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Abstract.

One of the leading causes for the damage of various underground structures during an earthquake is soil

liquefaction, and among this liquefaction-induced uplift of these structures is a major concern. In this study, finite-difference
modelling is carried out to study the liquefaction-induced uplift of an underground structure of 5 m diameter (D) with and
without the replacement of the in-situ fine sand around the structure with the coarse sand. Soil replacements are carried out by
three methods: replacement of soil above the structure, around the structure, and below the structure. The soil behaviour is
represented using the elastic-perfectly plastic Mohr-Coulomb model, where the pore pressures were computed using Finn-Byrne
formulation. The predicted pore pressure and uplift of the structure due to sinusoidal input motion were validated with the
centrifuge tests reported in the literature. Based on numerical studies, an empirical equation is developed for the determination of
liquefaction-induced maximum uplift of the underground structure without replacement of the in-situ sand. It is found that the
replacement of soil around the structure with 2D width and spacing of D can reduce the maximum uplift by 50%.

Keywords:
mitigation; replacement of soil

finite difference modelling; underground structure; liquefaction-induced uplift; pore pressure response;

1. Introduction

Due to the fast expansion of land use, the majority of the
newly built structures, including roads, metro tunnels, and
pipelines, are going underground. These structures are
essential for civic services and managing good quality of
life. In general, underground structures are exposed to
various natural and manmade challenges (Foriero and
Ladanyi 1994, Koseki et al. 1997a, Nobahar et al. 2007,
Huange et al. 2013, Williams et al. 2013, Roberta et al.
2016). However, they are more prone to damages when
subjected to strong ground motions. In general, numerous
factors influence the response of underground structures
subjected to earthquake loading (Chou et al. 2001,
Aydingun and Adalier 2003, Arango 2008, Yu et al. 2017).
Among these factors, the damages caused due to the
floatation of structures buried within liquefiable soil after
ground shaking is most detrimental. Such severe damages
in liquefiable soil were observed after numerous earthquake
events including the 1934 Nepal-Bihar earthquake (Murty
and Malik 2008), 1964 Niigata earthquake (Koseki et al.
1997a), 2007 Niigataken-Chuetsu-Oki earthquake (Onoue
and Toyota 2008, Tanaka et al. 2011), 2010 Canterbury
earthquake (Sherson ef al. 2015) and 2011 Tohoku Pacific
earthquake (Tokimatsu and Katsumata 2012).

In the past, research works on the soil-structure
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interaction, and the behaviour of various underground
structures with and without seismic effects have been done
extensively (Nagy et al. 2010, Chou et al. 2011,
Chakraborty and Kumar 2013, Chian and Madabhushi
2013, Mahdi and Katebi 2015, Emirler et al. 2016, Robert
and Thusyanthan 2016, Fabozzi et al. 2017, Singh et al.
2018, Yigit et al. 2018, Yatsumoto et al. 2019). Researchers
have conducted studies to investigate the uplift mechanism
of underground structures buried in liquefiable soil, which
are subjected to earthquake loading (Koseki et al. 1997b,
Ling et al. 2003, Ling et al. 2008, Chou et al. 2011, Chian
and Madabhushi 2012, Liu 2012, Bao ef al. 2017, Castiglia
et al. 2018, Stringer and Madabhushi 2007, Sudevan ef al.
2018, Sudevan et al. 2020). Koseki et al. (1997b) were one
of the first to point out that the uplift of the underground
structure during liquefaction is due to the lateral
deformation of the soil and the movement of the pore fluid
to the base of the structure. In the last few decades,
researchers have conducted experimental (Ling et al. 2003,
Yang et al. 2004, Tobita et al. 2011, Kang et al. 2014,
Watanabe et al. 2016) and numerical (Liu and Song 2006,
Ling et al. 2008, Liu 2012, Madabhushi and Madabhushi
2015, Bao et al. 2017) studies to understand the complete
uplift behaviour of the underground structure subjected to
seismic motion. These studies show that underground
structures suffered several damages after floatation due to
liquefaction. The primary reasons for underground structure
floatation are high excess pore water pressure and input
acceleration (Chian et al. 2014, Azadi and Hosseini et al.
20164, Singh et al. 2018, Sudevan et al. 2020). Some other
studies indicate that these uplifts are also dependent on the
embedment depth of the structure, the depth of liquefiable
soil below the structure, friction angle of the soil and
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characteristics of seismic loading (Azadi and Hosseini
2010b, Tobita et al. 2011, Yang and Wang 2012, Watanabe
et al. 2016).

The mitigation of the liquefaction-induced uplift of
various underground structures is critical for their optimal
performance. There are many traditional techniques to
prevent liquefaction of the soil which includes the soil
improvement by densification (Modoni et al. 2018, Olarte
et al. 2018, Mele et al. 2019), grouting (Ishii ez al. 2013,
Madoni et al. 2019), and dewatering (Yegin et al. 2007,
Mitsuji 2008). However, research works on the mitigation
of liquefaction-induced uplift is comparatively fewer. In the
available works, two techniques were commonly used to
reduce the displacement of the structure due to liquefaction
of the soil: 1) reducing the pore water accumulation around
the structure (Tanaka et al. 1995, Olarte et al. 2018), and ii)
accelerated dissipation of pore water from the vicinity of
the structure (Adalier et al. 2003, Orense et al. 2003,
Otsubo et al. 2016a, Otsubo et al. 2016b, Paramasivam et
al. 2018). Other methods for mitigating the liquefaction-
induced uplift includes providing barriers around the
structures to prevent the lateral movement of the soil near
the structure (Yoshimi 1998, Yasuda et al. 2004, Liu and
Song 2006) and stabilising using some weight above the
structure (Taeseri et al. 2016, Castiglia et al. 2017). More
recently, Castiglia et al. (2019) used geogrids to effectively
stabilise the liquefaction-induced uplift of a buried onshore
pipeline structure.

The method of densification by compaction restricts the
movement of pore water from the free field to the improved
region and thereby, it enables mitigation of underground
structures. Tanaka et al. (1995), from their experimental
studies, proposed a design procedure to determine the area
of densification required for effective mitigation of
liquefaction of sand. The effect of the relative density of the
soil was studied by Tobita et al. (2011). They reported a
large structural uplift in the case of loose sand, which
reduced slightly with an increase in the relative density of
soil. In recent research work, Olarte et al. (2018) utilised
the densification of soil to minimise the settlement of
framed structures on liquefiable soil effectively.

Few researchers have also investigated the effect of
accelerated drainage around the structure by replacing the
problematic soil with more permeable soil (Miyajima et al.
1992, Orense et al. 2003, Yang et al. 2004, Otsubo et al.
2016b, Mahmoud et al. 2020). The possible benefits of this
replacement of soil are that it accelerates the dissipation of
pore water from the vicinity of the structure, and the
replaced soil act as a stiffer material around the structure.
The centrifuge shake table experiments carried out by
Brennan and Madabhushi (2002) indicated that the gravel
drains dissipated the pore pressure more quickly because of
the shorter drainage path in the improved region. Adalier et
al. (2003), from their centrifuge study, concluded that the
combined effect of the densified wall and gravel drain on
both sides of the structure provided a suitable mitigation
design against the uplift of the buried structure. Orense et
al. (2003) highlighted the effectiveness of crushed stones,
without sand and fines content, as the drain material to
reduce the displacement of various underground structures
due to liquefaction of the soil. Otsubo et al. (2016b) studied

the effect of different recyclable materials for mitigating the
uplift of underground structures within liquefiable soil.
They reported that, among these materials, crushed glass
was most effective due to its higher permeability. Mahmoud
et al. (2020) reported that the combined use of gravel drains
near the structure and an impermeable layer below the
structure effectively reduced the liquefaction-induced uplift
of underground structures.

However, the mitigation of liquefaction-induced uplift
of underground structures using the replacement method
and the corresponding optimum parameters are scarcely
investigated in the open literature. The replacement method
is an easily employable mitigation method, and hence, it
needs to be comprehensively investigated. In this work, a
numerical study of uplift mitigation of the underground
structure by the replacement of in-situ fine sand with coarse
sand, along the length of the structure, is developed using a
finite difference code, FLAC3D (Itasca consulting group
2012). The effectiveness of this method is highlighted and
compared in terms of the pore pressure response developed
at different levels within the model. The model also predicts
the resulting liquefaction-induced uplift displacement of the
structure. In addition to that, studies on the continuous
replacement and replacement with regular intervals between
the replaced areas are carried out.

2. Description of the problem studied

In this work, a typical hollow underground structure of
diameter 5 m of concrete material embedded within a thick
homogeneous sand deposit overlying the bedrock is
considered. The sand considered in this study is the poorly
graded Houston fine sand (Chian and Madabhushi 2013).
The depth of embedment of the underground structure, 4, is
measured from the ground surface to the springing level of
the structure for three cases: 1.1, 1.3, and 1.5 times the
diameter of the underground structure (D), as shown in Fig.
1. The groundwater table is considered to the ground
surface. The relative density of the sand (D,) is varied from
45% to 65%. The experimental data from a large scale
centrifuge study on the uplift response of an underground
structure buried within a liquefiable soil, conducted by
Chian and Madabhushi (2013), was chosen for the
numerical simulation in the present study, and its geometric
layout is shown in Fig. 1. The prototype dimensions were
modelled using a 10 m diameter beam centrifuge at
Cambridge University. The experimental model consists of
a 240 mm thick homogenous Houston sand in an aluminium
window box container. A hollow circular structure of 75
mm diameter with closed-ends was buried at different
depths (1.1D, 1.5D) in a fully saturated soil medium. The
model was spun at a centrifuge acceleration of 100 g while
excited horizontally at the base.

The in-situ sand near the structure is replaced using
coarse sand to mitigate the liquefaction-induced uplift of the
underground structure. The coarse sand considered in the
present study is Fraction B sand. A continuous replacement
of in-situ sand of 2D width (measured perpendicular to the
axis of the structure) is considered in the present study.
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Fig. 2 Schematic view of the model with the replacement
method

Three schemes of replacement methods are considered,
and the geometric layout is shown in Fig. 2. In replacement
method 1, the in-situ sand till the springing level of the
structure (depth = /) is replaced by coarse sand, and in
replacement method 2, the in-situ sand around the structure
(depth = A+D) is replaced by coarse sand. In replacement
method 3, the in-situ sand below the springing level (depth
= D) of the structure is replaced by coarse sand. Apart from
the continuous replacement of the in-situ sand along the
direction of the structure, replacement of the in-situ sand
with regular intervals of D and 2D spacing along the
direction of the structure were also adopted.

3. Finite difference modelling

In the present study, numerical modelling of
liquefaction-induced uplift of an underground structure with
and without replacement of in-situ fine sand around the
structure with coarse sand is carried out using finite
difference code, FLAC3D (Itasca Consulting Group 2012).

In the numerical model, Cauchy’s equation of motion
(as represented in Eq. (1)) is used to estimate the stress and
deformation within the continuum body.

oo o,
OX ot

! +po0, =p

(M

where, g is the stress tensor, b; is the body force per unit
mass, p is the mass per unit volume of the medium, and
ov,

EI is the material derivative of the velocity. Initially, new
strain rates are computed from the known nodal velocities
for each zone. All the constitutive models have a similar
numerical algorithm, which can be represented by a general
equation, as shown in Eq. (2). These equations are invoked
to calculate the new stresses using the incremental form H";
from the strain rate and the stresses from the previous time.

o= H'j(oy, ey, k) )

where, ¢ is the co-rotational stress rate tensor, oj; is the
stress rate tensor, H'; is the constitutive function, Ag; is the
strain rate tensor, and k is a parameter which takes into
account the loading history. The strain rate tensors are
computed from the known velocity field component for
each zone using the finite-difference formulation as given in

Eq. ().
4
Aey =g >IN} +uin)s ©)

where, V is the volume of the zone, v/ is the translational
velocity at a material node, n'; over a time interval A4t. For a
large strain method, the stress tensors are corrected for
rotational strain as shown below,

Aoy = AO'”Y +A0'i? 4)

where, 40 is stress correction. Finally, for each time step,
from the previous velocity and forces, the equation of
motion is used to define the new nodal velocities and
displacements from which the new strain rates and stress
are calculated. These new stress and strain obtained are
used to update the force vector.

For fluid soil coupling, the pore pressure developed can
be evaluated to calculate the effective stress of the solid. In
the present study, the variables involved in the description
of the fluid flow through porous media are pore pressure,
saturation, and specific discharge. These variables can be
related through the fluid mass balance equation, Darcy’s
law for fluid transport, which can specify the fluid response
to change in pore pressure, saturation, and volumetric
strain. The substitution of this fluid mass equation into fluid
constitutive relations gives a differential equation in terms
of pore pressure and saturation as in Eq. (5).

1op noS 1
—_ + f—
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Mot pot
where, M is the Biot modulus (in N/m?), g, is the volumetric
fluid source intensity (in 1/5), n is the porosity, and a is the
Biot coefficient. The changes in the variation of the fluid
content are measured in terms of pore pressure (p),
saturation (S), and mechanical volumetric strain (¢). This
may be solved for a particular geometry, property,
boundary, and initial conditions. The final solution is
reached when the body is in equilibrium, and the out of
balance force becomes a very small value.

In the present study, a 40 m long, 1 m wide, and 24 m
deep continuum soil medium is considered. The main
criteria deciding the time and accuracy in the finite-
difference analysis is choosing the most appropriate type
and size of mesh (Gregor and Shobayry 2011). Radially
graded mesh called “radcylinder” is selected for the zones
around the cylindrical underground structure. The
remaining areas are meshed using brick elements. For
zoning, Lysmer and Kuhlemeyer (1969) proposed that the
maximum size of the spatial element, 4/, must not be
greater than one-tenth or one-eighth of the wavelength of
the input motion with the most significant frequency. The
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Fig. 3 Finite difference model used

Fig. 4 Three-dimensional finite-difference model with the
replacement method

accurate transmission of the wave is ensured by discretising
the entire domain with and without the replacement into
840 zones, taking this criterion into consideration. The
finite-difference model used for the underground structure
buried in the in-situ sand is represented in Fig. 3.

3D FD modelling of the wunderground structure
embedded on a 40 m long, 10 m wide, and 24 m deep
continuum soil medium is also performed to study the
various factors of replacement method influencing the
liquefaction-induced  uplift of the structure. The
underground structure is embedded at a shallow depth of
5.5 m from deep homogenous Houston sand with a relative
density of 52%. The entire 3D model is discretised into
15200 zones using brick elements of size 0.5 m in X, Y, and
Z directions near the base of the model and radially
cylindrical elements near the structure. The 3D FD model
used to study the factors affecting the uplift of the
underground structure with replacement method is shown in
Fig. 4.

Another essential criterion to be considered in the
numerical study is the boundary conditions. Before
considering the dynamic response of the structure, the entire
model has to be brought to its initial static equilibrium by
considering only the geometrical dead weight of the soil.
Hence, the whole model is fixed in X, Y, and Z directions at
the base, and the top is kept free. The lateral boundaries are
restrained in X and Y directions. To study the dynamic
response of the soil, the vertical boundaries are assumed to
be placed at a sufficient distance to minimise the reflection
of the outward propagation wave and to achieve a free field
condition (Chian et al. 2014). Additionally, the base is
considered as an impermeable boundary, whereas the
ground surface is considered as a free drainage boundary.

3.1 Material models

The behaviour of the sand in the present numerical study
is defined using an elastic-perfectly plastic Mohr-Coulomb
model. The development of pore pressure due to the ground
shaking is estimated using the Finn-Byrne formulation,
which is used along with the Mohr-Coulomb plasticity
model (Finn 1981, Byrne 1991, Azadi and Hosseini 2010a,
Sudevan et al. 2018, Sudevan et al. 2020). The pore
pressure developed is estimated by knowing the volumetric
strain increment, Adeggs, which is related to the cyclic shear
strain amplitude, y by a two-parameter equation, as shown
in Eq. (6) (Byrne 1991). From the normalised standard
penetration number (N;)so of the sand, the two parameters
for the estimation of the volumetric strain increment are
obtained using Egs. (7) and (8).

Ae &
*= C,exp(-C, — (6)
Ve

0.4

C,=—
2 Cl (7)
C1=8.7(N)eo"® ®
D,= 15(N1)g0"? 9)

where, D, is the relative density of the sand, and C, and C,
are parameters that control the volume change and shape of
the accumulated volume change with the number of cycles.
Using Eq. (10) the pore pressure accumulated is estimated
from the known volumetric strain increment (Byrne 1991):

Au= E,Aeg (10)

where, Au is the incremental pore water pressure, and E, is
the rebound modulus of the sand skeleton. The in-situ soil
considered in the present study is cohesionless sand, and the
properties of the fine sand and the coarse sand used is the
same as that used by Chian and Madabhushi (2013) in their
study (see Table 1). The elastic modulus of the fine sand
based on the SPT was calculated from the correlation
postulated by Kulhawy and Mayne (1990), as shown in Eq.
(11) and the elastic modulus for coarse sand is computed
using the empirical relation as in Eq. (12) (Bowels 1996).
The bulk modulus and shear modulus of the sand used in
the numerical analysis is estimated using Egs. 13(a) and
13(b), respectively, and are shown in Table 1. The
permeability of the coarse sand was considered as 200 times
more than that of the fine sand to bring in the effect of
enhanced drainage of excess pore water accumulated near
the structure (Seed and Booker 1976).

E.
Fa—lo(Nl)eo (11)
E,= 1200(N+6) (12)

" 30-2u) (13
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Table 1 Soil properties used

Parameters Houston Sand Fraction B Sand
Relative density 45 52 65 45
Dry density
(ke/m®) 1450 1490 1520 1580
Initial void ratio 0.8 0.77 0.71 0.67
Internal frloctlon 33 33 33 33
angle (°)
Bulk modulus
(MPa) 10.20 14.28 16.32 18.36
Shear modulus
(MPa) 3.74 5.24 5.98 6.73
Permeability 10° 103 10* 107
(m/s)
E
G=—— 13b
201+ ) (13b)

where, E; is the elastic modulus, P, is the atmospheric
pressure and (Ni)eo is the SPT value corrected for the field
procedure to an average energy ratio of 60%, K and G are
the bulk modulus and shear modulus of the sand
respectively, u is the poissons ratio.

The concrete underground structure (u= 0.33) used in
the present study is defined using 80 shell-type elements.
The interface between the soil and the underground
structures has a small friction angle (¢) of 21.8°. The Mohr-
Coulomb strength failure criterion is used to characterise
the strength of the interface used. The interface stiffness
values k, and k; in the normal and tangential directions
affect the relative movement of the structure and is
calculated using Eq. (14) (Itasca consulting group 2012).

K+-G
k, =k, =10x| ——— (14)
60

where, K and G are the bulk and the shear modulus
respectively, and [Az]:, is the smallest dimension of the
contact zone adjacent to the interface in the normal
direction.

3.2 Type of analysis

Initially, static equilibrium analysis is carried out until
the whole model reaches a state of static equilibrium. Once
the entire model has attained the state of equilibrium,
subsequent changes in the loading condition are made in
order to carry out the dynamic analysis. Dynamic analysis is
based on the explicit finite difference formulation, which
can be coupled to structural elements and the groundwater
flow, thus enabling to conduct a fully coupled soil-structure
problems due to ground shaking. The base of the model was
considered to be rigid. To study the uplift response an
acceleration time history was applied at the base of the
model as boundary motion. A sinusoidal input motion with
peak input acceleration of 0.1 g and frequency of 0.75 Hz
for a total duration of 28 s, which is same as that used by
Chian and Madabhushi (2013) in their experimental studies,

was adopted in the present study. The tetrahedron subzone
volume, p-wave velocity, and the stiffness-proportional
damping mainly decide the time step for the dynamic
analysis. The dynamic analysis was carried out for the
following cases:

i) The pore pressure and the uplift response of the
underground structures without replacement of the in-situ
soil

ii) The pore pressure and the uplift response of the
underground structures where surrounding soils are
replaced with coarse materials. In this case, the effect of
various factors, such as the width of replacement, and
different schemes of replacement for mitigating the uplift
response of the underground structure, are analysed. Apart
from this, the continuous replacement of in-situ sand and
replacement with regular intervals between the replaced
area are compared.

4. Response of the underground structure without
replacement of the natural soil

The liquefaction-induced uplift of the underground
structure buried in homogeneous in-situ sand (without
replacement of natural soil) for various relative density and
depth is carried out. The results are presented in terms of
the pore pressure response near the underground structure
and the resulting uplift of the structure. The results obtained
from the FD analysis are compared with the results obtained
by Chian and Madabhushi (2013) from their experimental
studies. In addition, the far-fiecld pore pressure response and
the acceleration response developed within are studied.

4.1 Validation of the FD model

The pore pressure response observed at the invert and
the crown of the underground structure buried at a depth of
5.5 m from the ground surface (without replacement of soil)
is shown in Fig. 5. When the relative density is 45%, around
50 kPa of pore pressure is observed at the invert of the
structure, whereas when the relative density is 65%, a
maximum of about 25 kPa is observed at the invert of the
structure. With an increase in the density, the pore pressure
accumulated at the invert reduces by around 50%. The
excess pore water pressure generated at the invert and the
crown of the structure are compared with results observed
by Chian and Madabhushi (2013) in their experimental
study. It is noted that when the relative density of the soil is
52%, the excess pore pressure obtained from the present
study at the invert of the structure is overestimated for the
initial 10 s. Thereafter, the model gives an excess pore
pressure of about 30 kPa. At the crown, when the relative
density of soil is 52%, both the results from the present
study and the experimental study by Chian and Madabhushi
(2013) showed a good match. However, when the relative
density of the soil is 65%, pore pressure responses obtained
by Chian and Madabhushi (2013) from their experimental
study at the invert and the crown passes through the lower
bound points of those obtained from the present study.
Overall, the excess pore pressure obtained at the invert and
the crown of the structure is comparable with that obtained
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Fig. 6 Effect of depth of embedment on the uplift of the structure (without replacement)

by Chian and Madabhushi (2013). In Fig. 5, it is visible that
the pore pressure accumulated at the invert of the structure
reduced after 15 s for all the cases. During the uplift, a void
space will be formed below the structure, which eventually
reduces the pore pressure at the invert of the structure.

The variation in the liquefaction-induced uplift of the
underground structure buried into the in-situ fine sand
(without replacement) at embedment depths of 1.1D, 1.3D,
and 1.5D are shown in Fig. 6(a)-6(c) respectively. In all the
cases, the structure started to show gradual lifting after a
minimum time of 3 s, i.e., when the uplifting force
overcomes the resisting force. It is observed that in all the
cases, the structure gets uplifted after few seconds and
thereafter increases continuously till the shaking ceases.

From Fig. 6, it is observed that with increasing density of
the in-situ soil (i.e., when D, increases from 45% to 65%),
the uplift reduces considerably. When the soil density is
65%, the uplift is negligible in all cases. It is because when
the soil is dense, the pore pressure accumulated at the invert
of the structure is very low. This led to a low uplifting force
on the structure to displace it. From the present, the uplift
observed by the underground structure embedded at a depth
of 1.1D within saturated sand of relative density 52% is
about 0.15 m, and it is matching well with that observed by
Chian and Madabhushi (2013) in their experimental study.
As shown in Fig. 6(a), for the case when the structure is
embedded at a depth of 1.1D, the uplift of the underground
structure is 0.9 m in the sand with 45% relative density.
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Whereas, when the soil density is 65%, the uplift observed
is as low as 0.061 m indicating a 95% reduction in the uplift
with increasing density of the in-situ sand. A similar
reduction in the uplift is observed by increasing the depth of
embedment to 1.3D and 1.5D and is shown in Fig. 6(b) and

6(c).
4.2 Far-field pore pressure response

The pore pressure response developed away from the
underground structure at a depth of 8.0 m (without any
replacement) at various relative density is shown in Fig. 7.
The pore pressure ratio, 7, is the excess pore water pressure
normalised to the initial effective stress of the sand, and it is
used to study the pore pressure response. The pattern of the
pore pressure generated is similar for all the relative
densities considered in the present study. In all the cases, as
shown in Fig. 5, the pore pressure increases rapidly with
time up to a maximum value. After reaching the maximum
value, pore pressure remains constant for the rest of the
duration of the shaking. It is worth noting that the negative
spikes are observed in the pore pressure response, which is
caused due to the dilative response within liquefiable soil.
Similar results have been observed by Dobry et al. (1988),
Fiegel and Kutter (1994), and Elgamal et al. (1998) in their
study. Theoretically, liquefaction is triggered in the soil
when the excess pore pressure within the sample
approaches the initial effective stress of the soil, i.e., when
the pore pressure ratio reaches one. However, in the present
study, the soil liquefaction is triggered, in large strain

condition when the r, value is about 0.7, as assumed by
Kammerer et al. (2004), Wu et al. (2004) and Chian et al.
(2014). Further, when the soil is relatively loose, i.e., when
D,= 45%, the pore pressure ratio reaches a maximum of
about 0.8. With the increase in density of the in-situ soil, the
maximum pore pressure ratio obtained reduces
considerably. Moreover, when the relative density of the
soil is about 65%, the maximum pore pressure ratio became
as low as 0.2, which indicated that the soil did not liquefy.
Ling et al. (2003) and Madabhushi and Madabhushi (2015)
observed similar behaviour of pore pressure increase and
dilation spikes in their experimental studies.

4.3 Far-field acceleration time response

The comparison of the far-field acceleration response
for 28 s of shaking at the base and at depths of 16 m, 8 m,
and 1 m in the soil of 45% relative density is shown in Fig.
8. It is observed that as the shear wave propagates upwards,
for the first few cycles, the acceleration response was
strong, and later it attenuated as the soil liquefied. It is
observed that the acceleration remains more or less the
same throughout the entire depth. After the soil attained
maximum pore pressure, the acceleration did not attenuate
to a smaller value. From the figure, it is visible that when
the shear wave reached near the surface, the maximum
acceleration magnitude is less than 0.1 g, and therefore, the
shear wave got dampened. Pore pressure was generated
within the soil model due to shaking and this reduced the
stiffness of the soil, which affected the effective
propagation of the shear wave (Lombardi and Bhattacharya
2016).

From literature (Koseki et al. 1997b, Orense et al. 2003,
Tobita et al. 2011), it is clear that the uplift of the structure
occurs when the uplifting force acting on it overcomes the
resisting force acting against the uplift. The uplifting force
acting on the structure comprises of the upward force from
the excess pore water pressure developed during an
earthquake (U,,) and the uplift force due to the hydrostatic
pressure (U;). The resisting force comprises of the weight
of the structure (W), the weight of the overburden acting
above the structure (), and the frictional resistance acting
against the structure and the surrounding soil (Qs), as shown
in Fig. 9. Therefore, the factor of safety (Fy) against the
uplift of the underground structure due to liquefaction of the
soil can be considered as a ratio between the resisting force
and the uplift force acting on the structure (Koseki et al.
1997b, Orense et al. 2003, Tobita et al. 2011) and is given
in Eq. (15):

W +W, +Q

F = s b s
VIV (15

where,
11
Ws :Z(DO - D)}/structure (16)
W, =|(D*h)+ Dy y (17)
b 2 8 sat
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U= (D*(D+h)) Yy (18)

where, D, is the outside diameter of the underground
structure, D is the inner diameter of the underground
structure, % is the distance between the ground surface till
the springing of the structure, Y, is the unit weight of water,
and Yiyucwre 18 the structures unit weight. When the soil
liquefies, the frictional resistance acting between the
structure and the soil (Qs) is negligible and therefore, it is
considered to be zero (Orense et al. 2003). As per Egs. (16)
and (17), the resisting force due to the weight of the
structure (W) is 19.63 kN, and to the sand above the
structure (W5) is 0.379 kN. The uplift force (U;) due to the
hydrostatic pressure at a depth of 8 m from the ground
surface, as per Eq. (18), is 0.078 kN. The upward force
(U) exerted by the accumulated pore pressure at the invert
of the structure will be 19.93 kN, to attain a minimum
factor of safety of 1. This indicates that a threshold pore
pressure ratio of about 0.2 developed below this structure
initiates the uplift of the structure. In this case, the pore
pressure ratio below the structure need not reach 1.0 for
uplift to happen. Threshold pore pressure is the minimum
pore pressure ratio that needs to be developed at the invert
of the structure considered so that the upward force acting
at the invert is just sufficient to cause the structure to
displace from its position. Therefore, it can be observed that
for the structure to be uplifted, the soil around the structure
need not liquefy, if the structure is very light and the
vertical equilibrium of the forces is not respected when the
excess pore pressure increases. The uplift of the
underground structure increases further with more
accumulation of the pore water at the invert of the structure,
i.e. when the pore pressure ratio becomes greater than 0.2.
When the relative density of the soil is 65%, a very small
pore pressure ratio of about 0.35 is exerted at the invert of
the structure. Since the critical pore pressure ratio is 0.2, a
very small negligible uplift is observed. Whereas, when the
sand has densities of 52% and 45% higher pore pressure
ratios of 0.75 and 0.9 are attained at the invert of the
structure, leading to higher uplifts of 0.2 m and 1.0 m,
respectively.

5. Estimation of the liquefaction-induced uplift of the
underground structure

From the present study, the uplift of the underground
structure as a result of liquefaction of the soil can be
generalised using Eq. (19).

U h
—=05-0.005D, -0.131— 19
- -0 (19)

where, U is the maximum uplift of the structure (in m), D is
the diameter of the structure (in m), D, is the relative
density of the soil (in %), and 4 is the embedment depth of
the structure (in m). The constant related to the A/D is
quite significant, which indicates that maximum uplift
observed varies with the depth of embedment of the
structure. Even though the relative density of the soil plays
a vital role in the displacement of the structure, the depth of
embedment of the structure is more significant.

Fig. 9 Forces acting on the structure during liquefaction
of the soil
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Fig. 10 Comparison of normalised uplift of the structure
(without replacement) as computed from the FD analysis
and that estimated from Eq. (19)

The normalised uplifts obtained from the FD analysis
and the Eq. (19) are compared in Fig.10. It is seen that only
a small deviation in the values are obtained from the mean
line. Thus, a good agreement is obtained between the
normalised uplift from the FD analysis and that obtained
from Eq. 19. It can be seen that a good fit to the data is
achieved with an R? value of 0.60. A chi-square test was
conducted to claim the goodness of fit of the predictive
equation. As per the hypothesis, H, is the null hypothesis in
which the predicted equation fits the data, and H; is the
alternative hypothesis where the predicted equation does
not fit the data. Considering a 95% confidence level, y%0.0s7
is 14.067. The computed % is 0.074, which is less than the
v%0.05.7; thereby, it is unable to reject the null hypothesis, H,
and that the Eq. (19) predicts the uplift of the structure with
a good fit. For the case when the density of the soil is 65%,
the FD analysis indicated a settlement, whereas a zero
displacement was predicted using the Eq. (19).

6. Response of underground structure with the
continuous replacement of in-situ soil

In the following section, the performance of continuous
replacement of in-situ sand with coarse sand on the uplift of
the underground structure is studied. Two schemes of
replacement are studied: replacement of in-situ sand above
the springing (replacement method 1) and that around the
structure (replacement method 2), as shown in Fig. 2. In this
case, the pore pressure and the resulting uplift of the
underground structure, which is buried at a depth of 7.5 m
from the ground surface in the sand with a relative density
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of 45%, are studied. The pore pressure and uplift response
obtained from the numerical analysis are validated with the
centrifuge studies reported by Chian and Madabhushi
(2013).

6.1 Pore pressure response

The excess pore water pressures developed at the invert
and the crown of the structure for replacement method 1
and replacement method 2 are shown in Fig. 11. It is
observed that, when replacement method 1 is used, the pore
pressure observed at the invert is about 40 kPa, which is the
same as that observed without any replacement. Whereas,
when replacement method 2 is used, a considerable

reduction in the pore pressure accumulation is observed at
the invert of the structure. However, for both the methods,
the pore pressure generated around the structure reduced
considerably, due to the more permeable soil near the
structure which resulted in accelerated dissipation of the
pore water accumulated (Wang et al. 2012). In replacement
method 1, the pore water accumulated around the structure,
especially at the invert of the structure, is almost double
compared to that observed with the replacement method 2.
A reduced pore water accumulation of about 30 kPa is
observed at the invert, when replacement method 2 is used.
This results in a reduced upward force acting at the invert of
the structure. Whereas for the replacement method 1, due to
a higher pore pressure accumulation at the invert, a higher
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magnitude upward force is experienced at the invert. The
higher pore pressure observed in the case of replacement
method 1, which makes the structure more buoyant as
compared to that in the replacement method 2. The present
study results using the replacement methods are compared
with the results obtained by Chian and Madabhushi (2013)
in their centrifuge study. The results are matching well with
the pore pressure response observed near the structure.
However, the excess pore water pressure observed at the
invert of the structure using the replacement method 1 is
overestimated compared to the results obtained by Chian
and Madabhushi (2013).

6.2 Uplift response

The plot comparing the uplift of the underground
structure with and without replacement methods is shown in
Fig. 12. In both cases, the general trend of the uplift
response of the underground structure are similar. From the
figure, it is observed that an uplift of about 0.37 m is
observed when there is no replacement of sand near the
structure. In the case, when replacement method 1 is used, a
maximum uplift of about 0.22 m is observed. Whereas,
when replacement method 2 is employed, a reduced uplift
of about 0.13 m is observed. This reduction in the uplift
with replacement method 2 is due to the reduced pore
pressure accumulated at the invert of the structure. Using
replacement method 2, about 62% reduction is observed
compared to the case without replacement, whereas a 38%
reduction in the uplift is observed when replacement 1 is
used. However, a small uplift is observed in replacement
method 2, which is due to insufficient resistance against the
uplift due to the shallow burial depth of the underground
structure.

The uplift obtained using the replacement method 1
from the present study is compared with the experimental
results by Chian and Madabhushi (2013), as shown in Fig.
12(a) and it is found to be matching quite well.

7. Factors influencing uplift of the underground
structure with continuous replacement

In the following section, the continuous replacement of
in-situ sand near the structure for varying width and
different schemes are studied. In this case, the pore pressure
and the resulting uplift of the underground structure, buried
at a depth of 5.5 m from the ground surface in sand with a
relative density of 52%, are studied.

7.1 Width of replacement

To study the effect of the width of replacement to reduce
the liquefaction-induced uplift of the structure, we
considered three cases: i) replacement with width D, ii)
replacement with width 2D, and iii) replacement with width
3D. They are shown in Fig. 13. For the case without
replacement, a maximum pore pressure ratio of about 0.6 is
observed at the invert of the structure due to shaking. By
replacing the in-situ soil near the structure, the pore
pressure accumulated near the structure is reduced. For the

10
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Fig. 13 Effect of the width of replacement on pore
pressure response (h= 5.5 m, D= 52%)
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Fig. 14 Effect of the width of replacement on the uplift of
the underground structure (h= 5.5 m, D= 52%)

cases when the width of replacements are 2D and 3D, the
maximum pore pressure ratio at the invert is not more than
0.2. Whereas, when the width of replacement is D, a
maximum pore pressure ratio of about 0.5 is observed at the
invert of the structure.

The liquefaction-induced uplift of the underground
structure, due to the replacement of in-situ fine sand with
coarser sand, is shown in Fig. 14. For the case, without
replacement of the in-situ sand, a maximum uplift of about
0.15 m is observed. It is seen that when D width of fine
sand is replaced, due to higher accumulation of the pore
water around the structure, a higher uplift is observed
compared to when 2D and 3D widths are replaced. The
reductions in uplift when 2D and 3D widths are replaced are
almost negligible and are as small as 10 mm. In addition to
the accelerated drainage of the pore water near the structure,
higher overburden force acting on the structure increases
the resisting force acting against the liquefaction-induced
uplift. However, considering the economy and safety,
minimum width of 2D replacement is suggested for an
effective reduction in the uplift of the underground
structure.

7.2 Schemes of replacement

In the present study, three schemes of replacement are
considered: replacement of fine sand above the structure till
the springing (replacement method 1), replacement of fine
sand around the structure (replacement method 2), and
replacement of sand below the springing level of the
structure (replacement method 3). These three schemes of
replacement methods are carried out by replacing in-situ
sand of width 2D with coarse sand and are compared with
the case without replacement.

The pore pressures generated around the underground
structure along with the three schemes of replacement are
studied in terms of the excess pore water pressure generated
at the invert of the structure (see Fig. 15). From the figure,
it is observed that a maximum pore pressure ratio of about
0.6 is observed when no replacement was considered,
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whereas a pore pressure ratio of about 0.5 is observed for
replacement methods 1 and 3. The maximum pore pressure
ratio as low as 0.2 is observed when replacement method 2
is used. In the case of replacement method 1, as the
replaced area is confined to the region above the springing,
a higher pore water accumulation is observed at the invert
of the structure. Whereas, when replacement method 2 is
used, the pore water accumulated at the invert of the
structure is very low resulting in a small uplift force
compared to the case without replacement and case where
replacement method 1 and 3 is used. These drain materials
form a non-liquefiable zone of soil around the structure,
thereby reducing the pore pressure accumulation around the
structure. Similar observations were made by Rasouli ef al.
(2018) in their experimental studies.

The uplifts of the underground structure with varying
number of cycles using three scheme of replacement are
shown in Fig. 16. From Fig. 15, it is observed that for the
case without replacement and those using replacement
methods 1 and 3, the pore pressure accumulated was
maximum at about one cycle of loading whereas, for
replacement method 2, maximum pore pressure is
accumulated at about two cycles. Therefore, from Fig. 16, it
is observed that the uplift occurs after one cycle in case of
replacement methods 1 and 3, whereas uplift occurs after
two cycles in case of replacement method 2. In all the cases,
the structure showed uplift as long as the shaking exists. It
is observed that a maximum uplift of about 0.10 m uplift is
observed for the case for no replacement is used, whereas
0.08 m and 0.09 m are attained when replacement methods
1 and 3 are used. Reduced uplift of about 0.02 m is
observed when replacement method 2 is used. Due to the
replacement of the soil around the structure using coarse
sand, there is a reduction in uplift by 80% as compared to
the case without replacement and a reduction about 50%
reduction compared to the replacement methods 1 and 3.
Presence of coarse sand around the structure accelerates the
drainage of the pore water accumulated from the vicinity of
the structure. As a result, the uplifting force acting on the
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structure reduces and uplift occurs. Whereas, when the soil
above the structure is replaced as in replacement method 1,
a high pore pressure accumulation is observed at the invert
of the structure. Hence, a larger uplift force will be acting at
the invert and results in a higher uplift. However, maximum
uplift is observed using replacement method 3 as there is no
drainage path for the accelerated dissipation of the pore
water accumulated at the invert.

8. Continuous replacement versus replacement with
regular interval

The liquefaction-induced uplift of the underground
structure obtained from the case with continuous
replacement is compared with that computed for the
replacement with regular interval. For this, four cases are
considered: (i) no replacement, (ii) continuous replacement,
(iii) replacement with D width spacing, and (iv)
replacement with 2D width spacing, as shown in Fig. 2. The
in-situ sand of width 2D is replaced continuously and with
regular intervals. The plan of the model understudy with a
regular interval is shown in Fig. 17.

The uplift of the structure normalised to the diameter
of the structure (U/D) and its variation with the number of
cycles of loading is shown in Fig. 18. The case with
continuous replacement led to a small uplift of about
0.005D. When the spacing between the replaced regions is
2D width, a reduction of about 50% in the uplift is observed
as compared to that of the case without any replacement. As
the spacing between the replaced zones is reduced, the slope
of the trend line becomes steeper, implying more effective
mitigation as large as 80% as compared to that of the case
without any replacement. The reduction in the liquefaction-
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induced uplift for continuous replacement and replacement
with D interval is almost the same. However, it is not
economical to replace the fine sand for the entire length.
Hence considering safety and economical aspects, a spacing
of around D width can be employed to reduce the uplift of
the underground structures due to liquefaction of the soil.
Moreover, the volume of the replacement material required
for the replacement with regular interval can be reduced by
50% compared to the continuous replacement method.

9. Conclusions

In this paper, numerical modelling of liquefaction-
induced uplift of an underground structure with and without
replacement of in-situ fine sand around the structure with
coarse sand by different methods was carried out using FD
code, FLAC3D. The numerical results were validated with
the centrifuge results reported by Chian and Madabhushi
(2013). Based on the above study, the following major
conclusions are arrived:

* As can be seen from the study without replacement,
the in-situ sand with an initial relative density of 65%
would not liquefy and thus, results in negligible
liquefaction-induced uplift. Hence the liquefaction-induced
uplift can be prevented by densification of the in-situ sand
with relative density above 65%.

* An empirical equation for the maximum liquefaction-
induced uplift of the underground structure is proposed, and
it mainly depends on the depth of embedment and the
relative density of the soil.

* The replacement of in-situ liquefiable fine sand using
coarse sand was carried out using three methods:
replacement above the springing level of the structure,
around the structure, and below the spring level of the
structure. Among these methods, replacement method no 2,
where fine sand is replaced around the structure, was found
to be most effective for the reduction of the liquefaction-
induced uplift of the underground structure. It is due to the
accelerated drainage of the pore water occurs around the
underground structure.

* For the case of continuous replacement, it is found that
a maximum reduction of 50% of liquefaction-induced uplift
can be achieved by the replacement of fine sand with a
width 2D with coarse sand.

* The performance for the case of replacement with an
interval of D spacing and 2D width is found to be
comparable with that obtained for continuous replacement
of similar width.

» Despite the difficulties in the implementation of
replacement with a regular interval, one of the major
advantages of this replacement method is that the volume of
the replacement material can be reduced by about 50%.
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