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1. Introduction 
 

The seismic soil-structure interaction problems are 

usually evaluated using the time-history finite element 

analysis due to the complexity of the earthquake effect 

(Kontoe et al. 2011, Yeganeh and Fatahi 2019, Alzabeebee 

2020a). The use of the finite element method to model soil-

structure interaction problems requires the utilization of a 

constitutive relationship to simulate the response of the soil 

and the structure. Furthermore, an advanced soil 

constitutive relationship (soil model) that robustly models 

the behaviour of soil response under seismic condition is 

required for accurate modelling of the seismic soil-structure 

interaction problems. However, the parameters for 

advanced soil models are not readily available, which 

makes the use of such models challenging (Brinkgreve et al. 

2010). In addition, the advanced soil models require more 

computational time, which also adds to the justification of 

using simple soil models. More importantly, not all finite 

element packages have these models already implemented 

(Kontoe et al. 2011). These challenges made the use of 

simple models such as the linear elastic soil (LE) model and 

the elastic-perfectly-plastic soil model (EPP) more popular  
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in practice and research (Kontoe et al. 2011, Kampas et al. 

2018). The Rayleigh damping are usually used with these 

simple soil models to compensate the lack of hysteresis 

damping (Kontoe et al. 2011). However, it is worthy to state 

that these simple soil models do not account to the effect of 

the small strain stiffness, cyclic loads, hysteretic damping, 

and stiffness degradation (Alzabeebee 2019a). 

As the LE and EPP soil models are preferred in practice, 

it is necessary to compare the results of the seismic soil-

structure interaction using these simple models with the 

results of a verified soil model that can accurately model the 

seismic soil-structure interaction problems. This is very 

important to understand the influence of selecting the soil 

constitutive model on the results of the seismic soil-

structure interaction problems. These comparisons also 

enable understanding the consequences of neglecting the 

effect of the small strain stiffness, cyclic loads, hysteretic 

damping, and stiffness degradation on the accuracy of the 

finite element analysis. However, there is lack of studies on 

the impact of the sophistication of the soil constitutive 

relationship on the outcomes of the seismic soil-structure 

interaction simulation as there are only three studies 

concerned with this topic. These previous studies focused 

only on the case of a tunnel buried in a clayey soil (Kontoe 

et al. 2011), a tunnel buried in a granular soil (Kampas et al. 

2018), and a multistory building resting on a clayey sand 

(Yeganeh and Fatahi 2019). Hence, there are still gaps in 

knowledge regarding the effect of the complexity of soil 

constitutive model on the behaviour of shallow foundations 
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Abstract.  The time-history finite element analysis is usually used to evaluate the seismic response of shallow foundations. 

However, the literature lacks studies on the influence of the soil constitutive model complexity on the seismic response of 

shallow foundations. This study, thus, aims to fill this gap by investigating the seismic response of shallow foundation resting on 

dry silica sand using the linear elastic (LE) model, elastic-perfectly-plastic (EPP) model, and hardening soil with small strain 

stiffness (HS small) model. These models have been used because it is intended to compare the results of a soil constitutive 

model that accurately captures the seismic response of the soil-structure interaction problems (which is the HS small model) 
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showed that the LE model produces a very small seismic settlement value which is approximately equal to zero. The EPP model 

predicts a seismic settlement higher than that produced using the HS small model for earthquakes with a peak ground 

acceleration (PGA) lower than 0.25 g for a relative density of 45% and 0.40 g for a relative density of 70%. However, the HS 

small model predicts a seismic settlement higher than the EPP model beyond the aforementioned PGA values with the 

difference between both models increases as the PGA rises. The results also showed that the LE and EPP models predict similar 

trend and magnitude of the acceleration-time relationship directly below the foundation, which was different than that predicted 

using the HS small model. The results reported in this paper provide a useful benchmark for future numerical studies on the 

response of shallow foundations subjected to seismic shake.  
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resting on cohesionless soils as no efforts have been given 

in the literature to this important geotechnical problem. This 

study, therefore, aims to provide a comprehensive insight 

into the effect of the soil constitutive model on the seismic 

response of shallow foundation by comparing the results of 

the soil models which cannot capture the actual response of 

the soil under dynamic loads (namely the LE model and the 

EPP model) with the hardening soil with small strain 

stiffness model, which is a robust soil constitutive model 

with very good potentials to simulates the response of dry 

cohesionless soils subjected to seismic loads. The 

verification of the capabilities of the hardening small strain 

stiffness soil model to simulate the response of the soil-

structure interaction problems under the effect of the 

seismic events has been reported by many studies in the 

literature (e.g., Al-Defae et al. 2013, Amorosi et al. 2014, 

Liang et al. 2015, Knappett et al. 2015, Fabozzi and Bilotta 

2016, Amorosi et al. 2017, Bakr and Ahmad 2018, Liang et 

al. 2020a). Thus, the comparisons of the HS small model 

with the LE and EPP models are justifiable as the study 

aims to examine the accuracy of the LE and EPP models in 

simulating the seismic behaviour of shallow foundations. 
 

 

2. Soil constitutive models 
 

As mentioned in the introduction, three different soil 
constitutive models have been used to address the aim of 
this paper. These models were: the simple linear elasticity 
(LE) model, the Mohr-Coulomb elastic-perfectly-plastic 
(EPP) model, and the hardening soil with small strain 
stiffness (HS small) model. The reason to choose these 
models was, as mentioned before, to compare the 
performance of the models which have not been verified to 
work properly under the seismic loads (the LE and EPP 
models), with the HS small model, which has been shown 
to produce very good predictions to the response of the soil-
structure interaction problems due to seismic loads; the 
verification of the HS small model can be found in Al-
Defae et al. (2013), Amorosi et al. (2014), Liang et al. 
(2015), Knappett et al. (2015), Fabozzi and Bilotta (2016), 
Bakr and Ahmad (2018). Furthermore, these models are 
available in the commercial finite element software 
PLAXIS (Brinkgreve 2006); hence, it is practical to 
compare the behaviour of these models as the 
designers/researchers are expected to use one of these 
models.  

The LE model is defined by two parameters; these 

parameters are the elasticity modulus (𝐸) and the Poisson’s 

ratio () (Brinkgreve 2005). However, there is no definition 

to the failure in this model and the stress is linearly 

proportion to the applied stress depending on the 𝐸 value.  

The EPP model is a bilinear model defined by five input 

parameters: the elasticity modulus (𝐸), the Poisson’s ratio 

(), the angle of internal friction (), the cohesion (𝑐), and 

the dilatancy angle (𝜓′) (Ardakani et al. 2014). The elastic 

parameters control the settlement before reaching failure, 

while the shear strength parameters ( and 𝑐) control the 

failure conditions. Finally, the dilatancy angle (𝜓′) controls 

the irreversible volume change due to shearing for the non-

associated flow rule conditions (Brinkgreve 2005). 

The HS small model has been developed to accurately 

represent the dry soil in the finite element analysis; where 

this model captures the effect of the confining pressure and 

deviatoric stress on the soil stiffness, irrecoverable 

deformation of the soil, shear modulus degradation, and 

higher soil shear modulus at small strain stiffness. Benz 

(2007) developed this soil constitutive model utilizing the 

formulation of a model called the hardening soil model 

established by Schanz et al. (1999). However, it should be 

noted that the parameters of this soil model is relatively 

huge compared with the LE or the EPP models; these 

parameters are 𝐸50
𝑟𝑒𝑓

, 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

, 𝐸𝑢𝑟
𝑟𝑒𝑓

, 𝑃𝑟𝑒𝑓 , , 𝑐, 𝜓′, 𝑢𝑟 , 𝑚, 

𝑅𝑓, 𝐾𝑂
𝑛𝑐, 𝐺𝑜

𝑟𝑒𝑓
, and 𝛾0.7.  

The triaxial reference stiffness (𝐸50
𝑟𝑒𝑓

), the oedometer 

reference stiffness ( 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

), and the unloading reference 

stiffness (𝐸𝑢𝑟
𝑟𝑒𝑓

) are used in the model to calculate the soil 

stiffness considering different loading/unloading conditions. 

It is also necessary to mention that these stiffness 

parameters can be derived at any stress, which is called the 

reference stress 𝑃𝑟𝑒𝑓  (usually 100 kPa). The parameter 𝑚 

is utilized in the model to calculate the soil stiffness at any 

stress level. Furthermore, the model uses the classical shear 

strength parameters (   and 𝑐 ) to judge the failure 

conditions (i.e., the model utilizes the Mohr-Coulomb 

failure criteria). In additions, the volume change of the soil 

is modelled utilizing the dilatancy angle ( 𝜓′ ). The 

parameter 𝑢 is used to specify the Poisson’s ratio of the 

soil at unloading reloading stages. Moreover, the strain 

level at failure is specified using the parameter 𝑅𝑓, which 

is called the failure ratio. The soil lateral earth pressure in 

this model is calculated using the parameter 𝐾𝑂
𝑛𝑐. 

Importantly, the shear modulus at small strain stiffness 

is specified in the HS small model using the parameter 

𝐺𝑜
𝑟𝑒𝑓

,  which is called the reference small strain shear 

modulus, while the degradation of the soil shear/stiffness 

modulus is  considered in this model using the strain level 

parameter (𝛾0.7); this parameter is defined as the level of 

strain at which the secant shear modulus (𝐺) drops to 70% 

of 𝐺𝑜
𝑟𝑒𝑓

. The presence of the parameter 𝛾0.7 made the HS 

small model capable of considering the influence of the 

seismic effect on the stiffness of the soil, which is usually 

referred to as the stiffness degradation (Fabozzi et al. 2017; 

Obrzud 2017). The hysteresis damping is implicitly 

modeled in the HS small model because this model 

accurately simulates the soil hysteresis when subjected to 

cyclic loads (Brinkgreve et al. 2007). However, the model 

also requires considering the Rayleigh damping parameters 

(α and β) to consider the damping at small strain level 

(Brinkgreve et al. 2007, Bakr and Ahmed 2018). The 

readers are advised to read Benz (2007) and Benz et al. 

(2009) for further details on the model formulation. Also, 

useful information on the determination of most of the 

parameters of the model can be found in Bagbag et al. 

(2017) and Wu and Tung (2019). 
 

 

3. Soil parameters 
 

Silica sand with relative densities of 45% and 70% have 
been considered to address the aim of the study; Table 1 
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shows the HS small model parameters of these soils. These 
parameters have been calibrated by Al-Defae et al. (2013) 
based on the results of centrifuge modelling of a granular 
slope subjected to seismic shake. Moreover, these 
parameters have been successfully used to replicate the 
results of centrifuge modelling of two nearby buildings 
subjected to seismic shake (Knappett et al. 2015) and rooted 
slope subjected to earthquake excitation (Liang et al. 2015, 
2020a, b). These parameters have also been used in 
previous studies on the modelling of the seismic response of 
buried tunnel (Kampas et al. 2019, Kampas et al. 2020). 
Rayleigh damping parameters (α and β) have also been 
considered for the analyses with the HS small model as the 
model does not accurately simulates the hysteretic damping 
at small strain level (Bakr and Ahmed 2018, 2019) and also 
to enhance the accuracy of the time history analysis 
(Forcellini 2019; 2020a, b). α and β values have been 
considered equal to 0.0005 and 0.005; these values have 
also been calibrated by Al-Defae et al. (2013). Figs. 1 and 2 
show the tangent shear modulus (Gt) degradation, secant 
shear modulus (Gs) degradation, and damping ratio curves 
for relative density (DR) of 45% and 70%, respectively. 

The analyses using the LE and EPP models have been 

conducted utilizing a modulus of elasticity increasing 

linearly with depth to provide more realistic conditions for 

these two simple models and to consider the best approach 

possible for these models (Yang et al. 2013). This has been 

done by calculating the modulus of elasticity at a depth of 

0.1 m and at a depth of 40.0 m utilizing Equation 1 (Obrzud 

2015, Zakhem and El Naggar 2019). The modulus of 

elasticity at a depth of 0.1 m has been considered as the 

reference modulus of elasticity ( 𝐸𝑟𝑒𝑓 ) and the rate of 

increase of the modulus of elasticity with depth (𝐸𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒) 

has been calculated by subtracting the value of the modulus 

of elasticity at a depth of 0.1 m from the value of the 

modulus of elasticity at a depth of 40.0 m and dividing the 

result by 39.9 to find the rate of increase of the modulus of 

elasticity for every meter depth.  

Table 2 shows the values of the 𝐸𝑟𝑒𝑓 , 𝐸𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒, and 

other soil parameters which are required to conduct LE and 

EPP analyses for DR 45% and 70%. It is clear from Table 2 

that a Poisson’s ratio value of 0.3 has been employed for 

both relative densities in the LE and EPP finite element 

analyses; this value is common for sand when conducting 

LE and EPP analyses (Fattah et al. 2015, Alzabeebee et al. 

2018a, b, Zevgolis 2018, Alagha and Chapman 2019, 

Ekbote and Nainegali 2019a, b). Moreover, the same 

Rayleigh damping parameters (α = 0.0005 and β = 0.005) 

have been considered for the LE and EPP analyses to 

compensate for the lack of the hysteretic damping 

consideration in these soil models; similar approach has 

also been considered by Kampas et al. (2018).  

𝐸 = 2(1 + )𝐺𝑂 (1) 

𝐺𝑂(𝜎3
′) = 𝐺𝑜

𝑟𝑒𝑓
(

𝑐′ cot  + 𝜎3
′

𝑐′ cot+𝑃𝑟𝑒𝑓

)

𝑚

 (2) 

𝜎3
′ = 𝐾𝑂

𝑛𝑐  𝛾 𝐻 (3) 

where, 𝜎3
′ is the lateral earth pressure; and 𝐻 is the depth 

of the soil. 

Table 1 HS small model parameters (Al-Defae et al. 2013, 

Knappett et al. 2015) 

Parameter DR 45% DR 70% 

𝛾 (kN/m3) 15.85 16.60 

𝐸50
𝑟𝑒𝑓

 (kPa) 39,338 47,150 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 (kPa) 31,470 37,720 

𝐸𝑢𝑟
𝑟𝑒𝑓

 (kPa) 94,410 113,160 

𝐺𝑜
𝑟𝑒𝑓

 (kPa) 111,300 123,800 

γ0.7 0.00014 0.00018 

 (˚) 38 43 

𝜓′ (˚) 7.25 13.50 

𝑐 (kPa) 0.1 0.1 

m 0.555 0.530 

Rf 0.9 0.9 

𝑢𝑟 0.2 0.2 

pref 100 100 

 

Table 2 LE and EPP model parameters 

Parameter DR 45% DR 70% 

𝛾 (kN/m3) 15.85 16.60 

𝐸𝑟𝑒𝑓 (kPa) 15,740 18,440 

𝐸𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 (kPa) 10,550 10,580 

𝑢𝑟 0.3 0.3 

 (˚) 38 43 

𝜓′ (˚) 7.25 13.50 

𝑐 (kPa) 0.1 0.1 

 

 

Fig. 1 Tangent shear modulus (Gt) degradation, secant 

shear modulus (Gs) degradation, and damping ratio 

curves for DR 45%  
 

 
Fig. 2 Tangent shear modulus (Gt) degradation, secant 

shear modulus (Gs) degradation, and damping ratio 

curves for DR 70% 
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Fig. 3 Acceleration-time record of the Upland 1990 

earthquake (Brinkgreve 2006) 

 

 

Fig. 4 Fourier transformation of the Upland 1990 

earthquake record (Alzabeebee 2019a, b) 

 
 
4. Earthquake record 
 

The record of the upland earthquake shake is utilized in 

this research. Fig. 3 shows the time-acceleration record of 

this earthquake (Brinkgreve et al. 2006), while Fig. 4 shows 

the results of the Fourier transformation analysis, which has 

been conducted using SeismoSignal software. It is clear 

from both figures that this earthquake has a peak ground 

acceleration (PGA) of 0.24 g and dominant frequencies of 

2.60 Hz and 6.70 Hz, respectively (Alzabeebee 2019a, b).  

 

 

5. Numerical modelling of the problem 
 

PLAXIS 2D has been used in the numerical modelling 

of the problem. A plane strain analysis has been conducted 

for the case of the strip foundation. The analysis involved 

static and dynamic stages as will be explained later in this 

section. The boundary conditions for the static analysis 

stage has been applied similar to previous studies 

(Alzabeebee et al. 2017, Acharyya and Dey 2018, Chavda 

and Dodagoudar 2018, 2019, Kadivar et al. 2018, Ouahab 

et al. 2018, 2020, Zevgolis 2018, Alzabeebee et al. 2018a, 

b, 2019a, b, Ekbote and Nainegali 2019a, b), where the 

bottom of the mesh has been fixed against the movement in 

all directions to consider the influence of the undeformed 

rock layer and the left- and right-hand sides of the model 

have been allowed to move only in the vertical direction. 

Moreover, the absorbent boundaries have been considered 

in the dynamic analysis stage to eliminate the influence of 

the wave reflection back to the finite element model during 

the time-history finite element analysis (Fattah et al. 2015, 

Alzabeebee 2019a, b, Meena and Nimbalkar 2019, 

Alzabeebee 2020a, b, c, Forcellini 2020b, Mina and 

Forcellini 2020). These absorbent boundaries have been 

added to the left and right sides of the model boundaries.  
The depth of the numerical model has been considered 

equal to 40 m because the location of the rock layer has 
been assumed to be at a depth of 40 m from the natural 
ground surface; similar modelling approach has been used 
in other studies in the literature (Nguyen et al. 2016, 
Alzabeebee 2019a, b). The width of the model has been 
considered equal to 80 m. This width has been chosen based 
on parametric analyses conducted to investigating the 
influence of the finite element model width. The parametric 
analyses have been done by simulating different model 
widths and selecting the width after which there is no 
influence of the finite element model extend on results of 
the analysis. The results of the model width study are 
shown in Fig. 5, which clearly shows that the model width 
has an insignificant influence on the obtained results and 
this influence is diminished after a model width of 80 m. It 
is important to mention that the results in Fig. 5 have been 
obtained using the HS small model and for sandy soil with a 
relative density of 45%.   

15-node solid elements with 12 stress points have been 

used to model the soil. In addition, the foundation has been 

modelled as a rigid concrete block using the same solid 

elements (15-node elements). Furthermore, linear elastic 

model has been employed to model the response of the 

foundation. 

The mesh size has also been selected after conducting 

mesh convergence study to ensure that the obtained results 

are independent of the mesh size. The results of the mesh 

convergence study are shown in Fig. 6 (also using HS small 

model and for a relative density of 45%). The results of Fig. 

6 shows that the number of elements has an unpronounced 

effect on the obtained results and this effect becomes almost 

unnoticeable when the number of elements becomes equal 

to 2568 element; hence, this number of elements have been 

selected in this study. 

The earthquake has been simulated as a prescribed 

acceleration applied at the bottom of the finite element 

model (which is the location of the rock layer); this 

approach is common in simulating the effect of the 

earthquake in the finite element analysis (Bhatnaga et al. 

2016, Kholdebarin et al. 2016, Alzabeebee 2019a, b, Dhar 

et al. 2019, Fatahi et al. 2019, Karalar and Cavusli 2019, 

Roy et al. 2019, Tsinidis et al. 2019). The finite element 

mesh of the problem is shown in Fig. 7. The LE model has 

been employed to simulate the response of the foundation; 

the 𝐸 and  values of the concrete foundation have been 

considered equal to 25,000,000 kPa and 0.2, respectively 

similar to a previous study by the author (Alzabeebee 

2019b). A surface static load has been applied on the 

foundation in the static stage to simulate the pressure 

applied from a residential building; the value of the load has 

been considered equal to 150 kPa based on the study of 

Maheshwari and Viladkar (2007). The analysis of the 

developed model involved three stage as follows:  

- The first stage concerned with the calculation of the 

initial stresses of the soil. These initial stresses have been 
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calculated by utilizing the soil unit weight and the at-rest 

coefficient of earth pressure.  

- The second stage concerned with the application of the 

surface load on the foundation (which is 150 kPa as 

mentioned earlier).  

- The third stage concerned with conducting the time-

history finite element analysis. This has been achieved by 

activating the absorbent boundaries and the earthquake at 

the bottom of the model. The time-step used in the analysis 

is equal to 0.0004 Sec to allow accurate modelling 

(Alzabeebee 2019a, b). The time step satisfies the Courant-

Friedrichs-Lewy condition as it has been determined based  

 

 

 

 

on the wavelength and the mesh height as suggested by 

Alzabeebee et al. (2018a). 

 

 

6. Results of the analyses 
 

6.1 Analyses using the upland earthquake 
 

Figs. 8 and 9 compare the results of the seismic 

settlement obtained using the LE, EPP, and HS small 

models for DR 45% and 70%, respectively. The results in 

Figs. 8 and 9 have been obtained using the original  

 

Fig. 5 Results of the parametric study of the effect of the finite element model extent for a foundation resting on sandy soil 

with a relative density of 45% 

 

Fig. 6 Results of the mesh sensitivity study for a foundation resting on sandy soil with a relative density of 45% 

 

Fig. 7 The finite element mesh of the shallow foundation 
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earthquake record shown in Fig. 3 with a PGA of 0.24 g. It 

is also important to mentioned that only the seismic  

 

 

 

 

settlement has been presented in the figures and this is why 

the settlement starts from zero in these figures (i.e., the  

 

Fig. 8 Influence of the soil model on the seismic settlement of the foundation for the case of DR 45% 

 

Fig. 9 Influence of the soil model on the seismic settlement of the foundation for the case of DR 70% 

  
(a) (b) 

 
(c) 

Fig. 10 Acceleration developed beneath the foundation for the case of DR 45%: (a) analysis using LE model, (b) analysis 

using EPP model and (c) analysis using HS small model 

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 2 4 6 8 10

S
e
is

m
ic

 s
e
tt

le
m

e
n

t 
(m

m
)

Time (sec)

LE
EPP
HS small

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0 2 4 6 8 10

S
e
is

m
ic

 s
e
tt

le
m

e
n

t 
(m

m
)

Time (sec)

LE
EPP
HS small

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 2 4 6 8 10

a
x
 (

m
/s

e
c

2
)

Time (sec)

LE

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 2 4 6 8 10

a
x
 (

m
/s

e
c

2
)

Time (sec)

MC

-2

-1.5

-1

-0.5

0

0.5

1

1.5

0 2 4 6 8 10

a
x
 (

m
/s

e
c

2
)

Time (sec)

HS small

198



 

Influence of soil model complexity on the seismic response of shallow foundations  

 

 

static settlement has been subtracted from the total 

settlement to obtain the seismic settlement before drawing 

these figures). This has been done to clearly present the 

influence of the soil model on the seismic settlement. The 

figures clearly show that the seismic settlement produced 

using the LE model is very small and almost equal to zero 

regardless of the relative density of the soil. However, the 

settlement produced utilizing the EPP model increases in 

stages until reaching a stabilized value at a time of about 3.6 

Sec for DR 45% and 6.4 Sec for DR 70%. This staged 

increase of the seismic settlement is due to the change of 

the acceleration as the EPP model is sensitive to the change 

of the acceleration and produces an increase in the 

settlement when the acceleration remarkably rises. On the 

other hand, the figures show that the HS small model 

produces almost the same trend and magnitude as the EPP 

model for the case of DR 45%. However, the results of DR 

70% show that the HS small model produces seismic 

settlement lower than the EPP model and also the trend of 

the seismic settlement with time is different, where the Hs 

small model shows a decrease in the settlement after a time 

value of 4.4 Sec and then the settlement stabilizes at 

approximately 8.5 Sec. This decrease of the seismic 

settlement is due to the additional compaction provided to 

the soil as the cycles of the earthquake increases, which can 

be captured in the HS small model (Alzabeebee 2019a). 

Figs. 10 and 11 present the acceleration developed 

directly underneath the foundation obtained using the LE, 

EPP, and HS small models for DR 45% and 70%, 

respectively. The results clearly show that the trend and 

magnitude of the acceleration-time relationship is similar  

 

 

for the LE and EPP models. This behaviour is because both 

models utilize a constant stiffness, which is independent of 

the stress and strain level of the soil. However, the trend of 

the acceleration-time relationship obtained using the HS 

small model is different than the LE and EPP model, which 

is expected as the soil stiffness in the HS small model 

changes with the change of the stress level and also due to 

shear modulus degradation. 

 

6.2 Effect of the PGA 
 

The effect of the PGA value of the earthquake shake on 

the results of the soil models has also been investigated in 

this study; this has been done by scaling the Upland 

earthquake to produced new earthquake records with a PGA 

value range of 0.1 g to 1.0 g. The scaling procedure is 

similar to that used in previous studies (Abuhajar et al. 

2015a, b, Bakr and Ahmed 2018). These new records have 

been used in different analyses to determine the seismic 

settlement.  

Fig. 12 shows the relationship between the PGA value 

and the maximum seismic settlement (SS) obtained using 

the LE, EPP, and HS small models for the case of DR 45%. 

It is clear from the figure that the LE model produces very 

small seismic settlement (almost equal to zero) regardless of 

the PGA value of the earthquake. However, the interesting 

finding is that the EPP model produces a seismic settlement 

higher than the HS small model for cases with a PGA value 

lower 0.25 g. However, after a PGA value of 0.25 g, the HS 

small model produces higher seismic settlement with the 

difference between the HS small and EPP models increases  

  
(a) (b) 

 
(c) 

Fig. 11 Acceleration developed beneath the foundation for the case of DR 45%: (a) analysis using LE model, (b) analysis 

using EPP model and (c) analysis using HS small model 
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Fig. 12 Effect of the PGA and soil constitutive model on 

the maximum seismic settlement for foundation resting 

on sandy soil with DR 45% 
 

 

Fig. 13 Ratio of the maximum seismic settlement (SS) 

obtained using the HS small model to the SS obtained 

using the EPP model for the case of DR 45% 
 

 

Fig. 14 Effect of the PGA and soil constitutive model on 

the maximum seismic settlement for foundation resting 

on sandy soil with DR 70% 
 

 

as the PGA value rises. This can be clearly seen in Fig. 13, 

which presents the relationship between the PGA value and 

the ratio of the maximum seismic settlement (SS) obtained 

using the HS small model to that obtained using the EPP 

model. It is obvious from Fig. 13 that the ratio has a non-

linear trend and increases as the PGA value rises, starting 

from a value of 0.80 until reaching a maximum value of 

3.00. This behaviour is due to the significant decline of the 

soil stiffness as the PGA value increases; the decrease of the 

stiffness remarkably rises the seismic settlement and makes 

the HS small model produces SS remarkably higher than 

that obtained using the EPP model, which utilizes a constant  

 

Fig. 15 Ratio of the maximum seismic settlement (SS) 

obtained using the HS small model to the SS obtained 

using the EPP model for the case of DR 70% 

 

 

stiffness. Importantly, the results of Fig. 13 indicate that the 

EPP model can be used in the analyses of the seismic 

response of shallow foundation within a limited PGA range.  

Fig. 14 presents the relationship between the maximum 

seismic settlement and the PGA value for the case of DR 

70%. The figure shows similar trend to that already 

discussed for the case of DR 45%, where the LE model 

produces very small seismic settlement compared with the 

EPP and HS small models. The figure also shows that, 

similar to the case of DR 45%, the EPP model produces 

seismic settlement higher than the HS small model. 

However, the difference between both models decreases as 

the PGA value rises until the seismic settlement obtained 

using the HS small model becomes higher than that 

produced using the EPP model when the PGA value rises 

above 0.40 g. Again, this behaviour is attributed to the 

decrease of the soil stiffness as the PGA value increases for 

the case of the HS small model; the decrease of the stiffness 

gradually reduces the difference between both models and 

then makes the HS small model produces settlement higher 

than the EPP model. Fig. 15 shows the ratio of the 

maximum seismic settlement (SS) obtained using the HS 

small model to the seismic settlement obtained using the 

EPP model. The results of the figure clearly show that the 

ratio ranges between 0.85 to 3.62 with a value of 1.0 (i.e., 

both models produce the same seismic settlement) for the 

case of a PGA value of 0.40 g. 

Based on these comparisons, it can be concluded that 

the use of the EPP model may provide inaccurate results 

and underestimates the seismic settlement for earthquakes 

with high PGA values, where the maximum 

underestimation percentage reaches 300% and 350% for 

relative densities of 45% and 70%, respectively; such 

percentage is very high and even a factor of safety cannot 

compensate it. However, the results of the analyses also 

demonstrated the applicability of using the EPP model as a 

conservative solution for earthquakes with PGA lower than 

or equal to 0.24 g for the case of DR 45% and 0.39 g for the 

case of DR 70%. This finding is very important because the 

EPP model is not computationally demanding compared 

with the HS small model, where the analysis time was 

approximately 30 minutes for the simulation utilizing EPP 

model, while the analysis time was approximately 180 

minutes for the same simulation but with the HS small 
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model. Furthermore, the LE model should not be used to 

analyze the seismic soil-foundation interaction as the results 

showed that this model produced a very small seismic 

settlement regardless of the relative density of the soil. 
 

 

7. Conclusions 
 

This research examined the effect of the sophistication 

of the soil constitutive relationship on the accuracy of the 

finite element analysis of a shallow foundation subjected to 

seismic shake. The aim of the research has been achieved 

by comparing the results of the linear elastic (LE) model 

and the elastic perfectly plastic (EPP) model with the results 

of the hardening soil with a small-strain stiffness (Hs small) 

model, which is a model accurately replicates the behaviour 

of soil-structure interaction problems subjected to seismic 

effects as has been demonstrated by numerous research 

studies (Al-Defae et al. 2013, Amorosi et al. 2014, Liang et 

al. 2015, Knappett et al. 2015, Fabozzi and Bilotta 2016, 

Amorosi et al. 2017, Bakr and Ahmad 2018 and Liang et al. 

2020a). In addition, sandy soil with two relative densities 

(45% and 70%) have been employed to examine the 

influence of the soil model. The study commenced with a 

brief description of the aforementioned soil models; then, 

the three models have been used to analyze the behaviour of 

a shallow foundation subjected to seismic shake. The 

following brief the unique conclusions of the study: 

- The LE model produces almost zero seismic settlement 

compared with the EPP and HS small models regardless of 

the relative density of the sandy soil.  

- The EPP and HS small models show similar trend of 

the seismic settlement with time for the case of a relative 

density of 45%. However, the trend was different for the 

relative density of 70%, where the EPP model failed to 

simulate the slight decrease of the seismic settlement due to 

the densification of the stiff soil as the intensity of the 

seismic shake increased. 

- The EPP model produces settlement higher than the 

HS small model for a PGA value less than 0.25 g for the 

case of a relative density of 45% and a PGA value less than 

0.40 g for a relative density of 70%. This means that the 

EPP model can be used with confidence as a conservative 

solution for studying the behaviour of shallow foundations 

subjected to earthquakes with a PGA value lower than the 

those stated earlier; however, further studies with different 

earthquake records are required to provide more broad 

insight into this point. Nevertheless, this finding is very 

important as this model is not computationally demanding 

compared with the HS small model. 

- The HS small model gives seismic settlement values 

higher than the EPP model for a PGA value greater than 

0.25 g and 0.40 g for a relative density of 45% and 70%, 

respectively. In addition, the difference between the two 

models increases as the PGA value rises; this is due to the 

dramatic decrease of the soil stiffness caused by stiffness 

degradation as the PGA value rises. 

- Increasing the relative density (i.e., stiffness) of the 

soil rises the PGA value beyond which the EPP model starts 

to underestimate the seismic settlement. This is due to the 

decrease of the influence of stiffness degradation as the 

relative density (stiffness) surges. 

- The LE and EPP models produce the same trend and 

magnitudes of the acceleration-time relationship directly 

below the foundation, while the trend of the same 

relationship obtained using the HS small model is different. 

This is due to the change of the stiffness with time for the 

case of the HS small model. 
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