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ARTICLE INFO ABSTRACT

Keywords: It is important to determine the dynamic behaviour of underground structures under cyclic loading for the
Tunnel floatation seismic underground structural design. The dynamic response of such underground structures is further
Liquefaction

complicated when considering the interaction with surface buildings. This paper presents a series of dynamic
centrifuge tests and 2D numerical modelling to investigate the dynamic response of a shallow cut-and-cover
rectangular tunnel and the nearby building in the liquefiable sandy ground. Dynamic soil responses such as
the wave propagation and excess pore pressure are successfully captured in both centrifuge testing and numerical
modelling. Tunnel uplift, building settlement and soil deformation are determined by the particle image
velocimetry (PIV) technique. Results show the existence of the nearby building can cause significant effects to the
tunnel lateral movement and tunnel rotations. The tunnel floatation mechanism is also discussed with a
simplified vertical force equation. In addition, the presence of the buried tunnel causes non-uniform settlement
distribution along the building range. The comparison of the experimental, numerical building settlement with
the analytical and empirical estimations proves the limitation of these methods in considering the building

Cut & cover tunnel
Soil-structure interaction (SSI)

interaction with other structures.

1. Introduction

The development of underground tunnelling in urban areas has
become more frequent, due to the growth of demand of space for utility,
highway, and railway transportation in congested urban spaces. Shallow
cut-and-cover tunnels are preferred in urban spaces as these are cheaper
to build and technologically more straight forward to construct. Further,
the cost of constructing a tunnel increases significantly with depth.
However, these shallow tunnels can be close to the foundations of
existing structures in an urban environment. During a strong earth-
quake, there can be a strong interaction between the tunnel and the
foundations of nearby buildings. Recent seismic events, such as the 1995
Kobe earthquake in Japan [1], the 2008 Wenchuan earthquake in China
[2], and the 2023 Turkey-Syria earthquake [3] indicated that under-
ground structures are susceptible to be damage under cyclic loading.

In the past decades, many researchers have focused their research on
the understanding of the dynamic tunnel response subjected to the
seismic load. Hashash et al. [4] reported a summary of the seismic un-
derground structures design, the current understanding on the seismic
behaviour of underground structures and the demand for further
research. This state-of-the-art review has been updated by Tsinidis et al.
[5]. Seismic loading on tunnels can lead to two major safety concerns,
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namely the soil-structure-interaction (SSI) effects such as tunnel lining
structural damages due to the seismic inertial forces; and in loose,
saturated soils, the floatation of buried structure due to the generated
excess pore pressures within the soil. Seismic tunnel response has been
investigated using both physical modelling and numerical analyses.
Cilingir and Madabhushi [6] studied square tunnel lining response and
earth pressures with different tunnel lining flexibility in dry, loose sand.
The circular tunnel response is also studied by Cilingir and Madabhushi
[7,8]. However, it should be noted that most of the underground
structures are not constructed in free field condition but located in
congested urban areas in the proximity of other surface structures. It is
necessary to consider a variety of surcharge load distribution at the
surface, such as different types of the building foundation, and the road
pavement to simulate a more realistic scenario. Earthquake-induced
building settlements have been widely investigated by Dashti et al. [9,
10]. This work built the basis of understanding the dynamic building
behaviour without any underground structures. Dashti et al. [11] and
Hashash et al. [12] investigated the influence of both midrise and
high-rise structures on the adjacent underground braced excavations
during the earthquake through a series of centrifuge tests and 3D nu-
merical modelling. This research is quite important during the con-
struction phase of a project where the braced excavations are
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vulnerable. Results presented the criticality of the building induced
lateral load to the underground structures seismic response and the
non-linearity of the loading distribution. Bilotta et al. [13] studied the
dynamic behaviour of the shallow tunnel structures adjacent to existing
surface buildings as part of the SERA project, and this work has been
extended by Miranda et al. [14] with a series of the dynamic centrifuge
testing.

Tunnels are also vulnerable when located in loose, saturated soils
due to the occurrence of soil liquefaction. Tunnel floatation due to
horizontal cyclic loads in saturated soil has been widely observed from
the dynamic centrifuge testing by Chian and Madabhushi [15]; the 1-g
shaking table testing by Watanabe et al. [16] and Taylor and Madab-
hushi [17]; and the 2D finite element analysis for rectangular tunnels by
Madabhushi and Madabhushi [18]; and for circular tunnels by Chian
etal. [19]. Chou et al. [20-22] tested the uplift of a cut-and-cover tunnel
in the BART Transbay Tube (TBT) project at California, using centrifuge
testing and considered a geologically realistic soil profile. Due to the
variety of the soil properties along the longitudinal tunnel profile, two
centrifuge tests conducted in the BART projects have implemented two
different free-field soil material and considered the differentiation of the
refill soil property to simulate a more realistic construction sequence.
Adalier [23] and Yang et al. [24] assess the seismic design of the George
Massey Tunnel at Vancouver through a series of centrifuge tests and 2D
numerical modelling. The model tunnel had a thin layer of asphalt above
the crown but without any overburden soil to simplify the field condi-
tions. The static factor of safety against floatation can be determined to
be ~1.06 by considering the aluminium model self-weight, buoyancy
force and the sidewall soil interface frictional resistance. Their test re-
sults establish the efficacy of ground densification and gravel drainage
zones in mitigating the liquefaction induced uplift of this very buoyant
tunnel. Pore pressures in the soil body are built up during the earthquake
as expected, leading to full or partial liquefaction. The floatation is even
more serious when the tunnels are buried at shallow depth due to the
low vertical resistance against uplift.

This research aims to investigate the floatation mechanism of a
shallow cut-and-cover rectangular tunnel, and the interaction between
the tunnel, soil, and adjacent building foundation during the strong
horizontal cyclic loading, through a series of the geotechnical dynamic
centrifuge tests and 2D numerical modelling. One of the novelties of this
research is the use of high-speed image and PIV analysis to observe soil
deformation around the tunnel and under the foundation during seismic
loading. In this research, the tunnel is buried with an overburden soil
layer present above the crown, as would be the case in many practical
applications.

2. Centrifuge modelling

Geotechnical centrifuge modelling is a well-established tool to
investigate underground structures in many previous research projects.
It can simulate similar prototype soil non-linear stress and strain con-
ditions in a 1: N scaled down model by centrifugal accelerating the

Table 1

Scaling laws for centrifuge tests, Schofield [25].
Parameters Model/Prototype Dimensions
Length 1/N L
Mass 1/N° M
Stress 1 ML~ IT?
Strain 1 1
Force 1/N? MLT 2
Seepage velocity N LT !
Time (seepage) 1/N? T
Frequency N LT !
Acceleration N LT 2
Velocity 1 LT !

Note: N, scaling factor.
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model in N g-level, following the scaling laws shown in Table 1. Scho-
field [25]. proven the model soil stress error in the centrifuge is
acceptable. Three dynamic centrifuge models are tested in the Turner
beam centrifuge with a rotational radius of 4.125 m at the Schofield
Centre, Cambridge University. Testing g-level was 60 g for all three tests.
Further concepts of the Geotechnical centrifuge operation and details of
the Turner beam centrifuge are described by Schofield [25] and
Madabhushi [26]. It must be noted that other scaling relationships such
as Iai et al. [27] are reported literature for 1-g shaking table tests. These
are not applicable to dynamic centrifuge tests where gravity is scaled by
factor of N to obtain prototype stress and strain. Iai et al. [27] do not
scale gravity but instead scale stress and strain differently.

2.1. Structural design

This research aims to study the dynamic response of a shallow
rectangular cut-and-cover tunnel adjacent to the building structures
subjected to earthquake loading. The model tunnel is designed to
simulate a two-lane twin rectangular cut-and-cover tunnel with single
square section of 6 m x 6 m at the prototype scale. This dimension is
commonly seen in the design of one-lane passage motorway tunnel. The
tunnel structure is manufactured by gluing two 100 mm x 100 mm
aluminium square hollow sections with 2 mm thickness. Tunnel lining is
modelled as 120 mm thick aluminium plates at the prototype scale,
which is equivalent to 300 mm thick concrete sections with equivalent
bending stiffness. The flexural stiffness (EI) and axial stiffness (EA) of the
tunnel section at the prototype scale are 2.568 x 106 MN m?/m and
4.113 x 10° MN/m, assuming the concrete stiffness as 25 GPa and the
aluminium stiffness as 70 GPa. The cross-sectional views of the tunnel at
the prototype and model scales are manifested in Fig. 1. Both edges of
the tunnel are sealed and inserted into the polytetrafluoroethylene
(PTFE) plates to reduce the transverse friction between the tunnel model
and the container. The PTFE inserts at the ends do not contribute to the
structural stiffness of the model tunnel due to the flexible, silicone
sealant used. The surface building structure has been simplified as a
rigid raft foundation aluminium block with 100 mm span and 30 mm
high. The block contact face has also attached with a 2 mm PTFE plate
for the same purpose to reduce the transverse sectional friction. This
block is equivalent to approximately 50 kPa surface surcharge to the
beneath soil under 60 g. This contact pressure simulates the structural
weight of a two-story residential building with raft foundation thickness
of 0.5 m, width of 6 m and height of 7 m (3.5 m per story). No live load
and designed loading combination are considered. A reference marker
matrix is attached to both building and tunnel model to trace the
structural and soil movements by adopting Particle Image Velocimetry
(PIV) method. Fig. 2 presents the location of the tunnel and building
model in test ZAO3.

2.2. Test preparation

In this research, all three centrifuge tests are prepared with loose
Hostun HN31 sand [28,29] by adopting an automatic sand pouring
machine described by Madabhushi et al. [30]. The details of the sand
property are shown in Table 2. Tests are placed in the window testing
container that is manufactured by aluminium with a rigid Perspex
observing window panel in the front face. Many previous researchers
[15,19,6-8] have utilized this type of testing container to capture the
buried structures behaviour through the Perspex with a high-speed
camera. A servo-hydraulic shaker described by Madabhushi et al. [31]
was used to apply the earthquake input motion to the centrifuge model.
In order to minimize the wave reflection during the cyclic loading from
the rigid container boundary, 30 mm thick deformable Duxseal are
placed on both edges of the container that can approximately reduce at
least 65 % of the boundary wave reflection [32]. A summary of the test
configurations is shown in Table 3. A sinusoidal input motion with 10
cycles of shaking and peak ground acceleration (PGA) at the bedrock
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Fig. 1. Cross-sectional views of the prototype and model tunnels.
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Fig. 2. Completed model of test ZAO3 before spinning.

Table 2

Hostun sand material properties
Parameters Value
@orie (degrees) 33"
Dio (mm) 0.209
Dsp (mm) 0.335
€min 0.555"
€max 1.01°%
Gs 2.65"
K (m/s) 1x 103"

2 Data from Mitrani [29].
b Data from [28].

level of around 0.2 g is selected from the testing sequence to analyse the
dynamic soil and structural behaviour. This input motion generates
sufficient cyclic shear strain amplitude in the saturated soil to generate
significant excess pore pressures, and the structures suffer floatation in
the case of the model tunnel and settlement in the case of the raft
foundation respectively. In Fig. 4, the input motions generated in each of
the centrifuge tests are shown. The same input motions were used in the
corresponding dynamic finite element analyses. The input motions were
applied to the numerical model at the base nodes as an acceleration-time
history to ensure direct comparison of the numerical results with the
centrifuge test data.

For two saturated tests ZA02 and ZAO03, the sand is saturated with
high viscous methyl cellulose fluid that are prepared at the designed
viscosity (N = 60) for satisfying the model scaling law so that the rate of
excess pore pressure generation and rate of pore pressure dissipation
post-earthquake are matched [26]. Tunnel static factor of safety (FoS)
against floatation are determined as 1.46 for ZA02 and 1.17 or ZA03 by
adopting a simplified vertical FoS equation shown in eq [1], where Fy is
the tunnel buoyant force, Fr is the tunnel structural self-weight, Fgy; is
the soil effective overburden stress. This is a preliminary determination
to ensure the designed tunnel buried depth is reasonable, that the tunnel
should not float under static conditions.

_ Fsoil +Fr <

FoS
o Ty

1 [1]

The soil shear contribution of a monotonic pipe has been investi-
gated by assuming two vertical slip surfaces on the pipe edge [33,34],
and been improved by including the soil dilation effect [35]. However,
the slip surface for the rectangular shape tunnel is still under investi-
gation. The preliminary FoS calculation in this series of centrifuge tests
did not consider the slip surface frictional resistances by assuming the
tunnel aluminium sidewall friction is neglectable, therefore the static
FoS is underestimated.

Four types of instruments are installed in the tests, as shown in Fig. 3.
Piezo accelerometers are buried in the free field (under the building
block for ZA03), and adjacent to the tunnel lining to obtain the dynamic

soil shear wave propagation during the earthquake. The
Table 3
Centrifuge tests configurations
Earthquake ID Earthquake Building Block Tunnel Buried Depth Soil
Type Frequency (Hz) Duration (s) Peak acc. (g) Installation Distance to Tunnel Saturation RD (%)
ZA01_EQ4 Sinusoidal 1 ~10 0.24 No - 0.75D Dry 49 %
ZA02 EQ3 Sinusoidal 1 ~10 0.21 No - 0.75D Saturated 41 %
ZA03_EQ2 Sinusoidal 1 ~10 0.21 Yes 1D 0.5D Saturated 43 %

Note: D = 100 mm.
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Fig. 3. Typical centrifuge model layouts: a) without building block for ZA01 and ZA02; b) with building for ZA03.
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Fig. 4. Sinusoidal input motions applied to the centrifuge tests ZA01, ZA02 and ZA03.

micromechanical system accelerometers (MEMs) are attached on the
tunnel crown and sidewall to capture the tunnel structural acceleration
and the rotation. The linear variable differential transformers (LVDT)
are placed on the ground surface and top of the building block (for
ZA03) to obtain the surface ground movement and the building settle-
ment. The pore pressure transducers (PPT) are buried (for ZA02 and
ZA03) adjacent to piezo accelerometers and attached along the tunnel
lining to capture the excess pore pressure in the sand. In addition, the
Particle Image Velocimetry (PIV) technique is implemented to trace the
soil, tunnel and building movements. This involves a high-speed camera
fixed in front of the Perspex, and an image-based MATLAB script Geo-
PIV_RG [36].

2H

=

H = 22m

3. Numerical modelling

Numerical modelling based on finite element analyses in time
domain has been proven as an effective tool to undertake complex
geotechnical and SSI problems. The current study presents the numeri-
cal analyses carried out using a 2D generalized plasticity based finite
element code SWANDYNE under plane strain assumption, developed by
Chan [37]. This formulation is based on the unconditionally stable
generalized Newmark method that solves the fully coupled Biot’s
equations. Details of the functionality of the SWANDYNE code are
comprehensively described by Madabhushi and Zeng [38], Madabhushi
and Madabhushi [18].

The finite element discretization is conducted in four distinct zones,

~
=

2H

25 -

v GWT

20

Nodes tied to right boundary

Nodes tied to left boundary

20 30 40
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60 70 80 90 100

Base nodes fixed

Fig. 5. Typical FE mesh discretization with applied boundary conditions.
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namely the loose sandy soil stratum, the soil-tunnel interface elements,
the rectangular tunnel transverse section, and the building block as
shown in Fig. 5. All elements are quadrilateral with 8 solid nodes with 9
Gauss points each, for capturing the displacements and accelerations at
solid nodes and in-situ stresses and strains at the gauss points. A
reasonable dense gridding partition is considered close to the tunnel and
the surrounding foundation soil to minimize numerical integration er-
rors. The free field extends more than twice the width of the tunnel-
building system to avoid any boundary effects due to wave reflections.
However, in the free field the mesh density is reduced to have optimal
computational efficiency. Slip elements were used at the tunnel-soil
interface. For saturated analyses, each soil element has 4 additional
fluid nodes overlain on corner solid nodes to create a fluid mesh to
determine the pore pressures. Solid nodes along the bottom of the model
are fully fixed in both horizontal and vertical directions. This enables the
input motion to generate vertically propagated shear wave from the base
of the model. The model side boundaries with the same y-coordinates
are “tied” together, which means they experience the same displacement
and acceleration.

Haigh et al. [39] investigated the effect of different time steps in
capturing the non-linear dynamic saturated soil behaviour and recom-
mended that the error will be reduced to less than 5 % if there are more
than 10-time steps are used for the shear wave to traverse the smallest
discretized element. The time step adopted in this study is 0.1 ms by
assuming an average soil shear velocity of 150 m/s, which takes
approximately 10 times more travel time to propagate shear wave
through the smallest finite element.

3.1. Constitutive models

It is important to capture the key features of the cyclic behaviour,
such as the excess pore pressure generation, liquefaction, and permanent
deformation. A generalized plasticity bounding surface model P-Z Mark
III model (defined as DEPOSF model in SWANDYNE [37], developed by
Paston et al. [40]; is implemented in the dynamic time step analysis.
This model has been widely used by previous researchers [37,39,38] in
studying the dynamic saturated soil response. The P-Z Mark III model

defines the plastic potential in eq [2], where the p/ is the mean effective
stress; q is the deviatoric stress; M is the slope of the critical state line
(CSL), which is regarding the soil friction angle and Lode’s angle; «, and

Ppg are constant.
N %
1_<£> H 21
Dy

6(pa.p) = {q - MgP'(1 +°<lg>

The model yield surface is assumed to have the same shape as the
plastic potential surface and therefore is defined similar to eq [2] but
with another group of parameters, - namely My, « and py. Parameters /3,
and f, are adopted to calculate the plastic modulus during the loading
period, and the parameter y,, is adopted to calculate the plastic modulus
during the unloading period. Details of model parameters is shown in
Table 4 and have been fully explained by Zienkiewicz et al. [41]. The
values adopted for the current analyses were based on previous work on
shallow tunnel floatation by Madabhushi and Madabhushi [18]. Ray-
leigh damping is considered in this numerical analysis with mass and
stiffness matrix coefficients as supplemented in Table 4. Same Rayleigh
damping coefficients were used in the LEAP-GWU projects that can give
about 20 % of damping ratio for the driving frequency of 1 Hz [42].
Other recently developed constitutive models for the geotechnical
earthquake engineering, such as the SANISAND model developed by
Dafalias and Manzari [43]; and the PM4SAND model developed by
Boulanger and Ziotopoulou [44] are recommended for the further
development and comparison.

Soil Dynamics and Earthquake Engineering 182 (2024) 108693

Table 4

Parameters adopted in the P-Z Mark III model
Parameters Symbol Value
Slope of the CSL for plastic potential M, 1.15
Slope of the CSL for yield surface My 0.85
Dilatancy parameter for plastic potential g 0.45
Dilatancy parameter for yield surface ¢ 0.45
Plastic modulus on loading (Pa) Hioading 600
Plastic modulus on unloading (Pa) Huynloading 4% 10°
Permanent deformation parameter during unloading YHu 2
Permanent deformation parameter during reloading YoM 0
Shear hardening parameter 1 Bo 4.2
Shear hardening parameter 2 A 0.2
Size parameter 1 Py 0.5
Size parameter 2 Dg 0.5
Rayleigh damping coefficient a 3
Rayleigh damping coefficient p 0.05

4. Dynamic soil response
4.1. Soil acceleration time history

The measured free-field soil accelerations time history with corre-
sponding Fast Fourier Transforms (FFTs) at different depth for test ZA01
and ZA02 are shown in Fig. 6. In this figure, the frequency content of the
input motion remains unaltered at different depths in both dry and
saturated sand. In the saturated test, the soil response at shallow depth
has reduced significantly after the first 2 cycles of shaking. This is an
evidence that the soil is liquefied and therefore it is harder to transfer
any shear waves once liquefaction has occurred. In the dry test, as the
horizontally polarized shear (Sp) waves propagate upwards towards the
soil surface, they amplify with an amplification factor of around 1.3
between the bedrock and the soil surface. This can be seen as a higher
peak response at frequency of 1Hz shown in the FFT plots. Comparing
soil response in test ZAO1 and ZA02, it can be seen that the accumulation
of excess pore pressures in the soil medium plays a significant role in
effecting the propagating shear waves, as expected.

The comparison between the numerical simulated soil horizontal
acceleration time history and the centrifuge test output are discussed for
test ZAO3 and presented in Fig. 7. The acceleration time history recorded
at the base of the centrifuge test container is adopted as the input motion
of the numerical model. A good agreement is observed between the
centrifuge test results and the numerical simulation outputs, both in
term of the horizontal acceleration amplification and the frequency
content. The reduction of the saturated soil wave propagation has been
successfully captured in the numerical model, this proves the efficacy of
the FE code with the corresponding constitutive model in simulating the
realistic soil dynamic response.

The existence of the building foundation on the surface nearby
causes a significant difference in the soil liquefaction ratio at the shallow
depth. However, the additional constant overburden stress from the
building block self-weight does not mitigate the reduction of the soil
dynamic response. This is supported by Fig. 8, where the soil shear wave
propagation and the excess pore pressure generation below the building
location are compared. It can be observed that the soil is fully liquefied
in test ZA02, as the excess pore pressure is approximately equal to the
residual effective stress shown in the black dashed line. In contrast, the
soil in test ZAO3 does not generate sufficient excess pore pressure to
reach the full liquefaction (red dashed line) due to the presence of the
building. The soil horizontal wave propagations show good agreement
in both test ZA02 and ZA03 without the two peak initial spikes prior to
occurrence of liquefaction. It is interesting to see that while the excess
pore pressure below the building foundation only reached about half of
the initial effective stress value, the shear wave propagation is severely
impeded as reflected by the attenuated accelerations reaching the
building foundation.
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Fig. 6. Acceleration time history with corresponding FFT, test ZAO1_EQ4 and ZA02_EQ3.

4.2. Excess pore pressure

Based on the classic soil effective stress principle by Terzaghi [45];
liquefaction can be defined as the reduction of the effective stress caused
by the generation of excess pore pressures. These excess pore pressures
are generated due to the tendency of soil to undergo volumetric
contraction due to shear stresses under cyclic loading. A liquefaction
ratio R, introduced by Seed and Lee [46] is adopted to study the soil
liquefaction at different depths. It is determined as the ratio between the
soil excess pore pressure ugx(t) and the initial effective confining stress

o;o such that:

Ru(t) = 22V 3]

Oyo

The liquefaction ratio beneath the building at the different depths for
the test ZA02 and ZA03 are shown in Fig. 9. In this figure, it can be seen
that the free-field soil near the surface and at the tunnel depth in test
ZAO02 is fully liquefied after the first 2 cycles of shaking, where the soil at
the deeper depth with a higher confining pressure takes more cycles to
accumulate sufficient excess pore pressure to be fully liquefy. In
contrast, in test ZAO3 the soil at the same locations but beneath the
building are not fully liquefied due to the additional vertical loads from
the building self-weight. This leads to the monotonic shearing move-
ment of the soil as the building settles, inducing further dilatant
behaviour from the soil. However, this phenomenon becomes less
obvious at the deeper locations due to the reduction in the effect of
surface surcharge with depth. This is indicated by the increase of the
liquefaction ratio from around 0.55 near the surface to 0.71 at the model
base. Fig. 10 presented the comparison of the shallow soil liquefaction

ratio above the tunnel axis. The building-induced soil dilatant behaviour
is also observed away from the building range due to the additional
lateral earth pressure as the soil cannot reach fully liquefied with the
presence of the adjacent nearby building.

The numerical simulation outputs are compared with the centrifuge
data for the test ZA02 and ZA03, also shown in Fig. 9. The accumulation
of excess pore pressures and the effect of the building vertical load are
captured well in both tests. The soil liquefaction ratio shows good
agreements with the centrifuge data. However, the rate of numerical
excess pore pressure generation is slower than the centrifuge data. This
aspect, while interesting, may not influence the final outcome substan-
tially as the magnitude of excess pore pressures are captured well.

4.3. Soil deformations

Soil deformations and consequent tunnel movements are of primary
concern for shallow tunnels in liquefiable soils. The soil deformations
around structures are investigated by utilizing the Particle Image
Velocimetry (PIV) technique. An image-based MATLAB script Geo-
PIV_RG designed by Stainer et al. [36] is adopted to analyse the model
images obtained from a high-speed camera in front of the Perspex
window (see Fig. 2). The cumulative soil deformation around the tunnel
and the building (for ZA03) are presented in Fig. 11a and b. Based on
these plots, it can be seen that the overburden soil above the tunnel
crown has been pushed upward due to the tunnel floatation. For test
ZA02 with a greater overburden depth and vertical floatation FoS, this
soil uplift is accommodated in the soil above the tunnel, before reaching
the soil surface. This is evidence that the saturated soil condition during
the earthquake shaking is not fully undrained as there are plastic volu-
metric deformations occurring before the end of the earthquake. In test
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Fig. 7. Comparison of the acceleration time history with corresponding FFT for test ZAO3_EQ2 and numerical model.

ZA03 with a lower floatation FoS and the smaller overburden depth, the
soil above the tunnel moves upwards as seen in Fig. 11b. In addition, the
soil at the bottom tends to fill the “gap” below the tunnel invert, which is
presented by the circular loop on the right side of the tunnel. This leads
to the soil dilation below the tunnel invert, and suction of the soil pore
pressure.

The existence of the nearby building introduced significant soil set-
tlement. An additional circular loop is formed around the top corner of
the tunnel caused by the significant soil lateral movement, which can be
observed in Fig. 11b. This can cause rotation of the building and the
tunnel and will be discussed in the following sections. More lateral
movements are observed along the tunnel right sidewall and indicated
the tunnel has been pushed away from the building. This might lead to
an increase of the soil lateral pressure, following an increase of the
tunnel lining bending moments. Further PIV analyses also give the soil
vertical deformation, which are presented in Fig. 12a and b. Soil
densification has been encountered above the tunnel and below the
building block. The presence of the tunnel has caused non-uniform
building settlement and building rotation.

In addition, the soil shear strains are determined by discretizing the
analysed image as a series of the triangular elements with a MATLAB
script GEOSTRAIN_RG designed by Stainer et al. [36]. The soil linear
cumulative shear strains after 4 cycles of shaking are presented in
Fig. 13a and b. Note that the scales in these two figures are not the same.
Significant soil shear strains are observed above the tunnel and along the
tunnel sidewall for both tests.

Combining with the analyses of the soil deformations, it can be seen
that the tunnel subjected to the earthquake loading can cause densifi-
cation effect to the soil above the tunnel due to floatation and the soil
along the tunnel sidewall due to the tunnel inertia force. The presence of

the building significantly enhanced the soil shear movement along the
tunnel sidewall. A shear band between the tunnel sidewall and the
building is formed which indicates a change of the soil slip surface.
Lateral soil movements are observed on the edge of the building,
following the building rotation towards the tunnel axis. This failure
mechanism is similar to the one proposed by Dashti and Bray [47] as the
partial drainage during the earthquake affects the hydraulic gradients.

5. Dynamic structural response
5.1. Dynamic tunnel movement

Tunnel movements during the earthquake are investigated through
the unique marker attached to the tunnel PTFE plate. Fig. 14 presents
the trace of tunnel movement subjected to the sinusoidal input motion
without and with the surface building. Amplifications of the tunnel
movement through each cycle of shaking are successfully captured.
Tunnel has cumulatively floated up to 0.11 m with the static vertical
floatation FoS of 1.46 in test ZA02, and up to 0.24 m with the static
vertical floatation FoS of 1.17 in test ZA03. This increase of the tunnel
floatation with reduced cover depth is consistent with the observation
from Chian and Madabhushi [15]. Tunnel has moved leftward by 0.05 m
without building and around 0.11 m with building. This indicates that
the tunnel has been ‘pushed away’ from the building, following an in-
crease of the lateral earth pressure along the tunnel sidewall. Tunnel
uplift time histories subject to the proposed sinusoidal input motions are
shown in Fig. 15, and the numerical simulation outputs show in well
match with the centrifuge observations.

In addition, the tunnel rotation time histories during the earthquake
are investigated by determining the vertical movements of two attached
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Fig. 8. Comparison of the soil horizontal acceleration, excess pore pressure time history beneath the building, test ZA02 EQ3 and ZA03_EQ2.

markers and presented in Fig. 16. During the earthquake, the tunnel
rotates in the same direction in both tests (test ZA0O2 and ZAO03).
Maximum rotation has increased from 0.45° to 0.53° due to the presence
of the building. This has also caused an increase of the residual rotation
by a factor of 1.4. Such a difference proves the unbalanced surface
surcharge exacerbates the tunnel rotation and lateral movement.

5.2. Tunnel floatation mechanism

It is necessary to investigate the force components acting on the
tunnel during the earthquake in order to obtain a further understanding
of the tunnel floatation. A simplified force mechanism acting on the
buried rectangular tunnel is illustrated in Fig. 17. The tunnel buoyant
force Fp is substantially greater than the tunnel structural self-weight Fr.
This upward force is resisted by the soil effective overburden stress Fsyj,
the soil shear contribution through the slip surface Fgp, and the tunnel
sidewalls frictional contribution Fsy. This leads to the force equilibrium
to ensure the tunnel is stable under static conditions, such that:

Fyet = Fsoil + 2Fsp + 2Fgyy +Fr —Fz = Q, >0 [4]

where Q, is the soil bearing pressure beneath the tunnel invert. During a
strong earthquake, the soil liquefaction-induced reduces the soil shear
contribution Fgp. In addition, the excess pore pressure difference be-
tween the crown and the base can also contribute to the tunnel floata-

tion. This is portrayed as an extra force component Fgxpp and can be
determined as the difference between the excess pore pressure acting on
the tunnel crown and invert, such that:

Fsoit + 2Fsp + 2Fsw + Fr < Fg + Fixpp [5]

_w _w
2 2
FEXPP = ﬁ fEXPPJnvert - A fEXPP,crown [6]
2 2

where frxpp is the excess pore pressure distribution along the tunnel
lining, w is the width of the tunnel. The vertical net force acting on the
tunnel during the earthquake can then be determined as shown in
Fig. 18. Tunnel vertical force equilibrium is discussed separately as three
phases, namely:

i) static stage before applying the input motion.
ii) during the input motion
iii) post-earthquake residual stage

Excess pore pressures around the tunnel crown and invert are
captured by two PPTs installed at these locations. Before the earthquake,
the tunnel static net force is equal to the soil bearing pressure beneath
the tunnel invert. This can be explained by the negative (downward) net
force before the earthquake. During the earthquake, the soil bearing
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Fig. 9. Excess pore pressure time histories beneath the building for test ZA02 _EQ3 and ZA03_EQ2.
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Fig. 11. Traces of soil displacements vector in the saturated soil (Model scale), a) without building (ZA02), b) with building (ZA03).

capacity is reduced to zero due to the tunnel floatation and the excess
pore pressure generation. Significant excess pore pressure generation in
the overburden soil layer occurs as seen in Fig. 9. It can be assumed that
for test ZA02, the soil interparticle frictional structure is completely
damaged due to the soil full liquefaction occurred during the

11

earthquake, hence the frictional resistance along the slip surface Fgp is
negligible during the earthquake. The net excess pore pressures vary,
following the oscillation of the tunnel floatation. After the earthquake,
the residual force component of the net excess pore pressure is less than
the total vertical resistance since the tunnel self-weight and the soil
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overburden effective stress remain constant during the earthquake, 5.3. Dynamic building response

which stops the tunnel uplift. It is expected that the slip surface frictional

resistances and the soil bearing pressure will slowly recover with the Early research conducted by Dashti and Bray [47] show that the
drainage of the excess pore pressures. earthquake induced settlement of the building with the shallow foun-

dation is primarily governed by the shear deformations from the
structure-soil interaction and the partially bearing failure of the soil
strength loss due to the soil liquefaction, as well as the partial drainage
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Fig. 13. Cumulative shear strain contour in the saturated soil after 4 cycles of shaking (positive as clockwise), a) without building (ZA02), b) with building (ZA03).

during the earthquake in effecting the hydraulic gradient. With the
presence of the adjacent buried rectangular tunnel, dynamic building
response also suffered by the building-tunnel interaction, as the tunnel
floatation during the earthquake can significantly affect the soil defor-
mation beneath the building.

Building settlement subjected to the earthquake loading are captured
by the LVDT placed on the top of the building block and by analysing the
attached marker on the PTFE with PIV technique. In summary, the
building settlement and rotation time histories as well as the numerical
simulated outputs are compared and manifested in Fig. 19. Building
rotates towards the tunnel direction, and the numerical simulation
shows good agreement with the centrifuge results. The maximum
building settlement captured in the centrifuge test is around 0.62 m with
a settlement difference of 0.12 m from the edge to edge of the building.

13

Ishihara and Yoshimine [48] suggested that building settlement from
0.3 m to 0.7 m is categorized as extensive damage and can cause large
cracks and spouting of sands. Furthermore, the building rotation due to
the non-uniform distribution of the settlement will significantly exac-
erbate the structural damage and reduce the building safety factor.
The empirical graph suggested by Liu and Dobry [49] has been
widely adopted in estimating the lower and upper limit of the surface
structure settlements. Other methodologies developed for estimating the
free-field settlement are also compared to the centrifuge results in
Table 5. Adamidis and Madabhushi [50]. investigated the dynamic
building response with different building width/liquefied soil depth
ratio (B/D;) and building-induced bearing pressures. The building
implemented in this study has a B/Dy, ratio of around 0.3 with bearing
pressure of 50 kPa, which is similar with the centrifuge test OA04
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Table 5

Estimated settlements from evaluation methods in comparison to centrifuge test results (Prototype scale)

Tokimastsu and Ishihara and Liu and Dobry ~ Adamidis and Madabhushi Building settlement (expt.) Building settlement (num.)
Seed [51] Yoshimine [48] [49] [50] — test OA04 (left/right) — test ZAO3 (left/right) — test ZA03
Building 0.47 0.81 1.37-6.06 0.46 0.62/0.5 0.44/0.38

Settlement (m)
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presented in Adamidis and Madabhushi [50].

The method of Tokimatsu and Seed [51] estimated the total volu-
metric strain of about 2.6 % for test ZA03 with relative density of 40 %
and maximum shear strain of 12 % beneath the building. The method
underestimated the actual settlement of the structure. Estimation from
Ishihara and Yoshimine [48] gives a further higher volumetric strain of
around 4.5 % with the same input parameters. Boundaries suggest by Liu
and Dobry [49] become completely unadoptable for the building with
low B/Dy, ratio. The effect of the nearby buried shallow tunnel to the
adjacent building mainly caused the non-uniform distribution of the
building settlement, leading to the rotation of the building. Tunnel effect
to the maximum building settlement is not clear by comparing the
building settlement reported in test OA04 from Adamidis and Madab-
hushi [50]. The numerical analyses conducted in this research
under-predicted both the building settlement and rotation in the pres-
ence of the tunnel, as seen in Fig. 19.

6. Conclusion

Considering the interaction between the surface and sub-surface
structures is necessary for a good understanding the dynamic tunnel
behaviour. In this study, a set of dynamic centrifuge tests and numerical
simulations are conducted to investigate the dynamic structural and soil
response subjected to the earthquake loading. The influence of the
nearby surface building and tunnel buried depth on the tunnel floatation
and soil excess pore pressure generation are studied.

The soil acceleration along various depths attenuated significantly
after the first 2 cycles of shaking due to the occurrence of liquefaction.
The tunnel floatation following the degradation of soil stiffness is a key
seismic design consideration, in particular for shallow underground
tunnels constructed using cur-and-cover method in saturated soil. The
existence of building surcharge mitigates the soil liquefaction in sub-
surface within the interaction zone between the tunnel and founda-
tion. More tunnel lateral movement occurred due to the increase of the
lateral earth pressure introduced by the building surcharge. This high-
lights the importance of considering a variety of surface structures and
their interactions with tunnels.

Tunnel vertical force mechanism is investigated during the input
motion. Vertical net force oscillated during the earthquake due to the
variation of the excess pore pressure time histories along the tunnel
lining. Building settlements during the earthquake are compared with
multiple empirical and analytical estimations as well as numerical an-
alyses. The comparison highlights the importance of the nearby buried
tunnel on the non-uniform settlement and consequent rotation of
foundations. Furthermore, the presence of the nearby building also in-
creases the tunnel rotation during and after the earthquake.

This research only studies the seismic dynamic tunnel-building
interaction based on the certain tunnel-building distance and buried
depth of the tunnel with a limited number of centrifuge tests. More
physical testing and numerical analyses are required to further under-
stand the effect of tunnel buried depth and relative tunnel-building
distance on the mechanism of the dynamic tunnel-building interac-
tion. An experimental campaign in this direction is currently underway.
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