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ABSTRACT: Earthquake-induced ground failure can cause uplift in buoyant underground structures,
including shallow tunnels. While much research has looked at the seismic response of tunnels in liquefiable
soils, less attention has been given to their response in soft clays. This is of interest as structural and ground
failure has also been observed in fine-grained soils in the field, owing to the degradation of their strength and
stiffness with cyclic loading. As such, it is important to understand the effects of this cyclic softening on a
buried structure’s ability to resist uplift during an earthquake. In this study, dynamic centrifuge experiments
were conducted to investigate the effects of seismic loading on a shallow rectangular tunnel buried in a soft
clay. With each test, the undrained shear strength of the clay was varied, yielding differing dynamic responses.
Particle image velocimetry analysis showed that the seismic response of a tunnel in soft clay is distinct from
its well-investigated counterpart in sandy soils, even when tunnel uplift does occur. While similar displacement
mechanisms occurred, as the clay retains some stiffness, clay above the tunnel heaved together with the tunnel,
resulting in similar vertical displacements between the surface and the tunnel. Lateral movements were also
significant due to the high compressibility of clay, even when uplift was minimal. These findings highlight the
value in studying the seismic response of tunnels in clay, even if less critical than liquefaction in terms of
uplift.

resisted by the shear resistance along the tunnel side
walls Fi,, and the soil along a slip plane Fj,.

1 INTRODUCTION

With ever-growing demands for infrastructure in
densely populated areas, underground space is \4
continually being utilised for transport and utility
systems. Examples include the construction of \
shallow tunnels for underground railway lines. In all F 57 \
buoyant underground structures, seismic failure can
occur in the form of uplift due to earthquake-induced |
ground failure. Following the vertical slip model by J 1
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Trautmann et al. (1985), their susceptibility to uplift
can be determined by considering the vertical forces F,,
acting on it, as shown in Figure 1.

In static conditions, the buoyant force acting on a
tunnel F} is resisted by the weight of the tunnel F; and F B T T F e
the overlying soil Fj, resulting in a ground bearing
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w

pressure beneath the tunnel invert Fgp,. The factor of
safety FoS of a tunnel against uplift can be expressed
by the following equation:
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Under dynamic conditions, excess pore pressure Fe,
may be generated, and the net upward force will be

Figure 1. Vertical forces on a tunnel buried in saturated
soil.

The most critical case involves the liquefaction of
loose, saturated, sandy soils, where rapid cyclic
loading results in a significant loss in strength and
stiffness. In seismically active cities founded on
liquefiable soil, several cases of liquefaction-induced
uplift has been observed in shallow tunnels and other
light underground structures (Tokimatsu et al., 2013;



Franco et al., 2018). This has led to considerable
research on the effects of earthquake-induced
liquefaction on buried structures (Tsinidis, 2020). In
the centrifuge, research has been carried out
considering tunnel floatation in a single soil stratum
(Chianetal.,2014; He etal., 2025), as well as in more
complex profiles based on field conditions (Yang et
al., 2004; Chou et al., 2011). These studies mostly
focused on saturated sand strata, where the loss of
soil stiffness was driven by the buildup of excess pore
pressures F.,, and consequent liquefaction.

In clays, strength and stiffness degradation under
cyclic loading is also possible, although generally to
a lesser degree. This process is known as cyclic
softening (Idriss et al., 1978) and has also played a
significant role in structural and ground failure, e.g.,
during the 1999 Chi-Chi Earthquake (Tsai et al.,
2014) and the 1999 Kocaeli Earthquake (Okur et al.,
2008). With respect to Figure 1, this would affect the
shear resistance of the clay Fy,. However, the high
strain rate associated with seismic loading has also
been shown to increase undrained shear strength,
possibly compensating for the degradation associated
with cycling (Ishihara et al., 1983; Lefebvre &
LeBouef, 1987). There is a need for further
experimental studies that explore the displacement
response of a buried structure due to cyclic clay
strength degradation, particularly under the rapid
dynamic conditions expected during an earthquake.
The type of cyclic loading (earthquake, wind, wave)
and laboratory testing method (triaxial vs direct
simple shear) has been shown to affect cyclic shear
strength (Andersen, 2009).

This presented an opportunity to study the seismic
behaviour of a soft clay in the centrifuge, and its
impact on the resistance of a buried tunnel against
vertical and lateral movement. The highly nonlinear
stress-strain behaviour of soil can be captured
without making prior assumptions about failure
mechanisms (Schofield, 1980; Madabhushi, 2014).
This study aimed to investigate the following: how
would a shallow tunnel behave in a clay that has the
potential for cyclic softening during shaking? Given
the differences in flow characteristics of a softened
clay compared to liquefied sand, would its movement
patterns differ during uplift? Could its high
compressibility result in notable lateral movements,
even if resistance to uplift is maintained?

2  METHODOLOGY

Two dynamic centrifuge tests were conducted using
the Schofield Centre Turner beam centrifuge at the
University of Cambridge. This experimental method
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has been wused extensively in geotechnical
investigations: when subject to an acceleration of N
g, areduced 1:N scale physical model experiences the
stresses and strains expected from a full-scale
prototype (Schofield, 1980; Madabhushi, 2014).

To observe movements in the tunnel and
surrounding clay in plane strain conditions, a rigid
window container was used with dimensions 500 x
360 x 250 mm. With consideration of boundary
effects, an acceleration of 80 g was decided to
produce a prototype of a 4 x 8 m rigid double box
concrete tunnel, representing a metro tunnel with two
railway lines, buried in a 20 m thick clay stratum.

2.1  Model design

The objective of the tests was to induce sufficient
strength and stiffness degradation in a volume of clay
under cyclic earthquake loading for a shallow buried
tunnel to undergo dynamic movements. In
consideration of the critical uplift failure mechanism,
the main design parameters of these tests were as
follows:

o the cover depth of the tunnel

e the undrained shear strength of the overlying

clay

As a first step to provide a baseline for structural
failure under the “worst” conditions possible, the
tunnels were wished-in-place in a single clay stratum,
without the remediation measures expected in the
field (e.g., overlying the tunnel with a denser
backfill). Table 1 presents these key properties for the
two centrifuge models, and their resulting static FoS
against uplift. The tunnel cover depth was maintained
across the models, while the undrained shear strength
of the clay was varied. These two models are hereby
referred to as “soft clay” and “very soft clay”.
Although the cover depth was consistent between the
two models, the different unit weights of the soft and
very soft clay result in varying static FoS values.

Table 1. Model design parameters.

Model ID Tunnel Overlying  Static FoS
cover clay su
depth (m) (kPa)
Soft clay 3.2 11.0 1.18
Very soft 3.2 34 1.13
clay

2.2 Model preparation

As it is difficult to scale reinforced concrete
(Madabhushi, 2014), the concrete prototype tunnel
was modelled using equivalent aluminium sections,
such that its bending stiffness per unit length EI was
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N? times smaller than the concrete prototype. Scaling
was based on the weak axis Eli in consideration of
vertical uplift. Table 2 summarises the properties of
the concrete tunnel prototype and the aluminium
model. A flexibility ratio F of 0.1 to 0.3 was
determined for the soft and very soft clays used in this
study (Wang, 1993), indicating that the tunnel is rigid
relative to its surrounding soil (F<1). This was
confirmed by the PIV analysis.

Table 2. Prototype and equivalent model tunnel
properties.
Tunnel parameter Prototype Model at 80 g
Height (m) 4.064
Width (m) 8.128
Wall thickness (m) 0.460 0.128
Young’s Modulus £ 25 70
(MPa)
Flexural stiffness El 0.729 x 108
(MNm?/m)
Axial stiffness £4 3.314 x 103 2.821 x 103
(MN/m)

The double box tunnel model was made by bolting
two hollow 6082 T6 aluminium alloy sections, with
all joints sealed with silicon for waterproofing.
Polytetrafluorocthylene (PTFE) sections were added
at each end to reduce friction between the tunnel and
container, with movement markers applied on its
front face as shown in Figure 2. MEMS
accelerometers were also superglued onto the tunnel
to measure horizontal and vertical accelerations.

Figure 2. Aluminium model tunnel.

Laboratory-grade speswhite kaolin clay was used
in this study, as commonly adopted in centrifuge
experiments due to its relative permeability
minimising the consolidation time required in flight.
Table 3 presents their relevant index properties
recently determined at Schofield Centre (Chan,
2020).

Proceedings of the ICPMG 2026

For each model, the clay layer was prepared using
both incremental mechanical loading and suction-
induced seepage consolidation outside the centrifuge
(Robinson et al., 2003), from an initial slurry state at
approximately twice the liquid limit. This helped
achieve an increasing strength profile expected in the
field. Pre-consolidation was done directly in the
window container with its front face replaced by a
rigid aluminium plate, and the final top load applied
to the soft and very soft clay models were 80 kPa and
40 kPa, respectively. In both models, a target suction
pressure of -70 kPa was applied at the base of the
container. Prior to consolidation, water pump grease
was applied to the back and side walls of the
container, with clear silicon grease on the front. This
minimised the effects of friction during both
consolidation and shaking.

After consolidation, the clay layer was trimmed at
the surface to its designed height, and the tunnel was
installed through the front face by removing clay
along the depth of its cross section. Piezo-electric
accelerometers and pore pressure transducers were
installed at the free-field and below the tunnel, as
shown in Figure 3. Finally, dyed black Hostun HN31
sand was applied on the front face as seeding for PIV
analysis on the clay body (White et al., 2003).

Table 3. Index properties of speswhite kaolin clay.

Parameter Value
Liquid limit LL (%) 75.0
Plasticity index P/ (%) 41.8
Specific gravity G; 2.61
Compression index 4 0.19
Swelling index x 0.07

’ MEMS ACCELEROMETER

<> PIEZO ACCELEROMETER ® PPT

Figure 3. Model schematic.

2.3 In-flight characterisation and test
sequence

Once accelerated to 80 g, the models were given 60
minutes to consolidate, after which the undrained
shear strength s, and small-strain stiffness Gy of the



clay was determined using the T-bar (Stewart and
Randolph, 1991) and air hammer test (Ghosh and
Madabhushi, 2002), respectively. Pore pressure
measurements were used to estimate the effective
stress of the clay with depth, enabling predictions of
these strength and stiffness parameters as shown in
Figure 4.

The s, profiles obtained from the T-bar compared
reasonably well with estimations based on effective
stress, plasticity and OCR (Wroth, 1984). This was
determined by applying the standard T-bar bearing
factor of 10.5, recommended for general use in deep
penetration conditions (Randolph, 2004), to the
measured pressure on the penetrometer. Shear wave
velocity Vi values obtained from the air hammer test
also yielded Gy ranges around those by Hardin and
Drnevich (1972) as well as Viggiani and Atkinson
(1995). Overall, these results validated the
effectiveness of the 1 g consolidation methods to
achieve the increasing profiles with depth, as well as
the low strength ranges desired in the surrounding
clay.

oCR s, (kPa) G, (MPa)
0 5 10 0 10 20 30 00 10 20 30

Soft clay

Soft clay, T-bar % Soft clay, air hammer
Very soft clay |

= = - = Soft clay, Wroth (1984) - - Soft clay, Hardin & Dmevich (1972)
Very soft clay, T-bar s Soft clay, Viggiani & Atkinson (1995)
- - - = Very soft clay, Wroth (1984) % Very soft clay, air hammer
= == = Very soft clay, Hardin & Drevich (1972)
e Viery soft clay, Viggiani & Atkinson (1995)

Figure 4. OCR, undrained shear strength and small-strain
stiffness profiles.

The models were then subjected to earthquake
motions of increasing intensity using the servo-
hydraulic shaker designed by Madabhushi et al.
(2012). Table 4 summarises the peak ground
accelerations recorded in each model. Apart from
EQ1 where slightly different sine sweep motions
were applied, very consistent shaking amplitudes
were measured in both models.

Table 4. Earthquake sequence.

PGA (g)
1D Type Fre((};;)ncy Soft (‘\g’ery
clay soft clay
EQ1  Sine sweep 100 -0 0.06 0.04
EQ2 Kobe - 0.17 0.17
EQ3 Sine 0.11 0.11
EQ4 (15 cycles) 1 0.18 0.18
EQS 0.24 0.24
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“Simple” sinusoidal base motions have been
criticised for overly emphasising certain aspects of
the soil’s response (Kutter, 1995). However, they are
not unrealistic either, as shown from the 1985
Mexico City and 1989 Loma Prieta earthquake
(Schofield & Steedman, 1992). In this study, the
sinewave motions (EQ3 to EQS5) with a maintained
frequency allowed for clear trends in soil and tunnel
behaviour to be observed with respect to shaking
amplitude.

3 RESULTS AND DISCUSSION

In both models, the effects of cyclic softening were
observed during the 0.1 g < PGA < 0.25 g series of
15-cycle sinewave motions fired at 1 Hz (EQ3 to
EQ5). While significant tunnel uplift was only
observed in the very soft clay model, lateral
movements were considerable in both models. The
following sections detail the deformations observed
in both the tunnel and the surrounding clay, as well
as the changes in acceleration and pore pressure
associated with cyclic softening and tunnel uplift.

3.1 Dynamic soil response

3.1.1

The effects of cyclic softening are observed as a
gradual attenuation of horizontal accelerations over
shaking cycles. An example of this acceleration time
history is shown in Figure 5. This is also presented
along the depth of the clay layer in terms of
amplification ratio in Figure 6, which includes the
response at the free-field as well as the tunnel axis.
The amplification profile along the tunnel axis also
includes the horizontal acceleration measured
directly on the tunnel crown.

Before any degradation occurs, there is an initial
continuous amplification of accelerations upward
along the clay layer. However, during a sufficiently
strong earthquake, the shear strength of the clay is
exceeded by the mobilised shear stresses, and the clay
yields. These shear stresses generated can be
estimated from acceleration measurements according
to Garala & Madabhushi (2018). Depending on the
strength of the overlying clay, these limited
accelerations can then either amplify or attenuate
upward.

In the soft clay, cyclic softening was observed at
the shallowest accelerometer in the free field at z/H =
0.14, and below the tunnel at z/H = 0.43. However, at
this tunnel axis, amplification persisted upwards,
with an increased acceleration initially measured on
the tunnel crown, before the reduction observed over

Acceleration
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time. This indicated that cyclic softening occurred at
the tunnel level as well.

In the very soft clay, cyclic softening was more
pronounced. At the free field, significant attenuations
were observed over cycles at zZH = 0.2 during EQ3,
as well as at zZH = 0.4 from EQ4 onwards. Similar
observations were made at the tunnel axis, and the
significant reduction in horizontal acceleration at the
tunnel crown corresponded with large uplift (shown
in subsequent sections). Measurements on the clay
surface above the tunnel showed that they largely
followed the acceleration response of the tunnel as
they heave together. This will be shown in Section
3.2.

The amplification profile shows a progressive
degradation trend in clay accelerations from the
initial point of yielding. With increasing shaking
amplitude, there is an increase in both the degree of
attenuation at a given depth over cycles, as well as in
the size of the attenuation zone with depth. The
tendency of the clay to either amplify or attenuate
accelerations with depth and time has considerable
influence on the accelerations experienced by the
tunnel. In fact, the initial amplification ratio at the
tunnel crown significantly varies between the soft
(1.3 to 1.5) and very soft clay (0.2 to 0.8) from EQ3
to EQS.

Acceleration (g)
o

o 5 10 15 20 25 30
Time (s)

Figure 5. Attenuation of accelerations in very soft clay
during EQA4.

Free field Tunnel axis

amax/amax‘base amax/amax‘base

0 05 1 15 0 0.5 1 15

Tunnel crown
LIS

0.2 0.2

04 04

—*— EQ2, peak
—*— EQ3 first cycle l«‘
- =% - EQ3 last cycle
—*— EQ4 first cycle
08 |- =% - EQ4last cycle
—*— EQ5 first cycle
- % - EQ5 last cycle

0.6 06
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2H
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Figure 6. Amplification ratio at free field and tunnel axis.
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3.1.2  Pore pressure

The cyclic degradation of soft clays is also associated
with excess pore pressure developments (Andersen et
al., 1988). Figure 7 presents the pore pressure
readings measured below the tunnel in the soft and
very soft clay, along with the vertical displacements
of the tunnel measured from EQ3 to EQS5.

In the soft clay, the gradual accumulation of pore
pressure increases with shaking intensity. This is
combined with the fatigue loading that results in the
gradual destructuration and weakening of the clay
(LeBoeufetal., 2016), as observed in the acceleration
response. In the very soft clay, dynamic pore pressure
initially follows the trend observed in the soft clay.
However, suction is induced as the tunnel ratchets
upward above the clay, offsetting this buildup in
excess pore pressure. This results in an eventual
downward trend in excess pore pressure
corresponding with the onset of tunnel uplift.

Soft clay Very soft clay

N
3
8

200
—EQ3
EQ4 150
EQ5

a
8

100

Tunnel uplift
Displacement (mm)
3
8

Excess pore pressure
below tunnel
Pressure (kPa

0 10 20 30 0 10 20 30

Base acceleration
Acceleration (g
o
o

0 10 20 30 0 10 20 30
Time (s) Time (s)

Figure 7. Pore pressures recorded under the tunnel
corresponding to variable uplift.

The dynamic excess pore pressures captured from
EQ3 to EQ5 range from 10-30 kPa in the soft clay.
At this depth, the effective stress estimated in the clay
prior to shaking was around 66 kPa. This would
suggest a maximum excess pore pressure ratio of
around 0.45, which appears similar to values
obtained from cyclic triaxial tests on soft clays
(Matasovic & Vucetic, 1992). However, there is
some level of uncertainty in these recorded pore
pressures. In dynamic tests, vibrations of the
transducer itself relative to the soil body can also be
registered as dynamic pressure. These cyclic
pressures were not recorded for the smallest
earthquake (EQ3) in the soft clay, which could
suggest a decoupling (or detachment) between the



transducer and the soil during subsequent
earthquakes, although an overall increase in pore
pressure over time was still observed. Further
investigation is required to ascertain the true nature
of these dynamic excess pore pressures; however,
long-term dissipation after shaking suggests that the
overall excess pore pressure buildup was truly
recorded.

3.2 Dynamic tunnel response

The soil’s dynamic response showed that cyclic
softening occurred in the surrounding clay. With
respect to the vertical forces shown in Figure 1, these
implied a reduction in Fy, and a buildup of Fe,p,
respectively, giving cause for tunnel uplift. This
section details the dynamic movements of the tunnel
and surrounding clay determined from GeoPIV-RG
analysis (Stanier et al., 2016), focusing on EQA4,
where significant uplift was first observed in the very
soft clay model (see Figure 7).

3.2.1

In all cases, significant tunnel movement was
observed with the onset of shear failure in the
surrounding clay. Figure 8 presents the vertical and
horizontal movements of the tunnel during EQ4. The
vertical and horizontal displacements are also
compared against those of the overlying clay surface
and the adjacent soil, respectively.

Tunnel displacements

Very soft clay

Soft clay

"
]
3

Tunnel, LHS |
- - = - Clay surface

s
=]

o
=)

Vertical displacement (mm)

Snﬁw‘ﬂﬂfwmmrw )
-50+ Tunnel, LHS -50
- - - = Adjacent clay

Tunnel, LHS
- - - = Adjacent clay

<100 -100
0 10 20 30 0 10 20 30

Time ()

Horizontal displacement (mm)
o

Time (s)

Figure 8. Tunnel vertical and horizontal displacements
during EQA.

In the soft clay, the tunnel underwent minimal uplift,
although some cyclic vertical displacements were
captured both at the tunnel and the clay surface.
However, significant uplift was observed in the very
soft clay, following the ratcheting response seen in
previous studies on the dynamic behaviour of
shallow rectangular tunnels. The rate of uplift was
quite uniform with shaking cycles, and resulted in a
total uplift of approximately 150 mm (4.7% of the
tunnel’s cover depth) that was maintained after
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shaking concluded. This was also followed by uplift
at the overlying clay surface, although to a lesser
extent.

Regardless of uplift magnitude, significant lateral
displacements were seen in the tunnel. The
magnitudes of these displacements were very large (+
50 mm) and were significantly higher than that of the
adjacent clay. This could be due to the high
compressibility of the clay that results in the tunnel
being able to push considerably into the adjacent
clay. This is quite concerning, even when compared
to similar configurations in liquefiable sand; for a
similar range in static FoS against uplift, these lateral
movements measured in soft clays are approximately
twice of those in loose saturated sand, even when
liquefaction caused much larger tunnel uplift (He et
al., 2025).

322

While not associated with tunnel uplift, flow-type
failure induced by cyclic softening has been observed
in saturated clayey soils during earthquake loading in
the field (Tsai et al., 2022; Cetin et al., 2024). With
respect to tunnel uplift, this is typically observed in
liquefied sands through circular displacement
“loops” on both sides of the tunnel. This was
investigated in the soft and very soft clay as shown in
the vector plots in Figure 9.

Associated clay displacement

Soft clay, EQ4
o \\\\*"”/”"\\\\\\\\\
§§§§\\\\*-‘””’;~\\\\\\ NNES
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- —_— e e
4 SN SSSSN —
N I I I
61 NN ~-~
N ul
8F + v vy [SRRNRN
........................
JOE & ¢ e e e e e e e e e e
b
B 0 5 10 15 20 25
> Very soft clay, EQ4
of ._~\[‘\f/—-..“,.‘.
\ -
Al TP S
2 O ) I\ T T N W
‘\\\\\\\\ Sy
APy vV N N NN R
RN Y SV 00000
LI T AV A A
VAN AN N vttt
BEY S NNNN SN SSS S LR R A A Y
AN AN NN~ e e et r s e
P
D

x(m)

Figure 9. Soil vector plots for EQ4.

In the soft clay, considerable displacements were
observed within a wide inclined zone spreading out
from the base of the tunnel to the clay surface. This
could suggest a longer shear plane than the vertical
ones assumed in Figure 1, and could be why the
tunnel resists uplift in spite of cyclic softening. This
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would be similar to the mechanism considered by
Chou et al. (2011) concerning the shear failure of soft
clay beneath the BART tunnel. In this configuration,
the clay surface largely follows the tunnel’s limited
uplift, while settlement occurs at either side of the
tunnel up to the depth of the tunnel crown.

In the very soft clay, the tunnel undergoes
significant uplift relative to the surrounding clay.
However, unlike the typical displacement loops
observed in sand, the overlying clay is not pushed
aside. Instead, the block of clay directly above heaves
together with the tunnel, resulting in considerable
vertical displacements at the surface as well. While
the circular loops are present, they are much smaller
than the circular flow mechanism observed in
liquefied soil as the clay does not lose all stiffness.
This could suggest a greater risk of surface heave for
a buried structure uplifting in clay. Furthermore, as
the tunnel uplifts, the clay is unable to fill the
resulting cavity underneath, leaving a uniform gap
between the base of the tunnel and the clay as shown
in Figure 10. In liquefied soil, the infill of this void
has been seen to drive additional upward

displacement (Yang et al., 2004; Chian et al., 2014)
as soil wedges under the lower corners of the shaking
tunnel.

Figure 10. Surface heave and gap below tunnel in very soft
clay from EQ4.

4 CONCLUSIONS

This study investigated the vertical and lateral
movements of a rectangular tunnel in soft clay under
earthquake loading, and the associated displacements
of the surrounding clay. Two dynamic centrifuge
tests were conducted on tunnels buried a shallow
depth in speswhite kaolin clay models with varying
low undrained shear strength profiles.

Although the initial design approach considered
uplift due to cyclic softening, significant lateral
movements were consistently observed as well.
These persisted across two modes of failure observed
with varying degrees of vertical tunnel movement. In
contrast to liquefied sand, where tunnel uplift is of
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primary concern, there is a greater tendency for
lateral movement in soft clays. For tunnels passing
through multiple soil strata, this could cause
significant damage to circumferential joints as
individual segments undergo varying ratcheting
responses, both vertically and horizontally.

These findings show that while less severe than its
sister response in liquefiable sandy soils in terms of
uplift, the seismic response of a soft clay-tunnel
system is unique, even as no uplift occurs. It is worth
investigating this further, as well as the seismic
response of mitigation measures that are largely
designed to resist the upward movement of a buoyant
tunnel.
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