-sinusoidal acceleration signal recorded in an actual centrifuge
shaking test is adopted as the input excitation [17]. The waveform has an amplitude
of 0.86g as shown in Figure 3. On the lateral boundaries, the translational degree-of-
freedoms of the nodes at the same elevation are constrained to be the same,
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simulating the working principle of the shear box. The free surface is defined with
open drainage.

Figure 3: Input excitation for the numerical models.

4 Results

In the simulations, the vertical displacements of the structures and the pore pressure
data of the sand are the main output. Through them, a reasonable prediction could be
made for the future shaking table tests. In Figure 3, it can be observed that the
vibration is more intense in the first 13 seconds, and the Fujian sand should be fully
liquefied. Then, the vibration gradually ceases, and the liquefaction should diminish,
too. The excess pore pressure (EPP) contours of the three models at 11 s are shown
in Figure 4.

(a) (b) (c)

Figure 4: EPP contours at 11 s. (a) Free Field; (b) Shaft; (c) Tunnel.
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It can be seen in Figure 4 that the EPP in the two SSI models are generally
smaller than that of the free field. When the shaft or the tunnel is present, the flow of
pore fluid and the behaviour of the surrounding sand will be affected by the dynamic
SSI. It is possible that the structures could suppress the vibration, resulting in a
decreased accumulation of EPP. It seems that the larger the cross-sectional area of
the structure, the greater the impact on the EPP. In order to verify this statement, the
time histories of the pore pressures at three positions, denoted by PPT in Figure 2,
are shown in Figure 5.

(a) (b) (c)

Figure 5: EPP build-up during the shaking.
(a) Pore pressure at PPT1; (b) Pore pressure at PPT2; (c) Pore pressure at PPT3.

In Figure 5, it can be clearly seen that the EPP accumulates to a lesser extent
below both structures. Meanwhile, the larger cross section of the shaft has a greater
effect. At PPT3, which is deepest, the influence of the smaller cross section of the
tunnel is almost negligible.

Figure 6: Time histories of the vertical displacements of the shaft and the tunnel by
numerical simulations.
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In addition to the EPP contours, the vertical displacements of the structures are
extracted and plotted. It can be observed in Figure 6 that the vertical displacements
of the shaft and the tunnel are quite different, and the uplift of the shaft is more
prominent. According to Equation (1), the Fs of the shaft is much smaller than that
of the tunnel because of the lesser EPP accumulation. With the vibration going on,
the displacement gap between the two is growing. The discrepant responses between
the two adjoining structures will be the focal point of the shaking table tests.

5 Conclusions

Three numerical models are computed using the OpenSees platform, offering a good
prediction for the future shaking table tests.

Firstly, by analysing the EPP data, it is found that due to the presence of the
structures, the EPP accumulation caused by the seismic shaking is reduced. The
vertical displacements of the shaft and the tunnel are also shown. Although the shaft
and the tunnel both uplifted in the liquefiable soil, the uplift displacements are quite
different. The large displacement gap is very likely to cause structural damages on
the adjoining structures. The numerical simulations will be of great importance for
the design, the execution, and the interpretation of the future shaking table test.
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