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Abstract: Steel storage tanks are widely used in different fields. Most of these tanks contain hazardous
materials, which may lead to disasters and environmental damage for any design errors. There
are many reasons which cause the failure of these tanks such as excessive base plate settlement,
shear failure of soil, liquid sloshing, and buckling of the tank shell. In this study, five models of
above-ground steel storage tanks resting over different types of clay soils (medium-stiff clay, stiff clay,
and very stiff clay soils) are analyzed using the finite element program ADINA under the effect of
static and dynamic loading. The soil underneath the tank is truly simulated using a 3D solid (porous
media) element and the used material model is the Cam-clay soil model. The fluid in the tank is
modeled depending on the Navier–Stokes fluid equation. Moreover, the earthquake record used in
this analysis is the horizontal component of the Loma Prieta Earthquake. The analyzed tanks are
circular steel tanks with the same height (10 m) and different diameters (ranging from 15 m to 40 m).
The soil under the tanks has a noticeable effect on the dynamic behavior of the studied tanks. The
tanks resting over the medium-stiff clay (the weakest soil) give a lower permanent settlement after
the earthquake because of its low elastic modulus which leads to the absorption of the earthquake
waves in comparison to the other types of soil. There are 29.6% and 35.6% increases in the peak
dynamic stresses under the tanks in the cases of stiff clay and very stiff clay soils, respectively. The
maximum values of the dynamic vertical stresses occur at a time around 13.02 s, which is close to the
peak ground acceleration of the earthquake.
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1. Introduction

The cylindrical steel storage tanks are essential for many industries to store chemical
and petroleum materials. Studying the behavior of these tanks under static and dynamic
loads is essential because any accident may lead to human or environmental damage. Most
popular failures occur due to foundation settlement, shell buckling, anchorage system, and
sloshing of liquid from the tank. There are two types of foundation settlement (uniform
settlement and differential settlement) under these types of tanks. The uniform settlement
always leads to serviceability failure. However, the differential settlement can cause failure
in the tank body [1,2]. Ground motion during an earthquake varies in its magnitude,
direction, and position with time. This motion causes the structure to vibrate or shake in
all directions. Therefore, it is necessary to ensure that the structure can resist horizontal
earthquake shaking. In most structural engineering calculations, dead loads, live loads, and
wind loads can be evaluated with a fair degree of accuracy. However, the situation with
regard to earthquake forces is entirely different. Earthquake loads are inertia forces whose
magnitude is a function of mass, stiffness, and energy-absorbing capacity (e.g., damping
and ductility of elements). Earthquake response also depends on the overall geometry of
the structure. Several dynamic analysis methods are available to analyze the behavior of
structures such as the Response Spectrum Method and Time History Method [3].
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The dynamic behavior of steel and concrete storage tanks has been studied theoret-
ically and experimentally by many scientists. A wide range of studies on the dynamic
response of storage tanks began in the late 1940s. Jacobsen [4] calculated the effective
hydrodynamic masses and mass moments for the fluid inside a cylindrical tank under the
horizontal translation of the tank base. The finite element method was used to study the
seismic behavior of flexible tanks where the hydrodynamic effects of liquid were taken into
consideration as an added mass matrix in the equation of motion of the coupled fluid-tank
system [5]. Sanchez et al. [6] studied numerically the behavior of existing steel storage tanks
under seismic conditions in high-risk zones using the time history analysis method. The
fluid–structure interaction was taken into consideration in order to estimate the dynamic
pressure distribution of the fluid. Konstandakopoulou and Hatzigeorgiou [7] focused on
the quantification of the dynamic sequence influence in studied tanks. The study counted
the actual dynamic sequences that had been documented throughout a small period of time
(up to three days for tracking the earthquake aftershocks). It was untrustworthy to deem
only a single earthquake results in designing steel tanks because the behavior of tanks
differs from one earthquake to another. Spritzer and Guzey [8] studied the behavior of eight
aboveground steel oil storage cylindrical tanks under seismic excitations using ABAQUS
software. A series of elastic springs were used to model the soil domain under the tank. It
was assumed that the tank was resting on stiff clay soil. The hydrodynamic hoop stresses,
elephant foot buckling, and uplift were obtained for tanks with different height-to-radius
ratios. Hosseinzadeh et al. [9] studied numerically the dynamic response of steel storage
liquid tanks and compared the numerical results with those of the API procedures [10].
Results showed that both the impulsive and convective modal periods (Ti and Tc) obtained
from [10] were similar to the results obtained from the numerical analyses. Moreover,
the numerical analysis obtained good agreement with [10] in determining the location of
maximum hoop stresses which lead to elephant-foot buckling and estimating the total hoop
stresses. Hamdan [11] evaluated the accuracy of current design strategies with special
emphasis on EUROCODE 8 (EC8), part 4 [12]. A significant goal of this research was to
study several phenomena such as sloshing, required freeboard, base shear, overturning mo-
ment, and buckling strength because current design procedures need further improvement.
The maximum sloshing height achieved from the three-dimensional numerical analysis
was found to lie in the range of the code procedures for unanchored tanks. However, it
was larger than those expected by ref. [12] for the same anchored tank. The elephant-foot
buckling resistance of three steel tanks with variant geometries was analyzed using finite
element dynamic analysis [13]. Critical rates of the peak ground acceleration which ran to
buckling damage of these tanks were estimated. All the studied tanks showed the same
elastoplastic buckling behavior under seismic motions. Increasing the aspect ratio (H/D)
of the studied tanks led to an increase in the risk of elephant-foot buckling. Moreover,
elephant-foot buckling was found to occur at high peak ground acceleration values for low
aspect ratio tanks; however, it happened at lower peak ground acceleration values for high
aspect ratio tanks.

The soil–structure interaction showed an appreciable impact on the predicted displace-
ments under the concrete surge tank resting on relatively rigid soil. These displacements
tended to increase when the soil deformability was considered [14]. Minoglou et al. [15]
developed a simplified, fast, and direct optimum seismic design of steel tanks, avoiding
complicated computational methods. The optimum seismic design of these tanks was
achieved by satisfying the stability of these structures under extreme seismic design loads.
Hjorteset et al. [16] discussed the unique design and construction challenges encountered in
the development of large-scale precast concrete cryogenic storage tanks, along with special
considerations necessary when fabricating, handling, erecting, temporarily supporting,
integrating, and post-tensioning long and slender precast concrete wall elements.

There are many codes that introduce procedures to analyze and design above-ground
steel storage tanks such as the API [10]. However, accidents still occur. These codes depend
on the response spectrum analysis to design these tanks in the dynamic stage and they
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don’t take into consideration the soil–structure interaction. Therefore, this research is
interesting in studying steel storage tanks using time history analysis and taking into
consideration the soil–structure interaction. Five models of above-ground steel storage
tanks resting over different types of clay soils (medium-stiff clay, stiff clay, and very stiff
clay soils) are analyzed using the finite element program ADINA [17] under the effect of
static and dynamic loading. The soil underneath the tank is truly simulated using a 3D
solid (porous media) element and the used material model is the Cam-clay soil model. The
fluid in the tank is modeled depending on the Navier–Stokes fluid equation. Moreover,
the earthquake record used in this analysis is the horizontal component of the Loma Prieta
Earthquake. The analyzed tanks are circular steel tanks with the same height (10 m) and
different diameters (ranging from 15 m to 40 m). Although elephant foot buckling is one of
the most common types of failure in these steel tanks, it is out of the scope of this research.
This research focuses mainly on soil–structure interaction and the static and dynamic effect
of different soil types on circular steel tanks.

2. FE Modeling

In this part, unanchored above-ground steel storage tanks are studied using the finite
element program ADINA (System 9.6.0, ADINA R&D, Inc., Watertown, MA, USA) [17].
In general, the whole steel tank and the underlying soils and foundation elements (50 cm
embedded reinforced concrete foundation) are modeled in 3D, as shown in Figure 1. The
main advantage of this study is that the soil underneath the tank is truly simulated using a
3D solid (porous media) element, and the used material model is the Cam-clay soil model.
However, most previous research simulates the soil underneath the tank as spring supports.
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Figure 1. A 3D FE model of the above-ground open-top oil storage tank.

ADINA FSI offers comprehensive capabilities for solving problems involving the
interaction between general nonlinear structures and general Navier–Stokes or Reynolds
fluid flow all tightly integrated in a single program (one model). In addition, the Direct
FSI Coupling solution method was used where the fluid and solid equations are combined
and treated in one system (one stiffness matrix), linearized, and solved using an iterative
algorithm (the Newton–Raphson method) [14].

2.1. Elements

The steel tank walls are represented by elastic isotropic shell elements, which are also
used to model the tank bottom plate and reinforced concrete foundation. Moreover, the fluid
inside the tank is modeled by a 3D fluid linear potential-based element with a free surface
with the capability to consider fluid–structure interaction under the applied acceleration.
The fluid in the tank is modeled depending on the Navier–Stokes fluid equation. The
equation is a generalization of the equation devised by the Swiss mathematician Leonhard
Euler in the 18th century to describe the flow of incompressible and frictionless fluids.
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2.2. Boundary Conditions

For static analysis, the side boundary of the soil is considered to be roller support
to allow soil settlement. However, the lower boundary is taken to be hinged support to
prevent horizontal and vertical movements, as shown in Figure 1. During the seismic
loading, rollers in the side boundaries are removed, and the right and left corresponding
finite element nodes are set to primary and secondary, forcing the nodes on the left side
of the mesh to act exactly as the similar node in the right boundary of the mesh. In such
conditions, the whole soil domain will act as a gel with each node on one side to be tied
to a similar node on the other side. The incident earthquake waves in such cases will not
be reflected back into the soil domain because there are no rigid side boundaries. This
technique is widely applied in soil dynamics applications, among them [18,19]. Moreover,
the hinge supports at the lower boundary of the model are switched to roller supports to
allow horizontal movement due to the earthquake. ADINA software allows modeling the
pore pressure on the soil volume and auto-assigns its boundary conditions based on the
boundary conditions of the soil. The earthquake horizontal component acceleration-time
history is applied at the bottom of the soil domain inducing the effect of the earthquake
motion in that domain. The horizontal component of an earthquake has the greatest impact
on the structures [20]. Therefore, the horizontal component of the Loma Prieta Earthquake
accelerations is considered in this research.

The size of the soil domain is presented in Figure 2. Many trials are performed using
different dimensions of the soil media to reach the minimum media size which does not
affect the accuracy of the results. These trials are carried out to attain the maximum element
size which does not affect the results in order to reduce the time of solution.
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2.3. Materials

The tank shell and reinforced concrete foundation are represented by elastic isotropic
shell elements. The linear elastic-isotropic material model is available for the 3D solid ele-
ments. Three parameters are used to define the elastic-isotropic material. These parameters
are Young’s modulus (E), Poisson’s ratio (v), and density (ρ). The base and shell materials
are taken according to ASTM A516 [21] to be steel with Grade 70. Moreover, the fluid inside
the tank is modeled by a 3D fluid linear potential-based element with a free surface as
Navier–Stokes fluid with the capability to consider the fluid–structure interaction under
the applied acceleration. The specific gravity of the liquid (oil) inside the tank is equal
to 0.9.

The soil is simulated using the Cam-clay soil model. Six parameters are needed to
define the model. These parameters are the initial void ratio (eo), the Poisson’s ratio (
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unloading–reloading index (κ), the compression index (λ), the isotropic pre-consolidation
pressure (Po), and the friction angle (Ø’). The first five parameters express the soil stiffness
and the sixth parameter is used to predict the shear strength [22,23]. Modeling of the soil
nonlinear behavior using the Cam-clay model in ADINA requires the main five parameters,
as input for the Cam-clay model. Other intrinsic parameters are also needed in modeling,
such as the modulus of elasticity, bulk density, and Poisson’s ratio [17]. The properties of
clay soils, steel, and concrete materials used in this research are listed in Table 1.

Table 1. Properties of the used clay soils.

Properties Medium-Stiff Clay Stiff Clay Very Stiff Clay Concrete Steel

Poisson’s ratio, (
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The element birth and death feature is useful for modeling processes during which
material is added to and/or removed from the structure. In this research, the birth and
death option is used. The stiff clay soil is born at time = 0 s (at the beginning of the model)
and after that, the foundation (steel plate) is born, then the tank shell and the fluid are also
born, respectively.

2.4. Procedures of the FE Analysis

The static and dynamic analyses are conducted to analyze the performance of the
various tank models resting over different clay soils. Firstly, the static analysis is carried out
which includes defining and modeling the tank, soil, foundation, and liquid and applying
the boundary conditions. The total settlement, differential settlement, and stresses in soil
are calculated after this stage of analysis. Secondly, the dynamic analysis is performed,
which includes applying the seismic loads at the lower soil domain boundary to account
for a striking earthquake event as an acceleration-time history. The earthquake record used
in this analysis is the horizontal component of the Loma Prieta Earthquake [24], as shown
in Figure 3.
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2.5. Details of the Studied Tanks

Five models of circular steel tanks with the same height (10 m) and different diameters
(ranging from 15 m to 40 m) are considered in this study, as listed in Table 2. These
dimensions are chosen according to their prevalence in the industry. Figure 2 shows the FE
model of the above-ground open-top oil storage steel tank resting on extended stiff clay
soil.

Table 2. Tank identification, geometries, and aspect ratio (H/D).

Tank Identification Tank Diameter, D (m) Aspect Ratio, H/D Shell Thickness, t (mm) Bottom Plate
Thickness, ta (mm)

1 40 0.25 12 8

2 30 0.33 10 8

3 25 0.40 9 6

4 20 0.50 8 6

5 15 0.67 6 6

3. Results of the Static Analysis
3.1. The Consolidation Settlement under the Base Plate of the Tank

Consolidation settlement of clay soil is a very significant factor in studying structures
resting over such soil. In this paper, the static loads that cause consolidation settlement are
the tank shell, tank base plate, and oil inside the tank. Local codes give limits to the total
and differential settlements. The Egyptian Code [25] gives a limit of the total settlement of
a raft resting on clay soil not exceeding 15 cm. The relationship between the tank diameter
and the maximum settlement in different clay soils is presented in Figure 4. It is noticed
that the settlement increases with the increase in the tank diameter for all cases of different
types of clay. Increasing the tank diameter from 15 m to 40 m causes an increase in the total
settlement from 9.72 cm to 15.60 cm for the case of medium-stiff clay. This represents a 60%
increase in the total settlement. However, increasing the tank diameter from 15 m to 40 m
causes only an increase in the total settlement by 44% and 40% for the cases of stiff clay and
very stiff clay soils, respectively. Figure 5 shows the color contour shading of the settlement
under the tank for the stiff clay soil case. It is clear from these results that the maximum
value of the settlement occurs under the tank foundation directly and whenever the soil
depth under the tank goes down, the settlement decreases.
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3.2. The Vertical Stress within the Soil Media

The vertical stress in the soil domain is mainly induced by the weight of its solid
particles, water, and any structure constructed above the soil. It is very important to
estimate this kind of stress because of its effect on the behavior of structures constructed
over that soil. Figure 6 presents the color contour shading of stress ZZ (overburden pressure
+ weights of tank and fluid) for the tank in the case of medium-stiff clay. As seen from
these results, the pressure increases just under the tank because of the additional stress that
comes from the tank and fluid weights.
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The relation between the additional stress due to the tank and fluid weights (∆σ) and
the ratio between the depth under the tank and the tank diameter (d/B) in the case of stiff
clay is presented in Figure 7. It is found that the values of the additional stress under the
tank base (at d/B = 0) are 79,850, 84,600, 83,700, 81,700, and 83,200 N/m2 for the analyzed
cases (see Table 2). However, these values decrease gradually whenever the depth under
the tank goes down for all cases. At d/B = 1.5, the additional stresses reach 15,115, 15,650.5,
13,742.2, 11,275, and 10,693.6 N/m2 for the analyzed cases. These values are only about
18.9%, 18.5%, 16.4%, 13.8%, and 12.8% of the stress values under the tank base. These
results confirm the empirical results that consider 15% of the stress can be reached at a
depth of 1.5 of the footing width [25].
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Figure 7. The additional stress results at different depths for different tank diameters in the case of
stiff clay.

4. Results of the Dynamic Analysis

The following dynamic results were extracted from the influence of one earthquake
(Loma Prieta) records on the steel storage tanks over different types of clay soil.

4.1. The Settlement under the Tank Base Plate

During earthquakes, settlement under the structures varies which may lead to struc-
ture or serviceability damages. Therefore, studying settlement under steel storage tanks due
to the Loma Prieta earthquake is presented in this section. Figure 8 shows the relationships
between the tank diameter and the excess settlement under the tank after the earthquake
for all studied cases. It is found that decreasing the tank diameter leads to an increase in
the settlement. The excess settlement increases from 0 to 8.5 mm, from 3.4 to 17 mm, and
from 9.9 to 22 mm for the tanks rest over medium-stiff clay, stiff clay, and very stiff clay,
respectively, when the tank diameter decreases from 40 to 15 m. It is also noticed that the
soil under the tanks has a noticeable effect on the behavior of the studied tanks. The tanks
resting over the medium-stiff clay (the weakest soil) give a lower permanent settlement
after the earthquake because of its low elastic modulus which leads to the absorption of
the earthquake waves in comparison to the other types of soil. Therefore, the tanks with
high diameters experience the lowest values of settlements after the dynamic excitations.
Figure 9 presents the settlement time history of tank 5 in the cases of medium-stiff clay
and very stiff clay. It is noticed that there is a noticeable sudden settlement at 13.30 s (close
to the peak ground acceleration of the earthquake) for both cases where the maximum
settlement reaches 44 mm and 32 mm for the two cases, respectively. On the other hand,
the settlement oscillates around 8.5 mm and 22 mm for the tank resting over medium-stiff
clay and very stiff clay, respectively.



CivilEng 2023, 4 1177

CivilEng 2023, 4, FOR PEER REVIEW 9 
 

 

due to the Loma Prieta earthquake is presented in this section. Figure 8 shows the rela-
tionships between the tank diameter and the excess settlement under the tank after the 
earthquake for all studied cases. It is found that decreasing the tank diameter leads to an 
increase in the settlement. The excess settlement increases from 0 to 8.5 mm, from 3.4 to 
17 mm, and from 9.9 to 22 mm for the tanks rest over medium-stiff clay, stiff clay, and 
very stiff clay, respectively, when the tank diameter decreases from 40 to 15 m. It is also 
noticed that the soil under the tanks has a noticeable effect on the behavior of the studied 
tanks. The tanks resting over the medium-stiff clay (the weakest soil) give a lower perma-
nent settlement after the earthquake because of its low elastic modulus which leads to the 
absorption of the earthquake waves in comparison to the other types of soil. Therefore, 
the tanks with high diameters experience the lowest values of settlements after the dy-
namic excitations. Figure 9 presents the settlement time history of tank 5 in the cases of 
medium-stiff clay and very stiff clay. It is noticed that there is a noticeable sudden settle-
ment at 13.30 s (close to the peak ground acceleration of the earthquake) for both cases 
where the maximum settlement reaches 44 mm and 32 mm for the two cases, respectively. 
On the other hand, the settlement oscillates around 8.5 mm and 22 mm for the tank resting 
over medium-stiff clay and very stiff clay, respectively. 

 
Figure 8. The excess settlement under the tank during the earthquake for all cases. 

 
Figure 9. Variation of the dynamic settlement with time during the earthquake for tank 5 resting 
over medium-stiff clay and very stiff clay. 

24

20

16

12

8

4

0
10 15 20 25 30 35 40

Tank Diameter (m)

S ff Clay
Med. S ff Clay
Very S ff Clay

Figure 8. The excess settlement under the tank during the earthquake for all cases.
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4.2. The Vertical Stresses within the Soil Media

The vertical stresses within the soil media vary during the earthquake excitations.
Therefore, it is important to study the vertical stresses during the earthquake to detect
the maximum values of these stresses and the corresponding times at which they occur.
Figure 10 shows the variation in the vertical stresses with time at a critical point located
under the corner of the base plate of tank 4 for the cases of medium-stiff clay, stiff clay, and
very stiff clay soils. The maximum values of the dynamic vertical stresses are 583, 755.8,
and 791 kPa for the cases of medium-stiff clay, stiff clay, and very stiff clay soils, respectively,
and occur at a time around 13.02 s, which is close to the peak ground acceleration of the
earthquake. There are 29.6% and 35.6% increases in the peak stresses in the cases of stiff clay
and very stiff clay soils, respectively. The lower elastic modulus value of the medium-stiff
clay soil, in comparison to the other types, leads to the absorption of earthquake waves
and, subsequently, relief of the vertical stress values.
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corner of the base plate for tank 4.

Figure 11 presents the relationship between the tank diameter and the vertical dynamic
stress for the cases of medium-stiff clay, stiff clay, and very stiff clay soils. For tank 1 with a
diameter of 40 m, the vertical dynamic stress increases from 230 kPa to 442 kPa (by 92.1%)
when the medium-stiff clay soil is replaced with the very stiff clay soil. The results in
Figure 11 confirm that decreasing the tank diameter from 40 m to 20 m causes reductions in
the vertical dynamic stresses under the tank by 60.5%, 47.8%, and 44.1% for the medium-
stiff clay, stiff clay, and very stiff clay soils, respectively. On the other hand, decreasing the
tank diameter from 20 m to 15 m has no noticeable effect on the vertical dynamic stress for
all the studied cases. Moreover, the tanks resting over the medium-stiff clay soil (weakest
soil) show the minimum values of these stresses during the earthquake.
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Figure 11. Effect of the tank diameter on the peak vertical dynamic stresses.

4.3. The Axial Compressive Stresses in the Tank Shells

Studying the axial compression stresses in the tank shells is extremely important
because it may cause failure in the tank shell (buckling failure). Therefore, the maximum
longitudinal shell-membrane compression stresses are investigated for all the studied cases
(medium-stiff clay, stiff clay, and very stiff clay soils). It is found that the maximum axial
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compression stress in the tank shell occurs at the lower boundary of the tank. Figure 12
presents the relationship between the tank diameter and the maximum axial dynamic com-
pression stress in the tank shell. The results show that the tanks resting over medium-stiff
clay soil (weakest soil) show the minimum values of the axial compression stresses because
of the low elastic modulus of this soil which leads to the absorption of the earthquake
waves in comparison to the other types of soils. Moreover, decreasing the tank diameter
from 40 m to 15 m causes significant increases in the axial compression stress by 265%,
186%, and 172% for the tanks resting over medium-stiff clay, stiff clay, and very stiff clay
soils, respectively.
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Figure 12. The effect of the tank diameter on the maximum axial dynamic compression stress in the
tank shell.

Figure 13 shows the variation of axial compression stress with time at a critical point
located under the corner of the tank shell (tank 3) for the cases of medium-stiff clay, stiff
clay, and very stiff clay soils. The values of maximum axial compression stresses are 6.3,
7.7, and 7.6 MPa for all studied cases, respectively, and occur at a time around 13.0 s (close
to the peak ground acceleration of the earthquake).

CivilEng 2023, 4, FOR PEER REVIEW 12 
 

 

clay, and very stiff clay soils. The values of maximum axial compression stresses are 6.3, 
7.7, and 7.6 MPa for all studied cases, respectively, and occur at a time around 13.0 s (close 
to the peak ground acceleration of the earthquake). 

 
Figure 13. Variation of the axial dynamic compression stresses with time at a critical point located 
under the tank shell for tank 3. 

5. Conclusions 
In this study, five models of above-ground steel storage tanks resting over different 

types of clay soils (medium-stiff clay, stiff clay, and very stiff clay soils) are analyzed using 
the finite element program ADINA under the effect of static and dynamic loading (Loma 
Prieta earthquake only). The soil underneath the tank is truly simulated using a 3D solid 
(porous media) element and the used material model is the Cam-clay soil model. The fluid 
in the tank is modeled depending on the Navier–Stokes fluid equation. Moreover, the 
earthquake record used in this analysis is the horizontal component of the Loma Prieta 
Earthquake. The analyzed tanks are circular steel tanks with the same height and different 
diameters. The numerical results could lead to the following conclusions: 
1. The settlement under static loading increases with increasing the tank diameter for 

all cases of different types of clay. Increasing the tank diameter from 15 m to 40 m 
causes a 60% increase in the total settlement for the case of medium-stiff clay. How-
ever, the increases are 44% and 40% for the cases of stiff clay and very stiff clay soils, 
respectively. 

2. The vertical static stresses just under the tank are the maximum because of the addi-
tional stress that comes from the tank and fluid weights. However, these values de-
crease gradually (about 18.9%, 18.5%, 16.4%, 13.8%, and 12.8% of the stress values 
under the tank base) whenever the soil depth under the tank goes down for all cases. 
These results confirm the empirical results that consider 15% of the stress can be 
reached at a depth of 1.5 of the footing width. 

3. The soil under the tanks has a noticeable effect on the dynamic behavior of the stud-
ied tanks. The tanks resting over the medium-stiff clay (the weakest soil) give a lower 
permanent settlement after the earthquake because of its low elastic modulus which 
leads to the absorption of the earthquake waves in comparison to the other types of 
soil. 

4. There are 29.6% and 35.6% increases in the peak dynamic stresses under the tanks in 
the cases of stiff clay and very stiff clay soils, respectively. The maximum values of 
the dynamic vertical stresses occur at a time around 13.02 s, which is close to the peak 
ground acceleration of the earthquake. 

Figure 13. Variation of the axial dynamic compression stresses with time at a critical point located
under the tank shell for tank 3.



CivilEng 2023, 4 1180

5. Conclusions

In this study, five models of above-ground steel storage tanks resting over different
types of clay soils (medium-stiff clay, stiff clay, and very stiff clay soils) are analyzed using
the finite element program ADINA under the effect of static and dynamic loading (Loma
Prieta earthquake only). The soil underneath the tank is truly simulated using a 3D solid
(porous media) element and the used material model is the Cam-clay soil model. The fluid
in the tank is modeled depending on the Navier–Stokes fluid equation. Moreover, the
earthquake record used in this analysis is the horizontal component of the Loma Prieta
Earthquake. The analyzed tanks are circular steel tanks with the same height and different
diameters. The numerical results could lead to the following conclusions:

1. The settlement under static loading increases with increasing the tank diameter for all
cases of different types of clay. Increasing the tank diameter from 15 m to 40 m causes
a 60% increase in the total settlement for the case of medium-stiff clay. However,
the increases are 44% and 40% for the cases of stiff clay and very stiff clay soils,
respectively.

2. The vertical static stresses just under the tank are the maximum because of the
additional stress that comes from the tank and fluid weights. However, these values
decrease gradually (about 18.9%, 18.5%, 16.4%, 13.8%, and 12.8% of the stress values
under the tank base) whenever the soil depth under the tank goes down for all cases.
These results confirm the empirical results that consider 15% of the stress can be
reached at a depth of 1.5 of the footing width.

3. The soil under the tanks has a noticeable effect on the dynamic behavior of the studied
tanks. The tanks resting over the medium-stiff clay (the weakest soil) give a lower
permanent settlement after the earthquake because of its low elastic modulus which
leads to the absorption of the earthquake waves in comparison to the other types
of soil.

4. There are 29.6% and 35.6% increases in the peak dynamic stresses under the tanks in
the cases of stiff clay and very stiff clay soils, respectively. The maximum values of
the dynamic vertical stresses occur at a time around 13.02 s, which is close to the peak
ground acceleration of the earthquake.

5. The tanks resting over medium-stiff clay soil (weakest soil) show the minimum values
of the axial compression stresses in the tank shells because of the low elastic modulus
of this soil which leads to the absorption of the earthquake waves in comparison to the
other types of soils. Moreover, decreasing the tank diameter from 40 m to 15 m causes
significant increases in the axial compression stress by 265%, 186%, and 172% for the
tanks resting over medium-stiff clay, stiff clay, and very stiff clay soils, respectively.
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