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ABSTRACT: Underground structures buried within liquefiable soil are often likely to get
uplifted during an earthquake due to its relatively low unit weight and shallow burial depth.
Therefore, there exists a need to come up with a mitigation technique to prevent the uplift of
these underground structure, which could be easily applied in field. In this study, uplift mitigation
of the underground structure by accelerating the pore pressure dissipation from the vicinity of the
structure by replacement with more permeable sand is numerically studied using a finite difference
program, FLAC3D. The response of a 5 m diameter structure which is buried at a depth of 1.1
times the diameter of the structure from the surface is studied. For this the whole soil model is
subjected to 2010 Chile Earthquake. The cyclic behavior of the soil represented by FINN-model
in which the pore pressure generated is measured from the volumetric strain induced by the
ground motion. The effectiveness of the above mentioned methods are highlighted and are com-
pared in term of pore pressure around the structure and the maximum uplift observed

1 INTRODUCTION

With the increasing demand for land in the urban area, shallowly buried structures are widely
used. Though these structures are essential for the well-being of the society and for a better
quality of life, these structures are more prone to damages due to the large ground motions
especially when the liquefiable soil is present. Among which damages caused due to floatation
of various structures buried within liquefiable soil after ground shaking is more detrimental.
Such floatation can cause large damages to buried lifelines such as utility lines (power, water,
and gas), communication networks, uplifted sewage manholes, transportation systems which
can bring daily life to a halt. For example, cracked water mains reduce the amount of water
available for fire suppression. Uplifted sewage manholes obstruct the flow of sewage water
and traffic flow above the ground. Blocked or damaged transportation routes interfere with
the emergency personnel to respond to the immediate crisis. Since then, a thorough knowledge
of the uplift mechanism and its mitigation are important criteria to be taken care of when pla-
cing a buried structure in liquefiable soil. Currently, India operates about 25000 km of oil and
natural gas product pipelines, which are expected to be doubled in the coming years, running
through most of the seismically active regions.
The initial study on the liquefaction-induced uplift of buried structure came into light when

Koseki et al. (1997) conducted multiple shake table test on various buried and partially buried
structure. From this study, it was highlighted that during an earthquake uplift of various
buried structures occurred due to the liquefaction of the soil. It was also added that liquefac-
tion of the soil initiates the uplift of a buried structure mainly due to three phenomena: i) lat-
eral deformation of the soil, ii) movement of pore fluid and iii) the reconsolidation of the soil.
During liquefaction of the soil, the reduced resistance of the soil leads to lateral deformation
of the soil to the bottom of the structure. This leads to the uplift displacement of the light
buoyant structures from its mean position. Further, the presence of the buried structure
reduces the overburden stress acting in the region below the structure compared to the sur-
rounding region. This will cause to a significant hydraulic gradient between these two regions
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which leads to the movement of the pore fluid to the bottom of the structure. This leads to the
lifting up of the structure further from its position. However, due to the dissipation of the
pore fluid, leads to the reconsolidation of the soil causing the structure to attain its final pos-
ition. Since then studies on the uplift of various buried structures including manholes, car
park, sewer pipes etc were conducted by many researches using various experimental methods
(Tobita et al. 2011, Otsubo et al. 2016) and numerical approaches (Azadi et al. 2010, Madab-
hushi & Madabhushi 2015). Inspired by this development, the study of the uplift response of
an underground structure due to liquefaction of the soil grew rapidly in the last few decades.
Further, few researches have been carried out studies to mitigate the uplift of the buried struc-

ture using various methods (Orense et al. 2003, Ostubo et al. 2006, Taeseri et al. 2016). Among
these, mitigation using accelerated drain the excess pore water in the vicinity of the structure has
caught the attention of few. Sasaki & Taniguchi (1982) in their shake table test were able to find
the effectiveness in reducing the displacement of a partially buried structure by using gravel
drains at the bottom of the structure. Few researchers including Adalier et al. (2003) in their
study was able to point out that gravel drain at both the sides of the structure as a suitable miti-
gation design against the uplift of the buried structures. While Orense et al. (2003), Otsubo et al.
(2016) studied the use of various waste material as drain material and suggested that crushed
stones can be chosen as a suitable material as drain material around the structure.
A review of the literature suggests that from economical and safety point of view, there is a

limited understanding on the use of drain materials for accelerating the pore pressure accumulated
so as to prevent the uplift of buried structures. Therefore, there exists a need to come up with a
mitigation technique to prevent the uplift of these underground structure, which could be easily
applied in the field. Also, most of the studies are mainly using a centrifuge or shake table tech-
nique. There are limited studies done to study the seismic response of an underground structure
and its mitigation strategy using a numerical approach. The present study was aimed at developing
a numerical model for studying the seismic response of an underground structure within a liquefi-
able soil medium using FLAC3D and to come up with a suitable mitigation technique.

2 PROBLEM DEFINITION

Chian & Madabhushi (2013) carried out centrifuge shake table tests to study the liquefaction-
induced uplift of the underground structure. In the present study, a three-dimensional modelling
of the prototype model considered in the above study was carried out using a finite difference
code, FLAC3D. A fully saturated homogeneous soil medium of depth 24 m and 40 m width is
considered as shown in Figure 1. The underground structure was taken as a circular one with a
diameter of 5 m buried at a depth of about 1.1 times the diameter of the tunnel (1.1D). The
entire soil mass is considered as a homogeneous loose poorly graded Houston sand.

3 NUMERICAL MODELING

The soil medium is discretized using brick elements and radially cylindrical elements, consisting of
840 zones in the x, y and Z-directions. A 5 m diameter underground structure which is embedded
within the soil mass at a depths of 5.5 m from the ground surface is modelled using 80 shell type
element. To simulate the boundary conditions imposed during the centrifuge tests, the bottom
boundary of the numerical model is fixed in both vertical and horizontal displacement. The vertical
boundaries are restrained in the horizontal direction. Moreover, to eliminate the reflection of the
outward propagating wave, a wide model is being considered. Additionally, the bottom boundary
is assumed to be impermeable whereas the water table is considered to be at the ground surface.

4 MATERIAL MODEL

The behaviour of the geomaterial is considered in the numerical analysis using an elas-
tic-perfectly plastic Mohr-Coulomb model. The pore pressure build-up within the
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saturated soil medium during the cyclic loading under undrained condition is computed
using a Finn-Byrne model (Finn 1981, Bryne 1991). Finn-Byrne model is being incorpor-
ated with a Mohr-Coulomb plasticity model with which the pore pressure is being com-
puted from the volumetric strain (Byrne 1991, Azadi et al. 2010). Mathematically, Byrne
(Byrne 1991) proposed a two-parameter equation that relates the increase in the volu-
metric strain, Δε#dto the cyclic shear strain amplitude, γ. The irrecoverable volume con-
traction within a fully saturated soil medium leads to the increase of the pore pressure
which is represented mathematically using two parameters C1 and C2 (Byrne 1991, Sor-
oush & Kooh 2004, Meshkinghalam et al. 2017). These parameters can be determined
from eqs (2) and (3) based on the normalized standard penetration number (N1)60 of the
soil being studied.

Δε�d

γ
¼ C1 expð�C2

Δε�d

γ
Þ ð1Þ

C2 ¼
0:4

C1

ð2Þ

C1 ¼ 8:7ðN1Þ60
�1:25 ð3Þ

Dr ¼ 15ðN1Þ60
�0:5 ð4Þ

Where C1 and C2 are parameters which control the change in the volume and shape of the
accumulated volume change with number of cycles. For the present numerical analysis, C1

and C2 for 52% relative density soil are 0.39 and 1.02 respectively. These parameters are useful
in the analysis to predict expected volume change from which the pore pressure rise can be
calculated by using the equation (Byrne 1991):

Δu ¼ ErΔε� ð5Þ

Where Δuis the incremental pore water pressure and Er is the rebound modulus of the sand
skeleton.
The general properties of the soil used in the analysis are adopted from Chian & Madab-

hushi (2013) as shown in Table 1. A frictional interface between the structure and the soil was
taken into consideration by installing proper contact elements with zero cohesion and a fric-
tion angle of 21.8°.

Figure 1. Schematic view of the model used for the present study.
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5 INPUT MOTION

A sinusoidal input motion with a PGA of 0.1g and 21 numbers of cycles was applied at the
base of the model for a total duration of 28 seconds as done by Chian & Madabhushi (2013).
In addition, to study the effect of mitigation, a high PGA input motion, 2010 Chile Earth-

quake was considered to study the response of the underground structure to various mitiga-
tion techniques. Additionally, numerical analysis is performed on the same model to compare
the response of the underground structure subjected to the 2010 Chile Earthquake motion
recorded at Angol station. The 2010 Chile earthquake which occurred on 27th February 2010
was caused due to subduction of Nazca Plate beneath the South American Plate. Selected
strong motion records of the M8.8 Chile earthquake with a PGA of 0.9g and predominant
frequency of 5.3 Hz was served by the Center for Engineering Strong Motion Data
(CESMD). The duration of the input motion was considered by selecting only the main event
of the ground motion and was considered for a total of 30 seconds.

6 RESULTS AND DISCUSSION

6.1 Pore pressure response near the underground structure

The primary reason for the uplift of the underground structure is liquefaction of the soil due to the
accumulation of the pore pressure at the invert of the structure (Sudevan et al. 2018). The pore
pressure response of the underground structure at the invert of the structure is being shown in
Figure 3. The excess pore water pressure generated at the invert of the buried structure during
shaking is compared with the same that is obtained from the experimental studies by Chian &
Madabhushi (2013). The pore water pressure accumulation was found to increase as soon as the
shaking is initiated. The pore pressure response increased continuously till it reached almost a con-
stant value at around 5 sec. Beyond this limit, the pore pressure accumulated is more or less a con-
stant value of about 50 kPa. A similar pattern in which pore pressure increases as the shaking
commences and thereafter remains more or less a constant when it reaches its maximum is
observed by many researchers including Azadi et al. (2010) and Madabhushi & Madabhushi

Table 1. Property of the soil used

Parameters Houston sand Fraction B sand

Relative density (%) 52 52

K (MPa) 14 18.36

G (MPa) 5.2 6.73

Density (kg/m3) 1490 1580

Permeability (m/s) 10-4 10-3

Porosity 0.43 0.401

Figure 2. Real-time 2010 Chile Earthquake applied at the base of the model.
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(2015). The general trend of the pore pressure response is matching with that observed by Chian &
Madabhushi (2013) in their experimental studies.

6.2 Uplift displacement

The uplift response of the underground structure buried at a depth of 5.5 m within 52% dense soil
is shown in Figure 4. When the uplifting force overcome the resisting force the underground struc-
ture will begin to get uplifted. A maximum uplift of about 0.19 m is observed when the soil con-
sidered was relatively loose, i.e. Rd= 52%. When the soil density was 52%, due to the accumulation
of large pore pressure near the invert of the structure, a large uplift of about 0.19 m from its mean
position is observed. In this case, the far field pore pressure ratio is more than 0.9, implying that
the soil has reached the point of liquefaction. As a result of liquefaction of soil, more pore water is
being accumulated around the structure especially near the invert which pushed the structure from
its mean position. This clearly shows that the uplift of the buried structure is mainly triggered due
to the liquefaction of the soil which leads to the uplift of the structure. Thereby more effective miti-
gation can be proposed if the soil around the structure is not allowed to liquefy.
It is also evident from the figure that the uplift response observed by the underground struc-

ture embedded at a depth of 1.1D within saturated sand of relative density 52% is matching
well with that obtained by Chian & Madabhushi (2013) in their experimental study.

7 MITIGATION USING REPLACEMENT

To mitigate the liquefaction-induced problem of shallowly buried light underground structure,
the material around the structural element is replaced using more permeable elements. One of
the methods for reducing the liquefaction-induced uplift is by accelerating the drainage of the
pore fluid around the structure (Adalier et al. 2003, Orense et al. 2003). In the present study,

Figure 3. Excess pore pressure developed at the invert of the structure.

Figure 4. Maximum structure uplift obtained in the numerical study.
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the study is conducted on the buried structure by replacing the loose sand at the vicinity of the
structure using more permeable coarse sand. In addition to the accelerated drainage of the
accumulated pore fluid around the structure, the coarse material also aids in increasing the
dead weight of the soil acting on the buried structure.
The effect of replacement of soil so as to mitigate the uplift of the underground structure,

loose soil around the structure is replaced with well-graded soil Fraction B sand for varying
width (D, 2D) for a same relative density of 52% as shown in Figure 5. The general properties
of the fraction B sand used for the study is adopted from that used by Chian & Madabhushi
(2013) in their study and the corresponding range is given in Table 1. 2010 Chile Earthquake
with a high peak ground acceleration of about 0.9g is applied at the base of the model for 30
sec to study the effectiveness of the proposed mitigation techniques.
The maximum uplift of the buried structure as a result of large uplifting force due to the

accumulation of pore water at the invert of the structure is being studied. Figure 6 shows the
comparison between the maximum uplift observed by the buried structure to the pore pressure
developed near the invert of the structure. The case when there is no replacement considered,
a very high pore pressure ratio, ru of about 0.9 is being observed. As a result, a very high
uplift of about 1.5 m is being observed due to the input motion. Case 4 and Case 1, where the
replacement is only above the structure, a high pore pressure ratio of about 0.75 is obtained at
the invert of the structure. In this case, not much reduction in the maximum uplift was
observed when compared to the case without any replacement. The case when the soil around
the structure is replaced by fraction B sand, there was much reduction in the pore pressure
accumulated at the invert of the structure. From Figure 6 it can be clearly seen that in case 2
and case 3 when the pore pressure ratio at the invert of the structure is as low as 0.3 resulted
in a very low uplift of about 0.2 m compared to the case when there is no replacement. The
maximum uplift of the structure observed in case 2 was about 85% less compared to the case
without any improvement. It is mainly due to the reduced uplifting force acting at the invert
of the structure due to the accelerated drainage around the structure. However, it is observed

Figure 6. Comparison between maximum uplift and pore pressure ratio at the invert.

Figure 5. Mitigation methods used in the present study.
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that case 2 and case 3 have lesser uplift compared to case 1 and case 4 respectively. It is
because a larger area of the soil is being replaced around the structure, resulting in drainage of
more water and more overburden stress acting on the structure. Thereby the uplifting force
acting on the structure reduces and the resisting force against the uplift increases. As a result,
the maximum uplift observed when the replacement area is of width 2D is less than that
observed when it is D width. However, a small magnitude of uplift is being observed since a
small pore pressure was accumulated near the invert of the structure and the resisting force
exerted against the upward force was not enough to resist the uplift caused.

8 CONCLUSION

In this paper, the numerical simulation of the uplift of an underground structure buried
within a saturated soil was carried using FINN-Byrne model and its results in term of excess
pore pressure at the invert and maximum uplift of the underground structure are compared
with a centrifuge test reported by Chian & Madabhushi (2013). The feasibility of improvement
by replacement of the soil at the vicinity of the structure against the uplift subjected to a real-
time accelerogram is being studied. The most important findings are as follows:

• The excess pore pressure developed at the invert of the structure and the maximum uplift
of the underground structure obtained from the present study matches well with the centri-
fuge test results reported by Chian & Madabhushi (2013).

• Four cases of mitigation techniques are considered in which soil around the vicinity of the
structure is being replaced by highly permeable soil. It is seen that the case when the soil
around the structure is replaced, a reduction in the uplift of about 85% compared to the
one without any treatment is observed.

• In the present study, the replaced area with a width of 2D showed a much better reduction
in the uplift as compared to the case where D width is replaced.
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