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Abstract

This paper presents efficiency of three meta-heuristic algorithms for large-scale shape optimization of double curvature arch dams
under seismic loading condition with different constraints such as failure, stability and geometrical limitations. The earthquake load
is considered by time variant ground acceleration applied in the upstream—downstream direction of the arch dam. Here, the
Westergaard method is used to include the dam-reservoir interaction. For optimization, the Charged System Search (CSS), Particle
Swarm Optimization (PSO), and a hybrid CSS and PSO (CSS-PSO) are utilized. Numerical results demonstrate the effectiveness of
the meta-heuristic algorithms for optimal shape design of arch dams. Comparative studies illustrates that the superiority CSS-PSO
algorithm compared to the standard PSO and CSS. A parametric study is also conducted to investigate the effect of water depth and

earthquake intensity on the cost optimization of the arch dams.

Keywords: optimal design, arch dams, charged system search algorithm, particle swarm optimization, hybrid method

1. Introduction

Arch dam optimization is one of the most active fields of
research in structural optimization. Generally, in design optimiza-
tion of arch dams, the objective is to find the best feasible shape
of arch dam with a minimum weight or construction cost. In
other words, optimum design of arch dams is a search for the
best possible arrangements of design variables according to the
determined constrains.

The shape optimization of arch dams has been developed after
appearing and development of finite element method in late
1950’s. Early research works dealt mainly with membrane-type
solutions, Fialho (1955). Later, Rajan (1968), Mohr (1979) and
Sharma (1983) developed solutions based on membrane shell
theory. Sharpe (1969) was the first to formulate the optimization
as a mathematical programming problem. A similar method was
also adopted by Rickeetts and Zienkiewicz (1975) who used
finite element method for stress analysis and Sequential Linear
Programming (SLP) for the shape optimization of arch dams
under static loading.

Recently, a novel meta-heuristic algorithm known as Charged
System Search (CSS) was introduced by Kaveh and Talatahari
(2010a, b, c), and applied to different engineering optimization
problems. The CSS utilizes the Coulomb and Gauss’s laws from
electrostatics, and the Newtonian laws of mechanics. Particle

Swarm Optimization (PSO) is another meta-heuristic algorithm
widely utilized for optimization problems due to its simple
principle and ease of implementation, Eberhart and Kennedy
(1995). Kaveh and Talatahari (2011) have utilized a new
methodology based on the combination of the CSS and PSO.

In this study, three meta-heuristic mentioned algorithms are
employed for cost and volume optimization of arch dams. The
construction cost of dam consisting of the concrete volume and
the casting areas is considered as the objective function. To
implement a practical design optimization, many constraints such as
stress, displacement, stability requirement, and frequency constraints
should be considered. In the present study, for simplicity of the
optimization operation, stress and some geometrical constraints
are considered. The inertia forces of the impounded water are
represented by added hydrodynamic mass values in accordance
with the generalized Westergaard (1933) method. The Opensees
(2003) is used for modeling and time history analysis. Moreover,
the optimization procedure requiring, among other things, the
calculation of volume and cost of the arch dam, is implemented
in Matlab (2009). Two examples of large-scale arch dams to be
designed for minimum volume and cost are considered in order
to demonstrate the capability of the meta-heuristic algorithms in
solving large-scale arch dam optimization problems. In the final
section, parametric study is performed to show the effect of
different parameters (the water depths and earthquake intensity)
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in the cost optimization of the arch dams.
2. Optimization Algorithms

Methods employed in structural optimization design problems
can be divided into mathematical programming and meta-heuristic
algorithms. Due to the difficulties encountered in mathematical
programming (complex derivatives, sensitivity to initial values,
and the large amount of enumeration memory required) for
complex problems, various kinds of meta-heuristic algorithms
have been developed for optimum design of structures. As stated
before, in this paper, three powerful advanced algorithms
consisting of the standard CSS, the standard PSO and CSS-PSO
are employed for optimal design of arch dams.

2.1 The Standard Charged Search System

The Charged System Search, developed by Kaveh and Talatahari
(2010a), is a population-based search approach which is based on
principles from physics and mechanics. In this approach each
agent is a solid particle (CP) of radius “a” which is considered as
a charged sphere of radius a, having a uniform volume charge
density that can produce an electric force on the other CPs. The
force magnitude for a CP located inside the sphere is proportional
to the separation distance between the CPs, while for a CP
located outside the sphere it is inversely proportional to the
square of the separation distance between the particles. The
resultant forces or acceleration and the motion laws determine
the new location of the CPs. The pseudo-code for the CSS
algorithm can be summarized as follows (Kaveh and Talatahari,
2010Db, ¢):

Step 1: Initialization. The initial positions of CPs are determined
randomly in the search space and the initial velocities of charged
particles are assumed to be zero. The values of the fitness
function for the CPs are determined and the CPs are sorted in an
increasing order. A number of the first CPs and their related
values of the fitness function are saved in a memory, so called
Charged Memory (CM).

Step 2: Determination of the forces on CPs. The force vector is
calculated for jth CP as:

N j=1,2,..,N
F=y (& i+ 2 iyar, P (X ~X)<i,=1,,=0 if r,<a (1)
a Tij
i=0,i=1 if

=1
' r,za

where F; is the resultant force acting on the jth CP; X; and X are
the position vectors of the ith and jth CPs, respectively, Here a is
the radius of the charged sphere and N is the number of CPs. The
magnitude of charge for each CP (g.) is defined considering the
quality of its solution as:

fit(i)—fitwrost

, i=1,2,..,N @
fitbest—fitwrost

ql =
where fitbest and fitworst are the best and the worst fitness of all
particles, respectively; fit(i) represents the fitness of the agent 7;
and N is the total number of CPs. The separation distance 7;;
between two charged particles is defined as follows:
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= "*Xr _‘X)" (3)
”(A/r +)(/)/2 _Xbes!" te

where X, is the position of the best current CP, and ¢ is a small
positive number. Here, p;;is the probability of moving each CP
towards the others and is obtained using the following function:

fit(i)—fitbest N
—flt(]) ) > rand A fit(j) > fit(i) @

0 else

Pw =

In Eq. (1), ar;;indicates the kind of force and is defined as:

ar,; =

+1  rand<0.8 )
-1 else

where rand represents a random number.
Step 3: Solution construction. Each CP moves to the new
position and the new velocity is calculated as:

A//.news = ran('j/.l'Ka'F1+rana_I).l'Kv' I/_rj.old+)(/.nld (6)

V],ncw = j,new _)(/,old (7)

where K, is the acceleration coefficient; K, is the velocity
coefficient to control the influence of the previous velocity; and
rand,; and rand, , are two random numbers uniformly distributed
in the range (0,1). In this paper K, and K|, are taken as:

K, = 0.5(1+_”l),1<v=o.5(1—_”i) ®)
ier y,, ier .y
iter is the iteration number and ifer,,,, is the maximum number of
iterations.

Step 4: Updating process. If a new CP exits from the allowable
search space, a harmony search-based handling approach is used
to correct its position (Kaveh and Talatahari, 2010a). In addition,
if some new CP vectors are better than the worst ones in the CM,
these are replaced by the worst ones in the CM.

Step 5: Termination criterion control. Steps 2-4 are repeated
until a termination criterion is satisfied (Kaveh and Talatahari,
2010a, b, ¢).

2.2 The Particle Swarm Optimization

The PSO is based on a metaphor of social interaction such as
bird flocking and fish schooling, and is developed by Eberhart
and Kennedy (1995). The PSO simulates a commonly observed
social behavior, where members (particles) of a group (swarm)
tend to follow the lead of the best of the group. In other words,
the particles fly through the search space and their positions are
updated based on the best positions of individual particles
denoted by p/ and the best position among all particles in the
search space represented by pr. .

The procedure of the PSO is reviewed below:

Step 1: Initialization. An array of particles and their associated
velocities are initialized with random positions.

Step 2: Local and global best creation. The initial particles are
considered as the first local best and the best of them corresponding
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to the minimum objective function will be the first global best.
Step 3: Solution construction. The location of each particle is
changed to the new position using the following equations:

X =X @V + Cor o(P{ = X))+ Cory® (P X)) )

Where X and 1} are the position and velocity for the ith
particle at iteration k; ® is an inertia weight to control the
influence of the previous velocity; |, and r, are two random
numbers uniformly distributed in the range of (0, 1); C, and C,
are two acceleration constants; P} is the best position of the ith
particle up to iteration k; P, is the best position among all
particles in the swarm up to iteration & and the sign “°” denotes
element-by-element multiplication.

In this paper o is taken as:

o= 0.8(1 —o.s,iﬁ)
ltermax

(10)

iter is the iteration number and iter,,,, is the maximum number of
iterations.

Step 4: Local best updating. The objective function of the
particles is evaluated and P! is updated according to the best
current value of the fitness function.

Step 5: Global best updating. The current global minimum
objective function value among the current positions is
determined and thus P, is updated if the new position is better
than the previous one.

Step 6: Terminating criterion control. Step 3 to Step 5 are
repeated until a terminating criterion is satisfied (Kaveh and
Talatahari, 2010c).

2.3 Hybrid Charged System Search and Particle Swarm
Optimization

The Particle Swarm Optimization (PSO) utilizes a velocity
term which is a combination of the previous velocity, V5, the
movement in the direction of the local best, P}, the movement in
the direction of the global best, P;. In the present hybrid
algorithm (Kaveh and Talatahari, 2011), the advantage of the
PSO consisting of utilizing the local best and the global best is
added to the CSS algorithm. The Charged Memory (CM) for the
hybrid algorithm is treated as the local best in the PSO, and the
CM updating process is defined as follows:

CA/[I,old
K.new

W(X,new) 2 W(X,old)

11
W(K.new) < W()(?.old) ( )

CA/[m'rew = {

in which the first term identifies that when the new position is
not better than the previous one, the updating will not be
performed, while when the new position is better than the so far
stored good position, the new solution vector is replaced.
Considering the above mentioned new charged memory, the
resultant forces generated by agents are modified as:

F/ = Cl(CMg,old_X/)+Cz(CM,u/d_)(/)+ z kl(CM,u/d_)(])+ Z Kl()(l_)(/)

ies; ies,

(12)
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where ¢, and ¢, (similar to standard PSO) are user defined
coefficient. The subtitle g denotes the number of the stored so far
good position among all CPs. Therefore the first term directs the
agents towards the global best position. When i =, then the CM, ,;;
is treated similar to P' in the PSO as considered in the second
term of the above equation. This will direct the agents towards
the local best. The sets S, and S, are defined as follows:

Sl = {tlatb-’-7tn|q(t)>q(j)aj: 15270-«5
S, =S-S5,

N,j#i,g}
(13)

where S; defines a set of n agents taken from CM and utilized in
Eq. (11). If the set S includes all agents, the set S, will be the set
of currently updated agents used to direct agent ;. In addition, in
the early optimization cycles, # is set to zero and is then linearly
increased to N towards the end of the optimization process. The
coefficient K; is defined as:

K, = C]T;”u~l-7+g'i2)ar’.lpl_1 .

3. Geometrical Model of an Arch Dam

3.1 Shape of the Central Vertical Section

The shape of a double-curvature arch dam has two basic charac-
teristics: curvature and thickness. Both the curvature and the
thickness change in horizontal and vertical directions. For the central
vertical section of double-curvature arch dam, as shown in Fig. 1, one
polynomial of nth order is used to determine the curve of upstream
boundary and another polynomial is employed to determine the
thickness. In this study, a parabolic function is considered for the
curve of upstream face as (Gholizadeh and Seyedpoor, 2011):

2
Sz

2h

where /4 and s are the height of the dam and the slope at crest
respectively, and the point where the slope of the upstream face

W(z) =b(z)=-sz+ (15)

o

> Y

z=Bh

c(z

\

Fig. 1. Central Vertical Section of an Arch Dam
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equals to zero is z = f h in which fis constant.

By dividing the height of dam into » equal segments containing
n+1 levels, the thickness of the central vertical section can be
expressed as:

n+l

1(z) =Y L2t
i=1

in which, #; is the thickness of the central vertical section at the ith

level. Also, in the above relation L,(z) is a Lagrange interpolation
function associated with the ith level and can be defined as:

(16)

n+l
LI(Z):M itk

17
x-(Z—Z,) an

where z; and z; denotes the z coordinate of the ith and 4th level in
the central vertical section, respectively.

3.2 Shape of the Horizontal Section

As shown in Fig. 2, for the purpose of symmetrical canyon and
arch thickening from crown to abutment, the shape of the
horizontal section of a parabolic arch dam is determined by the
following two parabolas:

At the upstream face of the dam:

:(Z)x2+b(z) (18)

nmﬂ=y

At the downstream face of the dam:
1
2r z)

where r, and r, are radii of curvatures correspond to upstream
and downstream curves respectively, and functions of nth order
with respect to z can be used for those radii:

X"+ b(z)+1,(2)

Ya(x,2) = (19)

ry =Y Liry

i=1 (20)
ra= ZLIrdI

i=1

where r,; and r; are the values of r, and r,; at the ith level,
respectively.

4. The Finite Element Model of an Arch Dam

One double curvature arch dam (Morrow Pint) is analyzed to
assist the validation of the finite element model utilized in this

Downstream face

Upstream face

Fig. 2. The Shape of the Horizontal Section of a Parabolic
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study. This dam has been studied by many researchers, so the
results can be verified with already published material. This dam
is located on the Gunnison River in Montrose Country near the
village of Cimmaron, Colorado. The dam is 142 m high with a
crest length of 221 m and is 3.6 m thick at the crest and 15.8 m
thick at the base. The geometric properties of the dam in details
can be found in Hall and Chopra (1983).

The physical and mechanical properties involved here are the
concrete density (2483 N.sm*), the concrete poison’s ratio (0.2)
and the concrete elasticity (27580 x 10* MPa). In this analysis, dam-
foundation interaction is omitted, and assuming incompressibility of
the fluid, the generalized Westergaard (1933) method is used for
dam reservoir interaction. The dam body is discretized with 616
eight-node solid elements (Fig. 3), and each node has three
degree of freedom: translations in the nodal x, y and z directions.
The arch dam is analyzed as a 3D-linear structure.

The natural frequencies from the other literature and the
present work are provided in Table 1. It can be observed that a
good conformity has been achieved between the results of the
present work with those of the reported in the literature.

5. Arch Dam Optimization

5.1 Mathematical Model and Optimization Variables
The optimization problem can formally be stated as follows:

Find X =[x,x5,%5,...,X,]

tominimizes Mer(X) =AX) X fyenainy(X)

2y
subjected to g,(X)<0,i=1,2,....m

Ximin le lemax

where X is the vector of design variables with » unknowns, g; is

Fig. 3. The Finite Element Model of the Morrow Point Arch Dam

Table 1. Natural Frequencies of the Morrow Point Arch Dam

Natural frequencies (Hz)
Tan & Chopra (1996) Present work
Case |Reservoir| Symmetric | Antisymmetric| Symmetric [Antisymmetric
mode mode mode mode
1 | Empty 427 3.81 4.30 3.77
2 Full 2.82 291 2.84 3.05
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ith constraint from m inequality constraints and Mer(X) is the
merit function; AX) is the cost; f..(X) is the penalty function
which results from the violations of the constraints corresponding
to the response of the arch dam. Also, x;,,;, and x;,,, are the lower
and upper bounds of design variable vector.

Exterior penalty function method is employed to transform the
constrained dam optimization problem into an unconstrained one
as follows:

Frena(X) = 1+ 7,3 max(0, g,(x))’ 22)

i=1

where y, is the penalty multiplier.

5.2 Design Variables

The most effective parameters for creating the arch dam
geometry were mentioned in Section 2. The parameters can be
adopted as design variables:

X:{sﬂtcl

where X is the vector of design variables containing 3» + 2 shape
parameters of the arch dam.

-’-tcnrul-'-run rdl'-'rdn} (23)

5.3 Design Constraints

Design constraints are divided into some groups including the
behavioral, geometrical and stability constraints. In most of the
existing studies, the separate restrictions of the principal stresses
were considered as behavior constraints. In this study, the
behavior constraints are defined to prevent the crash and crack of
each element (e) of the arch dam under specified safety factor (sf)
in all time points of the specified earthquake. For this purpose, the
failure criterion of concrete of Willam and Warnke (1975) due to a
multi-axial stress state is employed. Thus, time dependent (7)
behavior constraints for the dam body are expressed as:

(%)E’IS(SSL;)e’Inge(x,t)=6—%—%’)w£0,e= L.,n,t=1,...,T (24)
where £, is a function of the principal stress state (oi > 0; > o3) and
sur is the failure surface expressed in terms of principal stresses,
uniaxial compressive strength of concrete (f.), uniaxial tensile
strength of concrete (f), and biaxial compressive strength of concrete
(f»). In the above relationship, 7 is the earthquake duration.
According to four principal stress states compression-compression-
compression, tensile-compression-compression, tensile-tensile-com-
pression, and tensile-tensile-tensile-the failure of concrete is
categorized into four domains. In each domain, independent
functions describe £, and the failure surface sur. For instance, in
the compression-compression-compression regime f, and sur are
defined as:

1

f= J%ucl—cz)z+(cl—c3)2+<cz—cs)zf 25)

_ 2ry(ri—r)cos p+r,(2r —r)[4(r—r) cos *n+ 5/’%—4}’1/”2]2 26)
> 2 2 2
4(ry—ri)cos “n+(r,—2r))

sur
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where the angle of similarity 0<7<60 describes the relative
magnitudes of the principal stresses as:

_ 26,—-6,—03
T Pler-0)+ (610 (0:-0)]

The parameters r; and r, represent the failure surface of all the
stress states with 7 = 0 and 7 = 60, respectively, and these are
functions of the principal stresses and concrete strengths (fc, 17,
fcb). The details of the failure criterion can be found in Willam
and Warnke (1975). Therefore, Eq. (24) is checked at the center
of all dam elements (ne) with a safety factor chosen as sf=1 for
the earthquake loading (US Bureau of Reclamation 1977). If it is
satisfied, there is no cracking or crushing. Otherwise, the
material will crack if any principal stress is tensile, while
crushing will occur if all principal stresses are compressive.

The most important geometrical constraints are those that
prevent from intersection of upstream face and downstream face
as:

Cos

@7

r
FanSrm==2—1<0, n=1,...,n

Tun

28)

where r,, and r,, are the radii of curvatures at the down and
upstream faces of the dam in the nth position in z direction. The
geometrical constraint that is applied to facilitate the construction
is defined as:

N
s<S=>——-1<0
all

29)

where s is the slope of overhang at the downstream and upstream
faces of dam and s, is its allowable value. Usually s,; is taken as
0.3 (see Zhu et al., 1992).

5.4 Objective Function
The objective function is the construction cost or volume of
concrete of the dam. The construction cost may be expressed as:

fX) = pv(X) +paa(X)

where X is the design variable vector, w(X) and a(X) are the
concrete volume and the casting area of dam body, respectively.
The unit price of the concrete and casting are chosen as
pv=$33.34 and p,= $6.67, respectively.

The volume of the concrete can be determined by integrating
from dam surfaces as:

V0 = [[lulr,2) -y, (x, 2l

Area

(30)

G

in which, Area is an area produced by projecting of dam on xz
plane. The areas of the casting can approximately be calculated
by summing the areas of the upstream and downstream faces as
follows:

a(X) = a,(X)+a,X)

=U 1+(%)2+(%)2dxd_—+££a 1+(%1)2+(%)2dxdz

where g, and g, are the casting areas of upstream and downstream

(32)
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faces, respectively (Seyedpoor and Gholizadeh (2008)).
To evaluate v(X) and a(X), a computer program is prepared
using the MATLAB (2003).

6. Numerical Examples

In order to assess the effectiveness of the proposed procedure,
two double curvature arch dams are selected to verify the
efficiency of the new optimization algorithms. A finite element
model based on time history analysis is presented for the double-
curvature arch dam. The arch dam is treated as a three dimensional
linear structure. To mesh of the arch dam body, an eighty-node
isoperimetric solid element is used. It is assumed that the dam
foundation is rigid to avoid the extra complexities that would
otherwise arise. The material properties of the dam are given in
Table 2. Specifications of the CSS, PSO and CSS-PSO methods
are provided in Tables 3 to 5.

In the analysis phase, the linear dynamic analysis of the system
is performed using the Newmark time integration method. Two
cases are considered for these arch dams:

Case 1: The reservoir is considered empty. The load involved
here are gravity and earthquake load.

Case 2: The reservoir is considered full. The load involved
here are gravity load, hydrostatic and hydrodynamic pressures,
and earthquake load.

To evaluate the stress components at center of dam elements a
computer program is coded using Opensees (2011). The structural
damping in the system is included by using a Rayleigh type of
damping matrix given by:

C,=aK,+ M, (33)

Where M,, C, and K; are the structural mass, damping and
stiffness matrices, respectively. @ and £ are variable factors to
obtain a desirable damping in the system. In many practical
structural problems, the mass damping may be ignored and then

Table 2. The Material Properties of the Arch Dam

Elastic modulus of concrete 27580x10* MPa
Concrete poison’s ratio 0.2
Mass density of concrete 2483 kg/m’
Uniaxial compressive strength of the concrete 30 MPa
Uniaxial tensile strength of the concrete 3 MPa
Biaxial compressive strength of the concrete 36 MPa

Table 3. Specifications of the Charged System Search (CSS) Method

Parameter Specification

Number of CPs Number of variable
Max acceleration coefficient 1.00
Max velocity coefticient 0.50
Min acceleration coefficient 0.50
Min velocity coefficient 0.00
Magnitude of a 1.00

Maximum iterations 100.00

Vol. 17, No. 7/ November 2013

Table 4. Specifications of the Particle Swarm Optimization (PSO)

Method
Parameter Specification
Swarm size Number of variable
Cognitive parameter 2.00
Social parameter 2.00
Max inertia weight 0.80
Min inertia weight 0.40
Maximum iterations 100.00

Table 5. Specifications of the Particle Swarm Optimization (CSS-

PSO) method
Parameter Specification
Swarm size Number of variable
Cognitive parameter 1.50
Social parameter 1.50
Max velocity coefficient 0.80
Min velocity coefticient 0.40
Max acceleration coefficient 1.00
Min acceleration coefticient 0.50
Maximum iterations 100.00

the structural damping can be calculated as:

C,= %K,
o

where f'is the main frequency of the structure and f'is a damping
ratio. In the present study &= 0.1 is considered.

(34)

6.1 Morrow Point Arch Dam

In this example, the optimization of Morrow Point arch dam is
performed. For this test example, the volume of concrete is taken
as the objective function. To create the dam geometry, three fifth-
order functions are considered for 7(z), ,(z), and rz). Thus, by
accounting for two shape parameters needed to define the curve
of upstream face b(z), the dam is modeled by 20 shape design
variables as:

X={s Blay btz Loy bes Lo Tut Tua s Tt Tus Tus Yy T Pz Tas Tas Tas)

(3%)

The lower and upper bounds of design variables required for
the optimization process are determined using a preliminary
design method (Varshney, 1982):

0<s<0.3  3<£,<10 100<r,<135 100<r,<135

05<p<1  5<1,<15  85<r,<115  85<r,<115
10<1,<20  70<r,<100  70<r, <100 (36)
15<4,<25  60<r,,<80  60<r,<80
20<1,,<30  45<r,5<60  45<r,;5<60
25<1,<35 30<r,.<45  30<r,<45

The El Centro N-S record of the Imperial Valley earthquake of
1940 is chosen as the ground motion (Pacific Earthquake
Engineering Research Center, 2005). The selected earthquake
has a duration of 30s. Also, the peak acceleration of the record is
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Acceleration (g)
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Fig. 4. The El Centro N-S Record of the 1940 Imperial Valley
Earthquake

nearly 0.313 g. The record shown in Fig. 4 is applied to the arch
dam system in the upstream direction.

Table 6 represents the design vectors and the volume of thearch
dam obtained by different methods. It can be seen that CSS-PSO
leads to better results than both CSS and PSO. Fig. 5 shows the
convergence curves for three methods for the optimum design of
the arch dam in Case 1. As it can be seen, not only the convergence
rate of the CSS-PSO is higher than the standard methods, but also
the accuracy of this method is better. Optimum shapes of the arch
dam obtained by various methods are schematically shown in Fig.
6. It can be seen that the shape of the arch dam obtained by the
CSS-PSO is more uniform than those of the other methods.

6.2 Hypothetical Model
As the second example, a well-known benchmark problem in

35

— PS50
— G55
— HYBRID

w

VOLUME (x 10° m®)

| g
o

R

0 10 20 30 40 50 &0 70 80 80 100
NUMEBER OF ITERATIONS

Fig. 5. The Convergence Curves for the PSO, CSS and the Hybrid
PSO-CSS (Case 1)

The dam is modeled by 14 shape design variables as:
X=AS B ta to ts ty T T2 Tus Tus Tar Tar Tas Tasy  (37)

The lower and upper bounds of the design variables are
considered using empirical design methods of Varshney (1982):

the field of shape optimization of the arch dam is considered, 05203 4=r =12 30<r, <180 S0<r, <180
with the height of 180 m. The width of the valley in its bottom ~ 0SAST 851225 40, <120 40<r, <120 0,
and top sections are 40 m and 220 m, respectively (Fig. 7). For 10<7,5<35  15<r,3<50  15<r;<50
this test example, the construction cost is the objective function. 12<7,<40  10<r,<40 10<r,<00
Table 6. Optimum Designs of the Arch Dam Obtained by Different Methods
Case 1 Case 2
Variable No. PSO CSS Hybrid CSS & PSO PSO CSS Hybrid CSS & PSO
S 0.1324 0.0768 0.1500 0.1997 0.2183 0.2978
p 0.6547 0.7284 0.9140 0.9888 0.9744 0.9983
t 5.6203 5.1907 29741 6.8690 6.2301 6.0086
to 4.9422 5.7642 4.9892 14.2055 15.0000 13.1002
ls 10.4619 9.9736 10.0153 17.5240 17.8633 15.2319
tes 15.0628 15.1453 14.9812 21.7109 20.5649 24.6122
t:s 20.1605 22.2487 19.9789 23.5017 25.7853 20.0053
les 31.4099 26.5918 26.4647 28.6766 26.9561 25.0028
I 124.0109 111.4046 119.5898 133.9955 129.1776 133.4167
T 105.348 91.5467 106.1840 92.5018 109.5474 104.8836
73 91.4923 90.9165 93.9875 99.9468 82.1169 87.4033
Fuy 73.9849 76.7320 73.1835 74.6562 70.8406 78.5695
Pus 56.7679 53.4083 57.6895 50.6424 59.9997 53.6063
Fus 40.9305 38.5734 33.1584 42.9266 40.3869 39.8787
rar 107.6258 110.0734 111.8234 112.3219 117.8332 101.8954
T 105.244 88.4880 106.0160 85.0033 85.5730 85.6888
ra 81.7535 80.8677 93.9742 70.6935 73.1176 70.2540
Fay 73.9410 72.5760 72.9709 65.0838 64.2909 60.9596
s 56.7811 48.4788 57.4853 50.5577 54.0687 52.1588
s 35.5770 30.6391 33.0940 39.4978 35.5311 38.1512
Concretedg%‘me (o) 2.5 228 2.04 3.49 3.47 3.36
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(a) (b)

(©

Fig. 6. Optimum Shapes of the Arch Dam Obtained by Different Methods: (a) PSO, (b) CSS, (c) Hybrid PSO-CSS

_— 220 ————=

ety

180m

—=——=—40m

Fig. 7. The Valley Dimensions of the Arch Dam

Table 7 represents the design vectors and costs of the arch dam
obtained by different methods. It can be seen that the CSS-PSO
provides a better results than both CSS and PSO. Fig. 8 shows
the convergence curves for three methods for the optimum

design of arch dam in Case 2.
7. Parametric Study

In the design process, water depth and earthquake intensity are
evaluated based on the hydrological and seismic studies in the
dam region, respectively. In this section a parametric study for
the second example is performed to investigate the effect of
water depth and earthquake intensity on the cost optimization of
the arch dams. Table 8 summarizes the water depths, the
earthquake intensities considered and the results obtained in this
case study using the CSS-PSO algorithms. The earthquake
intensity is considered utilizing the peak ground acceleration
(PGA) of the record. Earthquake intensity of PGA =0.313 g and
PGA = 0.45 g is the El Centro record by unity and (% =1.437
scale factor, respectively. The water depth is consigiered from
bottom valley, and is equal to 0 and 180 for the empty and full
reservoirs, respectively. It can be seen that the construction cost
of the arch dam increases with both the water depth and the
earthquake intensity.

Table 7. Optimum Designs of the Arch Dam Obtained by Different Methods

Case 1 Case 2
Variable No. PSO CSS Hybrid CSS-PSO PSO CSS Hybrid CSS-PSO
S 0.2391 0.2537 0.1568 0.3000 0.0729 0.2994
p 0.7526 0.7057 0.7691 0.8442 0.6617 0.9993
L 8.2785 10.2484 4.8434 5.1497 8.4340 7.9252
to 16.9436 11.332 12.0562 24.9982 17.5300 12.4397
s 13.754 24.4834 10.4478 20.3836 18.9079 18.5096
2.y 34.9647 30.6733 14.9583 16.2745 22.6661 13.9388
Ful 108.9378 118.5608 151.5834 120.3613 157.4936 160.1748
Fuz 56.3254 62.8361 69.5997 77.2102 108.6227 103.899
s 31.6012 36.9318 38.0772 35.2023 43.2428 41.9721
n 33.0529 39.0636 33.2699 33.8541 19.8586 35.2535
ral 104.6383 102.0752 128.9585 50.8117 50.0000 51.1989
T 50.2002 62.747 67.1517 40.6808 40.8569 40.1239
s 31.5986 35.2232 27.0705 29.2908 20.1374 25.9333
Ty 22.7025 27.5876 27.4823 31.0018 17.6255 20.2469
Cost of the dam ($107) 1.36 1.28 1.00 2.45 2.57 2.23
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Fig. 8. The Convergence Curves for the PSO, CSS and Hybrid
PSO-CSS Algorithms (Case 2)

Table 8. Results of the Parametric Study

Earthquake Water depth Construction cost of the
intensity (m) dam ($107)

0 1.00

45 1.10

PGA=0.313¢ 90 1.24
135 1.59

180 223

0 1.22

45 1.38

PGA=045¢ 90 1.50
135 217

180 3.23

Figure 9 shows the curves representing the variations between
the optimal construction cost and the water depth under two
different earthquake intensities. The curves have the same non-
linear trend and in both cases the cost increases with the water
depth. Also, in the case of earthquake with higher intensity, the
construction cost is increased quite rapidly because of the
increase of the hydrodynamic pressure due to the increase the
water depth.

8. Conclusions

In this paper, the shape optimization of two double-curvature
arch dams is performed under seismic loading. The volume and
cost of the arch dam (including the concrete volume and the
casting areas) are considered as the objective function, with
stress, geometrical and stability constraints. The generalized
Westergaard method is utilized for dam reservoir interaction. In
order to validate the finite element model, the Morrow Point arch
dam is analyzed.

For optimizing the arch dams, three meta-heuristic algorithms,
namely the CSS, PSO and hybrid CSS and PSO are utilized.
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Fig. 9. Optimal Construction Cost of the Arch Dam

From the results of this study it can be seen that the CSS-PSO
leads to better results than both standard CSS and PSO. Also, the
convergence rate of the CSS-PSO is higher than those of the
standard methods. The shape of the arch dam obtained by the
CSS-PSO is more uniform than those of the other methods. In
the last section, a parametric study is performed in order to
illustrate the effect of the water depth and earthquake intensity on
the optimal construction cost of the arch dam. It can be seen that
in the higher earthquake intensities, the optimal construction cost
is increased considerably by the increase of the water depth.

Acknowledgements

The first author is grateful to the Iran National Science
Foundation for the support.

References

Eberhart, R.C. and Kennedy, J. (1995). “A new optimizer using particle
swarm theory.” Proceedings of the Sixth International Symposium
on Micro Machine and Human Science, Nagoya, Japan.

Fialho, J. F. L. (1955). Leading principles for the design of arch dams —
A new method of tracing and dimensioning, LNEC, Lisbon, Portugal.

Gholizadeh, S., and Seyedpoor, S. M. (2011). “Optimum design of arch
dams for frequency limitations.” International Journal of Optimization
in Civil Engineering Vol. 1, pp. 1-14.

Hall, J. F. and Chopra, A. K. (1983). “Dynamic analysis of arch dams
including hydrodynamic effects.” Journal of Engineering Mechanics,
ASCE, Vol. 109, No. 1, pp. 149-167.

Kaveh, A. and Talatahari, S. (2010a). “A novel heuristic optimization
method: Charged system search.” Acta Mechanica, Vol. 213, Nos. 3-4,
pp. 267-289.

Kaveh, A. and Talatahari, S. (2010b). “Optimal design of truss structures
via the charged system search algorithm.” Structural Multidisciplinary
Optimization, Vol. 37, No. 6, pp. 893-911.

Kaveh, A. and Talatahari, S. (2010c). “Charged system search for
optimum grillage systems design using the LRFD-AISC code.”
Journal of Constructional Steel Research, Vol. 66, No. 6, pp. 767-
771.

KSCE Journal of Civil Engineering



Shape Optimization of Arch Dams under Earthquake Loading using Meta-Heuristic Algorithms

Kaveh, A. and Talatahari, S. (2011). “Optimization of large-scale truss
structure using modified charged system search.” International
Journal of Optimization in Civil Engineering, Vol. 1, No. 1, pp. 15-
28.

MATLAB (2009). The language of technical computing, Math Works
Inc.

McKenna, F., Fenves, G. L., and Scott, M. H. (2003). Open system for
earthquake engineering simulation, Pacific Earthquake Engineering
Research Center, University of California, Berkeley, USA.

Mohr, G- A. (1979). “Design of shell shape using finite elements.”
Computers and Structures, Vol. 10, No. 5, pp. 745-749.

Rajan. M. K. S. (1968). Shell theory approach for optimization of arch
dam shapes, PhD Thesis, University of California, Berkeley, USA.

Ricketts, R. E. and Zienkiewicz, O. C. (1975). Shape optimization of
concrete dams, criteria and assumptions for numerical analysis of
dams, Quadrant Press, Swansea, London, UK.

Seyedpoor, S. M. and Gholizadeh, S. (2008). “Optimum shape design of
arch dams by a combination of simultaneous perturbation stochastic
approximation and genetic algorithm.” Advances in Structural
Engineering, Vol. 11, No. 5, pp. 501-510.

Vol. 17, No. 7/ November 2013

Sharma, R. L. (1983). Optimal configuration of arch dams, PhD Thesis,
Indian Institute of Technology, Kanpur, India.

Sharpe, R. (1969). The optimum design of arch dams, Institution of Civil
Engineers, UK.

Tan, H. and Chopra, A. K. (1996). “Dam-foundation rock interaction
effects in earthquake response of arch dams.” ASCE, Journal of
Structural Engineering, Vol. 122, No. 5, pp. 528-538.

Varshney, R. S. (1982). Concrete dams, Second Ed., Oxford and IBH
Publishing Co., New Delhi, India.

Westergaard, H. M. (1933). “Water pressure on dams during earthquakes.”
Transactions of the American Society of Civil Engineering, Vol. 98,
No. 2, pp. 418-433.

Willam, K. J. and Warnke, E. D. (1975). “Constitutive model for the tri-
axial behavior of concrete.” Proceedings of the International Association
for Bridge and Structural Engineering, ISMES, Bergamo, Italy, Vol.
19, p. 174.

Zhu, B, Rao, B., Jia, J., and Li, Y. (1992). “Shape optimization of arch
dam for static and dynamic loads.” J Struct Eng, ASCE, Vol. 118,
No. 11, pp. 2996-3015.

- 1699 —




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [2834.646 2834.646]
>> setpagedevice


