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*is study aimed to examine the effect of rigid and flexible foundations on the response by a semiburied water storage reservoir. In
this study, the reservoir support conditions of both flexible and inflexible states were studied. *e seismic behaviour of reinforced
and prestressed concrete reservoirs was compared based on their support conditions. *e powerful numerical method FEM was
used to study about the nonlinear behaviour of cylindrical reservoirs using static and dynamic nonlinear analysis.*e values of the
results correcting factor in the design codes and standards were evaluated. Moreover, the response correcting behaviour (R) was
evaluated based on the findings from a push-over and nonlinear dynamic analysis. *is research finding indicated that the
reservoir shapes and support types affect the deformability of the reservoirs. Reservoirs with prestressed concrete show less
flexibility compared to reinforced concrete reservoir. Finally, it is resulted that displacement, base shear, and wave height obtained
from time history analysis are more than those of response spectrum analysis, indicating insufficiency of response
spectrum analysis.

1. Introduction

Fluid and gas storage tanks are very important. Today, the
efficiency of such structures in many industries is undeni-
able. *e main application of these tanks is in industry and
for purposes such as water storage and storage. *ey are
usually made of steel or reinforced concrete, and in terms of
shape, they are usually made of cubes or cylinders. Con-
ventional reinforced concrete reservoirs have been widely
used for urban and industrial equipment for decades [1].
Different configuration of storage reservoirs is going to be
built based on the structure shape, building materials,
support conditions, and so on. Buried reservoirs are cate-
gorized based on the reservoir shapes, the boundary con-
dition, the support types, and the construction material.
Many reservoirs, especially cylindrical ones, are made of
steel because of their chemical resistance and mechanical
strength. *e concrete reservoir may envisage a radical

transformation of the conception of technology in the
context of the worldwide request of shaping the fourth
industrial revolution [2]. *is is because of the improved
durability compared with the numerous failures observed in
steel reservoirs during the past earthquakes.

*e number of water storage tanks and its importance is
increasing over time. *erefore, it is necessary to carefully
study the behavior of this type of structure. In this regard,
phenomena such as earthquakes and explosions should also
be applied to these structures [3]. *e next important goal of
such studies, after a proper understanding of the behaviour
of these structures, is to identify optimal methods to increase
their resistance to these phenomena to reduce damage [4].
Although some studies have been performed on the non-
linear response of reservoirs underground tremors, still the
need to study the nonlinear response and the degree of
deformability of semiburied cylindrical concrete reservoir
are strongly felt.*e response factor is a term usually used in
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chromatography and spectroscopy useful for the calculation
of quantitative responses in detectors that correlate to
amounts of investigated analyses [5]. Also, Adom-Asamoah
evaluates the structural characteristics of deep beams made
from reinforced palm kernel shell concrete (PKSC) and
normal weight concrete (NWC) [6].

2. Materials and Methods

2.1. Existing Regulations and Standards for Liquid Reservoirs.
In this section, a brief overview of existing regulations and
documents for earthquake-resistant guideline of liquid
containers is provided. In the Eulerian and Lagrangian
methods, the governing fluid structure system equation is
calculated using wave propagation through the fluid by
assuming linear compressibility and in-viscousity [5]. *is
review focuses on regulations and standards recently used
worldwide. *e International Building Code (IBC 2011) is
one of the widely used regulations which provides a diverse
and detailed technique for calculating dynamic forces on
liquid reservoirs but it is more commonly used in the United
States. ASCE Standard 7-10 2010 is used for seismic design of
conventional liquid storage reservoirs. In this standard,
ground motion is defined as the maximum earthquake re-
sponse spectrum (MCE), with a 2% probability that a more
severe earthquake may occur over each half-century period
[7].

*ere are currently no direct guidelines for the design of
environmental structures in Canadian design regulations
and standards. *e ACI 350.3-06 Standard can be consid-
ered as the most referential document in this field. *e ACI
350 based on the ultimate strength design method, which is
based on the Hassner (1963) technique, is considered, and
the resulting seismic forces are calculated. *e continuity
condition of contained fluid in this theory consisted of
boundary conditions of the contact interface between tank
body and fluid as well as fluid-free surface. *e fluid is
assumed to be irrotational, incompressible, and inviscid and
also there is no mean flow of the fluid. Furthermore, the
linear theory of sloshing is utilized for the convective re-
sponse of the contained liquid in the tank. *e velocity of
pressure wave is assumed to be infinite in the small volume
of containers.

2.2. Seismic Design of Concrete LCs. According to ACI 350.3
(2001 and 2006), all structural parts of liquid container body
must be designed to withstand the effects of horizontal and
vertical design acceleration in combination with the effects
of applied static loads to provide a set of thorough and
comprehensive procedures for the seismic analysis and
design of all types of liquid-containing environmental
concrete structures. *eir committee’s decision was influ-
enced by the recognition that liquid-containing structures
are unique structures whose seismic design is not adequately
covered by the leading national codes and standards (ACI
350.3, 2006) [8].

When liquid containers are subjected to seismic loading
caused by earthquake, the reflection can be illustrated by two

main vibration modes which vary based on phenomena such
as wall flexibility and rigidity at the base and level of fluc-
tuation. *e first vibration mode is impulsive that is com-
bined with the lower portion of the liquid and can be
considered with added mass method and even more recent
technique. It should be noted that the second part is con-
vective and is related to the upper part of the fluid in the tank
[9].

3. Results and Discussion

3.1. Finite Element Method. In real conditions, the distri-
bution of seismic forces around a circular reservoir is in
accordance with Figure 1 and in the form of a cosine dis-
tribution. In this study, the use of axially symmetric elements
in finite element analysis of circular reservoirs is investi-
gated. Axial symmetry elements are much easier to use than
shell elements. *e abovementioned evaluation is the most
direct method to study the sensitivity of geotechnical pa-
rameters, but it is only suitable to study the single-parameter
sensitivity problem. However, in applying these elements,
the cosine distribution for hydrodynamic forces cannot be
used, so the linear pressure distribution must be considered
in all around the circular-cross section of the tank. FEM for
the correct investigation of the application of the uniform
distribution of all-round pressure considering the maximum
pressure is shown in Figure 1 [10].

For this purpose, shell elements have been used to model
the fluid storage tank wall. *is type of element has the
ability to model the desired pressure distribution, interac-
tion definition, and other numerical calculations. In order to
check the accuracy of the hypotheses made in this section,
modelling and numerical analysis are performed by all the
mentioned methods and finally the results are compared
with each other.

3.2. Numerical Simulations. In this software, a computer
model can be created using graphic and interactive tech-
niques. To simplify the problem, this paper only considers
one tank and its foundation. *e LC is modelled using 3D
shell elements and axial symmetric boundary conditioning.
Since the properties of materials in this study are assumed to
be linear, after static analysis, it has been used to simulate the
behaviour of this structure [11].

In this study, three finite element models are used. Full
reservoir model (FT): in this case, the reservoir is completely
modelled using 1680 square elements of four nodes, with
dimensions of 0.9 by 0.9 meters; the name “full reservoir
(FT)” is chosen for Figure 2(a). Half reservoir model (1/2T):
in this case, half of the reservoir is modelled using 840 square
shell elements with a diameter of 0.9 by 0.9 meters and is
called the “1/2T” model (Figure 2(b)).

*is model is used only for proper modelling research.
Axial symmetric model (AXI): in this case, the whole res-
ervoir is modelled using symmetric axial elements; it is called
the model with 3 layers along high.

Finite element analysis is performed using ABAQUS
software. Using the interaction and powerful simulation
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technique of this software, the numerical model of the
reservoir is designed. In this study, nonlinear dynamic
analysis of time history is used in which the nonlinearity of
building materials is considered [12, 13].

3.3. ProblemGeometry. *e reservoir is completely designed
using quadrilateral shell elements, according to Figure 3.*e
wall thickness is much less than the height of the wall and the
diameter of the reservoir. *erefore, it is justified to consider
shell elements in reservoir modelling. *e shell elements
used in this analysis have three degrees of freedom of
movement and rotational in each node. In terms of water
height, the reservoir wall is divided into equal elements of
one meter, and in this networking, the number of elements
along the wall to the water level for reservoir 1, 2, and 3 are
considered equal to 3, 6, and 9, respectively.*e length of the

highest element for three reservoirs is equal to the free edge
of the reservoir, i.e., 0.25, 0.5, and 0.6 meters, respectively. In
order to maintain the proportion of the body in the unit
value, around each reservoir is divided into 128 equal ele-
ments in which the size of each element on the peripheral
circle of the reservoir is equal to 1 meter. As a result, the total
number of elements for the three reservoirs will be 512, 896,
and 1280, respectively.

3.4. Research on the Correctness of the Model. To investigate
the finite element model used in this study, finite element
analysis was done for all different models with rigid bases
using two finite element numerical programs SAP and
ABAQUS. To do this, three different finite element models
(out of six models) with fixed base conditions are
considered.
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Figure 1: Actual and simplified hydrodynamic pressure distribution.
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Figure 2: Circular reservoir finite element model: (a) full reservoir and (b) added mass and sloshing modelling.
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Figure 3: Finite element model for fluid reservoir, ABAQUS/CAE.

Table 1: Reactive force in the radial direction at the base of the reservoir under constant pressure.

Reactive force (kN/m) Reactive force (kN/m) Reactive force (kN/m)
SAP full model ABAQUS full model SAP half model ABAQUS half model SAP axisymmetric model ABAQUS axisymmetric model
11.3 11.2 11.3 11.2 11.4 11.3
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Figure 4: Radial deformation under uniform pressure.
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Figure 5: Environmental stress under uniform pressure.
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Since the purpose of this study is to properly investigate
the model selected for the reservoir using the ABAQUS
program, a uniform pressure of 1.3 kPa will be applied to the
reservoir. As can be seen in Table 1, the reaction force in the
radial direction at the base of the reservoir was very close to
each other in all models and the maximum difference in
results equal to 1.6% between the axisymmetric model and
the full model is obtained, which indicates that the reservoir
models considered using SAP and ABAQUS are compatible
with each other.

As shown in Figure 4, the radial deformation in all FE
models of reservoir wall heights is the same for models 1 and
2 in both programs. *e maximum difference in radial wall
deformation for models 1 and 2 in the two software pro-
grams is 7.6% at the top of the wall. *is difference is in-
versely related to height. *e average difference between the
results for displacement is about 4%, but the results are the
same for the axial symmetric model 3 in ABAQUS and SAP.

Figure 5 shows the first principle stresses for all nu-
merical models. *e maximum difference between the first
principle stresses in models 1 and 2 above the wall is equal to
7.6%; the average difference is equal to 4%. Similarly, the first
principle stresses at different levels of height are obtained for
models 1 and 2 in both computer programs.

Figure 6 shows that the second principle stresses in the
vertical direction obtained almost identically for all FE
models indicating the use of models 1, 2, or 3 in each of the
two programs can arbitrarily give reliable results in finite
element analysis for the considered parameters.

4. Conclusion

*e presented problem turned out to be complex in nu-
merical modelling. Moreover, the results did not lead to the
real failure mode even though a range of external forces as
well as material parameters were used. *e complexity of
geometry and considerable slenderness of structural ele-
ments with very different mechanical properties caused
serious complications in stabilizing the algorithm of the

applied FE software out of the real range of loads. Hence, the
lower bound static estimation focused on the observed
failure mode was used. It is suitable to use methods of
uniform loads and symmetric axial elements in modelling
the reservoir completely and obtaining its maximum re-
sponse. In the usual method (based on regulations), the
response of the reservoir is determined in terms of base shear
and base torque more than the amount of analysis. *e
discrepancy in results is due to the effects of the concen-
tration of impact and convective masses and other simpli-
fying assumptions that are common in regulatory methods.
*e recommended Ri values for reinforced concrete res-
ervoirs, with clamped and articulated bases, and precon-
creted reservoirs with flexible braced bases are 2.5, 2.0, and
1.5, respectively.
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