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Abstract

The uplift of large underground structures in saturated liquefiable soils under strong earthquake loadings may induce severe damages
to the structures. Various mitigation procedures have been proposed to alleviate such damage, among which installation of cutoff walls
next to underground structures was found to be effective. However, the working mechanism of cutoff walls in alleviating uplift of under-
ground structures and the corresponding design parameters are still not clear. The liquefaction induced uplift behaviour of a subway
tunnel in saturated sandy deposit over a layer of non-liquefiable soils and the working mechanism of cutoff walls for uplift mitigation
purpose were investigated using the fully coupled dynamic finite element code DIANA Swandyne-II. A generalized plasticity model
capable of simulating both cyclic liquefaction and pressure dependency of soils was used to model the sandy deposit. It is found that
the small effective unit weight of underground structures, the development of excess pore pressure and the flow of liquefied soils were
the sufficient and necessary conditions for underground structures to uplift during earthquakes. Cutoff walls could restrain the flow
or deformation of liquefied soils and inhibit the uplift of underground structures but they could not necessarily prevent the liquefaction
of the enclosed soils. After earthquake loadings, underground structures might settle due to the consolidation of soils and cutoff walls
could also reduce the magnitude of settlement. The design parameters of cutoff walls, including the acting lateral pressure, the position,
the stiffness and the permeability of cutoff walls, were also analyzed, the findings of which, together with the unveiled working mecha-
nism, would be relevant for the design of cutoff walls for uplift mitigation purpose.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Underground structures in saturated liquefiable soils
may be subjected to severe damages during earthquake.
One of the reasons is the uplift or even floatation of under-
ground structures due to soil liquefaction. Subway tunnels
or underground pipelines, for example, may be subjected to
very large shear load if part of the tunnels or pipelines are
in liquefiable soils and prone to uplift while the other in
non-liquefiable ones. The shear load may be much larger
than the shear strength of the underground structures.
The soil liquefaction induced uplift of underground pipe-
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lines during strong earthquake was observed as early as
in 1964 Niigata Earthquake and Alaska Earthquake [1].
Such damages were found in many recent large earth-
quakes, such as 1989 Loma Priesta Earthquake [2], 1993
Hokkaido–Nansei–Oki Earthquake [3], 1994 Hokkaido–
Toho–Oki Earthquake [4], 1995 Kobe Earthquake [5] and
1999 Taiwan Earthquake [6]. Liquefaction induced uplift
of large underground structures can also be found. It was
reported that some tunnels were prone to floatation during
the 1989 Loma Priesta Earthquake [7].

Different mitigation strategies have been proposed to
eliminate or alleviate uplift damages, which includes densi-
fication or replacement of the surrounding liquefiable soils
[8], installation of gravel drainage [8,9], grouting [10] and
installation of cutoff walls [11–14]. Soil replacement may
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be too expensive if the liquefiable soil layer is too thick.
Gravel drainage was found to be a very effective counter-
measure again the uplift of small underground structures
[9]. It is also possible to be used for large underground
structures constructed using cut-and-cover method,
although it may have to be carefully designed and com-
bined with other mitigation procedures [8], since the drain-
age path in most cases of large underground structures may
be too long and the dissipation of excess pore pressure
would not be quick enough to prevent uplift. But it is dif-
ficult for underground structures constructed using tunnel-
ing methods. The method of grouting may be useful as well
[10], but it is also too expensive for thick liquefiable soil
layers. Comparatively, the installation of cutoff walls could
be effective and much economical. Cutoff walls can be con-
structed using different kinds of methods and materials
[11–14], and additional drainage paths can be provided
by cutoff walls if materials with high permeability are used
(e.g. [11]). The installation of cutoff walls for uplift allevia-
tion is illustrated in Fig. 1. In order that cutoff walls can be
effective, they must be sufficiently extended into the under-
lying non-liquefiable soils [12–14].

However, the working mechanism of cutoff walls is still
not clear and the corresponding design parameters also
need to be investigated in depth. The working mechanism
of cutoff walls is directly related to the uplift mechanism
of underground structures in liquefiable soils. It is already
found that the small effective unit weight of underground
structures and the development of excess pore pressure
are two necessary conditions for underground structures
to uplift during earthquake [7]. However, they are not suf-
ficient conditions. The liquefiable soil must be allowed to
flow or deformed and ‘‘squeeze’’ beneath underground
structures so that they would be ‘‘pushed up’’. Such mech-
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Fig. 1. Illustration of cutoff walls.
anism was discussed in [12,13,15] but no direct evidences
have ever been reported.

The installation of cutoff walls can prevent the flow or
deformation of liquefiable soils and hence alleviate uplift-
ing of underground structures. However, it was also
reported that cutoff walls were able to reduce the develop-
ment of excess pore pressure underneath underground
structures [14]. The conclusion was based on the shaking
table tests on underground structures buried in very loose
saturated sand (Dr = 15% Toyoura sand). Cutoff walls
have also been proposed to alleviate the settlement of sur-
face structures on liquefiable soils [16,17]. The findings of
these investigations [16,17] were contradictory to each
other. In Zheng et al. [16], cutoff walls were found to be
able to reduce the excess pore pressure build-up while sub-
jected to small earthquake excitation; but in Adalier et al.
[17], the excess pore pressure in the soils enclosed by cutoff
walls was found to be no smaller than that in the case with-
out cutoff walls.

The working mechanism of cutoff walls in alleviating
uplift of underground structures must be clearly under-
stood so that their rational design can be conducted. In
order to achieve this purpose, model testing would be
direct and helpful, while verified numerical procedures
could also be effective. Comparatively, more useful results
may be obtained using numerical methods and the mecha-
nism of uplift of underground structures and the working
mechanism of cutoff walls can be scrutinized more closely.
The design parameters of cutoff walls can also be investi-
gated in depth with numerical methods. Verified numerical
procedures like finite element method have been success-
fully used to analyze the responses of underground struc-
tures in liquefiable soils [10,18,19]. In Liu and Song [10],
a 2-D, effective-stress-based, fully coupled, finite element
code DIANA Swandye-II [20] was used to analyze the seis-
mic responses of large underground structures in liquefi-
able soils subjected to horizontal and vertical earthquake
excitations. The finite element code used in that study has
been frequently used to analyze soil–structure interaction
problems involving soil liquefaction (e.g. [21,22]). A gener-
alized plasticity model that can simulate the pressure
dependency and cyclic hardening properties of sand
[23,24] was incorporated into the program by the first
author [25] and used to conduct the analyses in Liu and
Song [10].

In this study, the finite element procedure that is similar
to that in Liu and Song [10] was used to investigate in
depth the uplift mechanism of large underground struc-
tures in liquefiable soils and the working mechanism of cut-
off walls in alleviating uplift. The investigation focused on
the uplift behaviour of underground structures and the in-
plane seismic induced stresses were not discussed. A simple
rectangular subway tunnel was used in the study, which
was assumed to be constructed in a layer of saturated loose
sandy soil over a layer of stiff non-liquefiable soil. The cut-
off walls were assumed to be constructed using grouting
method, but different coefficients of permeability were
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analyzed to inspect the effects of drainage. Horizontal
earthquake record from the 1995 Kobe Earthquake was
used as input excitation. The behaviour of the soil–struc-
ture system after earthquake was also investigated and
the parameters that are needed in the design of cutoff walls
were discussed, especially the lateral pressures acting on the
cutoff walls.

2. Finite element model

2.1. Physical model

The uplift behaviour of a subway tunnel subjected to
earthquake induced liquefaction in a model ground was
investigated. The subway tunnel was assumed to be rectan-
gular, with a width of 10 m and a height of 5 m, buried in
loose saturated sand at a depth of 3 m. The thickness of the
saturated sand layer was assumed to be 20 m, with a 21-
meter-thick layer of stiff non-liquefiable soil beneath it,
which again lay on the bedrock. The thickness of the walls,
the boards and the columns of the subway tunnel were all
assumed to be 0.6 m. Cutoff walls, if installed, were
extended into the non-liquefiable soils for 3 m and enclosed
the subway tunnel and the soils underneath it, as illustrated
in Fig. 1. However, the thickness, the modulus, and the
horizontal locations of the cutoff walls were varied in the
analyses to investigate the designing parameters. Plane
strain condition was assumed in the finite element models.

2.2. Material modeling and properties

The constitutive models and material properties as used
in Liu and Song [10] were used in the present study. The
liquefiable sandy soil was assumed to be isotropic and sim-
ulated using a non-associated generalized plasticity model
Table 1
Material parameters

Loose sandy soil Interface

Shear modulus G (Pa) 250 Young’s modulus E (kPa) 5000
Bulk modulus K (Pa) 300 Tangent modulus G (kPa) 1000
u0 (�) 38 Friction angle d (�) 23
Du (�) 0.25 Cohesion c (kPa) 0

Mg 1.25 Tension strength (kPa) 0
Mf 1.18
a 0.45
b10 2.8
b0 9.0
H0 (Pa) 200
Hu0 (Pa) 400
r 1.0
ru 3.5
rd 80
ks 0.01
Dry unit weight

(kN/m3)
15.0

Coefficient of
permeability (cm/s)

6.6 · 10�2
that is capable of modeling cyclic liquefaction, cyclic hard-
ening and pressure dependency of sandy soil. The behav-
iour of sands under monotonic and cyclic loadings at
different mean effective stress levels can be reproduced
using the model. The description of the model can be found
in other publications [10,23–25] and is not undertaken
herein. The parameters for the loose Nevada sand
(Dr = 40%) used in Liu and Song [10] were also used in this
study, as shown in Table 1. The model parameters were cal-
ibrated using monotonic and triaxial test results [26] and
used to simulate one of the centrifuge shaking table tests
on sandy deposit in the VELACS project (Test 2 of Model
No. 1 conducted at RPI) [27]. The sand deposit was 20 cm
thick, saturated with water, and was subject to 20-cycle
sinusoidal wave of 11.75 g at 100 Hz with a centrifugal
force of 50 g. The simulated acceleration and excess pore
pressure in the soil deposit were compared to the experi-
mental ones and they were found to agree well with each
other. The excess pore pressure dissipation after shaking
was also simulated and the results were good. The details
of the simulation can be found in Yang and Ling [28].
The simulation results indicate that although with isotropy
assumption, the generalized plasticity model in Ling and
Liu [24] could be used to simulate earthquake induced
liquefaction of sandy soil.

The coefficient of permeability and the void ratio of the
loose sandy soil were 6.6 · 10�2 cm/s and 0.74, respec-
tively. The permeability of the liquefiable soil was raised
10 times larger in purpose in comparison to the real coeffi-
cient of loose Nevada sand [26] so that the consolidation
analysis after earthquake excitation would not be very
long. It must be pointed out that the increase of permeabil-
ity influences only very slightly the seismic behaviour of the
soil–structure system during earthquake excitation, accord-
ing to the trial analyses by the authors. A 5% viscous
Subway tunnel Stiff soil layer

Young’s modulus (MPa) 30,000 G0 (MPa) 11.4
Poisson’s ratio 0.2 K0 (MPa) 24.7
Unit weight (kN/m3) 24 p0 (kPa) 100

Dry unit
weight (kN/m3)

16.4
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damping of Rayleigh type was included in the dynamic
analyses apart from the inherent hysteresis damping of
the constitutive model [10,25].

The non-liquefiable soil was simulated using the
General-Power-Elastic-One model available in DIANA
Swandyn-II, which is able to describe the dependency of
soil stiffness on confining pressure. The shear and bulk
moduli of the non-liquefiable soil were defined as

G ¼ G0ðp0=p0Þ
0:5
;

K ¼ K0ðp0=p0Þ
0:5

ð1Þ

in which p0 is the reference pressure while p 0 is the present
mean effective stress. G0 and K0 are the shear and bulk
moduli at the reference pressure level, respectively. The
model parameters for the non-liquefiable soil are shown
in Table 1, which were obtained by referring to the normal
stiffness of stiff soils. The dry unit weight (cd) of the non-
liquefiable soil was assume to be 16.4 kN/m3, and its coef-
ficient of permeability was assumed to be the same as that
of the liquefiable soil. A 5% viscous damping of Rayleigh
type was used for the non-liquefiable soil in the analyses.
The authors are aware that the elastic and damping prop-
erties of the non-liquefiable soil would influence the magni-
tude of the seismic response; however, they would not
affect the conclusions that the present study tried to obtain.

The subway tunnel was assumed to be linear elastic,
modeled using Mindlin beam elements. Typical elastic
properties of concrete were assigned to it, as shown in
Table 1. The unit weight of the reinforced concrete was
taken as 24 kN/m3. A 5% viscous damping of Rayleigh
type was also used for the subway tunnel.

The interface between the soil and the subway tunnel
was modeled using thin-layer quadrilateral isoparametric
elements, the thickness-length ratio of which was about
1–20 to 1–10. The constitutive properties of the interface
were simulated using the SLIP ELEMENT III model avail-
able in the finite element code. The slippage of the interface
was governed by the Mohr–Coulomb friction criterion,
and before slippage, the interface behaved elastically, with
uncoupled normal and tangential stiffness. The normal
stiffness was calculated from the Young’s modulus, while
the tangential stiffness could be obtained from the
‘‘tangent’’ modulus, as shown in Table 1. Cutoff tension
could be defined to simulate the separation of interface.
The unloading and reloading behaviours were assumed to
be linear elastic, and possible shear dilation of the interface
as well as the drainage path provided by the interface was
not considered in the finite element model. The friction
angle of the interface was obtained using d = tan�1[(2/3)
tan u], in which u = 32� is the angle of internal friction
of the liquefiable soil. The model parameters for the inter-
face are shown in Table 1. Small ‘‘tangent’’ modulus was
used for the interface in order to simulate its behaviour
in relatively large deformation [10,21]. The authors under-
stand the fact that soil–structure interface behaviour can be
much more complicated than what the SLIP ELEMENT
model can describe, but it is able to simulate the most
important features of interface, including slippage, separa-
tion and closure.

The cutoff walls were assumed to be constructed using
injection grouting, which were assumed to be linear elastic
with a Young’s modulus of 400 MPa for the base case and
varied in the parametric study. The Poisson’s ratio was
0.25. The coefficient of permeability of the cutoff walls
was assumed to be 6.6 · 10�6 cm/s, unless otherwise stated
for the purpose of investigating the effect of drainage. The
cutoff walls and the liquefiable soils were assumed to be
perfectly bonded, i.e., no interface elements were used
between them. The assumption was based on the fact that
the interaction between them was not important for the
uplift response of the subway tunnel and it could consider-
ably reduce the complexity of the finite element models.

2.3. Finite element mesh and boundary conditions

The finite element mesh is shown in Fig. 2. Altogether
2241 elements and 9155 nodes were used. Among the ele-
ments, 2184 were two-phase, eight-node, quadrilateral
elements for the saturated soils and/or the cutoff walls;
26 were eight-node thin-layer slip elements; and 31 were
3-noded Mindlin beam elements. The finite element meshes
for the cases with and without cutoff walls were kept the
same to eliminate mesh effects.

The boundary between the soil deposit and the bedrock
was assumed to be fixed. The ground surface was assumed
to be flat and free of loadings and the underground water
level was assumed to locate at the ground surface. The tied
node feature of the finite element code [20] was used for the
side boundaries, the horizontal and vertical displacements
at which were restrained to have the same value, and a rel-
atively large analyzed domain (198 m) was used, in order to
simulate the free field response in the far field of the subway
tunnel [10]. Although not shown herein, trial analyses were
carried out to determine the size of the analyzed domain
and the thickness of the finite elements in the vertical
direction.

2.4. Input earthquake motion

The west-eastern component of the 1995 Kobe Earth-
quake was scaled and used as the horizontal excitation in
the analyses, as shown in Fig. 3. No vertical excitation
was used in the present study. The earthquake excitation
was input at the base of the finite element domain. Differ-
ent magnitudes of earthquake excitation were analyzed,
i.e., the west-eastern component of the 1995 Kobe Earth-
quake was scaled to 0.08 g, 0.2 g, 0.3 g, 0.4 g, 0.5 g, 0.6 g
and 0.8 g, respectively, in order to investigate the mecha-
nism of uplift and the working mechanism of cutoff walls.
The length of the excitation was truncated as 30 s. How-
ever, for some cases consolidation analyses were conducted
after earthquake excitation for about 21 min. Ten-second-
long sinusoidal waves of different magnitudes with a



Fig. 2. Finite element mesh.
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frequency of 2 Hz were also used in order to investigate the
lateral pressures acting on the cutoff walls.

The analysis procedure, the numerical integration
scheme and the time step during the dynamic analyses were
similar to those in the former investigation [10]. The initial
stress states before earthquake excitation were assumed to
be the same for the cases with and without cutoff walls, i.e.,
the installation or construction of cutoff walls did not dis-
turb the stress states underneath the subway tunnel and in
the far fields, which is similar to real situations. For the
consolidation analyses, the time step for the first 30 seconds
was still 0.005 s, and was changed to 0.05 s afterwards.
Altogether more than 30 different cases were studied, with
different magnitudes of earthquake excitation, without or
with cutoff walls, and with different thickness, moduli, loca-
tions or permeabilities of cutoff walls. The cases with 0.6 g
excitation input, without or with grouted cutoff walls
(1.5-meter-thick and 0.0 m away from the subway tunnel
with E = 400 MPa), were used as base cases. The parame-
ters of the base cases were used throughout the analyses,
with one of them varied to investigate the corresponding
influences.

3. Mechanism of uplift and working mechanism of cutoff
walls

3.1. The effects of cutoff walls

The effects of cutoff wall installation in alleviating the
uplift of underground structures due to earthquake
induced liquefaction were very obvious according to the
finite element analysis results. As shown in Fig. 4, the uplift
of the subway tunnel reduced very considerably under 0.6 g
earthquake excitation if cutoff walls were installed. Figs. 5a
and b show the comparison of deformed meshes after 30
seconds of shaking for the cases without and with cutoff
walls. Clearly, the surrounding soils during earthquake
were ‘‘squeezed’’ underneath the subway tunnel and
‘‘pushed’’ the underground structure up. The cutoff walls
could reduce or even prevent such deformation and there-
fore the uplift of the subway tunnel in that case was much
smaller. Fig. 5c shows the movement of a soil particle 1.5 m
under the right corner of the subway tunnel. The squeezing
of soils and the effects of cutoff walls in reducing such
squeezing can be clearly seen from the figure.

The consolidation responses of the soil–structure inter-
action system are shown in Fig. 6. It could be seen in
Fig. 6a that the underground structure settled during soil
consolidation. However, the settlement was much smaller
than the uplift due to soil liquefaction for the case without
cutoff walls. Residual displacement of the subway tunnel
existed after soil consolidation, indicating the squeezing
of soil underneath it during earthquake loading. For the
case with cutoff walls, the settlement after earthquake
was larger than the uplift, leading to some net settlement
of about 1.2 cm. The dissipation of excess pore pressure
with cutoff walls was slower, as shown in Fig. 6b, due to
the existence of cutoff walls that hindered the dissipation
of excess pore pressure laterally. Observing the differences
in the maximum and residual displacements, it can be seen
that the existence of cutoff walls also reduced the settlement
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during soil consolidation, which is consistent with the find-
ings by other investigators (e.g. [17]).

3.2. The effects of cutoff walls under different magnitudes of

earthquake excitation

It is clear now that the installation of cutoff walls could
reduce the ‘‘squeezing’’ of the surrounding soils underneath
the subway tunnel and hence alleviate the uplift. But can
the cutoff walls inhibit the development of excess pore pres-
sure and prevent total liquefaction of the soils surrounding
the subway tunnel? Different magnitudes of earthquake
excitation were used to analyze the cases without and with
cutoff walls (1.5-metre-thick and 0.0 m away from the sub-
way tunnel with E = 400 MPa) to answer this question.
Fig. 7 shows the developments of excess pore pressure at
the location 3 m right below the subway tunnel. Clearly,
under small amplitude of earthquake excitation, the cutoff
walls could inhibit the build-up of excess pore pressure.
However, under large earthquake excitations, the excess
pore pressure in the case with cutoff walls was even larger
than that in the case without cutoff walls.

The stress–strain relationships and the stress paths at the
same location are given in Figs. 8 and 9, respectively. It can
be seen that the cutoff walls could reduce the magnitude of
shear deformation but the minimum mean effective pres-
sure p 0 was even smaller in the cases with cutoff walls under
large earthquake excitations. The reason lies in the fact
that, first of all, the excess pore pressure in the case with
cutoff walls was even larger; and secondly, the lateral effec-
tive stress was found to be larger than the vertical one for
the case without cutoff walls during earthquake excitation
due to the ‘‘squeezing’’ of soils underneath the subway
tunnel.

It is also interesting to note that the effects of cutoff walls
increase with an increase in the magnitude of earthquake
excitation, as shown in Fig. 10. The uplift ratios were
obtained by dividing the uplifts with cutoff walls by those
without cutoff walls.

3.3. The mechanisms

The mechanism of uplift of underground structures in
liquefiable soil during earthquake is now clear. The devel-
opment of excess pore pressure led to a rapid decrease in
the stiffness of the surrounding soil. The small effective unit
weight made the underground structure be prone to uplift
due to the differences in the total vertical pressure acting
on it. The deformation or ‘‘flow’’ of the surrounding soil
due to its small stiffness led to the ‘‘squeezing’’ of soil
underneath the underground structure and ‘‘push it further
up’’. The deformed mesh in Fig. 5a and the soil particle
movement in Fig. 5c both indicate this mechanism. The
finite element analysis results are in consistent with the
analysis of uplift mechanism in Schmidt and Hashash [12].

The working mechanism of cutoff walls can also be
explained based on the finite element analysis results. It
could be seen in Fig. 7 that cutoff walls could not always
inhibit the development of excess pore pressure underneath
the underground structure. Cutoff walls could reduce the
shear deformation in the soil, as indicated in Fig. 8. And
under small earthquake excitation, the smaller shear defor-
mation would lead to lower excess pore pressure. However,
at relatively large shear deformation, the loose Nevada
sand used in the analysis would dilate, as can be seen in
the experimental results in Arulmoli et al. [26], which is also
the property of most sandy soils at medium loose condi-
tion. The relatively small shear deformation amplitudes
in the cases with cutoff walls were therefore not necessarily
preferable in inhibiting the development of excess pore
pressure. Observing the excess pore pressures in Fig. 7,
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the stress–strain relationships in Fig. 8, and the stress paths
in Fig. 9, it could be seen that the large cyclic shear defor-
mations in the cases without cutoff walls could lead to the
liquefaction of saturated sandy soils due to the large vol-
ume contraction tendency upon unloading [29], while for
the cases with cutoff walls, although the volume contrac-
tion tendency upon unloading might be smaller due to
the smaller shear deformation amplitudes, the soil tended
to contract upon loading, in contract to the cases without
cutoff walls. The transmission of earthquake energy by cut-
off walls when the soil liquefies may also contribute to the
higher excess pore pressure in the case with cutoff walls.
The soil could also liquefy with cutoff walls installed, and
the speed and magnitude of excess pore pressure develop-
ment were even larger for the cases with large earthquake
excitation, as shown in Fig. 7.

The paradox between Zheng et al. [16] and Adalier et al.
[17] could now be explained. The soil and its density used in
the centrifuge shaking table tests in Adalier et al. [17] were
similar to the ones used in the present study. And with rel-
atively large input excitation (up to 0.3 g sinusoidal wave),
the excess pore pressure development in the case with cutoff
walls would not be smaller than in the case without cutoff
walls. While in Zheng et al. [16], the experienced
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earthquake in the investigated location was rather small
(amax = 0.16 g), the excess pore pressure was then smaller
in the case with cutoff walls due to the very small shear
deformation. The situation may be different with very loose
sand, as in the case in Ninomiya et al. [14]. Very loose sand
would contract even at large shear deformation, which
explains the smaller excess pore pressure in Ninomiya
et al. [14] with cutoff walls installed. However, as indicated
above, for most medium loose sand, which is more relevant
in most cases, the phenomena found in this study would be
more possible to occur.

In summary, cutoff walls could reduce the shear defor-
mation of liquefiable soil subjected to earthquake excita-
tion; however, whether they could inhibit the development
of excess pore pressure depends on three factors: (1) the soil
type; (2) the relative density of the soil; and (3) the magni-
tude of earthquake excitation. It would not be accurate to
state that whether cutoff walls could or could not inhibit
excess pore pressure development without referring to these
three factors. Nevertheless, cutoff walls could restrain the
deformation of liquefiable soil and hence reduce the damage
due to soil liquefaction, e.g., the uplift of underground
structures.

4. Design parameters of cutoff walls

The effectiveness of cutoff walls in alleviating the uplift
of underground structures due to earthquake induced liq-
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Fig. 11. Pressure envelopes acting on the outer and in
uefaction has been demonstrated. Based on the working
mechanism as discussed in last section, the design parame-
ters for cutoff walls could also be analyzed, including the
pressures acting on the cutoff walls, the locations, the mod-
ulus, the thickness, and the coefficient of permeability of
cutoff walls. Only the lateral positions of cutoff walls were
discussed, since it could be easily understood that cutoff
walls must be penetrated into the non-liquefiable soil layer
to certain length and enclose the liquefiable soil underneath
underground structures to be effective.

4.1. The pressures acting on the cutoff walls during

earthquake

The total lateral pressures acting on the cutoff walls were
investigated with different magnitudes of Kobe earthquake
excitations, ranging from 0.2 g to 0.8 g. In order to study
the effects of earthquake characteristics, sinusoidal waves
that lasted 10 seconds with a frequency of 2 Hz were also
used, with a magnitude ranging from 0.1 g to 0.4 g. The
total lateral pressure includes the effective earth pressure
and the pore water pressure.

The pressure envelopes acting on the outer and inner
sides of the left cutoff wall (relative to the underground
structure) are shown in Figs. 11a and b, respectively. It
can be seen that the total lateral pressures increased with
an increase in the excitation amplitudes. The frequency
characteristics of earthquakes had small effects on the pres-
sures. Under small earthquake excitations, the pressures
closer to the ground surface increased significantly due to
soil liquefaction while those at deeper depth increased only
slightly, indicating that the soils there were not liquefied.
Under large earthquake excitations, the slope of the lateral
pressure on the outer side was the unit weight of the lique-
fied soils (19.2 kN/m3), which was in consistent with Yosh-
imi [30], and that of the pressure on the inner side was also
approximately the same, which was larger than the value
used in Yoshimi’s analysis [30]. It was assumed in his anal-
ysis that the overburden stress underneath the under-
ground structure was smaller due to the small effective
unit weight of the underground structure and was uni-
formly distributed at the same depth. However, from the
finite element analysis results, the overburden stress was
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not uniform at the same depth below the underground
structure and the one close to the side of the tunnel was
almost the same as that in the far field of the tunnel, which
explains the phenomenon shown in Fig. 11. However, the
pressures on the outer side with large earthquake excitation
were larger than the hydrostatic pressure of the liquefied
soils, which might be due to the dynamic effect observed
in the experiments by Tamari and Towhata [31].

It must be pointed out that the precise moments when
the maximum pressure acting on the outer and inner sides,
respectively, were not exactly the same, and that the pres-
sures at those moments were slightly smaller than the enve-
lopes at some locations, but the differences were very small.
For design purpose, the pressure envelopes could be
assumed as the maximum pressures and occur at the same
time on the outer or inner side of the cutoff walls simulta-
neously. The pressure differences on the outer and inner
sides of the left cutoff wall are shown in Figs. 12a and b
for Kobe excitations amax = 0.8 g and amax = 0.6 g, respec-
tively. The pressure difference for the case with larger
earthquake excitation was larger as expected. The pressure
differences might be explained by the so-called dynamic
effects in Tamari and Towhata [31], since the accelerations
of the soils surrounded by the cutoff walls were smaller. But
the factors influencing the magnitude of the difference and
its calculation must be further investigated, but it could be
seen that the pressure difference was not large, even under
large earthquake excitations. Nevertheless, the effects of
lateral spreading due to earthquake induced liquefaction
on the lateral pressure were not investigated in the present
study. Things would certainly be different if there was lat-
eral spreading.

4.2. The effects of lateral cutoff-wall locations

The effects of the lateral locations of cutoff walls on the
uplift the underground structure are shown in Fig. 13. It
could be seen that with an increase in the distance of the
cutoff walls away from the subway tunnel, the uplift
increased rapidly. This could simply be explained by the
fact that although the cutoff walls prevented the flow of liq-
uefied soils in the far field, the deformation of the liquefied
soils between the cutoff walls and the subway tunnel still
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Fig. 12. Pressure differences on the outer
squeezed the underground structure to uplift. The results
indicated that the construction or installation of cutoff
walls must be as close to the protected underground struc-
ture as possible in order to be effective.

4.3. The effects of cutoff-wall modulus and thickness

The Young’s modulus of the cutoff walls were varied
from 100 MPa to 600 MPa to investigate the influences of
cutoff-wall modulus, the results of which are shown in
Fig. 14. It could be seen in Fig. 14a that the uplift of the
underground structure reduced with an increase in the
modulus. The higher stiffness of cutoff walls could better
inhibit the deformation of liquefied soils, and as shown in
Fig. 14b, the build-up of excess pore pressure was also
smaller, indicating that higher stiffness could also restrain
the excess pore pressure development. Similar to the effects
of cutoff-wall modulus, the increase of cutoff-wall thickness
would also reduce the tunnel uplift, as can be seen in
Fig. 15a. Its influence on the excess pore pressure was also
similar, as shown in Fig. 15b. The dependence of uplift on
cutoff wall thickness was approximately linear.

4.4. The effects of cutoff-wall permeability

The effects of cutoff-wall permeability were finally ana-
lyzed and are given in Fig. 16. Similar to the experimental
findings in Tanaka et al. [11], the drainage paths provided
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by the cutoff walls could restrain the build-up of excess
pore pressure and accelerate its dissipation after earth-
quake loadings, as shown in Figs. 16a and b. Accordingly,
the uplift of the subway tunnel was smaller with larger
coefficient of permeability, as shown in Figs. 16c and d,
but the amount of final settlement was larger, as can be
seen in Fig. 16d. Surely, the coefficient of permeability must
be large enough to be effective. In the analyses, the uplift
for the case with k = 6.6 · 10�3 cm/s was even slightly lar-
ger than that for the case with k = 6.6 · 10�6 cm/s, which
might be due to some numerical issues. It would also be
interesting to compare the net displacements of the subway
tunnel, which was obtained by subtracting the displace-
ments at the end of consolidation from the maximum
uplifts. For the base case, the net displacement was
5.2 cm, while for the case with k = 6.6 cm/s, it was about
4.4 cm. The net displacement of the subway tunnel was
smaller with additional drainage paths provided by the cut-
off walls.

5. Conclusions and discussions

The uplift mechanism of underground structures in liq-
uefiable soils under strong earthquake excitations and the
working mechanism of cutoff walls in alleviating the uplift
were analyzed using fully coupled finite element method.
The liquefiable soil was simulated using a generalized plas-
ticity model that had been proved to be able to reproduce
the salient features of sandy soils including pressure depen-
dency, cyclic liquefaction and cyclic hardening. The lateral
pressures acting on the cutoff walls during earthquake exci-
tations, the influences of cutoff-wall location, modulus,
thickness, and permeability were analyzed to examine the
various design parameters necessary for cutoff wall design.
The consolidation responses of the soil–structure system
after earthquake excitation were also investigated. From
the numerical analyses, the following conclusions can be
obtained:

(1) The uplift of underground structures in saturated liq-
uefiable soils during strong earthquakes can be
explained by three factors: the small effective unit
weight of underground structures, the development
of excess pressure and the flow of liquefied soils
towards the underneath of underground structures.
The small effective unit weight of underground struc-
tures and the excess pressure build-up only establish
the necessary conditions of uplift. Uplift can be inhib-
ited if the flow or deformation of liquefied soils is
prevented.

(2) Installation of cutoff walls next to underground struc-
tures and sufficiently penetrated into the underlying
non-liquefiable soil can restrict the liquefaction
induced uplift. Cutoff walls prevent the flow or defor-
mation of liquefied soil from squeezing the under-
ground structure to uplift, and they reduce the shear
deformation in the enclosed soils, but it cannot always
inhibit the development of excess pressure. In compar-
ison with the case without cutoff walls, the magnitude
of excess pore pressure of the enclosed liquefiable soils
may be larger or smaller, depending on the soil prop-
erties and earthquake excitation magnitude.

(3) Underground structures may settle during the consol-
idation process after earthquakes and the existence of
cutoff walls can reduce such settlement. However, if
the uplift during earthquake loading is large due to
flow of liquefied soils, the magnitude of settlement
is smaller than the uplift; while for the cases with cut-
off walls, the magnitude of settlement may be larger.

(4) The lateral pressures acting on the outer and inner
sides of cutoff walls may both be approximated using
straight lines with the total unit weight of the adja-
cent liquefiable soils as slopes if the soils are suffi-
ciently liquefied in strong earthquakes. However,
the pressure on the outer side is larger due to the
stronger dynamic effect.

(5) Cutoff walls must be constructed as close as possible to
underground structures to be effective. Their stiffness,
either in modulus or in thickness, is critical and must
be large enough. And the drainage paths provided by
cutoff walls with large coefficient of permeability can
accelerate the dissipation of excess pore pressure and
reduce the uplift of underground structure.

Although cutoff walls can restrain the uplift of under-
ground structures during earthquake loadings and the cor-
responding settlement afterwards, they are not able to
inhibited the development of excess pore pressure in many
cases and totally eliminate the vertical displacement of
underground structures. Therefore, the method usually
must be combined with other measures, both structurally
and geotechnically, such as stronger reinforcements in the
underground structures, soil densification, gravel drainage,
and so on. And in order to establish a rational design
method for cutoff walls, the net lateral pressure acting on
them must be further investigated.
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