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Abstract. Elevated cylindrical and conical steel tanks are widely used to conserve water or chemical liquids. These important
structures are required to stay protected and operative at any time. The wall angle inclination of conical tank part, as well as the
presence of the vertical earthquake component, can cause damage to this structure and even lead to its failure. The purpose of
this study is to examine the effect of wall angle inclination of the tank and the vertical earthquake acceleration component on
the nonlinear dynamic stability of the elevated steel conical tanks under seismic excitation. The elevated steel conical tank is
simulated utilizing the finite element analysis method using ANSYS software. The fluid-structure interaction is considered using
a suitable interface that allows the fluid to apply hydrodynamic pressures on the structure. Three different models, namely Model
—-A-30°, Model -B-45°and Model -C-60° are investigated; it has been concluded that the impact of inclination of the tank wall
significantly affects the nonlinear stability of the elevated steel conical tank. While considering the vertical ground acceleration,
inclination plays a significant role in the design of this type of structures. Therefore, it should be appropriately included in the
seismic analysis of elevated steel conical tanks to satisfy the safety of the elevated steel conical tank response under seismic
loading.

Keywords: Non-Linear dynamic analysis, Fluid-structure interaction, Steel conical tanks, Stability, Vertical acceleration.

1. Introduction

Elevated storage tanks are strategic structures in daily industrial activities. These structures are used in water storage facilities
and in the industry for the storage of chemical products. There are different types of tanks having different shapes, for example:
cylindrical, conical and spherical. However, the elevated conical tanks are the most constructed ones. Under seismic excitation,
the walls of the upper tank and the elevated tank support tower experience additional stresses. These forces can lead to several
phenomena, such as buckling of the walls [1].

In terms of seismic analysis, many researchers have studied the dynamic behaviour of elevated tanks. Chandrasekaran and
Krishna [2] were the first to use the single degree of freedom model to study the dynamic response of elevated tanks. They found
that during an earthquake, the parameter of energy absorption is very important and needs to be taken into consideration when
designing the tank’s structure. They also observed that the critical case is that of a full tank. Ramiah and Gupta [3] also used a
model with one degree of freedom to analyze the dynamic response of elevated tanks on different types of soil.

However, in the late 1950s and early 1960s, Housner [4] enabled practicing engineers to perform seismic response analysis of
elevated tanks using the two-mass method. This simplified model is considered for the movement of the liquid relative to the
tank and also the movement of the tank relative to the base, whereas, another application of this simplified model in the seismic
analysis of elevated tanks has been reported by Sonobe [5].

Furthermore, one of the first analytical methods considering the flexibility of the tank walls was proposed by Veletsos [6]. This
method is an extension of the Chopra [7] method which is used in the seismic calculation of gravity dams. Authors concluded
that the flexibility of the walls has a great effect on the impulsive component.

Particularly after the damage caused by the earthquake on elevated conical tanks in Belgium in the 1970s, research work was
carried out on conical tanks under hydrostatic loading by Vandepitte et al. [8]. Indeed, El Damatty et al. [9] studied the static
buckling of conical tanks with geometric imperfections under hydrostatic pressures. A non-linear finite element analysis based
on a shell member was used in his work. The numerical results show that the presence of such geometric imperfections led to a
35-40% reduction in the critical load.

Moreover, Leonard et al. [10] evaluated the buckling capacity of an elevated steel tank using the finite element technique. In
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this work, the analysis of the buckling modes is made by means of the ABAQUS software to estimate the effects of the stiffener
arrangements on the buckling modes.

Eventually, Shenton and Hampton [11] studied the effects of seismic supports on the dynamic response of elevated tanks
under seismic excitation without taking into account the sloshing component. The supports are considered as parts of one linear
elastic system. The results show that the supports reduced the stress at the base of the elevated tanks. The effect of seismic
supports on the dynamic response of elevated tanks was also discussed by Shrimali and Jangid [12]. They studied the response of
elevated steel tanks under different earthquakes with fixed bases and isolators at the base, and reached to the conclusion that
the shear force due to the impulsive component decreases due to the isolation effect, but the sloshing displacement is increased
due to the isolation effect.

In addition to this, Sweedan and El Damatt [13] studied numerically the influence of the vertical component of the earthquake
on an elevated conical tank using the equivalent mechanical model. Results show that the seismic force due to the vertical
component of earthquakes accounts for about 35% of the forces due to hydrostatic pressure.

Apart from this, Dutta et al. [14] examined the dynamic characteristics of the elevated tanks under the effect of soil-structure
interaction. They concluded that consideration of soil-structure interaction in the design of these categories of tanks is very
important. In the same subject, Dhamak et al. [15] analyzed the dynamic response of elevated tanks, taking into account soil-
structure interaction. In this study, a 3D finite element model was produced using ABAQUS software. The results obtained show
that soil-structure interaction analysis must be included in the elevated tanks seismic design.

In recent years, many researchers have studied the dynamic behavior of elevated water tanks under seismic excitation. In [31]
a series of experiments has been conducted to study the nonlinear water sloshing of tank in detail with different base-aspect
ratios. They concluded that the tanks of large aspect ratio under horizontal excitation, shallow water sloshing response develops
the planar standing wave. Kamarroudi et al. [32] investigated the effect of vertical excitation on sloshing of elevated tank. First, an
experiment was used to provide of results for validating the FEA modeling, for a second numerical part of the study. It was shown
that the proposed Housner model with inclusion of vertical excitations, gives satisfactory results with 10% difference in most
cases.

The present work is motivated by the lack of information on the nonlinear dynamic behaviour of elevated conical steel tanks.
In the first part of this work is aimed at studying the dynamic nonlinear response of elevated steel tanks with three different
angles of inclination of the tank wall namely Model -A-30°, Model -B-45°, and Model -C-60°, under seismic excitation using the
finite element method. The second part of this work is dedicated to evaluate the effect of vertical component of the earthquake
on the dynamic behaviour of elevated steel conical tanks. This work represents the first study on the response of elevated conical
steel tanks with different angles of inclination of the tank wall and under the vertical seismic excitation by modelling the fluid in
three dimensions considering the fluid-structure-interaction, flexibility of the walls, the non-linearity of materials, the geometric
non-linearity, the non-linearity of the excitation and the sloshing effect.

2. Failure Modes of Steel Tanks

Steel liquid storage tanks involve different modes of damage mechanisms. A wide variety of mechanisms damage are possible,
depending on the geometric configuration of the tank, as well as a large number of other factors such as tank material, type of
structure, etc. Nevertheless, the characteristics of earthquakes also have a significant influence on tanks seismic response.
Assessment of the behaviour of cylindrical steel tanks demonstrates that they are susceptible to buckling under a seismic load;
this is due to the hydrodynamic pressures which tend to make them uplift from their functions. This in turn initiates the
development of very high compressive stresses which can cause buckling, tilting of the tank or the complete destruction of this
sort of structure (Fig. 1). As evidenced by the report on the fragility of metal tanks established by The American Lifelines Alliance
claims that the damage to these structures is manifested by buckling [16].

)

Rotation of tank Buckling Collapse

Fig. 1. Examples of the damage done on the steel elevated tank [17, 18].
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3. Code Provision

After reviewing the available literature, it is shown that the two American codes: API 650 (American Petroleum Institute) [19]
for the design of tanks used in the petroleum industry, and the AWWA (American Water Works Association) [20] for the design of
water storage tanks, were the most generally utilized codes for the seismic analysis and computation of steel storage tanks [25].

However, over the last twenty years, other recent codes have seen the day as the European Euro code [21] is on a few focuses
considerably more developed than the past two code.

According to the European code, hydrodynamic pressure can be given by the following expressions:
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The conical shape is the most popular one used for elevated tanks in the world. Unfortunately, the current standards code of
training do not provide any data for the designs of the conical tanks for the practicing engineers. The codes are limited to
cylindrical and rectangular tanks with the exception of the AWWA code, which gives a methodology based on the calculation of
the dimensions of an equivalent cylinder from a conical shape (Fig. 2) [20],
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Fig. 2. Conical tank and cylindrical equivalent tank [26].
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Fig. 3. Elevated steel water storage tank used in this study (Allen et al. [10]).
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Fig. 4. (a) Shell 63, (b) Shell 181 (The ANSYS Structural Software [22]).

4. Case Study

The example of this study is an elevated real conical steel tank of 1000 m3 capacity, which is located in Kalimna near the
entrance to the lakes in Victoria, Australia. The simplified geometry of the model is shown in Fig. 3 [10].

The materials used for the wall and the roof of the elevated tank are elastoplastic, while the material characteristic of the
tank as well as of the liquid are presented in Table 1.

Table 1. Mechanical characteristics of tank and liquid [10].

Steel
Density 7850 kg/m?*
Poisson ratio 0.3
Elasticity modulus 2.06 x10° MPa
Yield stress 2.5 x10° MPa
Tangent modulus 1.45x10* MPa
Water
Density 1000 kg/m?*

Bulk modulus 2.0684 x10* MPa
Viscosity 1.123x10* N.s/m?
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Fig. 6. Geometry of a conical tank (El Damatty et al. [24]). Fig. 7. Finite element model used in the current study.

4.1 Numerical model

In this study, the modelling of the elevated steel tank is performed by means of the ANSYS software using finite element
analysis. The tower, tank and roof are modelled using Shell 63 element for modal analysis and Shell 181 element "plastic
capacity" for transient analysis. The two elements have six degrees of freedom at each node; translations in the nodal directions x
y and z and rotations around the nodal x, y and z-axes [22, 27].

4.1.1 Fluid

To model the liquid element FLUID80 is used; this element type is used by other researchers as Moslemi et al. [23], Hadj
Djelloul et al. [24]. This element is particularly well suited to the calculations of hydrostatic pressures and fluid-structure
interactions, acceleration effects, such as sloshing problems. The element is defined by eight nodes having three degrees of
freedom at each node: translation in the nodal directions x, y and z.

)

4.1.2 Fluid structure interaction

The effect of the fluid-structure interaction is considered by coupling the nodes located in the common faces of these two
fields. For that, the mesh of each field must ensure that the external nodes of the fluid elements will be located at the same
geometrical points as the nodes of the shell elements. This implies that the fluid cannot separate from the wall surface but can
apply pressure to the walls [28].

4.2 Validation of the conical tank model with the fluid structure interaction

To validate the numerical model with the fluid-structure interaction; a conical aluminum tank was studied using the finite
element method. The results are compared with the experimental values obtained by El Damatty et al. [24], and the numerical
values obtained by Moslemi et al. [23]; the geometric and material properties are presented in Table 2 and Fig. 6.

4.2 Results and discussion
4.2.1 Modal analysis results

Table 3 presents the results obtained by the finite element analysis model with those obtained from the experimental work
done by El Damatty [25] and another finite element analysis model done by Moslemi et al. [23].

Table 2. Material properties (of the reference model used in validation (El Damatty et al. [24]).

Aluminum shell Young’s modulus Mass density Poisson’s ratio
69 GPa 2700 kg/m? 0.33
Fluid Mass density Bulk modulus Viscosity
1000 kg/m?* 2.0684 x10* MPa  1.123x10°% N.§/M?

Table 3. Free vibration analysis results for the conical tank model [Hz].

El Damatty et al. [24] Moslemi et al. [23]  Present work
Convective fundamental mode frequency 0.82 0.84 0.818
Impulsive fundamental mode frequency 43.5 42.36 41.25
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Fundamental convective mode

Side view Top view

Fundamental Impulsive mode

Fig. 8. Deformation of fundamental modes for the conical elevated tank.

45 60

Fig. 9. Elevated tank geometry.

Model -A-30° Model -B-45° Model -C-60°

Fig. 10. FE idealization for the elevated steel tanks models.

Examination of the results shows that:

¢ The finite element model frequencies are in very good agreement with those obtained from the experimental results of El
Damatty et al. [24] and the numerical results of Moslemi et al. [23].

e A significant free surface sloshing motion is observed, and no shell vibration is observed during the fundamental
convective mode. For the fundamental impulsive mode, the deformation is cos(0) mode and the section of the shell
remains circular. Similar results are also reported by El Damatty et al. [24], and Moslemi et al. [23].

e Hence, the numerical model can be used with good precision for this case study.

4.2.2 Elevated tank model

The models of the 1000 m? real elevated steel conical tank considered in this study are the original model (model B-45) plus
two other different models with different cone angles. Models A, C, are created by increasing and decreasing the angle (a) of
inclination of the original model (Model A-angle = 30 degrees and model C-60 angle = 60 degrees). The main objective of the first
part of the study is to evaluate the effect of the angle of the inclined wall tank on the nonlinear dynamic behaviour of the
elevated steel conical tanks.

Journal of Applied and Computational Mechanics, Vol. 9, No. 2, (2023), 445-457 A\V,A
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Table 4. Free vibration analysis results for the elevated conical tank model [Hz].

Model -A-30 Model -B-45 Model -C-60

Frequency  TOPRICAET proquensy  TMPRIGBANETI proquensy T PRTebetng mase
Numerical Convective 0.258 0.375 0.204 0.572 0.163 0.709
model Impulsive  1.07 0.579 1.24 0.379 1.19 0.229
Theoretical Convective / / 0.21 / / /
model Impulsive / / 1.17 / / /

4.2.2.1 Modal analysis results of the three models

The values of the fundamental frequencies of the three models numerically are grouped in Table 4. The results show that the
fundamental convective modes of the liquid for all three cases involve sloshing of the liquid without any involvement of the shell
walls deformation. The fundamental impulsive mode for the three cases is the column type, (Meslmi et al. [23]). It can be observed
that the calculated FE results are in reasonable agreement with theoretical model.

By comparing the results of the mass ratios for the three cases, we can notice that, by increasing the angle of inclination of
the wall tank relative to the vertical axis the participating mass ratio of the convective mode is increased unlike the impulsive
mass ratio. We can also notice that for the cone with a large radius, the convective component is dominant. However, this is not
the case for the impulsive component that dominates by decreasing the radius of the tank. This relation is compatible with

Housner's theory [4] for the cylinder case [29].
4.2.2.2 Transient analysis

The dynamic transient analysis of the three models considering the effect of the fluid-structure interaction, the flexibility of
the walls and the fluid sloshing was carried out. The applied seismic excitation of the San Fernando and El Centro earthquake

was used including material plasticity in order to study the stability of the three models, and to perceive the buckling zones of the
elevated steel conical tank.

Figures 14 and 15 show the horizontal displacements, phase plane and the deformation corresponding to each model.

Model -A-30°

Fundamental convective mode Fundamental impulsive mode

Model -B-45°

Fundamental convective mode Fundamental impulsive mode

Model -C-60°

]

Fundamental convective mode Fundamental impulsive mode

Fig. 11. Modal deformation of the elevated tanks used in this study.

‘\V,‘ Journal of Applied and Computational Mechanics, Vol. 9, No. 2, (2023), 445-457



452  Nasser Dine Hadj Djelloul et al., Vol. 9, No. 2, 2023

0.5 0.5
034 I f s 0.3
2 l | ] B2
5 011 | 11 M r” M £ 01 M
=] | i j | | ' A\ F[h. =] - ‘ f) ﬁ
s “ﬂ'-"’leM}J | } I ll' ﬂ \ | i i MY JJ'"‘ e W“' = w—,r' F “I i‘]_ bl "‘I Ji | } M Iv (T
o] M‘\., I AT E o, N u e u fl hlu wM \
] .. K
2 -0.3 8 0.3
2 ;
0.5 T T -0.5 T T
0 & 10 15 0 5 10 15
Time (sec) Time (sec)
Accelerograms San Fernando earthquakes Accelerograms El Centro earthquakes
——El-Centro
254
— — San-Fernando
T 2
2
g ________
> 151
£ ik
‘»
£
< 05
-
A Ll ; ; ‘
0 3 6 9 12 15
Time (sec)
Arias Intensity versus time of the earthquake records
Fig. 12. Characteristic of earthquakes [22].
02 T T T T 02 T T T T
_ 0 . uf
g g
g =
Q )
5 - g 0
s s
5 &
a a
04 I"[—— Model-A30° = O M= Model-C60°
(=== Model-B45° === Model-A-30°
=== Model-C-60° === Model-B45°
~ 06 1 1 1 1 ~ 02 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8
Times (s) Times (s)
San Fernando and El Centro earthquake El Centro earthquake
Fig. 13. Time history of horizontal displacement.
1 T T T 1 T T T
[ Model-A-30° [ Model-C-60°
[ Model-B45° (=== Model-A-30°
05 [ (e Modee]-C-60° 7 0s L Model-B45°
@ »
A 1 B
z2 2z oF
3 3
E - 05 h E
- 05
—1F —
~ 15 L L L 1 1 1 1
= 06 - 04 - 02 0 02 ~ 02 -0l 0 0.1
Displacement (m) Displacement (m)
San Fernando earthquake El Centro earthquake

Fig. 14. Phase plane.

Journal of Applied and Computational Mechanics, Vol. 9, No. 2, (2023), 445-457



Numerical Study of the Dynamic Response of Elevated Steel Conical Tank under Vertical Seismic Excitation - Case Study 453

3

L T T T 15 x10 T T T T
= Model-A-30°
[ Model-B45°
0.04 [~ |emmm N\ {0de]-C-60° T
1x10 7 B

003 [~ _

sx10 4 E

o1 - l J Model-C-60°

Model-A-30°

ﬁ Model-B-45°
1 1 1 1 1 1

0 2 4 6 8 10 0 2 4 6 8 10

Plastic deformation at the base of tank
Plastic deformation at the base of tank

Times (s) Times (s)
San Fernando earthquake El Centro earthquake

Fig. 15. Plastic strain at the base of tank.

3 1 T T T

. 8x10 T T T 5 T -
3 [— Model-A-30° z [—— Model-A-30
2 —— Model-B-45° b l—— Model-B-45°
s —— Moddl-C-60° b l—— Model-C-60°
2 6x10 1 - 2 05 - i
3 F
£ £
5 . kS 0 i
g 4x10 77 . E
Ei 3
E E
2 2
3 2x10 1 B 8 -os -
2 g
g g
A =
0 L L L L _ 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Times (s) Times (s)
San Fernando earthquake El Centro earthquake

Fig. 16. Plastic strain at the base of the tower.

ANSYS ANSYS
20082 1R

ACADENIC] ACADEMIC
] "]

ANSYS

020K
ACADEMIC

Model -A- 30° Model -B- 45 ° Model -C- 60 °

Fig. 17. Plastic strain of shell wall of elevated model tanks (San Fernando earthquake).

Figure 12 clearly shows the influence of the inclination of the wall tank angle on the stability of the structure for (of San
Fernando and El Centro earthquake). Note that the displacement values of Model A with an inclination angle of 30 degrees are
greater than the values obtained by Model B with an inclination angle of 45 degrees (44.9% difference for San Fernando
earthquake )and the displacement values of Model A are greater than the values obtained by Model B (57% difference for El Centro
earthquake ). A clear jump in displacement is observed in the chronological curves of Model C (inclination angle of the tank 60
degrees), which corresponds to the total instability of this Model under horizontal seismic excitation of San Fernando earthquake.

Figures 13 show the phase plane of each model. Comparing model, A and B, the curve (u, v) relating to the model C presents a
significantly different curve (outside the initial oscillations pole); this confirms that the structure with an inclination angle of 60
degrees is unstable.

Figure 14 illustrates the deformation for the three cases. The three tanks deform and keep their deformation even after the
end of the seismic excitation. The lower part of the tank shell is subjected to a biaxial stress state combining two vertical and
horizontal forces tending to generate the buckling failure (elastoplastic deformation). Regarding the comparison between
deformations at the base of the tower of the three models, Figure 15 shows a remarkable difference. It is noticed that Model A -
30° undergoes large deformations compared to the other models.
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Figure 15 shows that the maximum deformations are located along the support-tank interface, and this is due to the sudden
change in the geometry at this interface for the three case studies. In addition, it is observed that the total destruction happened
in the support-tank interface for the Model C - 60°, which is due to the large rotation of the tank. In addition, it is shown that a
maximum deformation in Model A-30° is observed in two different points the support-tank interface and at the foot of the tower;
on the other hand, in the other cases, the maximum strain is observed at the upper part.

4.2.3 The effect of vertical earthquake excitation

One of the important factors influencing the dynamic behaviour of elevated steel conical tanks, and which has not been
considered in previous analyses, is the effect of the vertical excitation of the earthquake. In most codes, the effect of the vertical
excitation is considered. In this part, the accelerations are combined using the 30% rules. (Eurocode 8 Part 1 2004) to evaluate the
effect of vertical ground acceleration on the dynamic behaviour of model A.

The results obtained clearly show the values of the horizontal displacements, of the combinations H and H+0.3V are
significantly higher than the values obtained by the cases 0.3H+V. It is also noted that the effect of the vertical component of the
earthquake on the horizontal displacement of the Model-A is insignificant. Indeed, the sloshing results have a slight difference
between the sloshing values for the two combinations of H+V and H+0.3V (an increase of 2.83%), unlike the third case 0.3H+V
under which the values are reduced by 46%. Considering the 30%, vertical excitation does not have too much influence on the
shear force at the base. The 0.3H+V combination produced an underestimation of the shear force.

The 0.3H+V combination has a great influence on the vertical reaction of the Model-A. The vertical reaction values increase by
18.93% compared to the H combination. However, the vertical reaction values remain almost the same for the H+0.3V
combination compared to the H combination.

45
i
o—
H

Fig. 18. Two seismic component.
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Fig. 19. Time history of horizontal displacement
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Fig. 20. Time history of sloshing displacement.
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5. Conclusions

This study investigated the dynamic behaviour of elevated steel conical tanks under the seismic effect using the finite
element analysis technique. Considering several factors as fluid-structure interaction, the large amplitude sloshing, the non-
linearities of material and geometry, three models having a tilt angle of 30°, 45° and 60° of inclination of the tank wall have been
studied. Firstly, the numerical models proposed were validated by comparing the results of the modal analysis obtained with the
results obtained by other researchers. In the second part, the effect of the inclination of the tank on the seismic behaviour of
elevated conical steel tanks was studied. The following conclusions are found:

e The percentage of the mass participation of the convective part increases with the increase in the angle of inclination of

the tank relative to the vertical axis, in contrast to the percentage of the mass participation for the impulsive part.

e The reinforcement of the support-tank part has great importance on the buckling resistance of the wall, which can
increase the tank stiffness.

e The angle of inclination of the tank is a key parameter for the seismic design of elevated conical tanks. It was concluded
that the design of the tank with an angle of inclination of 45° had better seismic performance under the horizontal
seismic component compared to 30- and 60-degrees.

e A study of the seismic behaviour of elevated steel conical tanks was then carried out to investigate the effect of the
vertical component of the earthquake on their dynamic behaviour. As the elevated conical steel tank with an angle of
inclination of 45 degrees is used, it has been found that the vertical component of the earthquake had no effect on the
horizontal displacement and shear force at the base. However, vertical fluid displacement increased by 2.83%. It was also
observed that the vertical excitation of earthquakes had a greater effect on the vertical reaction of the elevated tank (an
increase of 18.93%). The results obtained also show that the combination of 0.3H+V gives an underestimation of stresses.
Therefore, the long-ignored effect of the vertical excitation of the earthquake should be considered appropriately in the
seismic analysis of elevated conical steel tanks.
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Nomenclature
¢  Dimensionless coordinate 6 Cylindrical coordinate
r  Cylindrical coordinate Pc convective pressure
R Tank radius Pi Impulsive pressure
t  Times n Mode number
A Bessel function H liquid height
p  Liquid density Ag(t)  Acceleration
v  Geometric slenderness 1S Dimensionless coordinate
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