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Abstract. Liquid storage tanks, one of the important components of industrial production, 
may be out of service for a temporary period of time or become completely unserviceable 
when subjected to large earthquake ground motions that may cause severe damages. Many 
studies in literature suggest seismic base isolation technique in protecting liquid storage 
tanks from the harmful effects of strong ground motions. And, the dynamic behaviors of these 
structural systems, which are composed of the sloshing of the fluid inside and the dynamic 
response of the tank itself, are directly dependent on the isolation system design. While seis-
mic base isolation is an emerging successful earthquake resistant design method for liquid 
storage tanks, seismic performances of such structures may be affected negatively from poten-
tial deviations that may occur in the mechanical properties of the isolators from the nominal 
design values. Deviations may come into scene due to a variety of reasons such as the errors 
and/or uncertainties in the properties of the materials, dimensions of the elements, manufac-
turing methods, quality control and installation steps. In this paper, the effects of subject de-
viations in the mechanical characteristics of the seismic isolators on the seismic 
performances of liquid storage tanks equipped with nonlinear isolation systems are investi-
gated under different historical earthquake records. To this end, sensitivity analyses are car-
ried out by first conducting nonlinear time history analyses of a benchmark liquid storage 
tank mounted on a nonlinear isolation system in 3DBASIS-ME and then comparing its seismic 
responses including bearing displacements and sloshing displacements, which are obtained 
separately for nominal and deviated cases. In the context of this study, the characteristic iso-
lator parameters including the yield force and the post-yield to pre-yield stiffness ratio are 
considered as the mechanical properties which may deviate from their nominal design values. 
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1 INTRODUCTION 
Liquid storage tanks are one of the important industrial-type structural systems which are 

generally used for storing water, chemicals, petroleum products, toxic and flammable fluids 
etc. [1]. These tanks play an extremely important role in production for many industries. In 
addition, these structures have to suffer no damage to be able to serve right after an external 
factor such as flood, landslide, and particularly earthquakes which may cause huge economic 
losses. For this reason, protecting these structures from the harmful effects of the abovemen-
tioned external factors may be of vital importance in a country’s economy.  

As is the case for building type of structural systems, the desired seismic performance level 
can be effectively provided using base-isolation, which is an effective alternative earthquake 
resistant design method based on the concept of seismic performance by lengthening the fun-
damental period of the structural system [2]. However, seismic performances of base-isolated 
structures may be affected negatively from potential deviations that may occur in the mechan-
ical properties of the isolators with respect to their nominal design values due to a variety of 
reasons such as the errors and/or uncertainties in the properties of the materials, dimensions of 
the elements, manufacturing methods, quality control and installation steps. There are a num-
ber of research studies investigating the effects of such deviations in the mechanical isolator 
properties of the base-isolated buildings [3, 4]. And, the subject deviations are also important 
for the seismic performance of base-isolated liquid storage tanks, since the dynamic behaviors 
of the base-isolated liquid storage tanks, which are composed of the sloshing of the fluid in-
side and the dynamic response of the tank itself, are directly dependent on the isolation sys-
tem design. However, limited number of studies [5, 6] investigate the effects of subject 
deviations on the seismic performances of base-isolated liquid storage tanks.  

In order to shed light to this issue, in this study the effects of the deviations in the mechan-
ical characteristics of the seismic isolators, including yield force and the post-yield to pre-
yield stiffness ratio, on the structural response parameters of base-isolated liquid storage tanks, 
including bearing displacements and sloshing displacements, are investigated under two dif-
ferent historical earthquake records via sensitivity analyses that compare the subject seismic 
responses which are obtained for nominal and deviated cases.  

2 BASE-ISOLATED LIQUID STORAGE TANK 
A benchmark base-isolated liquid storage tank whose superstructure and overall geomet-

rical properties are obtained from Tsopelas et al., 1994 [7] is used in this study. The super-
structure and the isolation system are described in this section.  

2.1 Superstructure 
The circular tank, assumed to be used for water storage within the scope of this study, con-

sists of a steel wall and a concave-down steel roof, and is mounted on a circular rigid concrete 
basemat which is placed on a nonlinear isolation system consisting of 52 identical rubber 
based isolators. The radius (R) and the total height of the subject tank are 18.29 m and 12.80 
m, respectively while the steel thickness (h) for both the tank wall and its concave-down roof 
is 2.54 cm. The height (H) of the water inside the tank is 12.19 m, which results in a height to 
radius ratio (H/R) of 0.67. The weights for the steel tank (including the wall and the roof), the 
concrete basemat, and the stored water inside the tank are equal to 4998.91 kN, 11697.93 kN, 
and 126273.45 kN, respectively.    

Numerical modelling and time history analyses of the subject storage tank are carried out 
in 3D-BASIS-ME [7] which is a computer program that can conduct nonlinear dynamic anal-
yses of seismically isolated liquid storage tanks following the mechanical analog developed 
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for this type of structural systems by Haroun and Housner, 1981 [8]. The details of the subject 
mechanical analog which takes into account the deformability of the tank wall and sloshing of 
the fluid can be found in [8]. As for the details of the numerical modelling of the tank, which 
is based on that analog, they can be found in [7] and also in [9] who used the tank superstruc-
ture and overall geometry presented by Tsopelas et al., 1994 [7] but introduced their own elas-
tomeric isolation system properties. 

2.2 Substructure 
The circular rigid concrete basemat of the benchmark liquid storage tank sits on a nonline-

ar isolation system consisting of 52 identical rubber based isolators which are placed symmet-
rically in two horizontal orthogonal directions with a typical center-to-center distance of 5.18 
m. In this study, the force-displacement relationship of all these isolators, exhibiting nonlinear 
material behavior as well as hysteretic energy dissipation, is modelled by a smooth bilinear 
hysteretic curve which is based on the Bouc-Wen [10] hysteretic model. One of the main me-
chanical parameters of the isolation system consisting of the subject isolators is the post-yield 
stiffness (K2), which can be determined using its relationship with the isolation period (T0) 
and the effective weight of the tank (Weff) given in Equation 1 [11] where g is the gravitational 
acceleration. In this study, T0 is assumed to be 4 s for the benchmark base-isolated liquid stor-
age tank, while Weff is obtained as 70388.66 kN for the subject tank by extracting the sloshing 
mode weight of 72581.63 kN from the total physical weight of 142970.29 kN. So, the total 
isolation system post-yield stiffness is obtained as K2=17710.13 kN. As for the rest of the 
main mechanical parameters of the isolation system, i.e. the total isolation system pre-yield 
stiffness (K1), the yield force (Fy), and the post-yield to pre-yield stiffness ratio (α), they are 
obtained as 487405.90 kN/m, 7304.27 kN, and 0.036, respectively using the relationships giv-
en in Equations 2-4 [12], assuming characteristic strength ratio (Q/Weff), and yield displace-
ment (Dy) as 10% and 1.5 cm, respectively.  

 � �gKWT eff uS 20 2  (1) 

 � � yDKKQ u� 21  (2) 

 yy DKF u 1  (3) 

 12 KK D  (4) 

The values obtained above are considered as the nominal design values of the mechanical 
parameters of the isolators. And the deviated cases are generated by assuming Fy and α to be 
the mechanical properties which may deviate from their nominal values. The deviations from 
the nominal design values are considered as ±5%, ±15%, and ±25% for both of Fy and α (Ta-
ble 1). As seen in Table 1, the deviated cases generated in the context of this study are divided 
into two main cases. And, each of the main deviated cases consists of six deviated subcases 
denoted with A, B, C, D, E, and F corresponding to to +5%, +15%, +25%, -5%, -15%, and -
25% deviations, respectively. For the first main case, Fy is the deviated parameter while α 
keeps its nominal design value for the subcases of the first main deviated case and for the sec-
ond main case α is the deviated parameter while Fy keeps its nominal design value for the 
subcases of the second main deviated case.  
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Main 
Case 

Mechanical 
Parameter 

Nominal 
Value 

Subcases 

Parameters 
A B C D E F 
(+5%) (+15%) (+25%) (-5%) (-15%) (-25%) 

1st Fy (kN) 7304.27 
Fy (kN) 7669.48 8399.91 9130.34 6939.06 6208.63 5478.20 
α (-) 0.0360 0.0360 0.0360 0.0360 0.0360 0.0360 

2nd α (-) 0.0360 
Fy (kN) 7304.27 7304.27 7304.27 7304.27 7304.27 7304.27 
α (-) 0.0378 0.0414 0.0450 0.0342 0.0306 0.0270 

Table 1: Nominal and deviated case values of isolation system yield force (Fy) and isolation system post-yield to 
pre-yield stiffness ratio (α) 

3 GROUND MOTION DATA 
Two historical earthquake records used in this study are obtained from PEER Ground Mo-

tion Database [13]. The benchmark liquid storage tank with the nominal case isolation system 
and the tanks with the isolation systems of the deviated subcases are unidirectionally subject-
ed to the earthquake records of I-ELC180 and SYL360, which are recorded during the 1940 
Imperial Valley Earthquake and the 1994 Northridge Earthquake, respectively. Necessary in-
formation about these records are presented in Table 2. In this table, Ms is the earthquake 
magnitude, PGA is the peak ground acceleration, PGV is the peak ground velocity and PGD is 
the peak ground displacement. The response spectra (]=5%, 10%, and 15% damped) of the 
subject ground motions are presented in Figure 1. 

Component name Record station Record date Ms PGA (g) PGV (cm/s) PGD (cm) 
I-ELC180 El Centro 05/19/1940 7.2 0.313 29.8 13.32 
SYL360 Sylmar 01/17/1994 6.7 0.843 129.6 32.68 

Table 2: Characteristics of earthquake records. 

Figure 1: Response spectra (ζ=5%, 10%, and 15% damped) for I-ELC180 and SYL360 records. 
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4 SENSITIVITY ANALYSES 
In this section, the results of the sensitivity analyses, which are carried out for investigating 

the effects of the deviations in the mechanical characteristics of the seismic isolators on the 
seismic performances of liquid storage tanks equipped with nonlinear isolation systems under 
historical earthquake records, are presented. In the context of the sensitivity analyses, unidi-
rectional nonlinear time history analyses of the benchmark liquid storage tank equipped with 
the nominal case isolation system and the tanks equipped with the deviated subcase isolation 
systems (Table 1) are conducted under I-ELC180 and SYL360 ground motion records in or-
der to obtain the seismic responses including the bearing displacements and the sloshing dis-
placements corresponding to both nominal and deviated cases. Then, these responses are 
compared to each other.     

As mentioned in Sec. 2, when Fy is the deviated parameter, α keeps its nominal design val-
ue for the subcases of the first main deviated case (i.e., 1A, 1B, 1C, 1D, 1E, and 1F) whereas, 
when α is the deviated parameter, Fy keeps its nominal design value for the subcases of the 
second main deviated case (i.e., 2A, 2B, 2C, 2D, 2E, and 2F). This approach makes it possible 
to determine the sensitivity of seismic performance of the subject structural systems to only 
the deviated isolator parameter.   

The bearing and the sloshing displacement time history plots obtained under I-ELC180 and 
SYL360 records for the nominal case and the deviated subcases 1C and 1F (where Fy deviates 
from its nominal value (7304.27 kN) by +25% and -25% respectively), are presented in Fig-
ure 2. It is seen from the comparison of the time history plots given in Figure 2 that, the bear-
ing displacements (Figures 2a and 2c) are more sensitive to the deviations in Fy than the 
sloshing displacements (Figures 2b and 2d). It is also seen that the deviations in the bearing 
and the sloshing displacements vary with respect to the ground motion record.  

As for the bearing displacement and the sloshing displacement time history plots obtained 
under the I-ELC180 and SYL 360 records for the nominal case and the deviated subcases 2C 
and 2F (where α deviates from its nominal value (0.0360) by +25% and -25% respectively), 
they are presented in Figure 3. The comparison of the time history of plots given in Figure 3 
shows that, both of the structural response parameters shows little sensitivity to the deviations 
in α and the comparison of the plots given in Figure 2 and Figure 3 indicate that both of the 
structural response parameters in question are more sensitive to the deviations in Fy than to 
the deviations in α, under the ground motion records used in this study. 

In addition to the time history plots presented, positive and negative percent deviations in 
the peak response parameters are also calculated via Equations 5 and 6 which are named here 
as “error ratios” (ebd and esd) using the peak values of the bearing displacements (bd) and 
sloshing displacements (sd). In these equations, the subscripts “n” and “d” refer to the nomi-
nal and the deviated cases, respectively.  

100u
�

 
n

nd
bd bd

bdbde  (5) 

100u
�

 
n

nd
sd sd

sdsde  (6) 

The error ratios calculated for all of the deviated cases (Table 1) under the I-ELC180 and 
SYL360 records are presented in Table 3. Actual peak values of the subject response parame-
ters (bd and sd) obtained for the nominal and deviated cases under both records are also pro-
vided in this table. 
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Figure 2: Sensitivity of the bearing and the sloshing displacements to the yield force - subcases 1C and 1F under 

I-ELC180 and SYL360 earthquake records. 

It is seen from Table 3 that, the absolute values of the error ratios calculated for both of the 
response parameters under both of the records generally increase with the increasing deviation 
in the subject isolator parameter. Therefore, the largest (positive or negative) error ratios are 
obtained for C or F subcases corresponding to +25% and -25% deviations are in the isolator 
parameters, respectively. It is also seen from this table that, the peak error ratio for the bearing 
displacements is obtained as ebd = 20.60% in subcase 1F, where Fy deviates by -25% from its 
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nominal value, under the IELC-180 record. The peak error ratio for the sloshing displace-
ments is obtained as esd = -5.85% in subcase 1C, where Fy deviates by +25% from its nominal 
value, under the IELC-180 record. On the other hand, the largest (positive or negative) error 
ratios for the 2nd main case (deviated α) are obtained for case 2F under SYL360 record. That 
is, a -25% deviation in α causes peak error ratios of 2.35% and -3.51% in the bearing dis-
placements and the sloshing displacements, respectively as seen from Table3.        

Figure 3: Sensitivity of the bearing and the sloshing displacements to the post-yield to pre-yield stiffness ratio - 
subcases 2C and 2F under I-ELC180 and SYL360 earthquake records. 
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Earthquake Records 
I-ELC180 SYL360 

Case Subcase bd 
(cm) 

ebd 
(%) 

sd 
(cm) 

esd 
(%) 

bd 
(cm) 

ebd 
(%) 

sd 
(cm) 

esd 
(%) 

Nominal - 5.39 0 19.00 0 33.45 0 50.65 0 

1st main case 
(Deviated pa-
rameter: Fy) 

1A (+5%) 5.18 -3.77 18.94 -0.33 33.12 -0.99 49.81 -1.65 
1B (+15%) 5.73 6.27 18.51 -2.59 32.36 -3.26 48.56 -4.11 
1C (+25%) 6.17 14.57 17.89 -5.85 30.94 -7.52 48.08 -5.07 
1D (-5%) 5.58 3.54 19.07 0.33 33.73 0.84 51.31 1.30 
1E (-15%) 6.01 11.55 18.61 -2.05 34.87 4.25 51.99 2.66 
1F (-25%) 6.50 20.60 18.22 -4.09 36.83 10.10 50.90 0.50 

2nd main case 
(Deviated pa-
rameter: α) 

2A (+5%) 5.37 -0.24 19.00 -0.03 33.30 -0.46 50.93 0.55 
2B (+15%) 5.36 -0.57 18.98 -0.11 33.07 -1.14 51.44 1.55 
2C (+25%) 5.34 -0.90 18.96 -0.21 32.87 -1.75 52.07 2.81 
2D (-5%) 5.40 0.19 19.01 0.03 33.58 0.38 50.37 -0.55 
2E (-15%) 5.42 0.66 19.01 0.04 33.83 1.14 49.71 -1.86 
2F (-25%) 5.45 1.13 19.01 0.07 34.24 2.35 48.87 -3.51 

Table 3: Error ratios in peak values of bearing displacement (bd) and sloshing displacement (sd) responses under 
I-ELC180 and SYL360 earthquake records. 

5 CONCLUSIONS 
In this study, the sensitivity of the seismic performance of liquid storage tanks equipped 

with nonlinear isolation systems to the deviations in the mechanical properties of the seismic 
isolators are investigated under two historical earthquake records. Bearing displacements and 
sloshing displacements are considered as the seismic performance criteria while yield force 
and post-yield to pre-yield stiffness ratio are assumed as the deviated mechanical parameters. 
Based on the limited parametric analyses conducted here, the following conclusions are 
reached:  

x Both bearing and sloshing displacements are more sensitive to the deviations in the
yield force than to the deviations in the post-yield to pre-yield stiffness ratio.

x Bearing displacements seem to be more sensitive to the deviations in the mechanical
properties of the seismic isolators compared to sloshing displacements.

x The level of the sensitivity of the seismic performance of liquid storage tanks with
nonlinear isolation systems to deviations in mechanical characteristics of the seismic
isolators depends on the mechanical property of the seismic isolator in question and
the characteristics of the subject earthquake record.

In order to reach more comprehensive and generalizable conclusions, more subcases repre-
senting deviations of wider spectrum and more earthquake data should be used. Such a com-
prehensive parametric investigation considering other mechanical properties of the seismic 
isolators and different seismic responses under different earthquake records is currently being 
conducted by the authors of this paper. 

ACKNOWLEDGMENTS 

We would like to acknowledge The Scientific Research Projects Coordination Unit of Istan-
bul University (IU BAP) for providing financial support under Project No:  BEK-24000. 

4424



Elif Güler, Hatice Gazi and Cenk Alhan 

REFERENCES 
[1] O.R. Jaiswal, D.C. Rai, S.K. Jain, 2007, Review of seismic codes on liquid-containing 

tanks. Earthquake Spectra, 23(1), 239-260, 2007. 
[2] C. Alhan, E. Güler, H. Gazi, Behavior of base-isolated liquid storage tanks under syn-

thetic near-fault earthquake pulses. Fifth International Symposium on Life-Cycle Civil 
Engineering (IALCCE'16), Delft, Holland, October 16-19, 2016.  

[3] H. Gazi, C. Alhan, Sismik izolasyon sistemi parametrelerindeki rastgele değişimlerin 
etkisinin monte carlo simülasyon metoduyla incelenmesi, 2. Türkiye Deprem Mühendis-
liği ve Sismoloji Konferansı, Hatay, Turkey, September, 25-27, 2013. 

[4] C. Alhan, K. Hışman, Seismic isolation performance sensitivity to potential deviations 
from design values. Smart Structures and Systems, 8, 293-315, 2016. 

[5] S.K. Saha, K. Sepahvand, V.A. Matsagar, A.K. Jain, S. Marburg, Stochastic analysis of 
base-isolated liquid storage tanks with uncertain isolator parameters under random exci-
tation. Engineering Structures, 57, 465-474, 2013. 

[6] O. Curadelli, Equivalent linear stochastic seismic analysis of cylindrical base-isolated 
liquid storage tanks. Journal of Constructional Steel Research, 83, 166-176, 2013. 

[7] P.C. Tsopelas, M.C. Constantinou, A.M. Reinhorn, 3D-BASIS-ME: Computer program 
for nonlinear dynamic analysis of seismically isolated single and multiple structures 
and liquid storage tanks, Technical report NCEER-94-0010. National Center for Earth-
quake Engineering Research, 1994. 

[8] M.A. Haroun, G.W. Housner, Seismic design of liquid storage tanks. Journal of the 
Technical Councils of ASCE, 107, 191-207, 1981. 

[9] H. Gazi, C.M. Kazezyılmaz-Alhan, C. Alhan, Behavior of seismically isolated liquid 
storage tanks equipped with nonlinear viscous dampers in seismic environment, 10th 
Pacific Conference on Earthquake Engineering (PCEE 2015), Sydney, Australia, No-
vember 6-8, 2015. 

[10] Y.K. Wen, Method for random vibration of hysteretic systems. Journal of the Engineer-
ing Mechanics Division (ASCE), 102, 249–263, 1976. 

[11] S. Nagarajaiah, A.M. Reinhorn, M.C. Constantinou, Nonlinear dynamic analysis of 
three-dimensional base isolated structures (3D-BASIS), Technical Report NCEER-89-
0019. National Center for Earthquake Engineering Research, 1989. 

[12] F. Naeim, J.M. Kelly, Design of seismic isolated structures: from theory to practice, 
mechanical characteristics and modeling of isolators, Wiley, 1999. 

[13] Pacific Earthquake Engineering Resource Center (PEER), NGA database 
(http://peer.berkeley.edu/nga/). University of California, January 2017. 

4425


