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Abstract
 In this paper the dynamic behavior of the homogeneous earth dam (Iran), considering dam-foundation interaction, under normalized Manjil 
earthquake- as input motion- has been studied. In order to assess the effect of the dam heights and the foundation widths, in the finite element 
model on the earthquake response, various dam-foundation coupled models are analyzed by Plaxis, a finite element package for solving 
geotechnical problems. In this research, the dam heights and the foundation widths has been chosen optimally using particle swarm optimization 
(PSO) method. The simulation results indicate considerable differences in the seismic responses. 
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INTRODUCTION
In the past years, numerous researches have been con-

ducted in order to determine how dams behave against the 
seismic loads.  In addition, improvements in the different 
numerical methods have resulted in widespread use of these 
methods to study dynamic behavior of earth dams; and using 
dam-foundation coupled model has revealed various aspects 
of dam response to seismic shaking [1,2]. The finite element 
method is known to be an effective numerical tool for the 
solution of boundary value problems on complex domains. 
In this method for unbounded problems such as seismic 
wave propagation through the soil, a closed boundary must 
be considered for the foundation so the geometry of the mo-
del, which has a significant effect on the response changes.

In simplified dynamic analyses of structures, it is nor-
mally assumed that the structure is fixed at the ground level 
and subjected to a base motion [1, 2]. The base motion rep-
resents the ground motion anticipated at the proposed site 
and is influenced by the nature and extent of the soil deposit 
at the site. In addition, the presence of the structure could 
also influence this base motion. This mutual influence of the 
structure and the foundation on their responses is commonly 
referred to as soil-structure interaction. When the response at 
the base of the structure is essentially identical to that with 
no structure present, there is no interaction between the soil 
and the structure. On the other hand, when the response at 
the base is significantly different for the two cases, strong 
interaction exists between the soil and the structure. For 
cases where the interaction is strong, the soil and structure 
systems should be analyzed together using a coupled sys-
tem. For cases where the interaction is insignificant, the soil 
and structure systems can be uncoupled and each analyzed 
separately.

Very little work has been done regarding the seismic 
response of dams on flexible foundations. Most of the 
research has been directed toward the analysis of dams 
on rigid foundations. Inaudi investigated.the foundation 
flexibility effects on the seismic response of concrete gravity 
dams [3]. Motamedi.studied the role of foundation in the 

seismic nonlinear behavior of concrete gravity dams [4].
Finn and Khanas also evaluated the response of an earth 

dam on a flexible foundation using the finite element method 
of analysis. Their results indicated strong dependence of the 
response on the ratio of the fundamental periods of the dam 
and the foundation layer[5]. Finn and Reimerg considered 
the interaction problem between the dam and the underlying 
foundation layer. They analyzed both the coupled and the 
uncoupled dam-foundation systems and showed significant 
differences in the response depending on the period of the 
systems compared to the fundamental period of the base 
input motion [6]. 

Chopra et al. by considering dam as an assemblage 
of two-dimensional finite elements, and the foundation as 
an elastic half space, determined the dynamic properties 
of earth dams including foundation interaction effects [7]. 
Their results indicate that foundation interaction may have 
significant influence on the frequencies and mode shapes of 
vibration of earth dams and the influence of foundation in-
teraction depends significantly on the geometry of the earth 
dam cross-section, being relatively more important for dams 
with flatter side slopes. Among the geotechnical software, 
Quad4 and Plaxis can be used to seismic analysis of the 
dam-foundation model considering foundation-structure in-
teraction. Quad4 is a dynamic, time-domain, equivalent lin-
ear two dimensional computer program to evaluate the seis-
mic response of soil structures. Plaxis with dynamic module 
can be used to model advanced constitutive behaviors for the 
simulation of the nonlinear, time dependent and anisotropic 
behavior of soils and/or rock. 

In this study dynamic analysis of Homogeneous earth 
dam (Iran) considering dam-foundation interaction, under 
Manjil earthquake (after scaling to a max =0.28g), as input 
motion, carried out by Plaxis. In order to study the effect 
of the dam height and foundation width in the finite ele-
ment model, on the calculated earthquake responses, sever-
al dam-foundation coupled models have been solved with 
Plaxis. In addition, dam heights and the foundation width 
effect on the displacement of the dam. In order to measure 
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displacement of dam, we have used a nonlinear energy oper-
ator (NLEO). In this research, NLEO has been defined as a 
function of both dam heights and the foundation width. We 
minimize the cost function using PSO algorithm. 

Soil-structure interaction (SSI) is an important issue, es-
pecially for stiff and massive structures constructed on the 
relative soft ground, which may alter the dynamic character-
istics of the structural response significantly.

Thus, the interaction effects should be accounted for in 
the dynamic analysis of all soil-structure-system, particular-
ly in severe soil conditions. The SSI system has two char-
acteristic differences from the general structural dynamic 
system. These are the unbounded nature of the soil and the 
non-linear characteristics of the soil medium.

The radiation of the energy towards infinity, leading to 
the so called radiation damping, is the most prominent char-
acteristic in an unbounded soil, which is not relevant in a 
bounded medium. Various studies and contributions have 
appeared in the literature regarding the effects of SSI on the 
dynamic seismic response of buildings [8].

This paper is organized as follows: The Homogeneous 
earth dam properties are described in Section 2. Section 3 
presents the numerical modeling for the dynamic analyses. 
The theoretical foundation of NLEO and PSO has been 
presented in Section 4. The performance evaluation of the 
proposed method is provided in Section 5. Section 6 sum-
marizes our conclusions.

MATERIALS AND METHODS
1. Definition  Of Project (A Brief Introduction To 

The Homogeneous Dam)
A homogeneous rockfill dam with 52m height is mod-

eled on this study.
Table 1 provides the main features of the Homogeneous 

dam, and Fig. 1 show typical cross-sections of the dam body 
[9].

Fig. 2 shows typical cross section of the dam-foundation 
coupled model. which is located in Alborz seismic zone 
where active periods have been observed. One of the most 
important earthquakes that occurred in this area, was the 
1990 Manjil earthquake, with Mb=7.3 and Ms=7.7. 

Table 1 . Main feature of the Homogeneous dam

No Description Unit Quality

1 Crest length m 180

2 Crest width m 8

3 Crest level m 153

4
Height above lowest core 

foundation
m 51.5

5 Filter volume m3 19000

6 Normal water level m 148

7 Dam height from river bed m 54.5

8 Volume for reservoir m3 8*106

Fig. 1. Typical cross-sections of the dam body.
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Fig. 2.Typical section of the dam-foundation coupled model.

2. Dynamic Analysis
The numerical modeling for the dynamic analyses has 

been performed using the Plaxis program, which are based 
on finite element method. Fig. 3 shows the geometry of the 
dam-foundation coupled model of the Homogeneous earth 
dam. Dynamic analyses were performed for the end of 
construction stage using the elasto-plastic Mohr-Coulomb 
model for material nonlinear behavior. Material properties of 
dam body and foundation have been presented in Table 2. In 
order to absorb the increments of stresses on the boundaries 
caused by dynamic loading, absorbent boundaries has been 
used. For accurate representation of wave transmitted in the 
model, the element sizes should be selected small enough 
to satisfy the following criteria expressed by Kuhlemeyer & 
Lysmer [10]:

                      (1)  
       
       
    

where λ is the wave length associated with the highest 
frequency component that contains appreciable energy and 
∆l is the length of element. Considering to these criteria, the 
element size have been selected as fine as possible.

It should be mentioned that shear modulus, G has 
been modified according to effective mean stress (σ0) as

i
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Small viscous damping is added for dam body. This 
damper was given by Rayleigh damping: the damping fac-
tors were assumed 0.005 for the first and second natural pe-
riods.

Earthquake response analyses were carried out for 
Manjil earthquake. The acceleration time histories of the 
Manjil Earthquake as shown in Fig. 4, were normalized to a 
maximum acceleration of 0.28g which has been considered 
inaccordance with Maximum Design Level (MDL).

Fig. 3. model of dam-foundation and its elements.
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Table2. Material properties of the Homogeneous earth dam

Type of material γ (KN/m3) C (KPa) φ E (MPa) υ

Dam body 21.5 27 23 215 0.3

foundation 21.5 1 42 270 0.3

Drain material 20.5 1 42 345 0.25

-250

-150

-50

50

150

250

0 10 20 30 40 50
time(s)

h
o

ri
zo

n
ta

l 
ac

c
.(

cm
/s

2)

Fig. 4. Normalized horizontal component time history of Manjil earthquake.

3. NLEO (NonLinear Energy Operator)
Teager proposed (as presented in [6]) a simple NonLin-

ear Energy Operator (NLEO) dø given here in its discrete 
form as

)1()1()()]([ 2 +−−= nxnxnxnxø d

By using simulated signals, Kaiser [6] analyzed this operator 
and found that it can detect frequency and amplitude of these 
signals. One of its key properties for a pure tone can be 
summarized by the rule

0
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For 0ω   much less than the sampling frequency, 

cteAnQd == 2
0

2)( ω . Therefore, the output of

 NLEO is proportional to multiplication of instantaneous 
amplitude and frequency of the input signal. 

With the above motivation, Kaiser [6] used the second 
order differential equation governing the simple harmonic 
motion and the energy (sum of the kinetic and potential 
energies) required to generate the motion, to introduce a
continuous-time counterpart of the NLEO,

( ) (t)xx(t)(t)x[x(t)]ø C ′′−′= 2
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The instantaneous energy, 0E , of an undamped oscillator is 
constant and is proportional to the output of (3) [6].
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where )()( 0 θω += tCosAtx with )m
k(ù =0 ) 

is the displacement of the oscillator and k is the spring 
constant and m is the mass. Kaiser gave an interpretation of 
(4) as the amount of energy required to generate a sinusoid. 
Unlike the classical mean-square error (mse) definition of 
energy, this definition depends not only on the amplitude 
but also on the frequency of the sinusoid. To illustrate this 
difference, consider two sinusoids with frequencies of 1 Hz 
and 1 kHz but with the same amplitude. It is clear that mse 
energy will be the same for both sinusoids, while (4) suggests 
different amounts of energy requirement to generate these 
two signals. The latter relates the energy to the physics of 
generating a sinusoid of a given frequency [7]. As such, we 
will refer to the output of the NLEO (4) as the frequency 
weighted energy (FWE).

4. Pso (Particle Swarm Optimization)
Particle Swarm Optimization is a metaheuristic search al-

gorithm introduced by Eberhart and Kennedy in 1995 [11] to 
find optimal solution in engineering design optimization. PSO 
is based on the concept social models and swarm theories. 
The swarm consists of individual particles, which mutually 
try to find the solution in the search space. In each iteration, 
individuals (particles) move toward the best solution, which 
is experienced by them (Personal best) and concurrently to the 
best solution, which is obtained by the other particles (Global 
best). PSO is established based on few or even no assumption 
on the search space; this feature enables PSO to search the 
optimum solution in a wide search space. In addition, PSO 
can be used in the optimization problems which are irregular, 
noisy, or dynamic [12]. Recently, the PSO was used in differ-
ent applications by various researchers worldwide [13, 14, 
15, 16]. The basic operational principle of the particle swarm 
is reminiscent of the behavior of a group of a flock of  birds 
or school of fishes or the social behavior of a group of people 
[17]. Each individual flies in the search space with a veloci-
ty, which is dynamically adjusted according to its own flying 
experience and its companions’ flying experience, instead of 
using evolutionary operators to manipulate the individuals 
like in other evolutionary computational algorithms. Each 
individual is considered as a volume-less particle (a point) 
in the N-dimensional search space. At time step t, the ith par-

ticle is represented as ))(),...,(),(()( 21 txtxtxtX iNiii =  
. The set of positions of m particles in a’ multidimensional 
space is identified as },...,,...,,...,{ .1 mlj XXXXX = . 
The best previous position (the position giving the best fit-
ness value) of the ith particle is recorded and represented as

),...,,()( 21 iNiii ppptP = .The index of the best particle 
among all the particles in the population (global model) is 
represented by the symbol g. The index of the best particle 
among all the particles in a defined topological neighborhood 
(local model) is represented by the index subscript l. The rate 
of the position (velocity) for particle i at the time step t is rep-
resented as ))(),...(),(()( 21 tvtvtvtV iNiii = . The particle 

variables are manipulated according to the following equa-
tion (global model [18]):

Where n is the dimension )1( Nn ≤≤  , 1c and 2c  are 
positives constants. These factors are used to value individual 
and social experiences. Kennedy suggested value 2 for both 
in the original PSO version; while, recent studies recommend 
1.494. regards 1.5 to 2 for C1 and 2 to 2.5 for C2 more effi-
cient.,                     and ()2rand  are two random functions 
in the range [0,1]. This parameter is used in order to prevent 
being trapped in local optimal points and to comprehensively 
probe searching space. It operates like mutation operator in 
genetic algorithm. , and w  is the inertia weight. In order to 
control velocity and avoid its explosion, a coefficient is used 
as inertia weight coefficient. This value was constant in the 
original version; however, recent studies revealed that linear 
reduction of W from 0.9 to 0.2 responses better within algo-
rithm iterations. This indicates high velocity at the beginning 
of probing and low velocity approaching optimal answer. 
Early versions of PSO applied Vmax parameter (maximum 
speed) to remove this problem such that the algorithm hin-
ders exceeding the velocity and enables better searching.[19] 
For the neighborhood (lbest) model, the only change is to 
substitute pln for pgn in equation for velocity. This equation in 
the global model is used to calculate a particle’s new veloc-
ity according to its previous velocity and the distance of its 
current position from its own best experience (pbest) and the 
group’s best experience (gbest). The local model calculation 
is identical, except that the neighborhood’s best experience is 
used instead of the group’s best experience. 

The constants 1c and 2c  in above equation represent the 
weighting of the stochastic acceleration terms that pull each 
particle toward pbest and gbest positions. Thus, adjustment 
of these constants changes the amount of ‘tension’ in the 
system. Low values allow particles to roam far from target 
regions before tugged back, while high values result in abrupt 
movement toward, or past, target regions. 

The inertia weight w  controls the impact of the previ-
ous histories of velocities on the current velocity, thus in-
fluencing the trade-off between global (wide-ranging) and 
local (nearby) exploration abilities of the ‘flying points’. By 
linearly decreasing the inertia weight from a relatively large 
value to a small value through the course of the PSO run (to-
tal number of generations prior termination), the PSO tends 
to have more global search ability at the beginning of the 
run while having more local search ability near the end of 
the run [20].

RESULTS
In order to evaluate the effects of dam height (H) and 

width of the foundation (W) on the finite element solution, 
some experiments had been carried out in the finite element 
model [9] (See Table 3). On the basis of experiments, it 
had been found that lateral extent must be selected less 
than twice the dam height in the finite element model. In 
this work, an energy fitness function has been defined so 
that horizontal displacement time history at the dam crest 
in the finite element model on the earthquake response is 
minimized. The fitness function has been considered as a 
function of B/H ratio and we minimize the cost function 
using PSO algorithm. 
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In this experiment, the following PSO parameters are 
used: 

Population size: 30; Weightmax=1; Weightmin=0.4; C1 
=C2 =2; Dimension=2; Iteration: 1000. B and H parameters 

change between 50-200 and 30-90, respectively. The PSO 
algorithm was implemented using MATLAB from Math 
Works. In this experiment, by using the PSO algorithm the 
B/H ratio should be equal to 1.29.

Table 3. Desired   Dam Heights  Lateral  Extents  And  Foundation  Width Lateral extent, earth dam height and the width of 
foundation

Model  Number H (m) B (m) W (m)

1 30 50 303

2 30 100 403

3 30 200 603

4 60 50 498

5 60 100 598

6 60 200 798

7 90 50 669

8 90 100 769

9 90 200 969

CONCLUSION
In this study, dynamic analysis of Homogeneous earth 

dam considering dam-foundation coupled model with 
various foundation widths and dam heights under horizontal 
component of Manjil earthquake has been performed using 
the Plaxis program. In the previous work, B/H ratio has 
been adjusted experimentally. However, in this research 
it has been found optimally using PSO algorithm. Several 
experiments has been carried out and the results shown the 
efficiency of the proposed idea.
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