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Abstract

In	this	study,	the	fluid-structure	interactive	behavior	by	using	the	Westergaard	approach	and	the	Smoothed	Particle	Hydrodynamics	

(SPH)	 method	 of	 a	 1000	 m3	 reinforced	 concrete	 (RC)	 elevated	 water	 tank	 under	 different	 seismic	 activities	 i.e.,	 Kocaeli,	 Van,	

Kahramanmaraş	and	Kobe	earthquakes	was	investigated.	In	the	SPH	method,	the	resulting	hydrodynamic	pressures	were	applied	

to	the	 interior	of	the	wall	of	the	structure	as	an	external	force	which	 is	made	as	mass	additions	to	the	tank	walls	 in	Westergaard	

approach.	With	the	help	of	software	developed,	the	load	carrying	system	of	the	elevated	water	tank	was	modeled	using	the	MATLAB	

Partial	Differential	Equation	Toolbox	(PDE)	software,	based	on	the	finite	element	method,	and	its	verification	was	made	by	comparing	

with	ANSYS	software	model.	Dynamic	condensation	method	was	used	to	perform	time	history	analyses	for	the	cited	earthquakes.	

The time-dependent	solutions	of	partial	differential	equations	are	solved	with	the	help	of	ODE45	functions	based	on	Runge-Kutta	

method,	by	arranging	 the	equation	of	motion	 in	state-space	 format.	The	cited	 tank	was	analyzed	 linearly	under	different	seismic	

activities	for	empty,	half-filled	(50%)	and	full-filled	(100%)	cases	and	the	obtained	results	were	compared	with	each	other.	It	has	been	

concluded	that	considering	nonlinear	behavior	of	the	fluid	during	the	earthquake	with	the	SPH	method	provided	consistency	with	the	

real	behavior	of	RC	elevated	water	tanks	and	gave	more	realistic	results	than	the	traditional	Westergaard	approach.
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1 Introduction
With the increase in population in recent years, it is 
observed that consumption habits have changed rapidly. 
Water, which is used as a basic food item, is also used 
in agriculture, livestock, industry, forestry, clothing, etc. 
It is frequently consumed in the production of new prod-
ucts in many areas. The structures used to obtain and store 
clean water have been continuously developed throughout 
human history. For this purpose, many historical struc-
tures such as cisterns, fountains, aqueducts, water chan-
nels were needed. Today, large volumes of tanks can be 
built by using materials such as RC, steel, etc. to store 
water. Recessed tanks are used below the ground level, and 
above-ground tanks are used just above the ground level. 
However, in areas where the city main pressure is not suffi-
cient, the use of elevated water tanks becomes a necessity. 

In addition, the use of water, which is a basic need after 
natural events such as earthquakes and floods, gains even 
more importance. For this reason, it is necessary that the 
elevated water tanks (where water is stored) after the earth-
quake should not be damaged and the use of these structures 
should be maintained. However, it was observed that the 
water tanks were damaged in Chile earthquake in 1960 [1], 
Izu-Oshima and Miyagi earthquakes in 1978 [2], Whittier 
earthquake in 1987 [3] and Kahramanmaraş earthquake in 
2023 [4] among others. In addition, it is understood that the 
fluid-structure interaction in the earthquake behavior of 
elevated water tanks should be handled with more realistic 
methods. Elevated water tanks consist of columns, beams, 
truncated cones and cylinders. For this reason, the seismic 
behavior of these elevated tanks and the seismic behavior 
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of recessed tanks differ from each other. The convective 
and impulse behaviors of an elevated water tank containing 
fluid are also different from other tanks under the influence 
of earthquakes. For this reason, many researchers have 
studies on the fluid-structure interaction of elevated water 
tanks. Researches on liquid tanks, began at the end of the 
19th century, still continue in parallel with the development 
of technology. When the technical literature is examined in 
details, the studies on elevated water tanks are as follows.

There are studies in which the convection of water in 
the tank is not considered and the water mass is accepted 
as a single mass [5], studies utilizing multi-mass system 
approach [6, 7], studies taking into account the added mass 
approach [8]. In these cited studies, pressures acting on the 
wall of the tank occurred in a static state which is defined 
as hydrostatic. However, seismic activities occurred on 
the ground caused the water in tank oscillate and agi-
tate. In this situation, the pressure of the water exerted 
on the wall of water tank becomes hydrodynamic. Also, 
the water in the tank oscillates and agitates that the water 
displays more different behavior compared with the main 
load carrying system of the elevated water tank. In order 
to perform dynamic seismic calculations of elevated water 
tanks, the convection of the stored water and the convective 
resulted hydrodynamic pressures as close to real situation 
as possible should be taken into account. For this, there are 
many methods such as Westergaard method [9], Hoskins 
and Jacobsen method [10], Werner-Sundguist method 
[11], Housner method [6] and Haroun method [5]. There 
are also mesh dependent (Finite Element Method, Finite 
Volume Method) or mesh independent methods. In these 
studies, a mesh is formed by accepting liquid a finite ele-
ment and the dynamic behavior is modeled in this way. 
However, there are various difficulties when performing 
time history analyzes in these models. In mesh indepen-
dent methods, modeling is performed by considering the 
liquid as a particle. Based on the Lagrangian approach, 
the nonlinear particle motion of the liquid was investi-
gated using the Smoothed Particle Hydrodynamic (SPH) 
method [12–14]. There are many studies examining the 
behavior of tanks under dynamic effects [15-19]. Also, 
besides the studies given above, Tavakoli and Ahmadi [20] 
studied about the effect of impact loading (weighing about 
100 kg TNT) on three cylindrical concrete water tanks. 
Tiwari and Hora [21] modelled a RC elevated water tank 
in ANSYS [22] to evaluate the principal stresses in differ-
ent parts of the tank by considering soil-structure interac-
tion. Jaiprakash Chitte et al. [23] studied about the seismic 

response of RC elevated water tanks by considering the 
effect of the response reduction factor "R". Martínez-
Martín et al. [24] studied about the seismically optimiza-
tion and design of RC water storage tanks. Mansour and 
Nazri [25] considered the effect of fluid-structure inter-
action of frame-type supporting structures for elevated 
water tanks on seismic response.

As it can be seen from the detailed technical literature 
research above, no studies were found in which the mod-
eling of the water in elevated tanks according to the SPH 
method considering nonlinear sloshing. For this reason, 
in this study, the behavior of a selected and structurally 
verified RC elevated water tank under the influence of seis-
mic excitation is investigated based on the Westergaard 
approach and SPH method (considering the nonlinear 
sloshing of the water). A software has been developed in 
MATLAB [26] programming language for situations that 
prolong the time history analysis, such as changes in hydro-
dynamic water pressures and excess number of finite ele-
ments in each time step. Also, in these situations, the com-
puter's memory is insufficient. By this developed software, 
even on personal computers, seismic time history analyzes 
of RC elevated water tanks can be performed taking into 
account the linear and nonlinear behavior of water.

2 Material and method
2.1 Fluid-structure system modeling
In this study, the two methods presented below are used in 
the fluid-structure analysis of the cited RC elevated water 
tank under seismic loads and the results are compared 
with each other.

2.1.1 Westergaard method
Hydrodynamic pressure distribution can be examined with 
the Westergaard approach, which is also used in elevated 
water tanks. The Westergaard approach assumes that the 
fluid is inviscous and compressible, surface waves are neg-
ligible, ground motion is harmonic, and displacements are 
small. In this approach, a solution is obtained by adding the 
liquid mass to the tank wall at appropriate heights accord-
ing to the hydrodynamic pressure distribution [9, 27].

Equation (1) describes the motion of a multi-degree-of-
freedom system due to earthquake ground motion:

M C K M� � � � � � � � � �� � � � u u u u tg .  (1)

In Eq. (1), [M] is the mass matrix, [C] is the damping 
matrix, [K] the stiffness matrix, ü is the relative acceler-
ation, u̇ relative velocity, u relative displacement, üg(t) is 



Köksal et al.
Period. Polytech. Civ. Eng.|3

the ground motion acceleration. In added mass approach, 
Eq. (1) becomes Eq. (2):

M C K M� �� � � � � � � � �� �� � � u u u u tg .  (2)

From Eq. (2), it can be deducted that the mass has 
increased yet the stiffness and damping have not.

In 1931, Westergaard expressed the hydrodynamic 
pressure distributions on dams. In Fig. 1, the change in 
hydrodynamic pressure with wall height according to the 
Westergaard approach is shown [9, 27].

The hydrodynamic pressure according to Westergaard 
approach can be found with Eq. (3):

P z a h zi m� � � � � � �
7

8
� .  (3)

In Eq. (3), Pi indicates the hydrodynamic pressures 
resulting from the impulse effect, ρ represents the unit 
volume mass of the liquid, and am indicates the maximum 
ground motion acceleration.

2.1.2 Smoothed Particle Hydrodynamics (SPH) method
As cited before, in order to determine hydrodynamic pres-
sures, there are many methods. Among these methods, 
Smoothed Particle Hydrodynamics (SPH) method is the 
widely preferred and used [28]. In the area of computa-
tional fluid mechanics, in which the flow of fluid parti-
cles and the interaction with structures is represented, 
SPH method can be used effectively. Also, this method 
depends on the Lagrangian approach in which large defor-
mations are obtained. To solve astrophysics problems, this 
method is firstly utilized by Monaghan [12] and Lucy [29]. 
Also, SPH method is utilized by many researchers [12–15, 
28–31]. In SPH method, the fluid is accepted as a parti-
cle in order to figure out the numerical equations of fluid 
dynamics. SPH is a preferred method in many areas for the 
modelling of fluids today since the fluid can be generated 

in the desired geometry. Various particle clusters are orga-
nized by determining an interpolation function (Kernel 
function) [15, 29] based on the SPH Langrange approach.

In fluid dynamics, by utilizing the Navier-Stokes equa-
tions, the integration of each particle in the fluid model 
can be performed based on the physical properties around 
the radius r. "h" is the interpolation length, determines the 
adjoining array of particles surrounding r. At the certain 
period of each time step, new physical values are deter-
mined and transferred to the updated new values (Fig. 2).

In each time step, by utilizing the Kernel function, 
the Navier-Stokes momentum equations, continuity equa-
tion and equation of state are determined depending on the 
weight of any particle. Because of the reason that the con-
servation equations of the Kernel function are hoped to 
come out possible values based on the interpolation func-
tion at any point, the cited function is transformed to a dif-
ferential form in relevance with the particle. By this way, 
the displacement of the particle in time can be simulated.

In fluid dynamics, partial differential equations can be 
utilized in case where the flow problem contains nonlin-
earity. Because of the reason that Lagrangian approxima-
tion is based upon SPH method that is not dependent on 
meshing, the assumption of finite number of particles can 
be applied to model a certain volume of fluid. In these par-
ticles, the own mass and any physical properties can be 
transferred. The motion of the particle can be calculated 
by Eq. (4) [11, 12, 15]:

F r F r W r r h dr� � � � � �� �� ��
�

, .  (4)

In Eq. (4), r, r', Ω, W and h are denoting the place where 
variable F is determined, the location where the variable 
is known, the area of solution, the weight function and the 
action distance of the weight function, respectively. Also, 

Fig. 1 Hydrodynamic pressure distributions along the wall height 
according to the Westergaard approach [9, 27]

Fig. 2 W(r) The principle of the SPH kernel function [14]
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in Eq. (4), W(r−r', h) is defined as the Kernel function cited 
above. Depending on the set of particles, the function F 
can be determined in a discrete manner. In such case, 
the interpolation of function on a particle takes place and 
becomes to a sum on all particles along the interpolation 
length h (Eq. (5)) [11, 12, 15]:

F r F r W r r h va
b

b a b b� � � � � �� �� , ,�  (5)

where vb = mb / ρb is denoting the adjacent particle in which 
mb and ρb are denoting the mass and the density of the par-
ticle. By this way, Eq. (5) turned to:

F r F r
m
W r r ha

b
b

b

b
a b� � � � � �� �� �

, .  (6)

The precision of the model produced by using SPH 
method is dependent on the fine selection of the Kernel 
function [14]. In this study, Eq. (7) is utilized as the Kernel 
function:

W q q q qD� � � ��
�
�

�
�
� �� � � �� 1
2

2 1 0 2

4

, ,  (7)

where αD = 21/164πh3 in three dimensions. Depending 
on the provided r/h ratio, q is defined as the dimension-
less distance between particles a and b. Equation (8) can 
be utilized to express the conservation of momentum in 
a continuous medium [14]:

dv
dt

P g� � � � �
1

�
�,  (8)

in which Г is expressed as viscous force. Also, g is defin-
ing gravitational acceleration. In order to define the accel-
eration of a particle due to the interaction with an adjoin-
ing particle, momentum equation in SPH method given 
with Eq. (9) is utilized [15]:

dv
dt

m
P P

W ga

b
b

a b

a b
ab a ab� �

�
�

��

�
�

�

�
�� �� � �

� ,  (9)

in which Пab (given with Eq. (10)) is expressing the vis-
cous terms between particles a and b:

�ab

ab ab

ab
ab ab

ab ab

c
v r

v r
�

�
� �

� �

�

�
�

�
�

� �
�

0

0 0

,  (10)

in which rab = ra − rb is expressing the coordinates of 
particles. Also, vab = va − vb is denoting the viscosity. 
c c cab a b� �� �0 5.  is expressing the particles' average 

sound velocity. Additionally, ɳ2 = 0.01 h2 and α are cho-
sen as suitable parameters to provide the propagation 
(α = 0.01). Equation (11) can be utilized to express the con-
tinuity equation of a weakly compressible fluid [15]:

d
dt

m
v Wa

a
b

b

b
ab a ab

�
�

�
� �� .  (11)

Because of the reason that the fluid is assumed as 
weakly compressible in SPH method, Eq. (12) can be used 
to calculate the pressure value of the fluid [15]:

P b a� �

�
�

�

�
� �

�

�
�
�

�

�
�
�

�
�

�

0

1 ,  (12)

b c�
0

2

0
� �  is dependent on the elasticity modulus of the 

fluid and the value of b is constant. Also, ρ0 is the specific 
mass of water whose value is ρ0 = 1000 kg/m3. In Eq.(12), 
γ can be taken between 1 to 7 (γ = 7). Moreover, "−1" in 
Eq. (12) represents that the pressure on the free surface of 
the fluid is zero. For wave height:

d R d h
max max

. . ,≤ ≤0 2 0 2and  (13)

conditions given in Eq. (13) must be met. If these condi-
tions are not met, nonlinear effects should be taken into 
account [27]. In this study, since these conditions were not 
met, the nonlinear effect of water was taken into account 
by using SPH method.

2.2 MATLAB Partial Differential Equation (PDE) 
Toolbox
The MATLAB Partial Differential Equation (PDE) 
Toolbox uses functions to solve general PDEs, heat trans-
fer and structural mechanics by using FEM [26].

Features of this toolbox:
• It can be used to calculate deformations and stresses.
• The time-integrating solver provides users to model 

dynamical and vibrational behavior of the structure. 
• In the toolbox, modal analysis can be performed to 

obtain natural frequencies and mode shapes.
• In the toolbox, heat distributions, heat flow and heat 

flow rates over surfaces can be calculated by model-
ing conductive heat transfer problems.

• Diffusion, electrostatics, magnetostatics and special 
PDEs can be solved.

• Standard Triangle Language (STL) is utilized to 
import two-dimensional and three-dimensional 
geometries. Also, by using triangular and tetrahe-
dral elements, meshes can be created.
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By using Eqs. (14) to (16), eigenvalue problems can be 
solved:

m u
t

d u
t

c u au f�
�

�
�
�
��� �� � � �

2

2
,  (14)

�� �� � � �c u au du� ,  (15)

��� �� � � �c u au mu� 2 .  (16)

In solving eigenvalue problems, the coefficients m, d, c, 
a and f is not dependent on the solution u or its gradient. 
When solving PDEs, there are two boundary choices for 
each edge or face. Dirichlet boundary conditions realize 
the solution equation at the edge or surface [26]:

hu r= .  (17)

Here, h and r are three-dimensional (x, y, z) space func-
tions. Generalized Neumann boundary conditions per-
form the solution equation at the edge or surface:

n� �� � � �c u qu g,  (18)

where n is the unit normal vector, q and g are functions 
defined in ∂Ω depending on (x, y, z) in three-dimensional 
space. In linear elasticity, the stiffness matrix of an isotro-
pic material depends on two parameters, E, representing 
Young's modulus and ν, Poisson's ratio. Equilibrium equa-
tion in static condition is given as:

��� �� f .  (19)

The relationship between linearized small displace-
ments and strains is as follows [26]:

� � � ��� �1

2
u u

T
.  (20)

The angular momentum equilibrium shows that the 
stress is symmetrical:

� �ij ji� .  (21)

The Drucker-Prager criterion [32] is used to create the yield 
surface or flow function of materials. This criterion is also 
used to determine the limit of linear and non-linear behavior 
in structural systems with RC material. The Drucker-Prager 
yield criterion is expressed by Eq. (22):

F I J kij� �� � � � �
1 2

.  (22)

Here, I1 the hydrostatic component or first invariant of 
the stress tensor is:

I
1
� � ��� �� ��xx yy zz .  (23)

J2 second invariant of deviatoric stress tensor:

J
2

2 2 2

2 2 2

1

6
� �� � � �� � � �� ��

�
�
�

� � �

�� �� �� �� �� ��

�� �� ��

xx yy yy zz zz xx

xy yz zx .

 (24)

In Eq. (24), σxx, σyy and σzz are normal stresses along 
x, y and z directions, respectively. Also, τxy, τyz and τzx 
are shear stresses on the x-plane in y direction, y-plane in 
z direction and z-plane in x direction, respectively.
α and k indicate the material constants of the Mohr-

Coulumb criterion, which depend on the cohesion angle c 
and the internal friction angle ϕ.

�
�

�
�

�� �
2

3 3

sin

sin
 (25)

k c
�

�� �
6

3 3

cos

sin

�

�
 (26)

c and ϕ are expressed below with the axial tensile stress 
of concrete ′ft  and axial compressive stress of concrete 
′fc  as follows:

sin ,� �
�� �
�� �
f f
f f
c t

c t

 (27)

c
f f
f f
c t

c t

�
� �
�� �

tan .�  (28)

In this study, Mohr-Coulomb material constants 
c = 3N/mm2, ϕ = 320 are assumed.

2.3 Dynamic condensation
In this study, due to the size of the matrix (mass and stiffness 
matrix) and the insufficient capacity of conventional com-
puters, the dynamic condensation method was used while 
analyzing the elevated water tank in the time history analy-
sis, and the details of the method are given below [33, 34].

In Eq. (29), the joint equation of motion for the damped 
state of structural systems under ground motion can be 
written:

M C K� �� �� � �� �� � �� � � � � U U U F .  (29)
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Here, [M], [C], [K] are denoting mass, damping and 
stiffness matrices of the system, respectively. Also, {Ü}, 
{U̇}, {U}, {F} are denoting the total acceleration, veloc-
ity, displacement and external load vectors, respectively.

M C Kr r r ru u u F� �� �� � �� �� � �� � � � �   (30)

The reduced mass, damping, stiffness matrices and 
external force vector are given in Eqs. (31)–(34), respec-
tively [33, 35, 36]:

M Mr
TT T� � � � � � �� �,  (31)

C Cr
TT T� � � � � � �� �,  (32)

K Kr
TT T� � � � � � �� �,  (33)

F T Fr
T� � � � � � �.  (34)

Rayleigh damping (Fig. 3) [C] = α[M] + β[K] is 
expressed as follows in Eq. (35):

1

2

1

1

�
�

�
�

�
�

�
�

i
i

i
j

i

j

�

�

�
�
�
�

�

�

�
�
�
�

�
�
�

�
�
�
�
�
�
�

��

�
�
�

��
,  (35)

where ωi , ωj , ξi , ξ j are the natural frequencies and damp-
ing ratios for the i th and j th modes. The α and β coefficients 
were calculated by assuming the required damping ratio of 
5% for the Rayleigh damping matrix [36, 37]. Also, in this 
study, the damping ratio of the fluid is considered as 0.5% 
in the SPH analysis. ODE45 MATLAB tools based on the 
Runge-Kutta method were used to solve the above equa-
tions of motion [26].

3 Application
3.1 Description of the RC elevated water tank
In this study, the behavior of the 1000 m3 RC elevated water 
tank (Fig. 4) [38] selected from the technical literature 

under the effect of earthquake ground motions is exam-
ined. The load carrying system of the RC elevated water 
tank (frame supporting structure) consists of columns, 
pillow beams, conical part and cylindrical part. Columns 
are 83.5 cm × 75 cm rectangular section, pillow beams 
are 35 cm × 35 cm square section, and the reservoir thick-
ness is 40 cm. In the case where water level at the tank is 
100% full (30.35 m from the ground), the height of water is 
9.25 m. By the same way, in the case where water level at 
the tank is 50% full (25.73 m from the ground), the height 
of water is 4.63 m [39].

In Tables 1 and 2 [38, 40], the main geometrical and 
material properties of the cited water tank is provided, 
respectively.

3.2 Finite element model of RC elevated water tank
The load carrying system of the RC elevated water tank is 
modeled on the basis of the finite element method. In the 
modeling, three-dimensional solid tetrahedral finite ele-
ment is preferred for both the frame elements (columns, 
beams) and the surface load carrying elements. Finite ele-
ment mesh is created using MATLAB PDE toolbox [26]. 
Based on the finite element method, this toolbox can cal-
culate the stresses and deformations that occur as a result 
of static and dynamic analysis of the structural system. 
This toolbox, which performs the structural dynamics cal-
culation model and vibration modeling, has a solver that 
performs direct time integration. Modal analysis can be 
performed to obtain natural frequencies and mode shapes. 

Fig. 3 Variation of modal damping ratios with natural frequency; 
(a) mass and stiffness proportional damping (b) Rayleigh damping [37]

          (a)                  (b)

Fig. 4 Vertical section and details of the 1000 m3 RC elevated water 
tank [38]
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There are 11051 finite elements and 3894 nodes in the 
FEM of the elevated water tank prepared with the help 
of this toolbox (Table 3). The number of finite element 
nodes on the reservoir walls is 2199. The mass and stiff-
ness matrices of the load carrying system can be used in 
static, modal and time history analysis. The behavior of 
the RC material is assumed to be linear. Solid tetrahedral 

elements are used for the FEM (Fig. 5).
Fig. 6 shows the photo of the RC elevated water tank, 

the mathematical model and the FEM. It can be clearly 
seen from Fig. 6 that a cylinder and a truncated cone, eight 
pillars and two pillow beams are utilized in the load carry-
ing system of the cited tank. Also, the cited elevated water 
tank is assumed to be fixed to the ground. DualSPHysics 
program (Fig. 7) dependent on the SPH method is used to 
analyze the cited tank at 50% full and 100% full water lev-
els under cited earthquake acceleration records.

3.3 Modeling water with SPH method
In this study, the nonlinear behavior of the water in the 
cited elevated tank is considered with the SPH method 
depending on the Lagrangian approach. In SPH model, 
the fluid is considered as a particle while solving numeri-
cal equations of fluid dynamics and any geometry can be 
produced that causes this method to be preferred in many 
areas today. With the determination of an interpolation 
function (Kernel function), various particle clusters are 

Table 1 Geometrical properties of cited RC elevated water tank [38]

Water tank vessel properties

Dimensions

Vessel volume 1000 m3

Inner diameter 12 m

Height 10.6 m

Top ring beam 0.6 m × 0.6 m

Bottom ring beam 0.8 m × 0.6 m

Vessel thickness 0.20 m

Bottom slab thickness 0.50 m

Roof thickness 0.20 m

Water tank staging properties

Column dimensions 0.835 m × 0.75 m

Column height 20 m

Staging inner diameter in the top 8.60

Staging inner diameter in the bottom 12.75

Beams dimensions 0.35 m × 0.35 m

Table 2 Material properties of the cited RC elevated water tank [40]

Material Class Modulus of 
elasticity (GPa)

Poisson 
ratio

Weight of volume 
unit (kN/m3)

Concrete C25 30 0.18 23

Steel S420 210 0.30 78.5

Fig. 5 Solid tetrahedral finite element

Table 3 Finite element properties of RC elevated water tank

Nodes Ele- 
ments

Maximum 
element 
size (m)

Minimum 
element 
size (m)

Mesh 
gradation

Geometric 
order

11682 44204 1.4993 0.7496 1.5 Linear
Fig. 6 Considered RC elevated water tank; (a) Real structure (b) 

mathematical model and (c) FEM of tank [39]

 (a)            (b)                      (c)

Fig. 7 Flow-chart of DualSPHysics program [15, 39]
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arranged [41].
By using SPH method, the ground motion induced 

water pressures acting on the reservoir walls can be cal-
culated. The DualSphysics program [15], dependent on 
SPH method, is utilized to obtain hydrodynamic pressures 
on the reservoir walls. DualSphysics program uses the 
computer's Central Processing Unit (CPU) and Graphics 
Processing Unit (GPU) while performing structural anal-
ysis. Because of the reason that the number of particles 
is large and hard to visualize structural analysis' results, 
working on GPU is preferred in terms of time. To perform 
the structural seismic analysis, a solid model of the load 
carrying system of the cited 1000 m3 RC elevated water 
tank is produced by using MATLAB PDE toolbox and 
finite element meshing is applied. After meshing, struc-
tural analysis is performed by considering the half and 
full-filled state of the tank (Table 4) in the DualSphysics 
program [15]. In seismic analyses, the water level at 50% 
full and 100% filled level was analyzed according to cited 
earthquake acceleration records in the DualSPHysics pro-
gram (using SPH method) (Fig. 8) [39, 42].

Table 4 shows the analysis parameters required for the 
RC elevated water tank to be 50% and 100% full. For the 
RC elevated water tank to be 50% and 100% full, the free 
surface elevation is 25.73 m and 30.35 m, the water height 
is 4.63 m and 9.25 m, and the water volume is 528.41 m3 
and 1000 m3, respectively.

3.4 Verification of the developed software and FEM 
model
Within the scope of this study, the validation of the soft-
ware developed in the MATLAB programming language 
was carried out using the dynamic analysis results of the 
floor frame in Chopra [37]. In Fig. 9, smooth and unstarred 
lines are from Chopra [37], while those with dashed and 
starred lines are within the scope of this study. By com-
parison, it was seen that the same values were achieved 
and verified for the five-degree-of-freedom system.

In the second verification, the free vibration analysis 
results of the cited elevated water tank were compared 
with the results in the ANSYS [22] software. It can be seen 
from Table 5 that the results are close to each other with 
less than 5% error which can be accepted as the produced 
model is suitable for the structural analysis [43]. In addi-
tion, in accordance with the technical literature, the mode 
shapes are displacement in the x direction of the 1st mode, 
displacement in the y direction of the 2nd mode and torsion 
in the 3rd mode shown in Fig. 10.

Table 4 Parameters of the SPH method for half and full-filled tank 
[39, 42]

Half-filled (50%) Full-filled (100%)

Property Options Options

Version DualSPHysics v4.056 DualSPHysics v4.056

Dimension 3D 3D

Type of the kernel 
function Wendland Wendland

Time-stepping Verlet Verlet

Density filter Shepard filter Shepard filter

Viscosity treatment Artificial viscosity 
(α = 0.01)

Artificial viscosity 
(α = 0.01)

Boundary 
conditions (BC) Dynamic Dynamic

Distance between 
particle (dp) 0.09 m 0.20 m

Smoothing length 1 1

The number of fluid 
particles 38029 95333

Density of water 1000 kg/m3 1000 kg/m3

CFL coefficient 0.20 0.20

Fig. 8 Water levels of considered tank; (a) tank is half full (b) tank is 
full [39, 42]

      (a)                          (b)

Fig. 9 Comparison of time-dependent variation of displacement of 
a five-degree-of-freedom system [39]
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Moreover, in Table 6, for half-filled and full-filled cases, 
the first six mode frequencies of the cited elevated water 
tank is provided. As can be clearly seen from Table 6 that 
the first three modes of both cases of the cited tank is 
related with the convective modes of sloshing water.

3.5 Time history analysis
For the seismic analysis of the RC elevated water tank, lin-
ear time history analyzes were performed. The dynamic 
condensation method was applied for linear analysis and 
the solution was obtained with the state-space model at 
each time step. The Runge-Kutta method was used in the 
numerical solution of the equations of motion. Rayleigh 
damping constants were calculated between the first hori-
zontal mode and the sixth mode of the elevated water tank, 
assuming a 5% damping ratio. Alpha and Beta coefficients 
were calculated as 0.7441 and 0.0034, respectively. Within 
the scope of this study, the selected earthquakes whose 
information provided in Table 7 are used for earthquake 
ground motion. Also, in Fig. 11 [44], the time histories of 
cited earthquakes are represented.

4 Results and discussion
Three models were determined for the linear analysis 
of the RC elevated water tank in the time history analy-
ses. In the first model, the cited RC elevated water tank is 
empty. In the second model, finite element method and the 
Westergaard approach (one of the added mass approaches) 
was used in the load carrying system and for the flu-
id-structure interaction, respectively. In the third model, 
the load carrying system is again modeled with the finite 
element method, and the fluid-structure interaction is mod-
eled with the SPH method (Table 8). Also, the models are 
named as accordingly. For example, the name of the second 
model with Westergaard approach and half-full is "Model-
2-50-wes". The other models are named as the same way.

4.1 Kocaeli earthquake
As a result of the Kocaeli earthquake analyzes carried 
out, all hydrodynamic pressures at the finite element 
nodes of the tank wall were obtained nonlinearly using the 
SPH method. As an example, the time dependent hydro-
dynamic pressure variation of a point at the bottom of 
the tank at the coordinates X = 5.8814 m, Y = 11.396 m, 
Z = 21.1 m is given in Figs. 12 and 13 for half and full-
filled situations, respectively. In this way, nonlinear pres-
sures can be obtained at all points of the cited elevated 
water tank. However, considering the volume of the study, 
time-dependent nonlinear hydrodynamic pressure varia-
tion is shown for only one point as an example.

When the greatest ground acceleration occurs in 9.87 s, 
in Fig. 12 and in Fig. 13, the hydrodynamic pressure is 
0.59 kPa and 9.29 kPa, respectively. Also, in empty case, 

Table 5 Verification and results of free vibration analysis of empty tank

Case Mode 
number

Modal 
frequency 
(Hz) (This 

study-
MATLAB)

Modal 
frequency 

(Hz) 
(ANSYS)

Difference (%) <5%

Empty

1 1.0677 1.0420 2.46 ✓

2 1.0784 1.0497 2.73 ✓

3 1.3288 1.2808 3.74 ✓

Fig. 10 Results of free vibration analysis; (a) Mode 1; (b) Mode 
2; (c) Mode 3 (a,b,c Developed software); (d) Mode 1; (e) Mode 2; 

(f) Mode 3 (d,e,f ANSYS) [22] (Verification of the developed software)

Table 6 Free vibration analyses of half-filled and full-filled cases of 
elevated water tank

Case Mode number Mode type Modal frequency (Hz)

Half-filled

1 Convective 0.0182

2 Convective 0.0183

3 Convective 0.0247

4 Translational 0.170

5 Translational 0.171

6 Translational 0.217

Full-filled

1 Convective 0.6198

2 Convective 0.6245

3 Convective 0.8160

4 Translational 4.2152

5 Translational 4.2242

6 Translational 4.8247
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for Model-1-emp, change of time dependent displacement 
in x direction, greatest displacement in x direction and 
greatest Drucker-Prager (D-P) equivalent stress are pro-
vided in Fig. 14, and Fig. 15 (a) and (b), respectively.

In half-filled case, for Model-2-50-wes, change of time 
dependent displacement in x direction, greatest displacement 

Table 7 Details of the selected ground motions

Number Record Year Component Station PGA (g) PGV 
(cm/s) PGD (cm) Duration (sec) Closest to fault 

rupture (km) Mw

1 Kocaeli (Türkiye) 1999 KOERI330 Yarımca 0.349 62.18 51.3 34.94 3.3 7.4

2 Van (Türkiye) 2011 NE Muradiye 0.203 33.83 7.44 107.12 11.57 7.2

3 Kahramanmaraş 
(Türkiye) 2023 EW Pazarcık 2.198 54.58 18.30 99.33 8.6 7.7

4 Kobe (Japan) 1995 CUE90 Kakogawa 0.345 27.67 9.7 40.88 13.3 7.2

Fig. 11 Time histories of selected earthquakes; (a) Kocaeli earthquake 
(YPT330); (b) Van earthquake (Muradiye N-S); (c) KahramanMaraş 

earthquake (4614 E-W); (d) Kobe earthquake (Kakogawa(CUE90)) [44]

Table 8 Models of analysis

Approach 1. Empty 
case

Half-
filled 
case 

(50%)

Full-
filled 
case 

(100%)

Model-1-emp – ok – –

Model-2-50-wes Westergaard – ok –

Model-2-100-wes Westergaard – – ok

Model-3-50-sph SPH – ok –

Model-3-100-sph SPH – – ok

Fig. 12 Hydrodynamic pressure variation at the coordinates 
X = 5.8814 m, Y = 11.396 m, Z = 21.1 m for half-filled case as 

an example [39, 42]

Fig. 13 Hydrodynamic pressure variation at the coordinates 
X = 5.8814 m, Y = 11.396 m, Z = 21.1 m for full-filled case as 

an example [39, 42]
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in x direction and greatest D-P equivalent stress are pro-
vided in Fig. 16, and Fig. 17 (a) and (b), respectively.

In full-filled case, for Model-2-100-wes, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Figs. 18, and Fig. 19 (a) and (b), respectively.

Considering the results found by using SPH method, 
in half-filled case, for Model-3-50-sph, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 20, and Fig. 21 (a) and (b), respectively.

In full-filled case, for Model-3-100-sph, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 22, and Fig. 23 (a) and (b), respectively.

4.2 Van earthquake
For Van earthquake, the time dependent hydrodynamic 
pressure variation of points at the bottom of the half and full-
filled situations are given in Figs. 24 and 25, respectively.

Fig. 14 Time dependent variation of the displacement in the x direction 
(tank is empty)

Fig. 15 Analyzed RC water tank under Kocaeli earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

empty)

Fig. 16 Time dependent variation of the displacement in the x direction 
(tank is half-filled)

Fig. 17 Analyzed RC water tank under Kocaeli earthquake; (a) greatest 
displacement in x direction (b) greatest D-P equivalent stress (tank is 

half-filled)

Fig. 18 Time dependent variation of the displacement in the x direction 
(tank is full-filled)

Fig. 19 Analyzed RC water tank under Kocaeli earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

full-filled)

Fig. 20 Time dependent variation of the displacement in the x direction 
(tank is half-filled)
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The greatest ground acceleration occurs in 1.33 s for 
half-filled case and the hydrodynamic pressure is 4.09 kPa. 
For full-filled case, the greatest ground acceleration occurs 
in 2.48 s for full-filled case and the hydrodynamic pressure 
is 18.76 kPa.

Also, in empty case, for Model-1-emp, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Figs. 26, and Fig. 27 (a) and (b), respectively.

In half-filled case, for Model-2-50-wes, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 28, and Fig. 29 (a) and (b), respectively.

In full-filled case, for Model-2-100-wes, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 30, and Fig. 31 (a) and (b), respectively.

Considering the results found by using SPH method, in 
half-filled case, for Model-3-50-sph, change of time depen-
dent displacement in x direction, greatest displacement in 

Fig. 21 Analyzed RC water tank under Kocaeli earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

half-filled)

Fig. 22 Time dependent variation of the displacement in the x direction 
(tank is full-filled)

Fig. 23 Analyzed RC water tank under Kocaeli earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

full-filled)

Fig. 24 Hydrodynamic pressure variation at the coordinates X = 4.19 m, 
Y = 2.77 m, Z = 21.1 m for half-filled case as an example

Fig. 25 Hydrodynamic pressure variation at the coordinates X = 3.48 m, 
Y = 6.34 m, Z = 21.1 m for full-filled case as an example

Fig. 26 Time dependent variation of the displacement in the x direction 
(tank is empty)

Fig. 27 Analyzed RC water tank under Van earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

empty)
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x direction and greatest D-P equivalent stress are provided 
in Fig. 32, and Fig. 33 (a) and (b), respectively.

In full-filled case, for Model-3-100-sph, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 34, and Fig. 35 (a) and (b), respectively.

4.3 Kahramanmaraş earthquake
For Kahramanmaraş earthquake, the time dependent 
hydrodynamic pressure variation of points at the bot-
tom of half and full-filled situations are given in Figs. 36 
and 37, respectively.

Fig. 28 Time dependent variation of the displacement in the x direction 
(tank is half-filled)

Fig. 29 Analyzed RC water tank under Van earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

half-filled)

Fig. 30 Time dependent variation of the displacement in the x direction 
(tank is full-filled)

Fig. 31 Analyzed RC water tank under Van earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

full-filled)

Fig. 32 Time dependent variation of the displacement in the x direction 
(tank is half-filled)

Fig. 33 Analyzed RC water tank under Van earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

half-filled)

Fig. 34 Time dependent variation of the displacement in the x direction 
(tank is full-filled)
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The greatest ground acceleration occurs in 0.65 s for 
half-filled case and the hydrodynamic pressure is 37.98 kPa. 
For full-filled case, the greatest ground acceleration occurs 
in 0.95 s for full-filled case and the hydrodynamic pressure 
is 63.82 kPa.

Also, in empty case, for Model-1-emp, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 38, and Fig. 39 (a) and (b), respectively.

In half-filled case, for Model-2-50-wes, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 40, and Fig. 41 (a) and (b), respectively.

Fig. 35 Analyzed RC water tank under Van earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

full-filled)

Fig. 36 Hydrodynamic pressure variation at the coordinates X = 2.69 m, 
Y = 5.38 m, Z = 21.1 m for half-filled case as an example

Fig. 37 Hydrodynamic pressure variation at the coordinates X = 3.58 m, 
Y = 7.93 m, Z = 21.1 m for full-filled case as an example

Fig. 38 Time dependent variation of the displacement in the x direction 
(tank is empty)

Fig. 39 Analyzed RC water tank under Kahramanmaraş earthquake; 
(a) greatest displacement in x direction; (b) greatest D-P equivalent 

stress (tank is empty)

Fig. 40 Time dependent variation of the displacement in the x direction 
(tank is half-filled)

Fig. 41 Analyzed RC water tank under Kahramanmaraş earthquake; 
(a) greatest displacement in x direction; (b) greatest D-P equivalent 

stress (tank is half-filled)
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In full-filled case, for Model-2-100-wes, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 42, and Fig. 43 (a) and (b), respectively.

Considering the results found by using SPH method, 
in half-filled case, for Model-3-50-sph, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 44, and Fig. 45 (a) and (b), respectively.

In full-filled case, for Model-3-100-sph, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 46, and Fig. 47 (a) and (b), respectively.

4.4 Kobe earthquake
The time dependent hydrodynamic pressure variation of 
points at the bottom of the half and full-filled situations 
are given in Figs. 48 and 49, respectively.

The greatest ground acceleration occurs in 0.68 s for 
half-filled case and the hydrodynamic pressure is 8.39 kPa. 
For full-filled case, the greatest ground acceleration occurs 
in 1.45 s for full-filled case and the hydrodynamic pressure 
is 28.24 kPa.

Also, in empty case, for Model-1-emp, change of 
time dependent displacement in x direction, greatest 

Fig. 42 Time dependent variation of the displacement in the x direction 
(tank is full-filled)

Fig. 43 Analyzed RC water tank under Kahramanmaraş earthquake; 
(a) greatest displacement in x direction; (b) greatest D-P equivalent 

stress (tank is full-filled)

Fig. 44 Time dependent variation of the displacement in the x direction 
(tank is half-filled)

Fig. 45 Analyzed RC water tank under Kahramanmaraş earthquake; 
(a) greatest displacement in x direction; (b) greatest D-P equivalent 

stress (tank is half-filled)

Fig. 46 Time dependent variation of the displacement in the x direction 
(tank is full-filled)

Fig. 47 Analyzed RC water tank under Kahramanmaraş earthquake; (a) 
greatest displacement in x direction; (b) greatest D-P equivalent stress 

(tank is full-filled)
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displacement in x direction and greatest D-P equivalent 
stress are provided in Fig. 50, and Fig. 51 (a) and (b), 
respectively.

In half-filled case, for Model-2-50-wes, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 52, and Fig. 53 (a) and (b), respectively.

In full-filled case, for Model-2-100-wes, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 54, and Fig. 55 (a) and (b), respectively.

Considering the results found by using SPH method, in 
half-filled case, for Model-3-50-sph, change of time depen-
dent displacement in x direction, greatest displacement in 

Fig. 49 Hydrodynamic pressure variation at the coordinates X = 3.36 m, 
Y = 6.87 m, Z = 21.1 m for full-filled case as an example

Fig. 50 Time dependent variation of the displacement in the x direction 
(tank is empty)

Fig. 51 Analyzed RC water tank under Kobe earthquake; (a) greatest 
displacement in x direction, (b) greatest D-P equivalent stress (tank is 

empty)

Fig. 52 Time dependent variation of the displacement in the x direction 
(tank is half-filled)

Fig. 53 Analyzed RC water tank under Kobe earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

half-filled)

Fig. 54 Time dependent variation of the displacement in the x direction 
(tank is full-filled)

Fig. 48 Hydrodynamic pressure variation at the coordinates X = 2.82 m, 
Y = 8.42 m, Z = 21.1 m for half-filled case as an example
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x direction and greatest D-P equivalent stress are provided 
in Fig. 56, and Fig. 57 (a) and (b), respectively.

In full-filled case, for Model-3-100-sph, change of time 
dependent displacement in x direction, greatest displace-
ment in x direction and greatest D-P equivalent stress are 
provided in Fig. 58, and Fig. 59 (a) and (b), respectively.

In this study, as a result of the structural analyzes of 
the considered models provided in Table 8 for the cited 
earthquakes, the Drucker-Prager yield rule (given in the 
preceding section of this study) is utilized to evaluate 
whether cracks occurred or not. According to the Drucker-
Prager yield rule, only in the Model-3-100-sph (tank is full 
and SPH method is used) under Kahramanmaraş earth-
quake, the yield value of the reinforcing steel (420 MPa) 
is exceeded which shows the probability of cracking to be 
occurred. From this it is concluded that damage will occur 
depending on cracks due to the increase in earthquake 
ground acceleration. Also, for all models considered in 
Table 8, the compression strength of the concrete (25 MPa) 
is not exceeded. Moreover, even though the produced soft-
ware in this study allows three-dimensional analysis (with 
vertical direction), as in the case in the technical literature, 
two-dimensional structural analysis was preferred.

The results given in the preceding figures are totally 
provided in Table 9 for comparison purpose. Also, the val-
ues represented in Table 9 are provided in Figs. 60–63 sep-
arately for the cited earthquakes.

The interpretation of Table 9 and Figs. 60–63 revealed that 
both for half-filled and full-filled cases, Kahramanmaraş 
earthquake created the maximum demands (x-displace-
ments and D-P equivalent stresses) among other earth-
quakes that is considered. In this earthquake, it can be 
clearly seen that for the Westergaard approach and SPH 

Fig. 55 Analyzed RC water tank under Kobe earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

full-filled)

Fig. 56 Time dependent variation of the displacement in the x direction 
(tank is half-filled)

Fig. 57 Analyzed RC water tank under Kobe earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

half-filled)

Fig. 58 Time dependent variation of the displacement in the x direction 
(tank is full-filled)

Fig. 59 Analyzed RC water tank under Kobe earthquake; (a) greatest 
displacement in x direction; (b) greatest D-P equivalent stress (tank is 

full-filled)
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Table 9 The comparison of analysis results obtained from Westergaard approach and SPH method for half and full-filled RC elevated water tank

Earthquake Westergaard 
approach SPH method Difference (%) Westergaard 

approach SPH method Difference (%)

Percent of Filling (%) 50% 50% – 100% 100% –

Kocaeli

Displacement (ux ) (m) 0.0777 0.0796 +2.45 0.133 0.1116 −16.090

Drucker-Prager 
(Compression) (Mpa) −3.58 −3.60 +0.56 −3.58 −3.66 +2.23

Drucker-Prager (Tension) 
(Mpa) +141.32 +163.26 +15.53 +278.89 +232.27 −16.72

Van

Displacement (ux ) (m) 0.0582 0.0693 +19.07 0.0557 0.1013 +81.86

Drucker-Prager 
(Compression) (Mpa) −3.58 −3.58 0 −3.57 −3.59 +0.56

Drucker-Prager (Tension) 
(Mpa) +121.49 +141.24 +16.26 +115.12 +207.86 +80.56

Kahramanmaraş

Displacement (ux ) (m) 0.1274 0.1835 +44.03 0.1042 0.2683 +157.48

Drucker-Prager 
(Compression) (Mpa) −3.65 −3.82 +4.66 −3.60 −3.92 +8.89

Drucker-Prager (Tension) 
(Mpa) +276.14 +370.47 +34.16 +221.45 +542.57 +145.01

Kobe

Displacement (ux ) (m) 0.0435 0.0722 +65.97 0.0485 0.1055 +117.52

Drucker-Prager 
(Compression) (Mpa) −3.59 −3.58 −0.28 −3.57 −3.58 +0.28 

Drucker-Prager (Tension) 
(Mpa) +80.62 +130.76 +62.19 +99.66 +192.85 +93.50

Fig. 60 x-direction displacements of Westergaard approach and SPH 
method for both half and full-filled case (Kocaeli)

Fig. 61 x-direction displacements of Westergaard approach and SPH 
method for both half and full-filled case (Van)

Fig. 62 x-direction displacements of Westergaard approach and SPH 
method for both half and full-filled case (Kahramanmaraş)

Fig. 63 x-direction displacements of Westergaard approach and SPH 
method for both half and full-filled case (Kobe)
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method, there is a +44.03% and 157.48% difference between 
the largest displacements in the x direction in case the tank 
is half-filled and full-filled, respectively. In the same man-
ner (Kahramanmaraş earthquake), for the Westergaard 
approach and SPH method, there is a +34.16% and +145.01% 
difference (in tension stress) in the D-P equivalent stresses 
in case the tank is half-filled and full-filled, respectively. 
Moreover, for compression stress, in Westergaard approach 
and SPH method, there is a +4.66% and +8.89% difference 
in the D-P equivalent stresses in case the tank is half-filled 
and full-filled, respectively. From the findings of this study, 
it is seen that D-P equivalent stresses (tension), increase 
mostly at the lower and upper ends of the column, at the 
column-beam junctions, and in the regions where the res-
ervoir and the columns meet. In addition, from Table 9, 
except for Kahramanmaraş earthquake (full-filled case in 
SPH), D-P equivalent stress values are well below the yield 
value fy = 420 MPa of the RC rebar (S420) in all of the anal-
yses. For this reason, in Kahramanmaraş earthquake (full-
filled case in SPH), the cited RC elevated water tank has 
the possibility to be heavily damaged or totally collapsed 
from the cited regions (shown in the preceding figures). 
Also, from the interpretation of Table 9, it can be clearly 
identified that for all models considered, the compression 
strength of the concrete (25 MPa) is not exceeded.

As it is emphasized in the preceding sections, recent 
Kahramanmaraş earthquake created maximum demands 
for the cited RC elevated water tank. Also, in this earth-
quake, so many RC elevated water tanks are heavily dam-
aged or totally collapsed. One of them is given in Fig. 
64 which is heavily damaged in recent Kahramanmaraş 
earthquake and demolished in controlled manner.

As can be seen from Fig. 64 [45] that the heavily dam-
aged RC elevated water tank is demolished from the col-
umn-beam junctions which is consistent with the findings 
of this study.

5 Conclusions
In this study, the dynamic behavior of a 1000 m3 RC ele-
vated water tank under the influence of earthquake ground 
motions was investigated with Westergaard approach and 
SPH method that considers fluid-structure interaction. 
The load carrying system of the cited tank is modeled 
by the finite element method and the fluid part is mod-
eled by the Westergaard approach and SPH method. In the 
Westergaard approach, the traditional one, the fluid effect 
is considered by adding mass to the finite elements in the 
reservoir walls, and in the SPH method, the hydrodynamic 
pressures on the reservoir walls due to earthquake acceler-
ations were considered as external forces. Hydrodynamic 
pressures were obtained for half-filled and full-filled cases 
with Dualsphysics software based on the SPH method. 
These pressures were used in the analysis at each time 
step as an external force in the software developed in the 
MATLAB programming language. In this software, lin-
ear analyzes in time history were performed with ODE45 
functions based on Runge-Kutta method by using PDE 
toolbox functions based on finite element method.

Both the change of hydrodynamic pressures at each 
time step and the difficulties in dynamic analysis of the 
finite element (memory, time problems, etc.), dynamic 
condensation is applied which makes analyzes in the per-
sonal computers much easier. The main conclusions that 
can be deducted from this study is as follows:

• By comparing the displacements for Westergaard 
approach and SPH method in half-filled case (50%), 
SPH method provided greater percentage results as 
+2.45% for Kocaeli, +19.07% for Van, +44.03% for 
Kahramanmaraş and +65.97% for Kobe earthquakes 
than traditional Westergaard approach. Although 
the largest percentage difference for half-filled case 
between the Westergaard approach and SPH method 
occurred in Kobe earthquake, the largest displacement 
is 18.35 cm. in Kahramanmaraş earthquake for SPH 
method approximately two times of the results obtained 
in other earthquakes. As can be generalized for half-
filled case that SPH method provided much more con-
servative values compared to Westergaard approach.

• For full-filled case (100%), except for Kocaeli earth-
quake, SPH method provided positive percentage 
displacement values when compared with tradi-
tional Westergaard approach. The percentage results 
obtained as −16.09% for Kocaeli, +81.86% for Van, 
+157.48% for Kahramanmaraş and +117.52% for 
Kobe earthquake. The largest percentage differ-
ence and the largest displacement occurred in recent 

Fig. 64 Structural earthquake response comparison of (a) a heavily 
damaged RC elevated water tank in recent Kahramanmaraş 

earthquake [45]; (b) D-P equivalent stress distribution contours for 
Kahramanmaraş earthquake
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Kahramanmaraş earthquake which is +157.48% and 
26.83 cm. for SPH method, respectively. This dis-
placement value is approximately larger than two 
times of the results obtained in other earthquakes. This 
shows that SPH method gives conservative values 
when compared to traditional Westergaard approach.

• For D-P equivalent stresses (tension) for Westergaard 
approach and SPH method in half-filled case (50%), 
SPH method provided greater percentage results as 
+15.53% for Kocaeli, +16.26% for Van, +34.16% for 
Kahramanmaraş and +62.19% for Kobe earthquakes 
than traditional Westergaard approach. The largest 
D-P equivalent stresses (tension) stress occurred as 
370.47 MPa (which is approximately 2.5 times larger 
than the results obtained from other earthquakes in 
this study) for SPH method under Kahramanmaraş 
earthquake among other earthquakes considered in 
this study. For half-filled case, SPH method can be 
considered as more conservative than the traditional 
Westergaard approach.

• In full-filled case (100%), except for Kocaeli earth-
quake, SPH method provided positive percentage D-P 
equivalent stress (tension) values when compared 
with traditional Westergaard approach. SPH method 
provided percentage results as −16.72% for Kocaeli, 
+80.56% for Van, +145.01% for Kahramanmaraş 
and +93.50% for Kobe earthquakes than traditional 
Westergaard approach. The largest percentage dif-
ference and the largest D-P equivalent stress (ten-
sion) occurred in recent Kahramanmaraş earthquake 
which is +145.01% and 542.57 MPa for SPH method, 
respectively. Also, for Kahramanmaraş earthquake, 
D-P equivalent stress (tension) value of 542.57 MPa 
is exceeding the yield value of fy = 420 MPa which 
shows the destruction severity of the earthquake.

• It is evident from the interpretation of the analyses 
results (D-P equivalent compression stress results) that 
none of the models taken into consideration exceed the 
concrete compression strength which is 25 MPa.

• According to the findings of this study, D-P equiva-
lent stresses (tension) are found to increase primar-
ily at the column's lower and upper ends, at the col-
umn-beam connections, and in the areas where the 
columns and reservoir meet. Therefore, extra care 
should be taken in design (reinforcement) and con-
struction (control of reinforcement and concrete) 
phase of such critical areas in order to prevent brittle 
failure without showing any ductile behavior.

• As the Westergaard approach depends on adding liq-
uid mass to the tank wall, the damping of the slosh-
ing water with time cannot be considered in the seis-
mic analysis. However, in SPH method, the sloshing 
response of the water with time can be considered 
which is the case in real earthquakes.

As a result of the analysis, it is seen that the fluid-struc-
ture interaction method significantly affects the dynamic 
behavior of the RC elevated water tank. Since the nonlin-
ear behavior of the fluid during the earthquake is mod-
eled at each time step with the SPH method, it is seen that 
it gives more realistic and conservative results than the 
Westergaard approach, which is one of the traditional flu-
id-structure interaction approaches. Although the results 
in this study belongs to one specific example, the results 
obtained can be generalized to many situations.
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