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Abstract  

 

As one of the most common particulate materials, sandy soil is widely distributed in natural 

geological environment. Compared with typical clayey soil, which has different mechanical 

properties and more tends to liquefy. In order to investigate the distinct mechanical properties, as 

well as the liquefaction resistance of sandy soil, with the introducing of subloading surface concept, 

the subloading surface Cam-clay model was introduced based on the classical Cam-clay model. 

Through precisely simulates the distinct evolution of OCR, which provides a practical method to 

simulate different type soils in a unified theoretic framework. And based on the parametric studies 

of mechanical properties and seismic liquefaction of clayey and sandy soils, two seismic simulation 

examples are carried out, owing to the faster rising of excess pore water pressure in sandy soil 

foundation, especially under the coupled interaction between structure and foundation soil, which 

leads to more significant strength degradation of foundation soil, results in larger seismic response 

and more severe force condition of structure under earthquake incident. 
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1. Introduction 

Among the major concerns in civil engineering, the seismic response of structure under 

earthquake incident was recognized as one of the most important issues in the design of civil 
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engineering structures (Rovithis, Pitilakis et al. 2009, Tang, Ling et al. 2010). Especially in coastal 

and offshore area or other saturated geological environment with sandy soil, owing to the strength 

degradation of foundation along with the rapid rising of excess pore water pressure under 

earthquake incident, which could leads to severe damage and even sudden collapse to civil 

engineering structures, such as tall buildings, bridges, wharfs and ocean platforms (Lu and Jeng 

2010, Pan, Chen et al. 2011, Memarpour, Kimiaei et al. 2012). In the seismically induced 

liquefaction cases that occurred in the past few decades, it was found responsible for the damage 

and destruction of civil engineering facilities that happened in Japan's Niigata earthquake (1964), 

Loma Prieta earthquake (1989), Kobe earthquake (1995). And recently, the damages occurred in 

2010 Canterbury earthquake and more extensively again that followed in 2011 were founded related 

with seismic induced liquefaction (Bardet and Kapuskar 1993, Fukusumi, Ozaki et al. 2002, 

Maurer, Green et al. 2015). Meanwhile, many similar observations derived from laboratory 

experiments also had been reported (Zhou, Chen et al. 2009, Gao, Ling et al. 2011). These reported 

failures and laboratory experimental observations induced by seismic liquefaction suggest that a 

more comprehensive understanding of the mechanism of seismic liquefaction, as well as the distinct 

liquefaction resistance of different soils is required to ensure the foundation able to resist the 

possible liquefaction and has enough bearing capacity to support the upper structure. 

For seismic liquefaction of saturated soil as a result of the coupled interaction between soil 

skeleton and fluid pore water, when the excess pore water pressures rise to an extent exceed the 

contact stress between the grains of soil that keep them in contact with each other, which may 

results in a complete loss of soil strength (Matasovic and Vucetic 1995, Wang and Lou 2000), and 

which can be happed in sudden and catastrophic. And particularly, which is more likely to occur in 

sandy soil foundation (Sassa and Sekiguchi 2001, Xia, Ye et al. 2010). And in practical civil 

engineering, according to the different physical and mechanical properties, most soils were 

categorized into clayey or sandy soil, and simulated with different models, which brings lots of 

inconvenience to civil engineering practices, therefore, a concise and generalized constitutive model 

is required. 

Among the various elastoplastic constitutive models of soil, the classic Cam-clay model was 

undoubtedly well known as the first practical constitutive model which could be able to provide an 

accurate description of clayey soil under normally consolidated state (Roscoe, Schofield et al. 1958, 

Zhang 2007). However, when confront with overconsolidated soil, or typical sandy soil material, 

which no longer be able to provide a satisfactory description (Zhang 2007, Vithana, Nakamura et al. 

2012). Based on the Cam-clay model, subloading surface Cam-clay model was proposed with the 

http://en.wikipedia.org/wiki/June_2011_Christchurch_earthquake
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introducing of subloading surface concept (Asaoka, Nakano et al. 2006, Yamakawa, Hashiguchi et 

al. 2010). In this constitutive model, through precisely simulate the distinct evolution process of 

overconsolidation ratio (OCR) in different type soils, both clayey and sandy soils all can be 

modeled by this unified theoretical framework (Nakai and Hinokio 2004, Choo and Burns 2014).  

Considering the great influence of seismic liquefaction in the design of important civil 

engineering infrastructures, at the same time, considering the distinct liquefaction resistance of 

different type soils, in order to study the mechanism of seismic liquefaction and the corresponding 

influence on the dynamic response of structure, based on the comparative studies of clay and sandy 

soils, then with the development of subloading surface Cam-clay model, a unified 3D nonlinear 

dynamic FEM program based on ADINA81 was established, under this FEM framework, two 

seismic simulation examples of a free field and a pier structure are conducted in this paper. 

 

2. Subloading surface Cam-clay model 

In the development history of soil constitutive model, the well-known Cam-clay model was 

one of the most widely used elastoplastic model applied in civil engineering (Zhang 2007). As 

developed from the laboratory experiment on remold clay, which could precisely simulate the yield 

process of normally consolidated clayey soil, while confronted with overconsolidated soil or typical 

sandy soil, which cannot be able to provide a satisfactory description anymore.  

As a reflection of stress history, the overconsolidation factor plays a very important role in the 

mechanical properties of soil, based on Cam-clay model, with the proposed concept of subloading 

yield surface, the subloading surface Cam-clay model provides a practical method to simulate the 

mechanical properties of soil in a wider application scope by taking overconsolidation factor into 

consideration. In the determination of the governing equation of subloading yield surface, assuming 

the subloading yield surface and normally consolidated surface are geometric similar (Fig.1), 

thenthe governing equations for both normally consolidated yield surface and the subloading yield 

surface can be written as (Zhang 2007): 
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under reference pressure 
0p (98kPa), 0.434 cC  , 0.434 sC  , in which 

cC  and 
sC  are the 

volumetric compressibility and expansion coefficient, respectively. 
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Fig.1 Yield surfaces of soil under different overconsolidated state 

According to the relationship between stresses，the governing equation of subloading yield 

surface through stress point ( , )P p q  could be written as： 
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Convert the governing equation from ( , )p q  stress space into general stress space 
2( , )m J , 

then a more practical equation of sub loading yield surface in general stress space could be derived 

as： 
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With taking the influence of over consolidation factor into consideration, the sub loading surface 
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Cam-clay model provides a practical method to describe the mechanical properties of soil under 

overconsolidated state. While for the evolution of parameter R, as it closely related with plastic 

strain, by Nakai et al’s advices (Nakai and Hinokio 2004, Asaoka, Nakano et al. 2006), assumes that 

d d p

dR U  , and in which 
*

p

lnR

M
U m R

C
   , where 

Rm  is the material parameter which controlled 

the evolution rate of OCR. The evolution equation defined the derivative of R as a positive scalar 

function in terms of plastic stretching, as long as soil under plastic loading, which will always 

towards the direction of normally consolidated state. From the definition functions, it’s clear to see 

that the larger value of parameter 
Rm  means the quicker evolution rate of over consolidation in 

soil. And in typical clayey soil, there is a more rapid loss of over consolidation. Conversely, in 

sandy soil, the loss of over consolidation is assumed to occur slowly (Asaoka, Nakano et al. 2006). 

Based on the governing equation of sub loading surface Cam-clay model, along with the 

evolution of OCR, then we could obtain the elastoplastic constitutive equation though coordination 

equation combined with Hooke's law: 
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, ijklE  is the stiffness tensor， kl , e

kl  and p

kl are 

the total strain tensor, elastic strain tensor and plastic strain tensor, respectively. 

Through the established constitutive equation, the corresponding elastoplastic loading criteria 

could subsequently be obtained as below: 
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3. Model verification and parametric analysis 

With taking the influence of over consolidation into consideration, sub loading surface Cam-clay 

model provides a unified framework for extensive study of different type soils in wider application 

scope. In this part, the validity and reliability of sub loading surface Cam-clay model is verified 

firstly, and then through monotonic and cyclic loading tests, comparative studies are carried out on 
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both clayey and sandy soils under the unified theoretic framework. 

 

3.1 Model verification and parametric study of mR 

Firstly, in order to verify the validity and reliability of sub loading surface Cam-clay model in the 

simulation of clayey and sandy soils, triaxial compression tests with constant mean principal stress 

(p=196kPa) are carried out on Fujinomori clay and Toyoura sand (Table.1) (Asaoka, Nakano et al. 

2006) .  

Table 1 Material parameters of soil samples 

Item Fujinomori clay Toyoura sand 

Compression index (  ) 0.09 0.07 

Swelling index (  ) 0.02 0.005 

Critical shear stress ratio ( *M ) 1.36 1.5 

Parameter of OCR (
Rm ) 2.1 0.2 

Void ratio at 98kPa (
0e ) 0.83 1.1 

Poisson’s ratio ( ) 0.2 0.2 

 

In the loading test of Fujinomori clay, four soil samples with one normally consolidated soil 

sample (OCR=1) and three overconsolidated soil samples (OCR=2, 4, 8) are used. The comparison 

of laboratory observed results and numerical predictions by sub loading surface Cam-clay model 

are shown in Fig.2. From the loading responses it can be seen that the laboratory test observations 

and numerical predicted results are in good agreement, the strength softening and volume dilatancy 

phenomenon of overconsolidated soil are well simulated with good precision. As it can be seen 

from the response of stress-strain relationship curves (Fig.2a), compared with the normally 

consolidated soil sample, the overconsolidated soil samples all experiences a notable strength 

hardening process with higher yield strength (q/p=1.36, 1.53, 1.72, 1.92), and once the stress-strain 

curves reaches the apex point, along with the decay of OCR in the plastic loading process, the yield 

strength decreases accordingly, and the ultimate yield strength all approaches to the same stress 

level that performed in normally consolidated soil sample. 

Fig.2b shows the corresponding volume compression during the loading process. As it can be 

seen from the comparison curves, the normally consolidated soil sample shows the highest 

compressibility ( -3.4%e  ), while for the overconsolidated soil samples, which all experienced an 

obvious reversion in the compression process, the void ratio was compressed at the first loading 

stage, while with the loading keeps continuing, especially with larger initial OCR, which began to 

increase and displays obvious volume dilatancy in the end ( e 1.19%, 2.41%, 3.21%). Through 

the comparative loading tests, it could be derived that the predicted strength degradation and 

dilatancy phenomenon along with the stress-strain response well proved the reliability and accuracy 
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of sub loading surface Cam-clay model, with taking over conslidation factor into consideration, 

which provides a practical method to simulate the loading response of soil under overconsolidated 

state. 

Fig.3 shows the test results of Toyoura sand, as it can be seen from the loading responses, both 

stress-strain response and dilatancy phenomenon of loose sand and dense sandy soil samples are 

well simulated by sub loading surface Cam-clay model, and the dense sand shows much higher 

yield strength (q/p=1.74, 1.45) and demonstrates larger dilatancy in the yielding process. Through 

verification and parametric study on both clayey and sandy soil samples, it can be concluded that 

through choses proper material parameter of OCR ( Rm ), the sub loadng surface Cam-clay model 

provides a practical and precise model to simulate the distinct mechanical properties of sandy soil in 

a unified theoretic framework. 
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Fig.2 Triaxial test of Fujinomori clay     Fig.3 Triaxial test of Toyoura sand 

Considering the loading responses of both clayey and sandy soils are well simulated by sub 

loading surface Cam-clay model through taking the effect of over consolidation factor into 

consideration, in this part, through choses appropriate parameter 
Rm

 
(Table 2), both drained and 

undrained triaxial loading tests are conducted on three different type soil samples (from typical 

clayey soil to sandy soil) under the unified theoretic framework of sub loading surface Cam-clay 

model. And the mechanical parameters all share the same value as that of Fujinomori clay except 

Rm , and the initial OCR are set to 4.0 (R=0.25) to simulate the initial overconsolidated state. 

Table 2 State variable parameter of soil samples 

Soil samples Rm  

Clay 

↓ 

Sand 

sample 1 2.0 

sample 2 0.5 

sample 3 0.1 

 

The drained loading test results are shown in Fig.4. In the loading response of q/p- d  (Fig.4a), it 

can be seen that all the soil samples experience a notable strength softening process, and which 

displays more obviously and reaches higher shear stress ratio in the clayey soil sample (Sample 1, 
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d =0.020, q/p=1.76) than that demonstrated in the sandy soil sample (Sample 3, d =0.096, 

q/p=1.52). Apart from the stress-strain response, the development of void ratio and the 

corresponding evolution of OCR are also derived along with the loading process. From the 

compression curves in Fig.4b, it can be seen that at the first loading stage, all soil samples 

experience an obvious volume shrinkage process under shear stress loading ( *( ) /e k M     ), 

while with the loading keeps proceeding, the volume expansion due to the decay of OCR gradually 

dominates the compressibility characteristics of soil ( 0(1 )lnPe C e OCR   ), and then the 

compression response of overconsolidated soil is a combination of the volume shrinkage part due to 

shear loading and the expansion part due to the decay of OCR. At the same time, owing to the 

distinct evolution rate of OCR in different soil samples (Fig.4c), the volume compression curves 

follow distinct development paths. However, all soil samples reach the same void ratio and 

normally consolidated state after yield. 

The undrained loading test results are shown in Fig.5. As the buildup of excess pore water 

pressure is closely related with the compression of soil skeleton, then the buildup curves of excess 

pore water pressure also experiences a notable reversion in the yield process, and displays negative 

pressure in the end. And owing to distinct compressibility of clayey and sandy soils, the maximum 

excess pore water pressure reached 9.3kPa and 43.0kPa in the two soil samples. At the same time, 

owing to the influence of excess pore water pressure, which significantly accelerates the decay of 

OCR and displays smaller shear strength (Sample 1, d =0.015, q/p=1.67; Sample 3, d =0.035, 

q/p=1.44).  
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3.2 Cyclic loading response and seismic liquefaction study of clayey and sandy soils 

 

Considering the dangerous destructive power of seismic liquefaction, as well as the distinct 

liquefaction resistance of clayey and sandy soils, therefore, correct estimation of foundation’s 

bearing capacity under earthquake incident is necessary for the seismic design of important soil 

structures in liquefiable geological environments. In this part, both drained and undrained cyclic 

loading tests are conducted on both typical clayey and sandy soil samples (Sample 1 and Sample 3, 

Table.2) with specific OCR value (OCR=1, 2, 4). In the loading tests, total 3000 steps with 

incremental strain step 0.002d   and loading stress amplitude ( 1 3-  ) of 20kPa are carried out. 

Firstly, the drained cyclic loading test is conducted and the test results of both clayey and sandy 

soils are presented in Fig.6 and Fig.7, respectively. From the stress-strain response curves in Fig.6a 

and Fig.7a, it can be seen that with the increases of OCR, the soil samples demonstrate much better 

mechanical performance and smaller compressibility under the cyclic loading test. At the same time, 

from the comparison between clayey and sandy soil samples, it also can be found that the sandy soil 

samples shown stronger nonlinearity characteristics and larger compressibility ( =e 0.40, 0.32 and 

0.23) than clayey soil ( =e 0.24, 0.16 and 0.08), the typical sandy soils can be compressed to 

higher density under cyclic loading. Meanwhile, as the evolution of OCR is closely related with the 

development of soil density, Fig.6d and Fig.7d present the corresponding evolution of OCR in the 

cyclic loading test. Owing to the different evolution rate between clayey and sandy soils, in the 

sandy soil samples, the OCR reaches the stable state just after a few loading cycles, and the soil 

samples are compressed to more density state (e=0.44, 0.47, 0.51), while the evolution of OCR in 

clayey soil samples displays a more gradual evolution process and then the soil samples reaches a 

relative higher void ratio state after the loading test (e=0.60, 0.63, 0.66). 
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0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
 OCR=1.0

 OCR=2.0

 OCR=4.0

q
/p

d
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

0.4

0.5

0.6

0.7

0.8

0.9

 OCR=1.0

 OCR=2.0

 OCR=4.0

e

d
0 500 1000 1500 2000 2500 3000

0.0

0.2

0.4

0.6

0.8

1.0
 OCR=1.0

 OCR=2.0

 OCR=4.0

R
 (

1
/O

C
R

)
Loading steps

 

a /
d

q p        b d
e         c R 

Fig.7 Drained triaxial test of soil under cyclic loading (Sandy soil) 

Secondly, since the distinct mechanical properties of clayey and sandy soils are found in drained 

loading tests, meanwhile, considering the buildup of excess pore water pressure as a result of 

dynamic coupled interaction between soil skeleton and fluid pore water, in order to further 

investigate the liquefaction mechanism and the distinct liquefaction resistance of different type soils, 

the undrained cyclic loading tests are conducted on both clayey and sandy soils and the comparative 

test results are presented in Fig.8 and Fig.9, respectively.  

Unlike in the drained tests that all soil samples reached their respective stable state after several 

loading cycles, in the undrained loading test, along with the compression of soil skeleton, the 

loading pressure transferred to the fluid pore water, and then followed by the rising of excess pore 

water pressure (Fig.8b and Fig.9b), accordingly. With the decreases of soil effective stress, which 

accelerates the strength degradation of soil, until completely lost bearing capacity when reaches the 

critical state of liquefaction. Especially, owing to the larger compressibility, the normally 

consolidated soil samples reach the critical state of liquefaction more quickly. As well as the 

influence of OCR, the distinct mechanical properties between clayey and sandy soils are also 

reflected in the buildup of excess pore water pressure, the sandy soil samples almost liquefied just 

after few loading cycles (Fig.9b), while in the clayey soil samples, owing to the better mechanical 
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performance and lower compressibility, which enables the clayey soil samples maintained at a 

relative stable state after dozens of loading cycles (Fig.8a). 

In order to further investigate the evolution of OCR under the influence of excess pore water 

pressure, the corresponding evolution curves of OCR are derived and presented in Fig.8c and Fig.9c, 

respectively. As it can be seen from the evolution curves, unlike in the drained test that OCR all 

reaches their final higher OCR state, in the undrained cyclic laoding test, at the first loading stage , 

with the quite small excess pore water pressure level, which has limited influence on soil’s 

mechanical properties, as well as the evolution of OCR, while with the rapid rising of excess pore 

water pressure, which began to show significant influence on the evolution of OCR, particularly 

when approaches the critical liquefaction state, the develop of OCR reverses rapidly and 

degenerates into normally consolidated state, and which more likely to happen in sandy soil 

samples for the quicker rising of excess pore water pressure. 

Through the comparative studies of the cyclic loading response of clayey and sandy soils, it can 

be concluded that through precisely simulates the evolution of OCR, the subloading surface 

Cam-clay model provides a practical unified theoretic framework to simulate the distinct 

mechanical properties and liquefaction resistance of different type soils. Compared with clayey soil, 

owing to the quicker rising of excess pore water pressure under cyclic loading, sandy soil responded 

with much more progressive degradation of soil strength until lost the whole strength when reaches 

the critical state of liquefaction. 
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Fig.9 Undrained test of soil under cyclic loading (Sandy soil) 

4. Seismic simulation examples and discussions 

Considering the great dangers of seismic liquefaction and the distinct liquefaction resistance of 

clayey sand sandy soils, then for the structures constructed in saturated foundation, particularly in 

sandy soil foundation, when subjected to earthquake incident, a flow failure may occur along with 

the rapid risingof excess pore water pressure in a short period of time. In this paper, with the 

development of subloading surface Cam-clay model, a 3D dynamic nonlinear FEM program based 

on open-source ADINA81 program is developed, which provides a unified framework for seismic 

study of structure in different type soil foundations. And then two seismic simulation examples of a 

free field and a pier structure are carried out on both clayey soil and sandy soil foundations (Sample 

1 and Sample 3 in Table.2). 

 

4.1 Example 1: Seismic analysis of free field  

In this seismic simulation example, a homogeneous free field foundation with 30m depth is 

presented. In order to simulate the seismic wave propagation in half-space free field, viscoelastic 

artificial boundaries are added to the truncated cross sections. In the numerical model, a 

computational domain of 50m×20m×30m area with 960 8-node isoparametric elements is used 

(Fig.10). And in the seismic simulation, scaled Loma wave (San Francisco Bay Area of California, 

1989, 0.11g, Fig.11) with peak acceleration value of 0.2g is used to simulate the incident earthquake 

wave.  
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Fig.10 Mesh for finite element analysis 
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Fig.11 Time-history of input seismic acceleration 

Fig.12 shows the seismic responses at ground surface derived from both clayey (Free field 1) and 

sandy soil foundations (Free field 2). As the two foundation soils used the same material parameters 

except Rm , in the early stage of earthquake incident, the seismic responses in the two fields are 

very close, while influenced by the distinct strength degradation along with the rising of excess pore 

water pressure, the sandy field foundation shows much stronger nonlinearity with the decreases of 

model’s stiffness, and which significantly affects the dynamic characteristics of field foundation, the 

maximum acceleration reaches 4.09m/s2 and 3.14m/s2, and the corresponding maximum 

displacement reaches 0.11m and 0.07m, respectively in the two field foundations. As well as 

seismic response, the plastic deformations reached 0.01m and 0.03m after earthquake incident in the 

two field foundations, which almost tripled in the foundation case with sandy soil. 

Fig.13 presents the distribution of excess pore water pressure ratio along field depth after 

earthquake incident, from the distribution curves it can be seen that the upper soil reaches higher 

excess pore water pressure, and with depth goes deeper, the distribution curves show exponential 

attenuation pattern from ground surface. Meanwhile, owing to the distinct liquefaction resistance 

between clay and sandy soils, which is directly reflected in the distribution curves of excess pore 

water pressure, especially in the upper zone near ground surface, the sandy soil free field almost 

liquefied near ground surface, while the difference of excess pore water pressure between the two 

fields decreases along with the increase of field depth. 

Considering the significant difference of seismic response and liquefaction resistance between 

clayey and sandy soil foundations, in order to get a more comprehensive understanding of the 

buildup of excess pore water pressure and stress-strain response in different soil fields, the 

stress-strain relationship curves and the buildup curve of excess pore water pressure derived from 

5m, 10m, 20m depth are presented in Fig.14, respectively. As it displayed in the figures, as the two 

field foundations used the same mechanical parameters, at the early stage of earthquake incident, 

the excess pore water pressure curves and stress-strain response are very close, while owing to the 

distinct liquefaction resistance of sandy soils, which directly reflected in the buildup of excess pore 
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water pressure, and significantly accelerates the strength degradation process of soil and influences 

the dynamic characteristics of field foundation under earthquake incident, accordingly. 
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Fig.12 Dynamic response of ground surface 
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Fig.13 Distribution of excess pore water pressure 
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Fig.14 Seismic response of foundation soil 
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4.2 Example 2: Seismic analysis of pier structure 

In this numerical example of a simplified offshore pier structure, the supporting piles are driven 

to 20m deep below ground surface, and the layout of piles was set to 18m×12m arrangement, the 

piles were made of steel pipe with diameter of 2.8m and thickness of 32mm, the Yong’s modulus is 

210GPa, the simplified upper structure weights 2000KN. In the simulation of seismic motion in 

half-space soil foundation, a 100m×40m×30m calculation domain with viscoelastic artificial 

boundaries is used. And considering the symmetry of calculation model, just one-half domain of the 

numerical model is taken for FEM calculation, and then the numerical model was discretised into 

3888 nonlinear 8-node isoparametric elements for soil foundation, and 584 elastic elements for 

simplified pier structure (Fig.15). In this seismic simulation, the scaled Loma wave with peak 

acceleration of 0.2g is also used as incident earthquake wave. 
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Fig.15 Mesh for finite element analysis of the pier model 

Firstly, the cloud contour maps of excess pore water pressure ratio derived from clayey soil 

foundation is illustrated in Fig.16, which provides an overall comprehension of the coupled pile-soil 

interaction in saturated foundation. As it displays in the contour maps, besides the attenuation of 

excess pore water pressure from ground surface, under the dynamic coupled interaction between 

piles and foundation soil, there shows obvious concentration of excess pore water pressure in the 

near field of structure. 

Secondly, a more precise figure of excess pore water pressure ratio distribution curves derived 

from both clayey and sandy soil foundations is presented in Fig.17. Through the comparison of 

excess pore water pressure ratio derived from far field and near field, it can be seen that the coupled 

pile-soil interaction had significantly accelerates the buildup of excess pore water pressure, 

particularly in the sandy soil foundation, which had liquefied in the upper 2.5m near ground surface. 

With the depth goes deeper, as the motion of foundation soil and structure piles tend to synchronize, 

the corresponding influence of the coupled pile-soil interaction decreases accordingly, while it also 

should be noted that in the area of pile toe, the excess pore water pressure curve displays an obvious 
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vertex due to the stress concentration in the interface area of piles and foundation soil.  
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Fig.16 Excess pore water pressure ratio (t=60.0s) 
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Fig.17 Distribution of excess pore water pressure ratio 

Fig.18 shows the seismic response of structure’s top node, in the comparative study, apart from 

the simulated results derived from clayey and sandy soil foundations, an ideal linear elastic soil 

foundation is also presented as a background reference (Young’s modulus E is expressed in terms of 

the swelling index   and Poisson’s ratio  as 0
3(1 2 )(1 )e p

E




 
 ). In the seismic response 

curves, the maximum acceleration reaches 18.36m/s2, 14.34m/s2 and 11.23m/s2, and the 

corresponding maximum displacement reaches 0.29m, 0.34m and 0.46m, respectively derived from 

elastic, clayey and sandy soil foundations. As well as seismic response, the horizontal plastic 

deformation reaches 0.04m and 0.08m in the clayey and sandy soil foundations. Compared with the 

ideal elastic foundation, particularly with sandy soil foundation, owing to the degradation of soil 

strength along with the rapid rising of excess pore water pressure, the distinct degradation of 

foundation’s bearing capacity leads to more significant decreases of structure stiffness and 

subsequently affects the seismic response of the pier structure. 
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Fig.18 Dynamic response of the structure's top node 

In view of the distinct seismic responses in clayey and sandy soil foundations, in order to further 

investigate the deflection and force condition of structure under earthquake incident, the maximum 

horizontal deflection and bending moment envelop of pile are derived in Fig.19. The pile reaches 

the maximum deflection of 0.29m, 0.34m and 0.46m at pile’s top node in the three soil foundations, 

and the deflection curves show obvious inflection near ground surface (Fig.19a). Meanwhile, 

through stress integration in pile’s cross section, similar comparative results of bending moment 

envelope are derived in Fig.19b. Aims to make the comparison be more comprehensible, the 

bending moment envelops are given in relative value, and the maximum bending moment derived 

from elastic foundation model (M0) is used as background reference. From the figure it can be seen 

that the envelope curves all demonstrate two distinct peaks along pile length, and owing to the 

distinct degradation of foundation’s bearing capacity, the pile reaches the maximum bending 

moment of 1.20 and 1.37 near ground surface in the clayey and sandy soil foundations, respectively. 

Therefore, in the geological environment with saturated sandy soil foundation, which should be 

paid more attention in the seismic design of structures to resist the possible seismic liquefaction and 

ensure the safety of structure. 
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Fig.19 Horizontal deflection and bending moment along with pile 
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5. Discussion 

With considering the influence of over consolidation factor, as well as the distinct evolution ratio 

of OCR in different type soils, the predicted results by sub loading surface Cam-clay model are 

compared favourably with the experimental results of both clayey and sandy soils. Our results 

confirmed the feasibility of study the seismic liquefaction of clayey and sandy soils in a unified 

theoretic framework. 

Considering the super loading surface Cam-clay model able to provide a unified model for both 

clayey and sandy soils by choosing proper evolution ratio of over consolidation, meanwhile, as the 

parameter of mR is obtained through curve fitting on the loading response of soil, which cannot be 

directly derived through conventional laboratory experiment or other common parameters, therefore, 

a more practical method to determine the precise value of parameter mR will be an important 

research issue in the future research. 

Considering the seismic liquefaction of soil is a complex phenomenon of the coupled interaction 

between soil skeleton and fluid pore water, for the transient problem such as earthquake incidence, 

the undrained simplification of foundation soil without considering the pore flow in soil porosity is 

acceptable. While for the structures subjected to long period loads, such as wave, sea current flow 

as well as the long time dynamic working loads, the influence of pore flow, as well as the 

permeability of soil couldn’t be neglected anymore. Under these circumstances, the problem is 

neither transient nor steady-state process, then the simulation of these problems will be very time 

consuming, how to simplify this problem will be the direction of future research. 

6. Conclusions 

With considering the effect of over consolidation as well as the distinct evolution ratio of OCR in 

different type soils, the sub loading surface Cam-clay model provides an available unified theoretic 

framework for the simulation of different soils in wider application scope. Based on the 

comprehensive studies of clayey and sandy soils, seismic simulation examples of a free field and a 

simplified pier structure are conducted, and the following conclusions are derived: 

Through precisely simulates the influence and evolution of OCR, the sub loading surface 

Cam-clay model well revealed the mechanism of strength degradation and volume dilatancy 

phenomenon of overconsolidated soil, and with the increase of OCR, overconsolidated soil shows 

better mechanical performance and liquefaction resistance. Compared with clayey soil, sandy soil 

shows much stronger nonlinear characteristics, higher compressibility, and more tends to liquefy 

under cyclic loading. 
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In the seismic simulation examples of free field and pier structure, along with the faster rising of 

excess pore water pressure in sandy soil field foundation, especially under the coupled interaction 

between structure and foundation soil, the rapid rising of excess pore water pressure leads to more 

significant strength degradation of foundation soil and the decreases of structure’s stiffness, which 

results in larger seismic response and more severe force condition of structure under earthquake 

incident.  

Through the comprehensive investigation on clayey and sandy soils, as well as the seismic 

liquefaction study of soil foundation, it could be concluded that the sub loading surface Cam-clay 

model provides a practical method for extensive study of seismic liquefaction of different type soils 

in a unified framework. The conclusions derived from the comparative studies could provide some 

useful insights and references for the seismic design of civil engineering structures in liquefiable 

sandy soil foundation. 
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