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integrated by using the Matlab command ode15s. A parametric analysis was then performed in order to
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account local uplift of the foundation under seismic loading yields smaller rotational angles than those obtained
for a purely elastic analysis. Tip horizontal displacement can however be increased or decreased by considering
the soil plasticity.

Keywords: Elastic-perfectly Plastic; Local Uplift; Soil-Structure Interaction

HOW  TO  CITE

Nadia El Abbas, Abdellatif Khamlichi and Mohammed Bezzazi (2017). Considering the Effects of Local Uplift and Soil Elastic

Perfectly Plastic Behavior on Soil-Structure Interaction Problem under Seismic Loading. In The Third NZAAR International Event
Series on Natural and Built Environment, Cities, Sustainability and Advanced Engineering, Kuala Lumpur, Malaysia, 15 July 2017 (pp.

108–115). Auckland: New Zealand Academy of Applied Research. ISSN 2463-5979 (online), 2463-5960 (print).

Reproduced from the original proceedings without change to the authors’ text, figures or pagination. This cover
page and the running archive line were added by GDI Academy in 2026. Original notice: Copyright © New Zealand

Academy of Applied Research Ltd 2017. All rights reserved.

gdiacademy.org/nzaar/CCS-17-39.html

NZAAR SERIES  · PROCEEDINGS  ARCHIVE
NZAAR JULY 2017

KUALA LUMPUR, MALAYSIA



International Conference on Civil Engineering, Construction Management & Structural Design (CCS 2017) 108 

NZAAR-CCS-17-39 

CONSIDERING THE EFFECTS OF LOCAL UPLIFT AND SOIL ELASTIC 
PERFECTLY PLASTIC BEHAVIOR ON SOIL-STRUCTURE INTERACTION 

PROBLEM UNDER SEISMIC LOADING 

Nadia El Abbas1*, Abdellatif  Khamlichi 2 & Mohammed Bezzazi1 
1Department of Physics, Faculty of Sciences and Technics, Tangier, Morocco 

2 Department STIC, ENSA Tetouan, Tetouan, Morocco 
*nadia.elabbas@gmail.com

www.nzaar.com 
Abstract 

Seismic response of an interacting soil-structure system has been studied by taking into account elastic perfectly 
plastic soil behavior and local uplift of the foundation. The structure was modeled by an equivalent flexible beam 
mounted on a rigid foundation that interacts with basement soil. This last was modeled by means of discrete Saint 
Venant’s units mounted in parallel and distributed over the entire width of the foundation. Each unit consists of 
an elastic element which is connected in series with a plastic element having constant flowing stress. The rotation 
was considered to remain small. The equations governing the problem were derived by taking into account the 
equilibrium of the coupled soil-structure system where the mat of the structure was idealized as a single-degree-
of-freedom. The obtained non-linear system of ordinary differential equations was integrated by using the Matlab 
command ode15s. A parametric analysis was then performed in order to evaluate the maximum response of the 
system under seismic loading as function of the selected soil model and key dimensionless parameters that include 
the slenderness ratio and the ratio of mat elastic resonance frequency to the vertical resonance frequency of 
foundation. The obtained results have shown that taking into account local uplift of the foundation under seismic 
loading yields smaller rotational angles than those obtained for a purely elastic analysis. Tip horizontal 
displacement can however be increased or decreased by considering the soil plasticity. 

Keywords: Elastic-perfectly Plastic, Local Uplift, Soil-Structure Interaction 

1. Introduction
In this work, seismic response of an 
interacting soil-structure system is studied 
by taking into account elastic perfectly 
plastic soil behavior and local uplift of the 
foundation. The equations governing the 
problem are derived by taking into account 
the equilibrium of the coupled soil-structure 
system. Small rotations are assumed and the 
mat of the structure is idealized as a single-
degree-of-freedom (SDOF) oscillator while 
the foundation is taken to be rigid. The 
obtained discrete system has three degrees-
of-freedom which are related to mat tip 
lateral displacement, base vertical 
displacement and base rotation. The 
associated non-linear system of ordinary 
differential equations is integrated by using 
the Matlab command ode15s. A parametric 
analysis is then be performed in order to 
evaluate the maximum response of the 
system under seismic loading as function of 
the chosen soil model and key 

dimensionless parameters. These include 
the slenderness ratio and the ratio of mat 
elastic resonance frequency to the vertical 
resonance frequency of foundation. 

2. Literature Review
In the field of earthquake engineering, soil–
structure interaction (SSI) is an important 
phenomenon that has to be taken into 
account in order to improve description of 
the coupled structure foundation system 
behavior. Many authors have studied this 
problem and various approaches based on 
analytical models, rigid bodies or flexible 
systems were introduced to deal with the 
different aspects resulting from this 
particular interaction [1-3]. 

The Winkler foundation based models 
consider that the soil can be represented by 
distributed elastic springs [4-10]. These 
models which are simple and 
computationally efficient were proved to be 
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effective for the simulation of soil-structure 
interaction for common civil engineering 
structures that are undergoing relatively 
small displacements. Some nonlinear 
effects arise when the structure has the 
possibility to experience a rocking rigid 
block motion which can yield then to 
foundation base uplifting.  

Numerous analytical studies of the seismic 
response of an elastic-plastic oscillator have 
assessed the beneficial effect of SSI on the 
system response. These include studies 
dealing with rigid foundation base [11-13] 
and flexibly-supported systems [14-16]. 
Plastic behavior of the soil was integrated in 
[16] where the authors have investigated the 
seismic response of a single degree-of-
freedom system of bridge piers. The 
interaction between bridge piers and 
supporting soil was simulated by an 
improved elastic-plastic Winkler model in 
which the uplifting effect of foundations 
was considered. They have concluded that 
permitting uplifting and plasticity of 
foundations in design can reduce the 
seismic load acting on the pier body and 
play thus an advantageous role in the 
seismic capability of bridge piers. 

Allotey et al. [18] examined the strengths 
and limitations of the FEMA 356 nonlinear 
Winkler modeling approach, when used in 
predicting the cyclic response of various 
recent soil–footing–structure interaction 
experiments. The results of the study show 
that the model is capable of satisfactorily 
predicting all the different cyclic response 
quantities apart from permanent horizontal 
displacements.  

Zheng et al. [19] studied a two-degrees-of-
freedom model of reinforced concrete 
continuous bridge with foundation-pier 
dynamic interaction. They have considered 
nonlinearities of both reinforced concrete 
pier and soil foundation in order to evaluate 
seismic response of this system. The 
authors have based their modeling on the 
revised Winkler foundation model with 

both plasticity and local uplift effects. They 
have used the modified Takeda hysteretic 
model to represent soil behavior and 
considered four ground motions to assess 
the seismic performance of the bridge-
foundation system. 

3. Research Methods
3.1 Description of the model 
The system considered is shown in Fig.1. 
The structure is assumed to behave as a 
beam like mat which can be characterized 
by its first mode of vibration. This yields to 
a SDOF oscillator which is characterized by 
its natural frequency /ω k m=  and 
damping ratio ( )/ξ c mω= 2  where  k  is the 
lateral stiffness, m  the mass and c  the 
lateral damping. The oscillator is placed at 
height h  from the base. 

The mat is supposed to be mounted on a 
rigid foundation basis that is assumed to 
react as a rigid rectangular plate of 
negligible thickness. The foundation mass 
denoted 0m  is taken to be uniformly 
distributed; the width of the base is 2b and 
the total moment of inertia about the center 
of the foundation is denoted by 0I . In the 
following rM  designates the total moment 
acting on the base mat, u  the elastic 
horizontal displacement of the mat tip 
relative to the base and gxu  the seismic
acceleration. The following notations are 
also used: /ω k mv w 0= vertical vibration

frequency of foundation; /α h b=  
slenderness ratio; /vβ ω ω= frequency ratio; 

0/γ m m= foundation mass to superstructure 
mass ratio. 

The soil-structure interaction takes place at 
the interface separating the rigid footing 
and the foundation soil. The coupling of the 
system is modeled by Saint-Venant’s units 
that are mounted in parallel. Each unit 
consists of an elastic spring connected in 
series with a plastic element which is 
activated if the strain from elastic spring 
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reaches the yield stress yσ .  This last 
corresponds to the plasticity plateau as 
shown on Fig. 2 and where wk  is the soil 
modulus of elasticity per unit length. The 
units are distributed over the entire width of 
the foundation, see Fig .1. Horizontal 
slippage between the mat and supporting 
elements is assumed to be negligible. 

Figure 1. Flexible structure resting on 
elastic perfectly plastic foundation. 

Figure 2. Elastic perfectly plastic 
behavior of spring and plastic element 

mounted in series. 

In the elastic range of deformation, the 
stress-strain relationship is given by: 

wσ k ( v x )θ= ±   where v  is the vertical 
displacement of the base mat centre of 
gravity,  θ   is the angle of rotation of the 
mat base and x  is the abscissa along the 
foundation with origin taken at its centre. 
When the stress reaches the threshold yσ
for some plastic frontier point pix , where 

i l=  or i r=  that designates left or right 
edge, then yσ σ= . Also local uplifting 
occurs if 0σ =  for some critical position 
point cix . 
Fig.3 presents the overall scheme adopted 
for performing the elastic perfectly plastic 
analysis and dealing with the plasticity and 
uplifting nonlinearities. The steps in the 
scheme are as follows: 
Step 1: under a selected ground motion and 
for actual positions of base that are 
associated to uplift or plastic frontier 
conditions, compute the answer of the 
coupled system for the given increment and 
obtain: (i) rotation of the base, (ii) vertical 
displacement, (iii) horizontal displacement. 
Step 2: Compare the actual obtained value 
of θ  with zero. 
Step 3: Determine the actual value of 
critical positions cix  which corresponds to 

0yσ = .  
Step 4: Determine the actual value of plastic 
positions pix which corresponds to 

( )y w piσ k v x θ= ± . 

Step 5: Compare pix  with algebraic value of 
half width of foundation mat. 
Step 6: Compare pix  with cix . 

3.1 Equations of motion 
The equations of motion can be derived by 
taking into account the equilibrium of the 
coupled soil-structure system. The 
following equilibrium equations can be 
written: 
- Equilibrium of forces acting in the 
horizontal direction: 0xF =∑
- Equilibrium of forces in the vertical 
direction: 0yF =∑
- Equilibrium of moments about the center 
of the foundation of the mat: 0zF =∑
Because the rotations are assumed to be 
small, the following approximations hold 

( )cos 1θ ≈  and  ( )sin θ θ≈                  (1) 

GDI Academy  ·  NZAAR Series Archive  ·  NZAAR-CCS-17-39  ·  gdiacademy.org



International Conference on Civil Engineering, Construction Management & Structural Design (CCS 2017) 111

Considering the equilibrium of forces in the 
lateral direction, the simplified equation of 
motion in terms of the mat tip  
lateral displacement writes  

Figure 3. Schematic outline of the elastic 
perfectly plastic analysis procedure 

( )gxmu mhθ cu ku mu t+ + + = −

      (2) 
The equilibrium of forces in the vertical 
direction can be written as follows: 

0 0( ) ( )vm m v F m m g+ + = − +  (3)   
with 

( , ) ( , )

( , )

pl pr

pl

pr

x x

v w r w r
b x

b

w r
x

F k v dx k v dx

k v dx

−

= +

+

∫ ∫

∫

 



 (4)              

The vertical displacement at the edges of 
the foundation mat, Fig. 1, measured from 

the initial unstressed positions are:
, ,iv v x θ i l r= ± =     (5)         

In equation (4), vF  is the total vertical force 
acting on the base mat. This force is 
obtained as 

( ) ( )

( )

pl pr

pl

pr

x x

v w w
b x

b

w
x

F k v xθ dx k v xθ dx

k v xθ dx

−

= ± + ±

+ ±

∫ ∫

∫

 (6)

Because the foundation cannot extend 
above its initial unstressed position, an edge 
of the foundation mat would uplift at the 
time instant for which the following 
condition is fulfilled [19] 

( ) 0, ,v t i l ri > =        (7)

Integrating equation (6) by taking into 
account the uplifting condition given by 
equation (7), one arrives after 
simplifications at the following expression 

( )
2 2 2

2 1

2 2 2 2 2 2
2 1 1

2

1
2

1 1 1
2 2 2

v w pl pr pl pr

w

w pl pr pl pr

F k v x b x x x

ε k θ ε b b

ε k θ x x ε x ε x

= + + − −

 + − + 
 

 + + − − 
 

   (8)        

with 

1 2

1 contact at both edge

one edge is uplifted

s
ε ε v

bθ


=



   (9)

2

1 left edge uplifted

0 contact at both edges

1 right edge uplifted

ε

−
=



          (10)

Substituting equation (8) into equation (3), 
one obtains the following equation: 
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( )

2 2 2 2 2 22
1 1

0

2 2 22
1

0

0

1 1 1
2 2 2

1
2

2 g

w
pl pr pl pr

w

w
pl pr pl pr

ε k θv x x ε x ε x
m m

ε k θ ε b b
m m

k v x b x x x
m m

 =− + − − +  

 − − + +  

− + + − − −
+



(11)   

Taking the resultant moment about the 
centre of the foundation at the base of the 
mat, the following equation is readily 
obtained: 

( )0 0gx rI θ hm hθ u u M+ + + + = 

 

     (12)                                                  

with 2
0 0 / 3I m b=  and where rM  is the 

resistant moment which represents the 
global action of spring and plastic slider 
system acting on the foundation base. It is 
derived by considering the forces applied 
on the free body diagram of the base mat as 

2

2

2

xpl

r w
b

xpr

w
xpl

b

w
xpr

M k vx x θ dx

k vx x θ dx

k vx x θ dx

−

 = ± ± 

 + ± ± 

 + ± ± 

∫

∫

∫

  (13) 

Integrating equation (13) and taking into 
account equation (7), one obtains 

2 3 2 2
2 1

3 2 2 2 2
1

2 3 2 3
1

2 2 2 2
1 1

1 1 1
2 3 2

1 1 1 1
3 2 3 2
1 1 1
3 2 3
1 1
2 3

r w pl pl

pr pr pl

pl

pr pr

M ε k vx θx ε vb

θb vx θx ε vx

ε θx vb θb

ε vx ε θx

= + −


+ + + −

− + +

− − 


    (14) 

Substituting equation (14) into equation 
(12) yields the following equation 

( )
22

22
2

3 2 2 3 2
1

2 2 2 2 3
1 1

2 3 2 2 2 2
1 1

33 1
2

1 1 1 1
3 2 3 2
1 1 1
3 2 3
1 1 1 1
2 3 2 3

w
pl

pl pr

pr pl pl

pr pr

ε α kαθ cu ku vx
γh mγh

θx ε vb θb vx

θx ε vx ε θx

vb θb ε vx ε θx

= + −

+ − + +

+ − −

+ + − −





         (15)         

Finally, the equations of motion of the 
system are formed by equations (2), (11) 
and (15). This is a highly nonlinear system 
of second order ordinary differential 
equations. Its integration can be achieved 
iteratively by using the Matlab 
command ode15s. This enables then to 
calculate the response of the structure and 
to perform parametric studies. 

4. Analysis & Results
4.1 Response to seismic excitation 
In the following, the systems responses for 
both elastic and perfectly plastic soil 
models are calculated. The system response 
is considered under the 1940 El Centro 
earthquake record input and with fixing the 
following dimensionless parameters during 
the simulations:

vα=8, β=2, γ=0.1, ξ=0.05, ξ =0.03 . The 
other parameters were fixed at the following 
values: 12 ,h m=  3105.07 10 ,m kg= ×

3 121.85 10 .s ,c kg −= ×  =2.08Hz,ω  
41.5 10y MPaσ −= × and 
618.4 10 /wk N m= × . 

Fig. 4 gives a comparison of the seismic 
response of the system in terms of the lateral 
displacement of the structure and the 
foundation rotation, for both elastic and 
perfectly plastic analyses. 
The perfectly plastic behavior was found to 
moderate the system response: it decreases 
the tip displacement in comparison with the 
elastic analysis. The same observation can 
be done with regards to rotation. One can 
notice also from Fig. 4b that rocking has 
occurred for the soil elastic model while this 
is absent in the case of elastic-perfectly 
plastic soil. 
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Figure 4a. Horizontal displacement of 
the structure: blue color is for elastic 

analysis black corresponds to the 
perfectly plastic analysis (

vα=8, β=2, γ=0.1, ξ=0.05, ξ =0.03 ) 

Figure 4b. Horizontal displacement of 
the structure: blue color is for elastic 
analysis black corresponds to elastic 

perfectly plastic analysis (
vα=8, β=2, γ=0.1, ξ=0.05, ξ =0.03 )

4.2Parametric investigation of maximum 
response 
A parametric study was conducted in order 
to analyze the effect of the chosen soil 
model and as function of the key parameters

, ,α β γ . The maximum values of the tip mat 
displacement and base rotation are 
considered when elastic and elastic 
perfectly plastic soil interacting models are 
considered along with a base-mat 
foundation which is allowed to undergo 
local uplifting. The response of the system 
under the 1940 El Centro earthquake record 
input was calculated for both of these soil 
models. 

Two parametric studies were performed:  
-  The first one concerned variation of the 
maximum values of the mat tip 
displacement and base rotation as function 

of the slenderness ratio with 2β = . Fig. 5 
gives the obtained results for [5,8]α∈ . 
-  In the second study, the maximum 
response is evaluated as function of the 
frequency ratio with 8α = . Fig. 6 gives the 
obtained results for [2,8]β∈ . 

As shown in Fig.5, the maximum values of 
the tip displacement and base rotation vary 
largely with α . The perfectly plastic 
analysis moderates the magnitudes of 
rotation. However this behavior does not 
moderate all the time the magnitudes for the 
tip displacement. The magnitude can be 
increased or decreased depending on the 
domain containing the slenderness ratio. 

Figure 5. Maximum values of the tip 
lateral displacement and base rotation 
as function of the slenderness ratioα : 

(a) Tip displacement; (b) base rotation; 
blue color is for elastic analysis and 

black corresponds to elastic perfectly 
plastic analysis 
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Figure 6. Maximum values of the tip 
lateral displacement and base rotation 
as function of the frequency ratio β : (a) 

Tip displacement; (b) base rotation; 
blue color is for elastic analysis and 

black corresponds to the elastic 
perfectly plastic soil 

5. Discussion & Conclusion
In this work, a parametric analysis was 
performed in order to evaluate the 
maximum response of the soil-structure 
system under the 1940 El Centro 
earthquake record input by taking into 
account local uplift of the foundation and 
soil plastic behavior. This was conducted in 
terms of key dimensionless parameters that 
include the slenderness ratio and the ratio of 
mat elastic resonance frequency to the 
vertical resonance frequency of foundation. 
The obtained results have shown that the 
structure response is largely affected by 
these factors in the investigated ranges of 
parameters. Taking into account local uplift 
of the foundation under seismic loading and 
the plastic regime of strains was found to be 
beneficial for the structure because it yields 
smaller rotational angles. The tip horizontal 
displacement can be increased or decreased 
by considering plasticity of soil depending 
on the considered range of parameters. 
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