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ABSTRACT: This study evaluates the performance of underground structures in layered
liquefiable grounds. A high-fidelity sand plasticity model for large post-liquefaction shear
deformations is used to model the cyclic behavior of the liquefiable soil layer. A combination
of beam and solid elements is used to simulate the response of reinforced concrete structures.
It is shown that the existence of a liquefiable layer passing through the structure can signifi-
cantly increase the deformations and forces, compared with that of the structure within a
homogeneous ground. This stems in both the kinematic and the inertial soil-structure inter-
action effects. Sensitivity analysis on the effects of the liquefiable layer depth and thickness
show that a) the liquefiable soil around the sidewalls and bottom slabs mainly contribute to
the shear and uplift failure of the structures, respectively, and b) thicker liquefiable layers
passing through the structure lead to increase in structure deformation and internal forces.

1 INTRODUCTION

With the rapid development of infrastructure in China, increasing numbers of underground
structures are being planned and constructed in seismically active area with liquefiable soils,
e.g., Shanghai, Nanjing and Fuzhou (Hu 1997, Wang & Yan 2001, Zheng 2013). Extensive
damage to underground structures and facilities in liquefiable soil has been observed in past
major earthquake events (Uenishi & Sakurai 2000). Existing experimental and numerical
research on the seismic response of underground structures in liquefiable ground have mostly
been based on homogeneous ground conditions. The seismic performance of underground
structures in layered liquefiable ground, which is commonly encountered in engineering prac-
tice, requires further investigation.
By means of high-fidelity numerical analysis, this study investigates the response of a buried

reinforced concrete box structure in layered liquefiable grounds. The effects of both the kine-
matic and the inertial soil-structure interactions are analyzed. Sensitivity analysis on the
effects of liquefiable layer position and thickness is also carried out.

2 NUMERICAL ANALYSIS PROCEDURES

Plane strain analysis on buried reinforced concrete box structures are conducted. The ground is
assumed to be 35m thick saturated layered soil, with the water table at ground surface. A total
of 34 different cases with various layered soil profiles are considered in this study. Fig. 1 illus-
trate the variation of layering in these cases. Cases (a)-(h) represent different configurations of
the “liquefiable” layer in the soil profile. Case (o) represents only the uniform “non-liquefiable”
layer. Each of the cases (i)-(n) shows a category of layering which in turn includes a number of
sub-cases. There are some overlaps between the layering options presented in this figure. Close
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inspection of the figure can show that 34 distinct cases of layering. Three benchmark cases are
adopted to investigate the overall seismic response of underground structures, including:
case (b) with a liquefiable layer passing through the sidewall of the structure, denoted as M-liq;
case (f) with the structure fully imbedded in homogeneous liquefiable soil, denoted as Liq;
and case (o) with the structure fully imbedded in homogeneous Non-liquefiable soil, denoted
as Non-liq. Cases (a)-(h) are designed to showcase the influence of liquefiable layer position,
while cases (i)-(n) are mainly used to compare the effects of layer thickness. Liquefiable soil is
modeled using a three-dimensional plasticity model (CycLiq, Wang et al. 2014, Wang 2016),
which is capable in capturing the large post-liquefaction deformation of sand, and has been
applied to the analysis of soil-structure interaction in liquefiable ground (Wang et al. 2016).
Non-liquefiable soil is modelled using elastic perfect-plastic Mohr-Coulomb model with zero
dilation angle for simplification. The u-p formulation (Zienkiewicz et al. 1999) is adopted for
the solid-fluid coupled analysis of the soil domain.
The hypothetical underground structure is a typical box subway station with one-story and

two-span, whose top slab is 6m below ground surface, as shown in Fig. 2. 0.5m×0.5m square
cross section central pillars with 3m spacing are used. The underground structure is modelled
using combined elements that consist of both quadrilateral elements and nonlinear fiber beam
elements, which could be effective to reflect the dynamic response of reinforced concrete.
Details of this underground structure modelling technique can be found in Chen et al. (2018).
The material parameters for the soils and concrete structures are provided in Table 1.
Gravity, excavation, and installation of the structure are first simulated to obtain the initial

stress field. Dynamic analysis is then carried out, followed by another 100 seconds of calculation
after the earthquake motion to allow for excess pore pressure dissipation. The permeability coef-
ficient of the liquefiable sand is 2.3×10-4m/s and 7.63×10-5m/s for the non-liquefiable soil. Three
ground motions spectrally matched to the uniform hazard spectrum of a Nanjing Subway Line
1 site (G1-G3, Fig. 3) are used in the analysis of the three benchmark cases, i.e. M-liq, Liq, and
Non-liq. Only motion G3 is applied in the sensitivity analysis for the remaining 31 cases.

Figure 1. Soil layering profiles with respect to the buried reinforced concrete box structure. In cases (i)-(n),

each bar of liquefiable soil represents a sub-case with different thickness and position of the liquefiable layer.
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3 SEISMIC RESPONSE IN BENCHMARK CASES

3.1 Structure response

Drift ratio, bending moments, and shear forces are here considered as the engineering demand
parameters for the seismic performance of the reinforced concrete box underground structure. For
assessing the shear deformation of this type of structure, the Chinese Code for Seismic Design of
Buildings (CCSDB 2010) uses drift ratio, defined as the absolute differential lateral displacement
of the top and bottom of the underground box structure normalized by the height of the structure.

Figure 2. Setup of the numerical analysis model.

Table 1. The material parameters used for soil and reinforced concrete structure.

CycLiq Mohr Coulomb

G0 100 E 147 MPa

κ 0.006 υ 0.473

h 0.6 c 30 kPa

M 1.25 φ 26°

dre,1 0.02 Giuffre-Menegotto-

d re,2 40 Pinto steel

d ir 0.5 fy 300 MPa 300 MPa

α 90 E0 200 GPa 200 GPa

γd,r 0.05 b 0.00001 0.00001

np 1.1 Kent-Scott-

nd 8 Park concrete

λc 0.019 fpc 19.1 MPa 23.1 MPa

e0 0.837 εc0 0.002 0.002

ein 0.717 fpcu 9.55 MPa 11.55 MPa

ξ 0.7 εc1 0.0033 0.0033

Figure 3. Input ground motions.
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For the three benchmark cases of M-liq, Liq, and Non-liq, the maximum drift ratio of the
underground structure is recorded under three ground motions. Fig. 4 plots the “average range of
drift ratio”. The average maximum drift ratio in the M-liq case is 109% greater than that in the
Non-liq case, and is 43% greater than that in the Liq case. This shows that the structure deform-
ation is much greater when the liquefiable layer passes through the structure, compared to that in
the homogenous cases. Fig. 4 also shows the distribution of maximum moments and shear forces,
averaged over the three input motions, along the left wall and central pillar, respectively. The
bending moment and shear capacities of the walls and central pillar sections are also presented
for reference. The results clearly indicate that the M-liq case is at a more critical state, where the
moment at the bottom of the left wall and central pillar reaches the design moment capacity.
These observations can be explained through detailed analysis of soil-structure interaction.

3.2 Soil-structure interaction: kinematic and inertial

The effects of soil-structure interaction are evaluated in this section through analysis of the
horizontal normal forces on the walls and shear forces on the top and bottom slabs. The influ-
ence of inertia forces on the structure is also analyzed.
Fig. 5 (a) shows the initial static normal forces and the maximum dynamic normal force

increments on the walls averaged over the three input motions in each of the three soil profile
conditions. The dynamic normal force increments in the Liq and M-liq conditions are greater
than those in the Non-liq condition. The incremental normal force at the top of the sidewalls
in the M-liq condition is significantly greater than that in the Liq and Non-liq conditions,
which could lead to stronger shear of the underground structure.
The range of shear forces on top and bottom slabs of the underground structure averaged

over the three input motions are shown in Fig. 5 (b). It is evident that the shear force in the M-
liq condition is the greatest. Fig. 5 (b) also plots the mean shear stress of the soil-structure inter-
face against the mean shear strain at the top and bottom slabs in the Liq condition. It shows
that liquefaction takes place under the bottom slab of the structure, which leads to the low
stress levels with significant shear strains. The results in Fig. 5 (a) and (b) clearly show that the
greater shear effect caused by soil-structure kinematic interaction contributes significantly to the
more intense seismic response of the underground structure in the M-liq case.
For the Liq case, the shear forces on the top and bottom slabs are significantly smaller than

those in the Non-liq condition, yet its structure response is more intense than that in the Non-
liq case. This can be explained through analysis of the inertial forces on the structure, which is
often overlooked for underground structures. The acceleration distribution in the structures for
the three cases under G1 motion at the time of maximum drift ratio is plotted in Fig. 5 (c). The
differential acceleration between the top and bottom slab are 0.24m/s2 and 0.35m/s2 for the Liq
and M-liq conditions, respectively. However, in the Non-liq case, although the overall acceler-
ation is greater, the differential value between the top and bottom slabs is much smaller, at 0.12
m/s2. This indicates that the loss of soil constraint due to liquefaction can lead to greater

Figure 4. Average drift ratio (a), bending moment (b, c), and shear force of the structure (d, e) in cases

M-liq, Liq, and Non-liq. The moment and shear capacities are also plotted as dashed lines for reference
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differential acceleration for underground structures in liquefiable soil compared to that in non-
liquefied soil, which in turn leads to greater structure internal forces and deformation.

4 EFFECT OF LIQUEFIABLE LAYER POSITION AND THICKNESS

The effect of liquefiable layer position is investigated through comparing the results of cases (a)-
(h) in Fig. 1. Fig. 6 shows the vertical displacement of the structure for these cases. Clear uplift can
be observed in the (c) (e) (f) (h) cases, where liquefiable soil underlies the structure. The uplift
increases as more portions of the structure is embedded in liquefiable soil. When the liquefiable
layer passes through the sidewalls with no liquefiable soil beneath the structure, little to no uplift is
observed.

Figure 5. Normal forces induced on the left wall by the surrounding soil, including both initial and

dynamic increment values (sub-figure a), shear forces applied on the top and bottom slabs by the soil and

the corresponding shear stress-strain relationship (sub-figure b), and distribution of acceleration within

the left wall and central pillar at the moment of peak drift ratio (sub-figure c).

Figure 6. Vertical displacement of the structure for cases (a) to (h) in Figure 1.
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Fig. 7 shows the maximum axial force in the central pillar of the structure. In the (c), (e), and
(h) cases, where liquefiable soil underlies the structure while non-liquefiable soil overlies the
structure, the maximum axial forces are the greatest. This is due to the fact that the uplift
caused by the underlying liquefiable layer is resisted by the non-liquefiable overlying layer.
Hence, although the greatest uplift is observed in case (f), the axial force in the case is no greater
than cases with no uplift, as the overlying liquefiable layer loses its ability to resist uplift.
Fig. 8 shows the maximum drift ratio of the structure in all the cases. Comparison of cases

(a), (b), and (c) shows that for a liquefiable layer of the same thickness, significantly greater
shear deformation of the structure is generated when the liquefiable layer passes through the
structure. This indicates that liquefiable layers around the side walls of the underground struc-
ture contributes to greater seismic deformation of the structure. Cases (i)-(m) can be used to
analyze the influence of liquefiable layer thickness. In general, for cases where a liquefiable layer
passes through the structure, a thicker liquefiable layer leads to greater drift ratio of the struc-
ture. Analysis of cases (n) also suggests that the liquefiable layer is most influential when it

Figure 7. Maximum axial force in the central pillar of the structure.

Figure 8. Maximum drift ratio of the structure.

Figure 9. Maximum bending moment in the central pillar of the structure.
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passes through the center of the structure. The maximum bending moment in the central pillars
for all the cases are shown in Fig. 9, which follows the same trend as the drift ratio in Fig. 8.

5 CONCLUSIONS

The seismic response of reinforced concrete box underground structures in layered liquefiable
ground is analyzed in this study. The analyses are conducted using a high-fidelity numerical
simulation method, which adopts a large post-liquefaction deformation oriented constitutive
model for the liquefiable soil, and a combined quadrilateral-beam element for the structure.
The numerical results show that under the same input motion, liquefiable layer passing

through the center of an underground structure could induce higher deformation, bending
moment, and shear demands on the underground structure, and is an unfavorable condition
compared with the cases of underground structure embedded in homogeneous liquefiable or
non-liquefiable soil (Fig. 4).
Soil-structure interaction analysis suggest that for underground structures in liquefiable

ground, inertial forces can also have a strong impact on seismic response, as the surrounding soil
loses its constraint on the structure due to liquefaction. Unlike the existing perception that iner-
tial forces are trivial for underground structures, these results indicate that inertial forces should
not be neglected in the seismic design of underground structures in liquefiable soils (Fig. 5).
Sensitivity analysis shows that the liquefiable soil around the sidewalls and bottom slabs mainly

contribute to shear and uplift failure scenarios, respectively. In general, thicker liquefiable soil in
the middle of the sidewalls leads to greater deformation and structure internal forces (Fig. 6-9).
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