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ABSTRACT: Because of the development of the modern society, the quantity and density of
the underground structures (e.g. lifelines and tunnels) in urban area increase rapidly in recent
years. The damage of the lifeline may only make our daily life a little inconvenience (e.g. the
leakage of water pipelines) or it could cause a great loss in lives and economy (e.g. the great
explosion in Kaohsiung, Taiwan in 2014 caused by the leakage of oil pipelines). Therefore,
the safety evaluation of the underground structure is essential and important. The uplift of the
underground structure could cause damage to the underground structure and jeopardize the
integrity and safety of the underground structure system. Soil liquefaction is one possible reason
causing the uplift. In past studies, the input motion was found having significant effects on the
uplift of the underground structure causing by soil liquefaction (Liu and Song, 2005;
Madabhushi and Madabhushi, 2015; Bao et al., 2017). However, effects of the input motion
were not discussed comprehensively in the past. In this article, a numerical simulation approach
using FLAC program is adopted to study effects of the earthquake motion (48 earthquake
motions) on the uplift of the underground structure. Results show that the Arias Intensity which
represents the energy of an earthquake motion is a better index to correlate with the uplift.

1 INTRODUCTION

In the modern society, because of the need of housing, infrastructures and many other con-
structions in urban area, the quantity and density of the underground structures (e.g. lifelines
and tunnels) increase rapidly. Recent years, more and more incidents caused by the leakage of
the water, gas and flammable fluid pipelines occurred in Taiwan. Even though, most incidents
only cause a little inconvenience for people’s daily life. There are still few incidents causing a
great loss in lives and economy in Taiwan (e.g. the great explosion in Kaohsiung, Taiwan in
2014 caused by the leakage of flammable fluid pipelines). Therefore, the stability and safety
evaluations of the underground structures become important and essential.
When the soil liquefies, the underground structure could be damaged by the uplift caused

by the buoyancy force and the liquefied soil surrounding the underground structure. Koseki
et al. (1997) and Chou et al. (2011) explored the uplift mechanisms via centrifuge tests and
shaking table tests. Chou et al. (2011) suggests three uplift mechanisms: (1) Ratcheting (Sand
flow), (2) Pore water migration and (3) Heave of the soil underneath the underground struc-
ture. Parametric studies using model tests or numerical simulations (Sasaki and Tamura,
2004; Chou, 2010; Tobita et al., 2011; Chian and Madabhushi, 2012a; Chian and Madab-
hushi, 2012b; Kang et al., 2013) were also performed to understand effects of soil properties
or other factors on the uplift. Result from Liu and Song (2005), Chou (2010), Madabhushi
and Madabhushi (2015) and Bao et al. (2017) show that input motion types (harmonic
motions or earthquake motions) have significant effects on the magnitude of the uplift. One
observation from these studies is that under the same peak input acceleration, the harmonic
motion will cause a higher uplift on the underground structure than the real earthquake
motion. However, true reasons of the input motion affecting the uplift magnitude were not
discussed and studied comprehensively in past studies.
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In this article, a numerical simulation approach using FLAC program, a finite difference
method program, with UBCSAND model, a constitutive model for liquefaction modeling, is
adopted to study effects of the earthquake motion on the uplift. Total 48 simulation cases
with acceleration time histories from 5 disastrous earthquake events are performed to under-
stand characteristics of the earthquake motion (peak input acceleration, peak input velocity,
peak input displacement, cyclic stress ratio (or CSR) and Arial Intensity (or Ia)) on the uplift.

2 NUMERICAL SIMULATION

2.1 Numerical model selection

FLAC is an explicit, finite difference program performing a Lagrangian analysis to calculate
equilibrium equations and stress-strain relations. Using the finite difference method, deriva-
tives of governing equations of motion and constitutive relations can be represented using dif-
ferent physical variables (e.g. velocity, displacement) at discrete points. The time marching
method is used to solve these governing equations. The Lagrangian analysis is used to update
coordinates of the grid at each time step in the large strain mode. In this study, the dynamic
analysis and the large strain behavior caused by the soil liquefaction are two key issues to
model. FLAC program is the best tool for this study.
The UBCSAND model (Puebla et al., 1997; Beaty and Byrne, 1998) is a simple elastic–plas-

tic stress–strain model for sand to simulate the liquefaction phenomenon. The elastic response
of the model is based on the Hooke’s law. In plastic shear response, the relationship between
the shear stress and the shear strain is specified using the hyperbolic formulations. The UBC-
SAND model has been coded with FLAC program and verified by application to centrifuge
model tests, laboratory element tests, and field measurements from real earthquakes (Puebla
et al., 1997; Beaty and Byrne, 1998; Yang et al., 2004).
Chou (2010) used centrifuge test results to verify the ability of FLAC model (with UBC-

SAND model) to capture the uplift mechanisms. Even though, FLAC model cannot capture
all details observed in the centrifuge tests because of the complexity of the centrifuge tests and
limitations of the numerical simulation. FLAC model do capture the general trends of the
uplift mechanisms.
In this study, the numerical model (FLAC model with UBCSAND model) is first calibrated

using results of the centrifuge model (shown in Fig. 1) in Sasaki and Tamura (2004). Then, real
earthquake motions are applied to the calibrated model to study effects on the underground
structure. The dimensions of the centrifuge model in prototype scale are 40 m in length and 10
m in height. The underground structure in the centrifuge test is a rectangular acrylic box (width
Χ height = 5 m Χ 3.75 m in prototype scale). Test results of CASE98-1 in Sasaki and Tamura
(2004) which had one layer of Toyoura sand (Dr = 50 %) and was subjected to a sinusoidal
wave (20 cycles and 1.2Hz) are used for the calibration. Time histories of 6 instruments (DV1,
P2, PM2, PU1, A0, A2, AM2 shown in Fig. 1) are selected for comparisons.

Figure 1. Centrifuge Model and Selected Monitoring Points modified from Sasaki and Tamura (2004).
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2.2 Numerical simulation inputs

The underground structure in the centrifuge test is impermeable and relatively stiff compared
to the surrounding sand. Thus, the elastic model with a large shear modulus, bulk modulus
and a lower permeability is selected to model the underground structure. The input param-
eters in this study are listed in Table 1.
The Toyoura sand in the centrifuge tests is modeled using the UBCSAND model. The

inputs of the elastic response of the model are the elastic shear modulus number (KGE), the
elastic shear exponent (ne), the elastic bulk modulus number (KB), the elastic bulk modulus
exponent (me). The inputs of the plastic response of the model are the plastic shear modulus
number (KGP), the plastic bulk modulus exponent (np), the critical state friction angle (ϕCs),
the peak friction angle (ϕPeak) and the failure ratio (Rf). The detailed descriptions of these
inputs are discussed in Beaty and Byrne (2011).The input parameters in this study are also
listed in Table 1.

2.3 Model calibration

The CASE98-1 in Sasaki and Tamura (2004) is simulated using the FLAC model in Figure 2
with input parameters listed in Table 1. The numerical simulation results are compared with the
time histories of the selected instruments (shown in Fig. 3) to make sure that the numerical
model capture the behaviors of the soil and the underground structure observed in the centri-
fuge test. Comparisons show that magnitudes and oscillations of FLAC simulation results are
slightly bigger than those of centrifuge test results. However, the FLAC simulation does capture
trends of monitoring data observed in the centrifuge test. The deformed shapes of the FLAC

Table 1. Input Parameters for FLAC simulation.

Input Parameter Note

Input Parameters of Underground Structure

Unit weight, ρstrut 0.80 t/m3 Sasaki and Tamura (2004)

Elastic Model Parameters

Shear modulus 4.0 × 108

Pa

Shear modulus is about 5 times of the maximum elastic shear

modulus of Toyoura sand.

Bulk modulus 4.4 × 108

Pa

Input Parameters of Toyoura sand

Saturated unit, ρsat 1.92 t/m3 Sasaki and Tamura (2004)

Permeability, k 0.01 cm/s k = C × D10
2, Hazen (1930)

C = 1.0, D10 = 0.1 mm

UBCSAND Model Parameters Beaty and Byrne (2011)

Elastic shear modulus (Ge)

number, KGE*

1100 Ge = KGE × PA × (P’/PA)
ne

Elastic shear exponent, ne 0.5

Elastic bulk modulus (Be)

number, KB

2400 Be = KB × PA × (P’/PA)
me

Elastic bulk exponent, me 0.5

Plastic shear modulus (Gp)

number, KGP

5400 Gp = KGP × PA × (P’/PA)
np

Plastic shear exponent, np 0.5

Critical state friction angle,

ϕCs

33.0°

Peak friction angle, ϕPeak 34.8°

Failure ratio, Rf 0.69

* PA represents the atmospheric pressure = 101 kPa. P’ represents the mean stress in the plane of loading
= (σx’+ σy’)/2. σx’ = horizontal effective stress and σy’ = vertical effective stress.
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model and the centrifuge model (shown in Fig. 4) are also similar. From above comparisons, it
can be concluded that the FLAC model (with UBCSAND constitutive model) is a feasible tool
to study behaviors of the underground structure during soil liquefaction for this study.

Figure 2. FLAC model for numerical simulation.

Figure 3. Time histories of selected measurements of the centrifuge test and the FLAC simulation.

(Modified from Sasaki and Tamura, 2004)
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3 RESULTS AND DISCUSSIONS

In this study, 48 time histories (2 horizontal directions of 24 strong motion stations) from 5
disastrous earthquake events in Taiwan (Chi-Chi Earthquake in 1999, Chiayi Earthquake in
1999, Chiashien Earthquake in 2010, Tainan Earthquake in 2016 and Hualian Earthquake in
2018) are selected for the numerical simulation. In order to include effects of the magnitude
and distance on the earthquake motion, the magnitude and earthquake distance of the selected
time histories range from Mw = 5.8 to 7.6 and 2 km to 40 km with the peak acceleration
ranges from 0.10 g to 0.65 g (shown in Fig. 5). For the comparison purpose, all time histories
are scaled to the same peak acceleration (0.3 g) when they are applied to the numerical
simulation.
The peak input acceleration, peak input velocity, peak input displacement, CSR (Cyclic

Stress Ratio) and Arias Intensity (Ia) are commonly used indexes to represent characteristics
of earthquake motions. Underground structure uplifts are plotted against these indexes
(shown in Figs. 6 to 10). Only Ia shows a clear positive correlation with the uplift. Because Ia
represents the energy or the strength of an earthquake motion, when a higher energy motion
is applied to the model, a bigger uplift of the underground structure is expected. Therefore,
using Ia as an index to explain effects of the earthquake motion on the uplift is more logical
than other indexes.

Figure 4. FLAC model (left) and centrifuge model (right) (from Sasaki and Tamura, 2004) after

shaking

Figure 5. Distribution of distance, PGA and Magnitude of selected time histories
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Figure 7. Distribution of underground structure uplift and the peak input velocity

Figure 9. Distribution of underground structure uplift and CSR

Figure 6. Distribution of underground structure uplift and the peak input acceleration

Figure 8. Distribution of underground structure uplift and the peak input displacement
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4 CONCLUSIONS

From past studies, the input motion was found to be an important factor affecting the uplift
but reasons were not discussed and studied comprehensively. In this study, FLAC program
with UBCSAND model is adopted as the numerical tool to study effects of the earthquake
motion on the underground structure uplift. The ability of the numerical model to capture
behaviors of the underground structure during soil liquefaction is confirmed by comparing
the simulation results with the centrifuge test results (CASE98-1 in Sasaki and Tamura, 2004).
48 time histories from 5 disastrous earthquake events are applied to the numerical model to

study effects of earthquake motions on the uplift. Five indexes (peak acceleration, peak vel-
ocity, peak displacement, CSR and Ia,) are used to correlate the earthquake motion and the
uplift. Results show that the uplift increases as Arias Intensity (Ia) increases and no clear rela-
tionships are found for other indexes. Because Ia represents the energy or the strength of a
input motion which is directly related to the uplift of the underground structure, using Ia to
connect characteristics of earthquake motions and the underground structure uplift seems to
be more appropriate and logical than other indexes.
In this study, numerical simulations only perform for earthquake motions with peak accel-

eration = 0.3 g and for Toyoura Sand with Dr = 50 %. More cases (different sets of PGA and
Dr) are still needed to fully understand the effects of the earthquake motion on the uplift.
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