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A B S T R A C T  

 

Risks are confronting the foundations of buildings and structures when exposed to earthquakes which 
leads to high displacements that may cause the failure of the structures. This research elaborates 

numerically the effect of the earthquake on the vertical and lateral displacement of footing resting on 

the soil. The thickness of the footing and depth of soil layer below the footing was taken as (0.5, 1.0, 
and 2.0 m) and (10, 20 and 40m), respectively. The stiffness ratio of soil to footing was also elaborated 

at 0.68, 0.8, 1.0, and 1.7. The results showed an increase in the verticle displacement of footing as the 

duration of the earthquake increases. The increase of soil layer thickness below the footing leads to a 
reduction in the vertical and lateral displacement. While an increase in the thickness of the footing 

leads to a decrease in the lateral displacement of the footing meanwhile no effect was noticed in the 
vertical displacement. It was noticed that the time lag between the maximum vertical displacement and 

the highest value of the earthquake loading is about 0.27 s. It was found that as the distance between 

the footing and the source of earthquake load increases, the effect of damping on the earthquake load 
increases while the lateral displacement decreases. The results revealed that an increase in the stiffness 

ratio leads to a decrease in the vertical displacement and a reduction in the response of the lateral 

displacement till reaching the value of stiffness ration of unity. 

doi: 10.5829/ije.2020.33.10a.05 
 

 

NOMENCLATURE 

b Width of the footing 𝑆 Soil factor 

d Thickness or depth of the soil layer under the footing 𝑎𝑣 vertical ground acceleration 

𝐹 ̅ dimensionless soil inertia force 𝑔 acceleration of gravity 

Ec Modulus of elasticity for concrete Greek Symbols 

Es Modulus of elasticity for soil 𝜙′𝑑 Design angle of the shearing resistance of soil 

Nc, 𝑁𝛾 and Nγq Bearing capacity factors γd Dry unit weight of soil 

RSM Rubber-soil mixture ψ Dilation angle 

t Thichness of the footing γc Unit weight of concretet 

𝑁𝑚a𝑥 seismic vertical centred load   

 
1. INTRODUCTION1 

 
Building under seismic waves depends mainly on 

deformation of members and bonded of the lateral load  
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resisting system; while importance of deformation 

demand/capacity in performance-based frameworks has 

been defined for decades. There is still a major 

unbonded to this philosophy when it comes to soil 

foundation systems. Because current seismic 

design/assessment codes only go as far as recognizing 

the finite stiffness and the finite bearing capacity of 

foundation  with  no  consideration  to  their deformation 
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ability. The failures which have been illustrated from 

the past earthquakes are two types (bearing capacity 

failure and settlement of foundation). The building may 

fail upon subjected to earthquake and the building tilted 

up to 60º and sunk up to 3.8 m in Nigata [1]. The 

loading is defined as dynamic load when it changes over 

time in value and or direction [2]. 

The type of dynamic load applied to soil or 

foundation relies on the nature of its creator source [3]. 

As well as, the soil deformation may change from small 

amplitude (elastic) to large (plastic) during earthquake 

[4]. It is well known that the behaviour of soil under 

dynamic is different from that under static loads through 

the stress-strain relationship of soil and is always 

nonlinear behaviour. 

It always needs to state earthquake loading as plastic 

behaviour since high deformation occurs and it is 

mainly depending on the power and severity of the 

earthquake [5]. 

From a structural point of view, the footing should 

satisfy two requirements. The first one is the factor of 

safety against shear failure would be more than or equal 

to 2 under seismic loads and the second one is the 

permanent soil deformation is adjusted by the footing 

and superstructure. Some of the empirical steps 

available to calculate these issues for footing types have 

been discussed. Common strategies adopted by 

geotechnical engineers in the footing design have also 

been briefly discussed [6].  

The problem of the earthquake bearing capacity of 

shallow footing has been solved indirectly, either by an 

increase of the static allowable ground, pressures 

connected to the probability of occurrence of the design 

seismic or by adopting an equivalent pseudo-static 

procedure [7]. 

A solution was presented by Maeda et al. [8] that 

can be applied widely to compute bearing capacity of 

shallow footings subjected to both inclined loads 

applied of the superstructure and inclined bearing soil 

during seismic loading. The solution is based on the 

seismic coefficient method and velocity field method 

from the upper bound theorem. The solution was 

verified by a series of experiments. It was found that the 

results in the case of severe seismic loading, most of the 

available solutions are over-estimating the bearing 

capacity. 

A large-scale model was performed with five series 

of tests consisting of (40 models) of shear wall 

foundations to study the nonlinear load-deformation 

behaviour during cyclic and seismic loading [9]. The 

parameters that were systematically studied were 

footing dimensions, depth of embedment of footing, 

wall weight, and initial static vertical factor of safety, 

unit weight of soil, and soil type (dry sand and saturated 

clay). It was found that there is a reduction in stiffness 

of which may be due to the deformed shape of the 

foundation–soil interface and uplift associated with 

large rotations. Moreover, it was concluded that the 

permanent settlement beneath the foundation continue 

to accumulate with the number of cycles of loads, 

though the rate of accumulation of settlement decreases 

as the foundation embeds. 

The effect of ground inclination and embedment 

depth for footing subjected to earthquake excitation was 

studied [10]. It was found that the bearing capacity 

factors (Nc and Nγq) decreased with an increase in kh 

(values of seismic acceleration coefficient). Unlike most 

of the results reported in the literature for the seismic 

case, the computational results take into account the 

shear resistance of soil mass above the footing level. An 

increase in the depth of the embedment leads to an 

increase in the magnitudes of both Nc and Nγq. 

The inertia loads in the ground and beneath the 

footings reducing the bearing capacity of the footing 

when subjected vertical loading. These results cannot be 

applied for seismic bearing capacity of shallow footing 

due to the transient nature of the seismic loading as 

compared to the sustained nature of static loads. This 

technical note appears in the bearing capacity 

calculation given in Part 5 of Euro code 8, which 

declares that shallow footing bearing strength for 

cohesive soils is not sensitive to the seismic horizontal 

acceleration, but dry cohesionless soil may be more 

sensitive [11]. 

Experimental and numerical studies for the effect of 

harmonic dynamic loading on a shallow foundation of 

different sizes and depth of embedment in dry and 

saturated sand with different relative density was 

performed [12]. It was found that displacement 

amplitude for dry dense sand is less than of dry loose 

sand. They showed that for foundation rested at the 

surface, the ratio of displacement amplitude between 

dense sand to lose sand varying from (0.27 to 1.00) and 

(0.03 to 0.94) for footing dimensions (100×200 mm) 

and (200×400 mm), respectively. At the same time, the 

ratio for the embedded footing becomes (0.24 to 0.99) 

and (0.10 to 0.97) for the footing dimensions (100×200 

mm) and (200×400 mm), respectively. These results are 

attributed to the increase of soil stiffness in the dense 

state that makes the soil stiffer and resist vibrations as 

well as it can be due to trench and sidewall effects when 

embedded. 

The mechanical property of soil and reaction of 

forced vibration is responsible to the behaviour of 

frequency and propagation of the dynamic waves. They 

convert the periodic motion of input to the nonlinear 

loading. The liquefaction with high magnitude occurs in 

the deep of soil foundation, as well as the pore water 

pressure magnitude reduces near the surface, this 

fluctuation of pore water pressure causes differential 

settlement. There is no direct effect of frequency on the 

differential settlement, during which soil is under the 
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liquefied state [13]. Same observations were noticed by 

Fattah et al. [14] for machine foundations.  

Moghaddas Tafreshi et al. [15] stated that the results 

of plate load tests that imposed incremental cyclic 

loading to a sandy soil bed containing multiple layers of 

granulated rubber-soil mixture (RSM) at large model 

scale when the thickness of the RSM layer is smaller, or 

larger, settlements increase and, at large thicknesses 

may even exceed those of untreated soil. Layers of the 

RSM reduced the vertical stress transferred through the 

foundation depth by distributing the load over a wider 

area. With the inclusion of RSM layers, the coefficient 

of elastic uniform compression decreases by a factor of 

around 3-4. A softer response was obtained when more 

RSM layers were included beneath the footing damping 

capacity improves appreciably when the sand bed 

incorporates RSM layers. Numerical modelling using 

“FLAC-3D” confirms that multiple RSM layers will 

improve the performance of a foundation under heavy 

loading. 

The effect of near-fault ground motion on a timber 

beam was investigated with reference to small 

displacement theory [16]. The simulated near-fault 

ground motion is applied to the fixed base of a timber 

frame model. The beam is placed in a single span of a 

timber frame. The beam has two different length sizes 

of 1.8 and 3.3 meters. The seismic load-displacement, 

seismic load-strain, and strain-displacement was 

calculated for all models. The beam was modelled as a 

nonlinear analysis. The numerical analysis results 

indicate that the inertial interaction, energy dissipation, 

and nonlinear deformation of beams in timber frames 

have directly related with frame span. In beams with a 

smaller length, higher seismic loading caused lower 

displacement. Also, the displacement was reduced by 

reducing the length of the beam. The inertial interaction, 

energy dissipation, and nonlinear deformation were 

changed with respect to the length of the beam.  

The purpose of this research is to determine the 

vertical and lateral displacement under the influence of 

the earthquake. In addition, it is required to know the 

influence of the soil layer on the impact of the 

earthquake on the displacement and the effect of 

changing the stiffness ratio of soil to the footing on the 

value of lateral and vertical displacement. The adopted 

technique of numerical analysis by using Abaqus is of 

great interest to improve the seismic behaviour of soil 

foundation system under the earthquake excitation. 

 

 

2. EARTHQUAKE LOADING 
 

Figure 1 shows the time history for the El Centro 

earthquake which is applied to the model of the 

foundation-soil system that would built in the Abaqus 

program. 

 
Figure 1. Time–history of acceleration of the El Centro 

earthquake 

 

 

In order to obtain the accuracy of the program, the 

model was built by using the Abaqus program in this 

research and then the model was verified with the 

results of the ultimate bearing capacity of the foundation 

under seismic vertical centred load 𝑁𝑚a𝑥 as given in 

Equation (1). The results of the verification are shown 

in Table 1. 

𝑁𝑚𝑎𝑥 =  𝜌𝑔 (1 ± )𝐵 2𝑁𝛾 (1) 

where: 

𝑔: acceleration of gravity;  

𝑎𝑣: vertical ground acceleration, that may be taken as 

being equal to 0.5 𝑎𝑔. 𝑆; 

𝑁𝛾:  Bearing capacity factor.  

𝑆: Soil factor defined in EN 1998 – 1:2004 

The dimensionless soil inertia force F is obtained by 

Equation (2): 

𝐹  =                                    (2) 

where: 𝜙′𝑑:  Design angle of the shearing resistance of 

soil.  

For cohesionless soils, inertia forces may be 

neglected if 𝑎𝑔. 𝑆 < 0.1𝑔. 

 

 

3. FAILURE CRITERIA 
 

Strain levels are produced in the ground with different 

magnitudes. If strains below the order of 10-5, the 

deflection of soils is elastic and recoverable, the small 

strains would be small amplitude vibration or wave 

propagation through the ground. The strain between (10-

4 and 10-2), the behaviour of soils is elastic-plastic and 

produces irrecoverable permanent deflections [17]. This 

criterion will be followed in this research. 

 

 

4. MODEL CONFIGURATION 
 

The models of soil-foundation system were 

implemented  in  the  Abaqus program as two parts,  one  
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TABLE 1. Results of Verification of model 

Method 
Parameters 

B 𝜌 𝑔 𝑎𝑣 S 𝑁𝛾 Nmax 

Ultimate 

bearing 
capacity of 

the 

foundation 
under 

seismic 

vertical 

load 

14 1.55 9.81 1.99 1.35 9.7 17343.5 

Finite 

element 

using 

Abaqus 

14 1.55 9.81 ---- ---- ---- 16212.3 

 

 

of them is the shallow foundation with dimensions of 

(14 m  14 m) and the thickness taken as (0.5, 1.0 and 

2.0 m) while the other part is the soil media with 

dimensions of (60 m  60 m) and the depth of soil was 

10, 20 and 40 m. Figure 2 shows the two parts of the 

footing and the soil domain after the assembly. The 

interaction of the base footing and the top surface of the 

soil is activated to be of type normal behaviour hard 

contact. Parameters that would be addressed in this 

research is summarized in Table 2. 

 

 

5. MATERIAL PROPERTIES OF THE MODEL 
 

As previously explained, the model consists of two 

parts, one of them is the footing and the other is soil. 

For the purpose of distinguishing each part from the 

other, the properties of the materials were defined  

 

 

 
a 

 
b 

Figure 2. The assembly and mesh of footing and soil 

TABLE 2. The parametric study 

Model 

Parameter 

Width of 

footing, 

b (m) 

Thickness 

of footing, 

t (m) 

Thickness 

(depth) of soil 

layer, d (m) 

Stiffness 

ratio 

(Es/Ec) 

Model 1 14 0.5 10 0.68 

Model 2 14 0.5 20 0.68 

Model 3 14 0.5 40 0.68 

Model 4 14 1 10 0.68 

Model 5 14 1 20 0.68 

Model 6 14 1 40 0.68 

Model 7 14 2 10 0.68 

Model 8 14 2 20 0.68 

Model 9 14 2 40 0.68 

Model 10 14 2 10 0.85 

Model 11 14 2 10 1.0 

Model 12 14 2 10 1.7 

 

 

including the footing concrete materials which follows 

linear elastic behaviour. For soil, Jefferies and Been [6] 

stated that the soil is the best modelled as plastic 

materials when subjected to earthquake loading of high 

level of strain resulting from the high magnitude of 

energy of such loading. Hence, the soil is represented by 

extended Drucker-Prager family of plasticity model 

which is the best suited for the behaviour of granular 

soils in which the yield behaviour related to the 

equivalent pressure stress. The inelastic behaviour may 

be associated with frictional mechanisms such as sliding 

of particles across each other. Tables 3 and 4 show the 

properties of the materials for both footing and sand. 
 

 

TABLE 3. Properties of concrete footing 

Property Value 

Unit weight, γc (kN/m3) 24 

Elastic modulus, Ec (kN/m2) 23500 

Poisson's ratio, v 0.15 

 

 

TABLE 4. Properties of sand soil 

Value Property 

32 Angle of friction, º 

1 Flow stress ratio  

3 Dilation angle, ψº 

0.25 Poisson's ratio, v 

16000 Modulus of deformation, Es (kN/m2) 

15.5 Dry unit weight of soil, γd (kN/m3) 
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6. DEFINITION OF LOADING AND BOUNDARY 
CONDITIONS 
 

In this section, the earthquake loading explained in 

section 2, is applied at the base of the soil model 

towards the base of the footing. The application of 

loading and the boundary conditions are defined as 

shown in Figure 3, whereas displacements are allowed 

in horizontal and vertical directions for lateral 

boundaries. 

 

 

6. RESULTS AND DISCUSSION 
 

Figures 4 to 6 show the vertical displacement-time 

history response generated due to earthquake loading of 

the model. It can be noticed in general that, as the 

duration of earthquake increases, the vertical 

displacement of the footing increases. This behaviour 

can be attributed to the loose state of soil prior to the 

application of the earthquake loading and when the 

earthquake loading is applied, the state of the soil 

changes from loose to dense. As a result of continuous 

earthquakes, the soil state changes from dense to loose 

by dilation which results in high displacement in the 

footing. Clearly, it can be illustrated from the figures  

 

 

 
Figure 3. The applied earthquake load in the model 
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Figure 4. Lateral displacement with time for footings with 

different thicknesses placed on soil layer of depth (d=10 m) 

below the footing 
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Figure 5. Lateral displacement with time for footings with 

different thicknesses placed on soil layer of depth (d=20 m) 

below the footing 
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Figure 6. Lateral displacement with time for footings with 

different thicknesses placed on soil layer of depth (d=40 m) 

below the footing 

 

 

that with an increase of the soil layer thickness below 

the footing, the vertical displacement decreases. In 

addition, the vertical displacement decreases from (80, 

12, and 2 mm) when the distance between the footing 

and the point of influence of the earthquake loading 

varies from (10, 20, and 40 m), respectively. It was 

expected that the highest value of vertical displacement 

incidence with the highest value of the earthquake 

loading but the results revealed that there is a time lag 

of about 0.27 s. 

Figure 7 shows the calculated vertical displacement 

versus the distance between the footing and the point of 

influence of the earthquake, it can be noticed that there 

is no apparent effect of the footing thickness on the 

vertical displacement because the direction of the 

earthquake load is perpendicular to the base of the 

foundation and an increase in the distance between the 

footing and the point of influence of the earthquake 

loading leads to decrease in the vertical displacement. 
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Figure 7. Vertical displacement versus soil layer thickness 

below the footing 

 

 

Figure 8 illustrates variations of the calculated 

lateral displacement with the distance between the 

footing and the point of influence of the earthquake. It 

can be noticed that the greater the distance between the 

footing and the point of influence of earthquake load, 

the greater the effect of damping to the earthquake load 

and consequently decrease in lateral displacement as 

well as the depth of soil layer is great, the length of the 

wave increase that cause more attenuation during 

earthquake. The effect of damping appears clearly when 

the depth of soil is 40 m. 

The effect of soil stiffness on the vertical and lateral 

displacement of the footing was elaborated by changing 

soil stiffness several times with keeping footing 

stiffness constant. Figures 9 and 10 show the vertical 

and lateral displacement response with respect to time at 

different values of stiffness ratio (Es/Ec), where Ec is 

the modulus of elasticity of concrete and Es is the 

modulus of elasticity of soil. In general, an increase of 

the stiffness ratio value (Es/Ec) leads to a decrease in 

the vertical displacement of the footing. The vertical 

displacement decreases from (65, 52, 44, and 26 mm) 

when the stiffness ratio increases from (0.68, 0.85, 1, 

and 1.7), respectively. On the other hand, the response 

of the lateral displacement decreases with an increase in 

the value of stiffness ratio until reach the value of 

(Es/Ec =1).  

It can be noticed that the lateral displacement starts 

to increase with an increase in the value of stiffness 

ratio, this is attributed to the state of the soil which has 

changed from loose to dense that leads to and facilitate 

the rapid transmission of the shockwave. The lateral 

displacement decreases from (1538, 1303, and 744 mm) 

when the value of stiffness ratio increases from (0.68, 

0.85, and 1.00), respectively. 

The shape of the model after completing the analysis 

and the deformation that occurred for the models due to 

the shockwave loading can be seen in Figure 11. 
 

15 25 3510 20 30 40

Thickness of Soil Layer Below the Footing (d, m)

10

30

50

70

0

20

40

60

80

V
er

ti
ca

l 
D

is
p

la
ce

m
en

t 
(u

3
,m

m
)

Raft Thickness, m

t=0.5

t=1

t=2

 
Figure 8. Lateral displacement versus soil layer thickness 

below the footing 
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Figure 9. Vertical displacement with time for footings of 

different stiffness ratios (t= 2.0 m and d=10 m) 
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Figure 10. Lateral displacement with time for footings of 

different stiffness ratios (t= 2.0 m and d=10 m) 
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Figure 11. The deformed shape of deflection when (t= 0.5 m 

and the soil layer thickness below the footing, d=10 m) 

 
 
 
7. CONCLUSIONS 
 
From the discussions carried out in this work and other 

observations made during the numerical analyses, the 

following conclusions are made. 

• As the time of applied earthquake increases, the 

vertical displacement of the footing increases.  

• The vertical and lateral displacement increase with 

an increase in the depth of soil layer below the 

footing. 

• The time lag between the maximum vertical 

displacement and the highest value of the 

earthquake loading is about (0.27 s). 

• An increase in the thickness of the footing lead to a 

decrease in lateral displacement of the footing, 

while there is no obvious effect of the footing 

thickness on the vertical displacement since the 

direction of the earthquake load is perpendicular to 

the base of the footing. 

• An increases in the depth of the soil layer below 

the footing lead to an increase in the attenuation of 

the earthquake load and consequently to decrease 

in lateral displacement. 

• An increase in the stiffness ratio value (Es/Ec) 

leads to a decrease in the vertical displacement. 

The response of the lateral displacement decreases 

with an increase in the value of stiffness ratio until 

the value of (Es/Ec =1). The lateral displacement 

starts to increase with an increase in the value of 

stiffness ratio. 
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Persian Abstract 

 چکیده 
  ی به صورت عدد  یقتحق  ینسازه ها شود. ا  یتواند باعث خراب  ید که منشو  یم  یادز  یها  ییهستند و منجر به جابجامواجه    یبا خطراتساختمانها و سازه ها    یادهنگام زلزله بن

 20،  10متر( و ) 2.0و  1.0،  0.5) یببه ترت یپ یرخاک ز یهلا مقو ع یدهد. ضخامت پ یم یحدر خاک توض در حال سکون یهای  پ یو جانب یعمود ییجابجا له را براثر زلز

 یشمدت زمان وقوع زلزله ، افزا  یشدهد با افزا  ی شان من یجشده است. نتا  یانب  1.7و    1.0،    0.8،    68/0در    یز ن یهخاک به پا  ینسبت سخت  ین ( در نظر گرفته شد. همچن40mو  

منجر به    ی ضخامت پ  یشکه افزا  یشود. در حال  یم  ی و جانب  یعمود  ییمنجر به کاهش جابجا  یپ   یرخاک ز  یهضخامت لا  یشدهد. افزا  ی م  انرا نش  یدر پ  عمودی  ییجابجا

  یشترین و ب   مودیع  ییحداکثر جابجا  ینب   ی مشاهده نشده است. مشاهده شد که فاصله زمان  یعمود  ییدر جابجا  یری تأث  یچ حال ه  ین شود ، در ع  ی م  ی پ  ی جانب  ییکاهش جابجا

بر بار زلزله   یراییم یر، تأث یابد یکاهش م یجانب ییکه جابجا یو منبع بار زلزله ، در حال یپ ینفاصله ب یشاست. مشخص شد که با افزا یهثان  0.27زلزله حدود  یمقدار بارگذار

 شود. یم قریب به یک یبه ارزش سخت یدنتا رس یجانب ییکاهش پاسخ جابجا و یعمود ییمنجر به کاهش جابجا ی نسبت سفت یشنشان داد که افزا یج. نتاابدی یم یشافزا

 

 

 


