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A B S T R A C T   

A one dimensional shear beam numerical model was firstly established to calculate the seismic compression in 
free-field site of saturated sand by using OpenSees program. Based on the established model, the influence of 
permeability coefficient on the liquefaction-induced settlement of saturated sand was investigated by introducing 
a variable permeability coefficient model. The modified model was verified by comparison with results from 
centrifuge model test. The correlation between seismic compression and seismic load parameters was studied, 
and a velocity spectrum intensity (VSI) based prediction function was proposed to estimate the compression of 
saturated sand by considering both the characteristics of seismic motion and the sand properties. The results 
show that the modified variable permeability model significantly improves the accuracy of the simulation results. 
Direction of seismic motion has a significant effect on the seismic compression and excess pore water pressure of 
sand, and the simplification of using one-dimensional load in a certain direction to represent the two- 
dimensional loads underestimates the seismic compression of sands. The proposed VSI-based prediction func-
tion provides a means for estimating seismic compression of saturated sand, and the prediction accuracy im-
proves with increasing the relative density of sand.   

1. Introduction 

Liquefaction of saturated sand is a common phenomenon in earth-
quakes, which often leads to lateral deformation, seismic compression 
and sand boils. Seismic compression of saturated sandy deposits was 
observed in almost all strong earthquakes. For horizontal free-field sand 
sites, seismic compression is mainly caused by volumetric strain, and 
results in ground settlement. Numerical simulation and laboratory tests 
are widely used to study the deformation of saturated sand during 
earthquake loading. However, it is found that the seismic compression of 
saturated sand determined through numerical simulation is smaller than 
that of field observations and model tests [1,2]. This is the result of 
failure to capture the complex behaviors of liquefaction of saturated 
sands using the current constitutive model in the numerical simulation 
(e.g., Andrianopoulos et al. [1], Elgamal et al. [3], Boulanger et al. [4], 
Zhang et al. [5]). 

As a matter of fact, this phenomenon can be theoretically explained 

by the settlement mechanism of saturated sand. Jafarzadeh and Yana-
gisawa [6] conducted a series of unidirectional shaking table tests to 
study the settlement of saturated sand columns in various conditions, 
and they found that the average permeability coefficient during seismic 
excitation is 5–6 times greater than its static (pre-shaking) value. Aru-
lanandan and Sybico [7] attributed the increase of the permeability 
coefficient of saturated sands in liquefaction state to the changes of 
particle fabric. The contacts between soil particles are weaken during 
liquefaction, which results in more flow channels for the pore water and 
leads to the increase of permeability coefficient of the sand. Shahir et al. 
[8] found that the generation and seepage of excess pore water pressure 
exist simultaneously under seismic loads, and the coupling of accumu-
lation and dissipation of pore pressure affects the seismic compression of 
saturated sand. Later, it is found that a variable permeability model used 
to simulate the centrifuge test can obtain more accurate results [9]. 
Rahmani et al. [10] considered the pore pressure accumulated 
non-linearly during seismic shaking, and modified the variable 
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permeability model parameters. A large number of model tests and field 
observations showed that, seismic compression of saturated sand mainly 
occurs during the loading process, and the liquefaction will increase the 
final seismic compression of sand [11]. The previous studies indicated 
that the seepage effect in the vibration process cannot be ignored, and 
the accuracy of numerical simulation can be improved by using appro-
priate models to describe the seepage of pore water during earthquakes. 

In addition, the seismic load is a random, irregular cyclic loading. In 
order to simplify the analysis, a single horizontal component was widely 
used in studies of sand compression. However, ground motion charac-
teristics are significantly affected by the directionality, and the use of 
unidirectional ground motion component cannot represent the real 
earthquake loading (e.g., Bradley and Baker [12]). Many researches 
showed that ground motion directionality has significant influence on 
the settlement of sandy deposits and seismic displacement of slopes (e. 
g., Nie et al. [13], Boore [14], García et al. [15], Song et al. [16,17]). 
Moreover, characteristics of ground motion are commonly represented 
by various Intensity Measures (IMs), such as peak ground acceleration 
(PGA), peak ground speed (PGV), Arias intensity (Ia) and spectral ac-
celeration (Sa) (e.g., Ishihara and Yasuda [18], Riddell and Eeri [19], 
Athanatopoulou et al. [20]). Thus, it is valuable to explore the correla-
tion between the seismic compression of saturated sand and different 
ground motion IMs. 

A large number of studies have been carried out to understand 
seismic compression and to predict its magnitude. On the one hand, 
Shahnazari and Towhata [21], Whang and Stewart [22] and Stamato-
poulous et al. [23] studied the settlement characteristics of sand with 
different compositions through a series of experiments. However, most 
of the studies were limited to the seismic compression based on one 
component of horizontal earthquake motions. On the other hand, 
several approaches for predicting the severity of seismic compression 
were proposed (e.g., Pyke et al. [24], Tokimatsu and Seed [25], Duku 
et al. [26], Ghayoomi et al. [27], Lasley et al. [28]). The US Pacific 
Earthquake Engineering Research Center (PEER) proposed a 
performance-based earthquake engineering design theory (PBEE), 
where seismic compression and ground motion characteristics were 
directly linked based on correlation analysis between IMs and structural 
engineering demand parameters (EDP) [29]. However, the previous 
methods to estimate seismic compression were mainly for sites with 
unsaturated soils, and researches carried out on seismic compression of 
saturated sand did not consider the combined effect of ground motion 
characteristics and variable permeability. 

In this paper, a numerical simulation of seismic responses of free field 
sites with saturated Fujian sand was carried out on OpenSees platform. 
The influence of permeability coefficient on liquefaction and seismic 
compression was discussed, and suitable parameters of the variable 
permeability coefficient model for Fujian sand were proposed to 
improve accuracy of the numerical test. The effects of ground motion 
dimension and directionality on sand compression were studied. 
Particular attentions have been paid to different ground motion in-
tensity measures and their relation to seismic compression, as well as the 
effect of relative density of sand. On this basis, a prediction function of 
seismic compression of saturated sand was proposed. 

2. Constitutive model 

The constitutive model proposed by Wang et al. [2] operating within 
the framework of bounding surface plasticity [30] can reproduce small 
to large deformation in the pre-to post-liquefaction regime. Principles of 
critical state soil mechanics were incorporated into the model by 
introducing the state parameters ψ into plastic modulus and 
shear-induced volumetric strains [31]: 

ψ ¼ e � ec (1)  

in which e and ec are current void ratio and critical void ratio 

corresponding to the existing confining stress, respectively. ec can be 
derived from the following energy equation [31]: 

ec¼ e0 � λcðPc=PatÞ
ξ (2)  

where Pc represents existing confining stress; Pat is the standard atmo-
spheric pressure; e0 is the void ratio at Pc ¼ 0; λc and ξ are model 
parameters. 

The model assumes that the volumetric strain caused by the mean 
effective stress is elastic, and the total volumetric strain εv caused by 
shear stress is completely plastic, which can be expressed as [31]: 

εv¼ εe
v þ εp

v ¼ εvc þ εvd ¼ εvc þ εvd;ir þ εvd;re (3)  

where εv
e and εv

p are elastic volumetric strain and plastic volumetric 
strain; εvc and εvd denote the volumetric strain caused by the mean 
effective stress and the volumetric strain caused by dilatancy. εvd,ir and 
εvd,re represent the irreversible and reversible parts, respectively. The 
total strain rate can be expressed as [31]: 
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in which p0 ¼ tr(σ)/3, ε, σ and r ¼ s/p0 represent mean effective stress, 
strain tensor, the effective stress tensor and the deviatoric stress ratio 
tensor, respectively; L is the plastic loading intensity; m is the deviatoric 
strain flow direction; D is total dilatancy rate; G and K are the elastic 
shear modulus and bulk modulus, respectively. 

The failure surface, maximum stress ratio surface (boundary surface) 
and dilatancy surface used in the model are shown in Fig. 1, which are 
defined as [2]: 

fcðσÞ¼ η � MgðθÞ ¼ 0 (5)  

fmðσÞ¼ η � MmgðθÞ¼ 0 (6)  

fdðσÞ¼ η � MdgðθÞ¼ 0 (7)  

in which η ¼ q/p0 and q ¼
ffiffiffiffiffiffiffiffiffiffiffi
3
2 s : s

q

represent generalized shear stress ratio 
and deviatoric stress invariant; s ¼ σ-p0I is the deviatoric stress tensor, I 
being the rank two identity tensor; M denotes critical stress ratio; θ is the 
Lode angle and g(θ) is the plastic potential function; Md ¼M⋅exp (-nbψ) 
represent the peak mobilized stress ratio at triaxial compression, nb is 
plastic modulus parameter; Mm is the historical maximum stress ratio, 
which will be increased when the current stress ratio exceeds the peak 
value of Md. 

Within the framework of the boundary surface model, both of the 
plastic modulus H and the total dilatancy rate D are related to the 

Fig. 1. Mapping rules of the model [2].  
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distance between the boundary surface and the dilatancy surface. H is 
defined as follows: 

H¼
2
3

hgðθÞG expð� npψÞ
�

M expð� nbψÞ
Mm

�ρ
ρ

�
� 1
�

(8)  

where h is a model parameters; np is a model constant; . is the distance 
between the projection center αin and the image stress rationr, and ρ is 
the distance between the projection center αin and the current stress 
reversal ration r, as shown in Fig. 1. 

The constitutive model is currently integrated into the open source 
finite element platform OpenSees. There are fourteen parameters 
required by the model which can be obtained by a series of laboratory 
tests. The specific parameters of Fujian sand used in this paper are listed 
in Table 1, and their definitions are detailed in Ref. [2]. 

3. Modification of model parameters and validation of 
centrifuge test 

3.1. Permeability coefficient model 

The variable permeability coefficient model, as shown in Fig. 2, 
proposed by Shahir et al. [9] properly captured the changes in perme-
ability during and after earthquake loading. This relationship between 
the permeability coefficient k and excess pore water pressure ratio ru 
(defined as the ratio of excess pore water pressure to the initial vertical 
effective stress of soil) is expressed as follows [9]: 

k
k0
¼

8
>><

>>:
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u during  pore  water  pressure  build  up  phase 

�
ru < 1

�

α                    during  liquefation  state  ðru¼ 1Þ
1þðα � 1Þrβ2

u during  pore  water  pressure  dissipation  phase 
�
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�

(9)  

where k0 is initial permeability coefficient; k denotes permeability co-
efficient during different stages before and after liquefaction; α, β1 and 
β2 are model parameters detailed in Ref. [9]. 

It can be seen that the value of permeability coefficient in liquefac-
tion stage is α times larger than that in the initial state. β1 and β2 are 
parameters describing the accumulation rate of excess pore pressure 
before liquefaction and dissipation rate of pore pressure after liquefac-
tion, respectively. Shahir et al. [8] simulated the centrifuge test of 
Nevada sand to determine the model parameters as α ¼ 20, β1 ¼ 1.0, 
β2 ¼ 8.9. Then Shahir et al. [9] pointed out that the value of the 
permeability coefficient in the liquefaction stage increased 20 times 
than that in the initial state, and the model parameters were further 
modified as α ¼ 10, β1 ¼ 2.0 and β2 ¼ 10.0. 

Based on the two sets of model parameters (α ¼ 20, β1 ¼ 1.0, β2 ¼ 8.9 
and α ¼ 10, β1 ¼ 2.0, β2 ¼ 10.0) and the results of the constant perme-
ability coefficient model, the influence of the permeability coefficient 
model on the seismic compression is analyzed and the parameters of the 
Fujian sand permeability coefficient model is modified by parameter 
analysis. On this basis, six sets of ground motion acceleration time his-
tory were selected from the NGA West-2 database [32] as the input loads 
in numerical analysis. Effects of the earthquake loading characteristics 
such as ground motion dimension, directionality and intensity measures 
on the seismic compression were analyzed in detail. The sequence of 
ground motions are shown in Table 2, and each sequence of seismic 
records include two horizontal components and one vertical component. 

3.2. Centrifuge model test 

The numerical simulation of free-field seismic compression is based 
on the centrifuge model test of Fujian Sands carried out by Liang and 
Zhou [33]. The scaling factor of the test was 50 and the depth of the 
model was 40 cm (20 m in prototype). The sample was prepared by air 
pluviation method and saturated by silicone oil whose viscosity was 50 
times of that of water under vacuum condition. The relative density was 
72.9% after consolidation under 50g. The test model was unidirection-
ally excited with different maximum acceleration (0.118g and 0.243g) 
of Deyang seismic wave in the Wenchuan earthquake, and the original 
waveform is shown in Fig. 3. The first loading amplitude is small so that 
no liquefaction is induced, and the observed ground surface settlement is 
only about 5 mm in prototype. Hence only the second loading with an 
amplitude amax ¼ 0.243g is performed in the numerical simulation. The 
physical and mechanical properties of Fujian sand in the numerical test 
are shown in Table 3. As the physical parameters of the sand are similar 
and the sample preparation method is the same, the constitutive model 
parameters proposed by Wang et al. [2] was used to simulate seismic 
compression. 

The empirical relationship between permeability coefficient and 
void ratio proposed by Taylor [34] is: 

k¼C
em

1þ e
(10)  

where C is a parameter related to soil properties; m denotes a parameter 
of the empirical index, which is generally taken as 3. The relationship 
between the void ratio and Dr is: 

Dr¼
emax � e

emax � emin
(11)  

where emax and emin are maximum void ratio and minimum void ratio of 
Fujian sand, respectively. The experimental results show that the 
permeability coefficient is k ¼ 2.056 � 10� 3 cm/s when the relative 
density of Fujian sand is Dr ¼ 55%. Thus, based on Eqs. (10) and (11), 
the permeability coefficient of Fujian sand is k ¼ 1.652 � 10� 3 cm/s 
when Dr ¼ 72.9%. 

A soil column model to simulate the dynamic response of saturated 
sand has been successfully used by Phillips et al. [35]. On this basis, a 
one dimensional shear beam numerical model for predicting the 
free-field seismic compression of saturated sand was established in this 
paper. Unidirectional excitation of the experimental model corre-
sponding to the site prototype in OpenSees is shown in Fig. 4. The 
assumption of numerical model is that the sand layer is homogeneous, 

Table 1 
Model parameters of Fujian sand [2].  

Parameter G0 (MPa) κ h M dre,1 dre,2 dir α γd,r nb nd λc e0 ξ 

Value 200 0.006 1.7 1.3 0.45 30 0.6 40 0.05 1.1 8.0 0.023 0.837 0.7  

Fig. 2. Schematic of permeability coefficient function [9].  
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isotropic, and the Dr value is constant throughout the soil layer. Due to 
the symmetry of the free field, the model mesh consisted of 20.0 cube 
elements with a side length of 1.0 m, and a three-dimensional fully 
coupled unit BrickUP [36] was used. Considering the influence of the 
layered shear box in the centrifuge test, the same layer nodes were 
bounded in three directions, and the bottom nodes were constrained in 
all directions. The bottom and two lateral sides of the model are un-
drained, and the top surface was drained to maintain the excess pore 
pressure at zero. Numerical analysis includes three stages, i.e., calcula-
tion of the geostatic stresses, dynamic response analysis of seismic load 
and reconsolidation analysis. In order to incorporate the variable 
permeability coefficient model of Eq. (9), the permeability coefficient of 
each element was updated according to the excess pore water pressure 
ratio at differential depth in the calculation. 

3.3. Modification of permeability coefficient 

Considering the results of Refs [8,9], this study set β1 ¼ 1.0 and 
β2 ¼ 10.0, and α values are taken as 10, 20 and 25, respectively. The 
value of α ¼ 10 means that the permeability coefficient of sand increases 
to 10 times of the initial value in the liquefaction stage. The time-history 
curve of seismic compression in saturated sand field under three kinds of 
model parameters were analyzed, and the result of seismic compression 
with a constant increased permeability coefficient model (k ¼ 10k0) was 
compared, as shown in Fig. 5. As can be seen from Fig. 5, most of the 
settlement occurs during the loading process (from about 30s to 200s), 
which is consistent with the results of centrifuge model test [33]. The 
reason for this phenomena is that the average permeability coefficient of 
sand is several times greater during seismic excitation than its static 
(pre-shaking) value, which can result in that the volume of drained 

water during shaking is larger than the reconsolidation process. In 
addition, the compression accumulation and the final settlement 
increased with increasing of α. For the case of k ¼ 10k0, the final 
compression value is smaller than that corresponding to α ¼ 10, 20 and 
25. The simulation result is 260 mm when α ¼ 25, which is the closest to 
the 275 mm of centrifuge test result [33]. 

Fig. 6 shows the ru development curve at depths of 3.25 m and 
17.00 m for both constant increased permeability coefficient model 

Table 2 
Input earthquake ground motions.  

Sequence (RSN) 145 184 320 547 4121 4127 

Location and year Coyote Lake, 
1979 

Imperial Valley-06, 
1979 

Mammoth Lakes-10, 
1981 

Chalfant Valley-01, 
1986 

Parkfield-02 CA, 
2004 

Parkfield-02 CA, 
2004 

Peak ground acceleration 
(g) 

0.247 0.481 0.162 0.272 0.209 0.187  

Fig. 3. Initial Deyang seismic wave.  

Table 3 
The physical and mechanical properties of Fujian sand [33].  

Parameter Gs emax emin D50/mm D30/mm D10/mm Cu Cc ϕ/�

Value 2.622 0.943 0.6 0.16 0.14 0.10 1.7 0.96 39  

Fig. 4. Schematic of the simulation model.  

Fig. 5. Variation of settlement versus time for different α.  
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(k ¼ 10k0) and variable permeability coefficient models (i.e., α ¼ 10, 20 
and 25). It can be seen that the excess pore pressure ratio curve is 
significantly different for constant increase permeability coefficient 
model and variable permeability coefficient models. The rate of pore 
pressure accumulation in the early stage for k ¼ 10k0 is relatively slower 
than the case of α ¼ 10, 20 and 25. For the case of k ¼ 10k0, the pore 
water pressure dissipation is fast and the settlement curve is flat in the 
later stage. For the case of α ¼ 10, 20 and 25, the pore pressure dissipates 
slowly and the re-consolidation stage lasts for a long time. The com-
parison shows that the variable permeability coefficient model is more 
consistent with the experimental results. In addition, for the variable 
permeability coefficient models, the excess pore pressure ratio decreases 
with the increase of α in the pore water pressure dissipation stage. 

Based on the above comparative analysis, it can be seen that the 
constant permeability coefficient model cannot reflect the real situation 
of excess pore water pressure and settlement development of saturated 
sand under seismic loading. The numerical simulation results obtained 
by using the variable permeability coefficient model generally agree 
well with the experimental results when α ¼ 25. Therefore, the value of 
parameter α is set as 25 in the following simulations to evaluate the free 
field settlement of saturated Fujian sand. 

Fig. 7 shows the variation of settlement factor and excess pore 
pressure factor at the depth of 17.00 m when α ¼ 25, β2 ¼ 10.0 and β1 is 
taken as integers from 1.0 to 5.0. The settlement factor and the excess 
pore pressure factor are defined as the ratio of the simulated value of the 
final settlement to the experimental value and the ratio of the simulated 
value of the maximum excess pore pressure at a certain depth to the 
experimental value, respectively. One can see from Fig. 7, the final 
settlement decreases with increasing of β1, and the maximum pore 
pressure of the unliquefied fraction increases with increasing of β1. 
These variations of both settlement factor and excess pore pressure 
factor are consistent with those described by Shahir et al. [8]. Based on 
the analysis results of Shahir et al. [9], β1 varies between 1.0 and 3.0. In 
this paper, the obtained simulation results are more accurate for 
β1 ¼ 2.0. 

The parameter of β2 mainly controls the rate of excess pore pressure 
dissipation after liquefaction. As excess pore pressure in the dissipation 
stage increases with the increase of β2 [8], the reasonable β2 can be 
determined by analyzing the excess pore pressure factor of the pore 
pressure in dissipation stage. The rate of pore pressure dissipation is 
slower than that of accumulation (i.e., β2>β1). By setting α ¼ 25 and 
β1 ¼ 2.0, the variation of excess pore pressure factor at 10.00 m for 
different β2 in 200–600s is shown in Fig. 8. It can be seen that the excess 
pore pressure factor increased with increasing of β2, which is in accor-
dance with the results of Shahir et al. [9]. The excess pore pressure 
factors are closer to 1.0 for β2 ¼ 10.0 in 200–350s, which is also 
consistent with the results of Shahir et al. [9]. Base on the above anal-
ysis, the parameters of the variable permeability coefficient of Fujian 
sand can be redefined as: α ¼ 25, β1 ¼ 2.0 and β2 ¼ 10.0. 

3.4. Calculation result verification 

The modified parameters are applied to simulation of a centrifuge 
experiment, and the numerical results are shown in Fig. 9. As can be seen 
from Fig. 9, the settlement of numerical simulation are smaller than that 
of the experimental values. And the simulation results using the variable 
permeability coefficient model is closer to the experimental values than 
that using the constant permeability coefficient model. 

The development curves of computed and measured values of excess 
pore water pressure ratio are depicted in Fig. 10. As shown in Fig. 10, the 
numerical results of the two permeability models at depth of 10.00 m 
indicate that liquefaction occurred during the loading process. In the 
process of pore pressure dissipation, the pore pressure ratio develop-
ment curves at depths of 10.00 m and 17.00 m show that the velocity of 
pore pressure dissipation for the variable permeability coefficient model 
is slightly smaller than that of experimental value, which is opposite to 

Fig. 6. Variation of excess pore water pressure ratio ru versus time for k ¼ 10k0 
and α ¼ 10, 20, 25 at depths of 3.25 m and 17.00 m: (a) 3.25 m and (b) 17.00 m. 

Fig. 7. Variation of settlement factor and excess pore pressure factor change 
with β1 at depth of 17.00 m. 
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the constant permeability coefficient model. 
Fig. 11 presents the variation of excess pore pressure factor (defined 

as in Fig. 7) of the variable permeability coefficient model and the 
constant permeability coefficient model. It can be seen from Fig. 11 that 
the excess pore pressure simulation results of the variable permeability 
coefficient model are in good agreement with the experimental values (i. 
e., the excess pore pressure factor is close to 1.00) in the 300s period, 
which are progressively larger than experimental values after 300s. In 
general, compared with the constant permeability coefficient model, 
using variable permeability model significantly improves the accuracy 
of the numerical simulation. 

4. Results and analysis 

4.1. Effect of input ground motion dimension on seismic compression 

The recorded earthquake ground motion RSN145 was selected to 
explore the influence of ground motion dimension on seismic 
compression of saturated sand. The results of pore pressure and seismic 
compression subjected to one-dimensional (X-direction or Y-direction) 
and two orthogonal horizontal (XY-direction) earthquake loading were 
analyzed, and the difference between the two loading manners is 
discussed. 

Fig. 12 shows the excess pore pressure ratio curves of saturated sand 
subjected to the two kinds of loading method (i.e., one-dimensional 
loading and two-dimensional loading) in the horizontal direction at 
depths of 2.00 m and 20.00 m. As can be seen from Fig. 12, the excess 
pore pressure of the sand subjected to two orthogonal horizontal loads 
are larger than that subjected to unidirectional horizontal seismic load. 
In addition, the excess pore water pressure ratio at depth of 2.00 m is 
larger than that at depth of 20.00 m under the same loading manner, 
which indicates that the excess pore water pressure ratio decreases with 
the increase of depth. 

Fig. 13 shows the settlement time histories of saturated sand sub-
jected to each of the horizontal components of motion separately and 
then simultaneously at ground surface. As shown in Fig. 13, the seismic 
compression of the sand subjected to two orthogonal horizontal loads 
are larger than that subjected to unidirectional horizontal seismic load, 
meanwhile, it is smaller than the sum of the seismic compression of the 
two unidirectional loads and the double of any one of them. Therefore, 
simplifying the seismic compression induced by two dimensional 
seismic loads as the double of that caused by unidirectional horizontal 
seismic load [24] for Fujian sand would result in overestimations. 

Fig. 8. Excess pore pressure factor change with time for different β2 at depth 
of 10.00 m. 

Fig. 9. Comparison of settlement change with time for different evalua-
tion method. 

Fig. 10. Comparison of excess pore water pressure ratio ru change with time for 
different evaluation methods and depths. Fig. 11. Excess pore pressure factor change with time for different evaluation 

methods and depths. 
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4.2. Effect of ground motion directionality on seismic compression 

Based on Refs. [37–40], 17 IMs were used to describe the charac-
teristics of ground motion in this paper, as shown in Table 4. The defi-
nition of each parameter can be found in Riddell et al. [19]. To capture 
the effects of the direction angle on seismic compression, a formulation 
proposed by Boore [14] was used to calculate the seismic acceleration 
time history in each direction, which can be expressed as Eq. (12): 

aROTðt; φÞ¼ a1ðtÞcosðφÞ þ a2ðtÞsinðφÞ (12)  

where a1(t) and a2(t) are two orthogonal acceleration time history in 
horizontal direction of the original seismic record, respectively; φ rep-
resents the direction angle, which rotates from 0� to 175� on horizontal 
plane with a gradient of 5�. aROT (t; φ) denotes the seismic acceleration 
component in the φ direction, and it was used as a seismic input load to 
simulate seismic compression of saturated sand with different relative 
densities. 

The seismic compression is evaluated for unidirectional horizontal 
seismic load in different direction and for the bi-directional horizontal 
seismic load as well. The seismic compression ratio is defined as the ratio 
of the seismic compression caused by the seismic load component in a 

certain direction to the seismic compression generated by the bi- 
directional horizontal seismic load. 

Fig. 14 shows the variation of the seismic compression ratio with the 
direction angle of the RSN145 and RSN320 for different relative 

Fig. 12. Time history of the excess pore pressure ratio at depths of 2.00 m 
and 20.00 m. 

Fig. 13. Comparison of settlement time histories of saturated sand subjected to 
each of the horizontal components of motion separately and simultaneously at 
ground surface. 

Table 4 
Intensity measures of seismic waves.  

Serial number Ground-motion intensity parameters (IMs) 

1 Peak ground acceleration, PGA 
2 Peak ground speed, PGV 
3 Peak ground displacement, PGD 
4 Effective strong ground motion duration, D 
5 Peak ground speed/Peak ground acceleration, Vmax/Amax 

6 Root mean square acceleration, RMSa 

7 Root mean square velocity, RMSv 

8 Root mean square displacement, RMSd 

9 Arias intensity, Ia 

10 Cumulative absolute velocity, CAV 
11 Filtered cumulative absolute velocity, CAV5 

12 Acceleration spectrum intensity, ASI 
13 Velocity spectrum intensity, VSI 
14 Spectral acceleration, Sa (T ¼ 0.4s, 5%) 
15 Spectral acceleration, Sa (T ¼ 0.6s, 5%) 
16 Spectral acceleration, Sa (T ¼ 0.8s, 5%) 
17 Spectral acceleration, Sa (T ¼ 1.8s, 5%)  

Fig. 14. Effect of seismic directionality on seismic compression ratio with 
different ground motion: (a) RSN 145 and (b) RSN 320. 
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densities of sand. In Fig. 14H1 and H2 represent the horizontal directions 
of the original input seismic records, and the direction angles corre-
sponding to H1 and H2 are 0� and 90�, respectively. As can be seen from 
Fig. 14, the seismic compression ratio varies significantly with the 
variation of the direction angle, and the maximum value of the seismic 
compression ratios do not correspond to the direction of H1 and H2, 
which implied that using a recorded ground motion component in the 
original seismic record cannot represent the effects of ground motion 
directionality. In addition, there is a significant discrepancy in the in-
fluence of the ground motion component at different directions on the 
seismic compression ratio, which indicated that the ground motion di-
rection angle cannot quantify the seismic compression ratio. Therefore, 
it is unreasonable to use unidirectional seismic load to simplify bi- 
directional seismic load when calculating sand compression. More-
over, the seismic compression ratio decreases with the decrease of Dr 
when the direction angle is the same, which means the coupling of bi- 
directional ground motion is more significant for sand with smaller Dr 
values. 

4.3. Correlation analysis of IM and seismic compression 

To investigate the influence of relative density of sand and ground 
motion intensity on the seismic compression, the spectral acceleration 
Sa (0.6s), which has a good correlation with seismic compression, was 
used as the evaluation index. Sa (0.6) is the spectral acceleration of a 
single degree of freedom system with a natural oscillation period of 
0.6 s. The relationship between seismic compression of sand with 
different relative densities and Sa (0.6s) in different directions of the six 
group ground motions is presented in Fig. 15. Each scatter in the figure 
represents a seismic compression induced by a ground motion in a 
certain direction. As can be seen from Fig. 15, the amount of seismic 
compression increases with the decrease of Dr, and the increase of Sa 
(0.6s). Saturated sand with a smaller relatively density is more prone to 
liquefaction and there are more pore water flows out during and after 
earthquake, hence resulting in a larger amount of seismic compression. 

The results of the fitting relationship between the seismic compres-
sion and spectral acceleration are also shown in Fig. 15. The dispersions 
of the data σ, which can reflect the magnitude of the correlation between 
IM and seismic compression, are 0.181, 0.176, 0.174 and 0.164, 
respectively. It is apparent from Fig. 15 that the predictions and the σ are 
larger for the smaller relative density of the sand, and thus the corre-
lation between the seismic compression and Sa (0.6s) is better with 
larger Dr value. 

To further capture the relationship between ground motion intensity 
parameters and seismic compression, Fig. 16 summarized the dispersion 
of seismic compression for 17 IMs at different relative density (i.e., 40%, 
50%, 60%, and 70%). As shown in Fig. 16, the dispersion is significantly 
affected by the relative density, which is smaller when the relative 
density is large. The σ corresponding to VSI (velocity spectrum intensity) 
and Sa (0.6s) at each relative density is less than 0.2, which indicated 
that the seismic compression of sand is well correlated with VSI and Sa 
(0.6s). However, compared with Sa (0.6s), VSI is more sensitive to the 
variation of relative density of sand, and it can better reflect the influ-
ence of site characteristics. Therefore, VSI is selected as an evaluation 
index to calculate the seismic compression of saturated sand (SCSS). The 
relationship between the amount of seismic compression and VSI can be 
expressed as Eqs. 13–16 when Dr is 40%, 50%, 60% and 70%, 
respectively. 

lnðSCSSÞ ¼ 1:016 lnðVSIÞ þ 3:132; σ ¼ 0:191 (13)  

lnðSCSSÞ ¼ 0:938 lnðVSIÞ þ 2:832; σ ¼ 0:167 (14)  

lnðSCSSÞ ¼ 0:853 lnðVSIÞ þ 2:514; σ ¼ 0:140 (15)  

lnðSCSSÞ ¼ 0:750 lnðVSIÞ þ 2:054; σ ¼ 0:117 (16) 

It can be deduced from Eqs. 13–16 that the relationship between 
seismic compression and VSI satisfied the following relationship: 

lnðSCSSÞ ¼ a lnðVSIÞ þ b (17) 

Considering that the fitting parameters a, b are related to the relative 
density, the relationship between the parameters a, b and the relative 
density is established, as shown in Fig. 17. It can be seen from Fig. 17 
that the parameters a and b decrease with increasing of the relative 
density, which can be estimated according to the fitting Eqs. (18) and 
(19): 

a¼ � 0:88Dr þ 1:37 (18)  

b¼ � 3:55Dr þ 4:59 (19) 

Combining Eqs. (17)–(19), the seismic compression can be directly 
predicted by Dr and VSI, where Dr reflects the characteristics of the sand 
field and VSI reflects the strength characteristics of the ground motion. 

The proposed prediction equation was used to estimate the settle-
ments of saturated sand deposits at the river site in the city of Niigata, 
Japan during the 1964 earthquake. The location of the river site and the 
geological survey information were detailed in Ref. [41]. A formulation 
given by Ishihara and Yoshimine [41] was used to calculate relative 

Fig. 15. Relationship between seismic compression and Sa (0.6s) for different 
relative density. 

Fig. 16. Dispersion of seismic compression for 17 IMs at different relative 
density (i,e., 40%, 50%, 60%, and 70%). 
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density Dr, which can be expressed as Eq. (20): 

Dr ¼ 16
ffiffiffiffiffiffi
N1
p

(20)  

where N1 represents the N-value in the standard penetration test cor-
responding to 1 kgf/cm2 overburden pressure. The values of N1 have 
been given in Ref. [41]. 

Fig. 18 shows the comparison of the volumetric strain reported by 
Ishihara and Yoshimine [41] and the values predicted in this work. As 
can be seen from Fig. 18, the two volumetric strain values are in good 
agreement in the medium sand layer and coarse sand layer, while they 
are significantly different in the fine sand layer and silt layer. The reason 
maybe that the variable permeability coefficient model and constitutive 
model used in this study are more suitable for the clean sand. It should 
be also noticed that the proposed relationships are valid for Fujian sand 
only, for other types of sand the results should be used with care. 

5. Conclusions 

Based on the variable permeability coefficient model, a seismic 
response analysis of free-field sites consisting of saturated Fujian sand 
was carried out on OpenSees platform. The influence of permeability 
coefficient on liquefaction-induced seismic compression was analyzed 
and the suitable permeability model parameters for Fujian sand were 
proposed to improve the accuracy of numerical test. Particular attention 
has been paid to the behavior of ground motion intensity measures and 
its relation to seismic compression, as well as the effect of relative 
density on the site response. On this basis, a predictive function for the 
seismic compression of saturated sand was proposed. The main con-
clusions are summarized as follows.  

(1) Compared with the constant permeability coefficient model, the 
variable permeability model used in this study significantly 
improved the accuracy of numerical simulation of the seismic 

response (excess pore water pressure and compression) of satu-
rated sand. For sands with different properties or drainage con-
ditions, the permeability will be different and the parameters 
should be determined according to specific conditions.  

(2) The ground motion direction plays a significant effect on seismic 
compression of saturated sand. Selecting a certain direction angle 
of ground motion component cannot accurately evaluate the 
characteristic of ground motion intensity. The pore pressure and 
seismic compression of saturated sand under the bidirectional 
load of ground motion are larger than that under unidirectional 
horizontal seismic load, but they are less than the sum of the 
results of two unidirectional loads and two times of the result of 
unidirectional loading. It is unreasonable to use unidirectional 
seismic load to simplify bi-directional seismic load to evaluate 
seismic compression. 

(3) The seismic compression is closely related with the ground mo-
tion intensity parameter VSI, and a predictive function was pro-
posed to estimate the compression under multi-directional 
seismic loadings based on the parameter of VSI and relative 
density of sands. 
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NotationThe following symbols are used in this paper: 

aROT(t; φ) seismic acceleration component in the φ direction 
a1(t), a2(t) two orthogonal acceleration time history in horizontal direction of the original seismic record, respectively 
a, b model parameters related to the relative density 
C a parameter related to soil properties 

Fig. 17. Fitting curves of parameters a and b with relative density of sand.  
Fig. 18. Comparison of the volumetric strain for saturated soil.  
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Cc coefficient of curvature 
Cu coefficient of uniformity 
D total dilatancy rate 
Dr relative density 
D50 mean grain size; 
D30 medain grain size; 
D10 effective grain size; 
dir, α, γd,r irreversible dilatancy parameters 
dre,1, dre,2 reversible dilatancy parameters 
e current void ratio 
e0 void ratio at Pc ¼ 0 
ec critical void ratio corresponding to the existing confining stress 
emax maximum void ratio 
emin minimum void ratio 
fc(σ) failure surface model formulation 
fm(σ) maximum stress ratio surface model formulation 
fd(σ) dilatancy surface model formulation 
G elastic shear modulus 
G0, n, к modulus parameters 
Gs specific gravity 
g(θ) plastic potential function 
H plastic modulus 
h a model parameters 
I Identity tensor of rank 2 (Kronecker delta) 
K bulk modulus 
k permeability coefficient 
k0 initial coefficient of permeability 
L plastic loading intensity 
M deviatoric strain flow direction 
M critical stress ratio 
Md peak mobilized stress ratio at triaxial compression 
Mm historical maximum stress ratio 
m a parameter of the empirical index 
nb plastic modulus parameter 
np a model constant 
Pat the standard atmospheric pressure 
Pc existing confining stress 
p0 mean effective stress 
q deviatoric stress invariant 
r the deviatoric stress ratio tensor 
ru excess pore water pressure ratio 
s deviatoric stress tensor 
Sa(0.6) spectral acceleration of a single degree of freedom system with a natural oscillation period of 0.6 s 
SCSS seismic compression of saturated sand; 
t time variable 
VSI velocity spectrum intensity 
α, β1, β2 model parameters 
αin projection center 
ε strain tensor 
εv total volumetric strain 
εv

e elastic volumetric strain 
εv

p plastic volumetric strain 
εvc volumetric strain caused by the mean effective stress 
εvd volumetric strain caused by dilatancy 
εvd,ir, εvd,re irreversible and reversible parts of εvd 
η generalized shear stress ratio 
θ the Lode angle 
λc,ξ model parameters 
ρρ mapping distances in stress ratio space 
σ effective stress tensor 
φ direction angle 
ϕ internal friction angle 
ψ state parameters 
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