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Cylindrical tanks are fundamental structures used for the storage of liquids.
Sloshing caused by earthquakes in tanks without enough freeboard leads to a
liquid impact on the roof of tanks. This study aims to explore the base shear
variation due to insufficient freeboard using experimental and numerical methods.
The experimental tests are performed using a cylindrical liquid tank excited by
various harmonic loads. The impact of some parameters such as the water height to
tank radius ratio and freeboard on base shear force are investigated by conducting
90 tests. Impulsive and convective masses for simplified mass-spring are modified
in numerical models so that experimental and numerical base shear results
are consistent. Finally, a simple analytical solution to estimate the reduction of
convective mass due to insufficient freeboard is suggested and validated using
experimental results.
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ABSTRACT

1. Introduction

Cylindrical storage tanks are prevalent structures
utilized globally to store water, chemicals, and
petroleum products. Their safety and durability are
really essential because there can be severe con-
sequences even for minimal failure. Earthquake is
one of the most severe natural hazards damaging
major industrial facilities. Immediately after the
damaging earthquakes, water supplies are vital not
only to deal with possible subsequent fires but also
to prevent disease epidemics. Therefore, in addition
to tanks economic cost, the seismic performance of
liquid storage tanks is of particular significance
owing to the need to remain operational after a
major earthquake. However, dynamic response of

the steel cylindrical liquid storage tank strongly
relies on the interaction between the fluid and
structure including the sloshing of the liquid and the
vibration of the tank structure. This emphasizes
the required clarification for the tank structure's
safety.

The vertical cylindrical tank is the most suitable
types of container. Damage to fluid storage tanks
caused by previous earthquakes has inspired several
experimental and analytical studies on vertical
cylindrical tank seismic reaction. In order to predict
seismic tanks responses such as base shear, over-
turning moment and maximum sloshing wave
height (MSWH), some simplified Mass-Spring-
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Models (MSMs) have been proposed. The sloshing
phenomenon can cause adverse and destructive
effects in liquid storage tanks subjected to seismic
loads. For instance, the failure of the floating roof
and the fire of oil storage tanks due to the impact
of liquid waves were frequently observed [1].
MSWHs are used for calculating sufficient free-
board between the surface of liquid and tank roof
to prevent the impact of sloshing waves on the
roof [2].

Since the early 1930s, several studies have been
conducted on the seismic reaction of rigid cylindrical
liquid storage tanks. In order to calculate the seismic
reaction of liquid storage tanks, a simple MSM was
proposed by Housner [3-4] and gained further
widespread popularity after minimal adjustments for
rectangular and cylindrical tank analyses. The
simplified MSM proposed for a stiff tank was
comprised of two single-degree-of-freedom (SDOF)
systems; one SDOF system accounting for the
movement of the tank-liquid structure where a
portion of the stored fluid is rigidly connected to the
reservoir wall known as an impulsive mode, and the
other SDOF system takes into account the sloshing
fluid effect on the reservoir wall known as a
convective mode [5]. Regarding the flexibility of
steel tanks walls, some scientists showed that
the hydrodynamic stress in flexible liquid storage
tanks was considerably increased compared to the
solid tanks (Veletsos and Yang [6]; Haroun and
Housner [7]). For instance, Veletsos [8] introduced a
method assuming that the seismic loading reservoir
acts as a cantilevered beam. They also add one
convective mass and spring to the Housner's model
to consider the effect of higher modes. Malhotra et
al. [9] used one convective mode to modify the
properties of the simplified MSM proposed by
Veletsos and Yang [6]. Moreover, Goudarzi and
Sabbagh-Yazdi [10] examined the reliability of the
results of the modified MSM developed by Malholtra
et al. [9] for the design of liquid storage tanks using
a finite element model (FEM). They found out the
results calculated from the FEM analysis of time
history show good agreements with the simplified
MSM for most cases.

The MSM based on linear theory has been widely
used by numerous researchers and well-known
design standards to measure the seismic design
parameters (e.g. free surface displacement, base

shear, and overturning moment) for liquid storage
tanks. For evaluating small amplitude motions in
tanks, analytical solutions based on linear wave
theory are very useful. Abramson [11] used a linear
theory to simulate the sloshing of small amplitude in a
container. Furthermore, Chen and Chiang [12] used
the Euler equation to evaluate the sloshing flow
caused by the wave in a rigid floating tank. Wu et
al. [13] provided an analytical solution for linear
Navier - Stokes equations with a linear free-surface
condition for sloshing waves. Goudarzi and Sabbagh-
Yazdi [14] investigated the non-linear behavior of
sloshing in rectangular tanks using numerical and
experimental methods. They concluded that the
non-linear effects resulted in larger sloshing wave
height than the linear condition only in broad tanks.
Kabiri et al. [15] also performed an elaborate
investigation on sloshing wave impact force
(SWIF) due to insufficient freeboard in rectangular
tanks using both numerical and experimental
methods. They performed several shaking table
tests on small-scale tanks to validate their numerical
models and then studied the SWIF in full-scale tanks
using numerical simulation. They showed that the
simplified methods suggested by standard codes
(e.g. ACI) for calculating SWI, considerably under-
estimate the sloshing force.

In addition to analytical researches, De Angelis
et al. [16] conducted an experimental investigation
on the seismic response of a floating roof-equipped
storage tank in a number of shaking table experi-
ments. The experiments did not, however, consider
the level of the contained fluid. Zhang et al. [17]
performed shaking table tests on a steel storage tank
to investigate the performance of friction pendulum
bearings but they also did not considered the
contained fluid height. Burkacki and Jankowski [18]
conducted a shaking table test on a scaled 1:33.33
model and found that the height of the liquid inside
a container had a significant impact on the dynamic
response and therefore is an important factor to
consider in structural analysis. Bae and Park [19]
have provided the outcomes of shaking table tests
to examine the impacts of the fixed roof and the
additional mass at the top of the tank on dynamic
behavior of the tank. Park et al. [20] also researched
oval-type and beam-type vibration methods using
shaking table experiments at various water levels
on a cylindrical fixed-roof steel tank.
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In fixed-roof tanks, sufficient freeboard distance
is necessary to avoid the impact of the wave on the
tank roof and liquid sloshing during the earthquake.
Sloshing can cause a significant hydrodynamic
impact on the roof of the storage tank if the free-
board is not adequately taken into account. Hence,
it is difficult to assess the maximum sloshing wave
height for various situations and consequently the
sufficient freeboard which is not even always
feasible. The insufficient freeboard has two major
effects on tanks: Firstly, this phenomenon causes
a huge upward force on the roof of the tanks owing
to the sloshing pressure. Several researchers had
investigated this phenomenon, for instance
Milgram [21] studied pressure distribution on a
liquid tank roof by carrying out a series of experi-
ments in a pool-type reactor vessel. Minowa [22]
and Minowa et al. [23] conducted a sequence of
shaking table experiments on a rectangular tank to
assess roof impact pressure, natural frequencies,
and bulging vibration modes. Their outcomes indic-
ated the risk of serious damage owing to the sloshing
impact. Goudarzi et al. [24] studied sloshing-induced
effect through experimental research and proposed
an analytical method to evaluate the maximum
impact force on tank roofs. Secondly, it may increase
impulsive and decrease convective masses. Sub-
sequently, this increases base shear force due to
constraining performance of the roof. It should be
highlighted that despite the significant effect of the
latter feature, so far neither numerical modeling
nor experimental studies have been performed to
estimate its impact on shear-base forces. In this
regard, Malhotra [25-26] introduced a simple practi-
cal procedure in order to measure sloshing pressure
in case of insufficient freeboard. According to this
study, for zero free board, the entire fluid mass
moves along with tank and acts like an impulsive
mass. Consequently, as the convective mass reduces
linearly towards zero, the impulsive mass increases
linearly towards the total mass of liquid as a function
of actual-to-required free board ratio. The approach
is mostly proposed for practical purposes because it
is rely on too simplified assumptions and we believe
further investigation is required to evaluate the
accuracy of this method.

The primary goal of this study is to investigate
hydrodynamic forces redistribution and discuss the

variation of impulsive and convective masses with
insufficient freeboard in cylindrical vertical storage
tanks.

In this study, we start our presentation with a
description of the mass spring model and we then
explain the series of comprehensive experiments
undertaken on a small-scaled cylindrical tank
excited by various harmonic time histories. Then,
we proposed a theoretical equation to estimate
impulsive and convective masses for tanks with
insufficient freeboard using the results calculated
from experimental tests under liquid sloshing effect
during harmonic excitation. Using the resulting
impulsive and convective masses, we calculated
base-shear forces for numerous experimental cases,
and then compared them with the experimental
results.

In addition, this paper discusses the influence of
various loading frequencies on base shear values
after various freeboards using the modified masses.
This work was performed on five cylindrical fix
roof tanks having different height of water-to-radius
of tanks ratios. Finally, attempts are made to scruti-
nize the shear waves as functions of water height
and loading frequency parameters for two tanks
with different H/R ratios.

2. Simplified Mass Spring Model (MSM)

Simplified MSM was initially introduced by
Housner [3-5]. After that, Veletsos and Yang [6]
improved Housner's model by considering the
effects of tanks wall flexibility on the pressure
distribution of liquids and its corresponding forces
on the tank structure using an analytical model.
Following that Malhotra [9] enhanced Veletsos and
Yang [6] model by: 1) adding the higher impulsive
and convective modal mass to their first modes,
2) generalizing the formula for the impulsive period
to be applied to steel and concrete tanks of different
wall thicknesses, and 3) modifying impulsive and
convective heights.

The simple MSM is shown in Figure (1). As
shown in this figure, impulsive mass, denoted as mi,
and convective mass, denoted as mc are both
connected to tanks wall with springs. Values of
these masses, their natural periods as well as their
heights (hi and hc in Figure 1) are presented by
Malhotra [9] for different H/R ratios. Although the
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Figure 1. Simplified MSM [9].

convective mass contribution is small for slender
tanks, for broad tanks, it can be more than 50% of
the total liquid mass.

One of the fundamental assumptions of the
simple MSM is the free movement of the liquid
surface, so that in presence of the fixed-roof,
sufficient freeboard must be deemed to avoid the
impact of waves on the tank roof. An insufficient
freeboard in tanks affects the distribution of hy-
drodynamic forces and subsequently changes the
impulsive and convective mass portions which
results in a change in the base shear force.

If the freeboard falls to zero, the liquid cannot
generate any waves and therefore, the convective
mass tends to diminish. As to before-mentioned
fact, Malhotra [25-26] proposed simple relation-
ships (Equations 1, 2) to modify and recalculate
the impulsive and convective masses, particularly
for further use in engineering practices. He assumed
convective mass decreases linearly from mc for
sufficient freeboard to zero for zero freeboard and
consequently, the impulsive mass increases linearly
from mi towards the total mass of liquid.
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In Equations (1) and (2), mi and mc are the im-
pulsive and convective masses respectively in
case of sufficient freeboard, computed through

commonly used standards. ( )im  and ( )cm  are the
modified impulsive and convective masses, res-
pectively; and d and fd  are actual and required
freeboard, respectively. It should be highlighted
that in case of inadequate freeboard, ( )im  and ( )cm
should be used instead of im  and .cm

In tanks having short freeboard, seismic design
forces (e.g. base shear) may significantly alter
gradually due to the sloshing impact to the roof
leading to changes in the dynamic force values. It is
worth mentioning that except the simple equations
developed by Malhotra [25-26], this feature has not
been studied in detail, and more importantly it has
not been embedded in any design codes and
standards. Providing a detailed investigation of
this phenomenon is of particular importance.

3. Experimental Study

In present study, the experimental measurement
was considered as the principal technique to study
the influence of the insufficient freeboard on seismic
design forces for cylindrical tanks subjected to
various harmonic time histories. For this purpose, a
tank of 1 m diameter and 1.2 m height made of
Plexiglas plates with 2 cm thickness was used to
perform experimental tests (Figure 2). Figure (2)
shows the schematic (right panels) and real (left
panels) pictures of the experimental setup used in
present study.

As indicated in Figure (2), the under-studied
storage tank (Figure 2-a) was connected rigidly to
the horizontal steel frame placed on four bearings
(Figure 2-c) to prevent any transferring forces
from the surface of the shaking table (Figure 2-b) to
the tanks bottom. This enabled us to accurately
measure the base shear forces under the harmonic
loads.

In order to measure the total shear force, two
horizontal force transducers (Figure 2-e) were
utilized while attached to a solid supporting steel
structure (Figure 2-f) to transfer the total movement
of the shaking table to the storage tank. The details
of the structure and transducers are indicated in
Figure (2). For adjusting the height of the roof,
four stud bolts are attached to the roof, which
allowed us to shift the roof at various heights.

In order to investigate the water height effect,
four cases were considered as follows: 25, 50, 75,
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Figure 2. Schematic and real photo of the experimental setup.

and 95 cm water depths that represent H/R ratios
of 0.5, 1, 1.5, and 1.9, respectively.

As indicated in Table (1), each H/R case is
presented as functions of harmonic loading and
freeboard. Harmonic loadings are introduced by
two parameters namely frequency and amplitude of
the applied loads. The first and second load case
represent a frequency lower than and equal to the

Table 1. Details of water heights, H/R, harmonic loadings cases, and freeboards used in experimental tests of current study.

resonant frequency of convective mode. The last
two loadings (load cases 3 and 4) represent fre-
quencies higher than the resonant frequency of
convective mode. The details of all loading cate-
gories are shown in the first row of Table (1).
Furthermore, for each load case, four to seven
different freeboard heights were considered for
further investigation.
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Overall, 90 number of experimental tests were
performed. In order to assess the reliability and
stability of the results, we visually inspected the
recorded accelerations and forces resulted from
shaking table tests (e.g. check does not have any
spike or does not triggered or it does not record
thoroughly). This validation process was done for
all experimental cases. Following this we decided to
re-perform the experiment for about 30 numbers of
cases to validate the results and if necessary modify
the incorrect measured data.

Maximum base shear forces obtained from 90
experimental tests are listed in Table (2). It is worth
mentioning that the effect of bodyweight contained
the total base shear recorded by two horizontal
transducers which must be eliminated. Consequently,
we confirm herein that the net base shear induced
by the liquid was obtained from the total recorded
shear force based on the primary premise that the
tank was solid enough to oscillate consistent with
the shaking table oscillations.

Figure (3) shows time histories of the resultant
base shear forces for four experimental cases with
sufficient freeboards in terms of water height of

75 cm (top row) and 95 cm (2nd row) as well as
loading frequencies of 1 Hz (left panels) and 0.85 Hz
(right panels). Apparent from this figure, in the first
few cycles, the maximum base shear forces under
the harmonic loads show high amplitude and de-
crease gradually over time. Finally, after a few
number of cycles, the maximum base shear converge
to a constant value, as can be seen in Figure (3).
Similar attitude is shown by majority of cases, except
the ones having frequency of resonance. Regarding
aforementioned statement, the maximum base
shear value over the last 20 seconds of the forced
vibration of the corresponding time history is con-
sidered as the maximum base shear force for almost
all cases. Whereas, for the case of resonance with
sufficient freeboard, the maximum value of base
shear should be considered over the whole loading
duration.

From Table (2), it is immediately apparent
from the experimental results of the low-frequency
loads that the maximum base shear force does not
necessarily increase with decreasing freeboard.
This observation was contrary to the experimental
results obtained from seismic loading discussed

Table 2. Maximum base shear force for experimental cases (N).
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Figure 3. Time history of base shear (N) for four experimental cases with sufficient freeboard.

by Goudarzi et al. [27]. Moreover, according to
Table (2), the results show that for harmonic loads
with frequency lower or equal to the resonance
frequency, the maximum base shear force increases
as the freeboard height increases. For harmonic
loads with frequencies slightly higher than the
resonant frequency, the base shear value increases

Figure 4. MBSF against loading periods (Tdr) for a tank with H/D = 0.25.

with decreasing freeboard, which is similar to the
observations under seismic loading. Also there is a
transition zone that refers to the frequency between
resonant frequency and slightly more the results
indicate that base shear force might initially de-
creases and then increase by increasing freeboard
(see Figures 4 to 8)
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Figure 5. MBSF against loading periods (Tdr) for a tank with H/D = 0.5.

4. The Proposed Analytical Technique

As discussed in previous section, the experi-
mental results corroborate the issue that the base
shear force under the influence of insufficient
freeboard in tanks resulted in a nonlinear trend.
Therefore, in order to modify the MSM according
to the corresponding insufficient freeboard in tanks,
the simplified mechanism of liquid impact on roof
should be investigated in detail. Figure (9) depicts
the schematic plot of the liquid motion in cylindrical

Figure 6. MBSF against loading periods (Tdr) for a tank with H/D = 1.

tanks with and without sufficient freeboard.
Apparent from left panel of Figure (9), the liquid
motion will not collide with the roof for a tank
with sufficient freeboard. While, for a tank with
insufficient freeboard (Figure 9b), the A1 area on
the roof gets wet because of the redistribution of
the liquid caused by its collision with the tank roof.
To explain more, in the case of zero freeboard, the
entire roof is wet, meaning that A1 is equal to A.
Therefore, as inferred by Equation (3), the decrease
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Figure 7. MBSF against loading periods (Tdr) for a tank with H/D = 2.

Figure 8. MBSF against loading periods (Tdr) for a tank with H/D = 3.

Figure 9. Schematic plot of liquid motion in a cylindrical tank.
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in convective mass is assumed adversely equivalent
to the value of the relative wetted area on the tank
roof (A1/A):

1 1
max

cm

c

mA
A m

= −                                                   (3)

where cmm  is the modified convective mass for
insufficient freeboard in a tank and 

maxcm  is the
original convective mass for the corresponding
tank with sufficient freeboard. In other words,
having the value of A1/A enables us to calculate the

.cmm
As illustrated in Figure (9), at a specific horizontal

acceleration, the slope of the free surface liquid
for both the sufficient and insufficient freeboard
conditions is given by:

R b
a

=
λ

                                                              (4)

Equation (5) is determined by assessing the
empty space volume before and after storage liquid
motion for the insufficient freeboard as follows:

( )

( )

( )

2

22

0

22 2

0
2

.( )

2        

.( ) 2

2              

b

w

R FB

x R R x b dx for   b R
R

R FB x R R x w dx
R

R R w R    for   b R

π =

λ
− + − <

λ
π = − + − +

π λ × − − π λ >

∫

∫      (5)

Please refer to Figure (9b) to have a clearer
view of the computational process.

The third relationship proposed for the relative
wetted area is given by:
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The following relationship developed from the
combination of Equations (4) and (6) for the relative
wetted area:

0.56 2.22
1 1 1.2 0.2A FB FB

A
   = − +   λ λ   

                (7)

Using Equation (8), we determine the relative
portion of the modified convective mass for a tank
with the assumption of insufficient freeboard:

0.56 2.22

1.2 0.2
max

cm

c

m FB FB
m

   = −   λ λ   
               (8)

In Equation (8), 
maxcm  represents the original

convective mass for the tank with sufficient free-
board, and λ  is the maximum wave height in tanks
without any roof. Both of these values were
suggested by the design standard codes (e.g.
ACI350). cmm  is the modified convective mass
in case of insufficient freeboard, and FB is the
insufficient freeboard ranging from zero to .λ

Having 
maxcm and cmm  variables, the modified

impulsive mass, denoted as ,imm  is calculated using
the modified convective mass for the insufficient
freeboard through Equation (9) as follows:

min maxim i c cmm m m m= + −                                   (9)

where 
minim  is the original impulsive mass for a

tank with sufficient freeboard.

5. Numerical Analysis

As mentioned in previous sections, the use of
MSM for assessment of the seismic design para-
meters of tanks is practical. Goudarzi and Sabbagh-
Yazdi [10] examined the accuracy of the MSM
numerically, and concluded that this method is
capable of precise estimation of the base shear force
in tanks with sufficient freeboard. In this section,
we aim to evaluate the accuracy of Equations (8)
and (9) in tanks with insufficient freeboard com-
pared to the experimental harmonic loading test.

According to these equations, under the circu-
mstance of sufficient freeboard, the impulsive and
convective masses are consistent with the mass
values given by seismic design standards for tanks.
On the other hand, in case of zero freeboard, the
whole liquid mass acts as an impulsive mass; in
other words, the convective mass becomes zero.

In this section, to evaluate the accuracy of the
proposed equations (Equations 8 and 9), impulsive
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and convective masses are modified based on the
actual freeboard, and other parameters such as
natural frequency and damping ratio are calculated
according to the experimental results for 90 cases
in terms of H/R levels, loading (frequency and
amplitude), and freeboards. Afterward, the maximum
base shear force is calculated using the exploited
numerical method. The results are tabulated in
Table (3) for all cases. Apparent from Table (3), in
the two limit case of zero freeboard and sufficient
freeboard (i.e. 20 cm freeboard case), the numerical
outcomes are almost similar to the experimental

Table 3. Maximum base shear force for numerical cases (N).

measurements. It should be noted that for both
aforementioned limit cases, the initial values of the
convective and impulsive masses were used without
implementing any adjustment in the numerical
solution. Therefore, our numerical model is developed
properly.

In Table (3), the difference between maximum
base shear forces obtained from the numerical
solution and experimental tests are shown in per-
centages. As can be seen in this table, there is
slight difference between the experimental and
numerical results which is considered negligible.
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The maximum reported difference is 15.11%
which is for H/R = 1, 2 cm freeboard, and load
1.1 Hz and 10 mm amplitude case. Accordingly,
we assure that proposed Equations (8) and (9) are
proper tools for modifying convective and im-
pulsive masses towards determination of the
maximum base shear forces.

Particular attention was paid to comparing the
experimental and numerical results to identify any

Figure 10. Time history of base shear based on a modified MSM and experimental measurements for four freeboard heights. FB
stands for freeboard.

significant bias. For this purpose, as illustrated
in Figures (10) and (11), the experimental- and
numerical-based time histories of base shear force
are plotted against two H/R ratios and load cases
for four freeboard heights. No significant bias can be
appreciated from 16 cases plotted in Figures (5)
and (6).

Generally, we conclude that Equations (8) and (9)
are reliable models to modify masses towards
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Figure 11. Time history of base shear based on a modified MSM and experimental measurements for four freeboard heights. FB
stands for freeboard.

designing tanks with insufficient freeboard using
the MSM. Similar results were observed when
plotting the experimental and numerical base shear
time histories for the rest of cases, not shown here
for brevity.

5.1. Freeboard Effect on Base Shear under
Harmonic Load with Different Frequencies

In this section, we studied the effect of freeboard
on Maximum Base Shear Force (MBSF) for vertical

cylindrical tanks with insufficient freeboard under
various harmonic loads. For this purpose, five tanks
with H/D ratio of 0.25, 0.5, 1, 2 and 3 and fifteen
freeboard heights (FB) from zero to 0.5*H are
analyzed in this section. The period range of harmonic
loading was selected in a way that it contains both
impulsive and convective natural periods ranging from
0.001 to 20 second. The details of diameter (D),  liq-
uid height (H) and freeboard height (FB) are shown
in Table (4).
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The maximum wave height was calculated using
Equation (10). Note that if the wave height was
bigger than the actual freeboard, the masses were
modified using Equations (8) and (9).

0.84 * * c
max

ad R
g

=                                           (10)

where R, ca  and g are tank's radius, convective
mass acceleration and gravitational constant in m/s2

unit, respectively. The results of this section are
indicated in Figures (4) to (8) for five different
H/D. In these figures, the horizontal axis shows
loading period (Tdr) in logarithmic unit and the
vertical axis is MBSF presented in kN unit. Each
figure indicates fifteen freeboard heights plotted by
different colors as shown in the legend.

According to these figures, there is considerable
evidence that with decreasing the freeboard, the
MBSF increases in short-period loads (such as
seismic loads). We highlight that the rate of the
increasing is higher in broad tank. For instance, in
the T = 0.1 s, the MBSF for a tank with H/D = 0.25,
representing broad tanks, and FB = 0 is 569.7 kN;
however, the MBSF for this tank with FB = 0.5*H
falls to 205.9 kN, which shows 64% decrease. In
the other hand, the MBSF for a tank with H/D = 3,
representing slender tank, considering the same
condition as previous case, the MBSF value falls
from 1068 kN to 986 kN, which shows only 7.6%
decrease. This emphasizes the significant import-
ance of considering insufficient freeboard in broad
tanks.

Apparently, Figures (4) to (8) indicate that
unlike short periods, at periods close to the natural
period of convective part to longer periods, the
MBSF values decrease as FB decreases. Further-
more, the decreasing ratio is higher for broad
tanks. As an example, in a tank with H/D = 0.25, the
MBSF increased almost eight times in the resonance

Table 4. Tanks size and freeboards used in this section. case for FB = 0.5*H compared to FB = 0. However,
in a slender tank with H/D = 3, in the resonance
circumstances, the MBSF value increased approxi-
mately 3.5 times for FB = 0.5*H than zero freeboard.
The reason for reverse MBSF behavior in terms of
periods stems from the acceleration of the masses.
To elaborate, at short periods, the net acceleration
imposed to the impulsive mass is larger than the
convective mass. Therefore, when the FB is not
adequate, the convective mass subjected to the
lower acceleration decreases and the impulsive mass
subjected to higher acceleration increases, therefore
the total MBSF will increase.

On the other hand, at long periods, ranging from
the periods close to the convective resonance period
and longer, convective mass is under the higher
acceleration and consequently, the total MBSF will
decrease due to insufficient freeboard.

As inferred from Figure (10), another fact must
be considered is that the MBSF values might be higher
at periods longer than seismic periods. Therefore, it
is not recommended to design broad tanks subjected
to long-period loads based on the mere maximum
shear force caused by seismic design loads.

To scrutinize the effect of liquid height, two
cylindrical tanks with a fixed roof are studied herein
with respect to various loading periods from short
to long periods. Tanks with diameters of 20 m and
5 m and maximum heights of 5 m and 15 m, res-
pectively were modeled. After that, we analyzed
and determined MBSF changing the height of
contained liquid from zero to maximum height of
tank in 5 cm steps, for both tanks. Note that we
modified the masses using Equations (8) and (9)
for cases showing wave sloshing height higher than
the actual freeboard. The results of these analyses
for short and long periods are illustrated in
Figures (12) and (13) for a tank with 15 m diameter
and in Figures (14) and (15) for a tank with 5 m
diameter. In these figures, the horizontal axis
shows liquid height (m), and the vertical axis is
MBSF (kN).

According to Figures (13) and (15) indicating
short-period MBSFs, it is determined that MBSF
occurs when the tank is full. For this reason, for
seismic design of tanks during their operational
period, the maximum liquid height must be
taken into consideration. However, as shown in
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Figure 14. MBSF against liquid height (Hw) in a tank with D = 5 m subject to long-period loads.

Figure 13. MBSF against liquid height (Hw) in a tank with D = 15 m subject to short-period loads.

Figure 12. MBSF against liquid height (Hw) in a tank with D = 15 m subject to long-period loads.

Figures (12) and (14) indicating long-period MBSFs,
it is apparent that in tanks subjected to long
period loads such as the tanks installed in ships or
high elevated tanks, the worst case scenario can

occur in not thoroughly full tanks. In such conditions,
designing tanks based on the maximum elevation
of contained liquid may underestimate the MBSF
values.
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Figure 15. MBSF against liquid height (Hw) in a tank with D=5m subject to short-period loads.

6. Conclusions

In this study, the sloshing effect in design
parameters of cylindrical liquid fixed-roof tanks
with insufficient freeboard has been investigated in
detail. In this regard, several experimental tests
were conducted in the structural laboratory of the
International Institute of Earthquake Engineering
and Seismology. A total number of 90 experimental
tests were performed on a shaking table under
several harmonic loads, and their outcomes were
derived in terms of total base shear force to explore
how dynamic forces change as to the tank roof
collision. In these tests, various parametric examin-
ations on contained liquid heights, H/R ratios and
freeboards as well as their effects on base shear
values were studied elaborately. We observed that
despite low-frequency loading condition, the sufficient
freeboard reduces the base shear values in high-
frequency loads. Furthermore, we conclude that the
variation of convective and impulsive masses due to
the insufficient freeboard is not linear.

Based on the experimental results, we proposed
models to modify the impulsive and convective
masses of cylindrical tanks with insufficient freeboard
through extensive numerical analyzes performed in
current study using the simplified mass spring
models for a tank with sufficient freeboard (or a
tank without a roof). After that, the effect of loading
frequency and liquid height in cylindrical tanks were
studied using the modified masses.

We indicated that in broad tanks subjected to the
low-frequency loads the MBSF values are higher than

those subjected to the high-frequency loads.
Furthermore, we proved that in cylindrical tanks
subjected to low-frequency loads such as the tanks
installed in ships or high elevated tanks, designing
tanks based on the maximum elevation of contained
liquid may underestimate the MBSF values.
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