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Abstract 
State-of-the-Art Review provides the background of the seismic response of liquid storage tank isolated with various isolation 
systems. This paper reviews provisions related with the analysis of aspect ratio, damping ratio, and force–displacement 
relationships. The topics included are general information and review of previous research related to the above areas.  
 In present paper review of earlier and current seismic response of liquid storage tanks isolated with Friction Pendulum System 
(FPS) ,lead-rubber bearings, linear elastomeric bearings, resilient-friction base isolator, Double Concave Friction Pendulum 
(DCFP) bearings, Variable Friction Pendulum System (VFPS), Variable Frequency Pendulum Isolator( VFPI) is given. 
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1. INTRODUCTION 
Liquid storage steel tanks are very important structure since they have widely used in industries and nuclear power plants. 
The weight of storage tanks varies in time because of variable liquid storage level, and they may contain low-temperature 
(e.g., Liquefied Natural Gas (LNG)) or corrosive substances. Typical damage at tanks during past earthquakes, 1989 
Loma Prieta earthquake, 1994 Northridge earthquake, Ji-Ji Taiwan and 1999 Kocaeli earthquake, were in the form of 
cracking at the corner of the bottom plate and compression buckling of tank wall (elephant foot buckling) due to uplift, 
sliding of the base, anchorage failure, sloshing damage around the roof, failure of piping systems and plastic deformation 
of base plate (1988, 1990). Failures of storage tanks not only instantly disrupts essential infrastructure but can also cause 
fires or environmental contamination when flammable materials or hazardous chemicals leak. Consequently, protection 
of liquid storage steel tanks against severe seismic events has become crucial.[4] The elevated liquid storage steel tanks 
are inherently horizontally flexible; their failure against recent devastating earthquakes. The tanks are manufactured for a 
wide range of capacities, from small to very big size. The earthquake motion excites the liquid contained in the tank. A 
part of the liquid moves independent of the tank wall motion which is termed as convective or sloshing while another part 
of the liquid, which moves in unison with rigid tank wall, is known as impulsive mass. If the flexibility of the tank wall is 
considered than the part of the impulsive mass moves independently while remaining accelerates back and forth with tank 
wall known as rigid mass. 
The accelerating liquid as sloshing, impulsive and rigid masses induces substantial hydrodynamic pressures on the tank 
wall of liquid storage tanks which in turn generates design forces such as base shear and overturning moment. The base 
shear is important from isolator design view point, while overturning movement produces significant tower deformation 
and toppling of the same leads to failure of the tank. The failure of the liquid storage steel tanks is mainly due to buckling 
of tank wall, toppling of the tower structure, failure of piping system and uplift of the anchorage system. 
For over three decades, seismic isolation technology has been recognized as one of the best alternatives for protecting 
liquid storage steel tanks against severe earthquakes. The main concept in isolation is to increase the fundamental period 
of structural vibration beyond the energy containing period of earthquake ground motions. The other purpose of an 
isolation system is to provide an additional means of energy dissipation, thereby reducing the transmitted acceleration 
into the superstructure. The innovative design approach aims mainly at the isolation of a structure from the supporting 
ground, generally in the horizontal direction, in order to reduce the transmission of the earthquake motion to the 
structure. 
 
2. INVESTIGATIONS IN SEISMIC RESPONSE OF THE LIQUID STORAGE TANKS  
The seismic response of the liquid storage tanks are investigated by a number of author’s like-Housner (1957, 1963)  
developed an analytical model. The model assumes that the tank walls are rigid, the fluid is incompressible, and fluid 
displacements are small. In this model, ground-supported liquid storage tank was idealised by a system with two-degrees-
of-freedom by concentrating the mass of the tank at two points. The masses and stiffness are functions of the geometry of 
the tank and fluid elevation. This model has been widely used to investigate the seismic response of the liquid storage 
tanks. Haroun and Housner (1981) have developed a three-mass model of ground-supported tanks that takes tank-wall 
flexibility into account. Later, Haroun (1983) developed designed charts to estimate impulsive, convective and rigid 
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masses, assuming the liquid in the tank as incompressible with irrotational flow. Malhotra (1997) demonstrated the 
effectiveness of the isolation in reducing significantly the overturning base moments transferred to the  
foundation and the axial compressive stresses generated in the tank wall. Malhotra (1997) investigated the seismic 
response of base-isolated steel tanks and found that isolation was effective in reducing the response of the tanks over 
traditional fixed base tank without any significant change in sloshing displacement.  
Shenton III and Hampton (1999) investigated the seismic response of isolated elevated tanks and found that seismic 
isolation is effective in reducing the tower drift, base shear, overturning moment, and tank wall pressure for the full range 
of tank capacities. Wang et al. (2001) investigated the response of liquid storage tanks isolated by the FPS and observed 
that the isolation was effective in reducing the response of the tanks. Shrimali and Jangid (2002) investigated the seismic 
response of liquid storage steel tanks isolated by lead-rubber bearings under bi-directional earthquake excitation and 
observed that the seismic response of isolated tanks is insensitive to interaction effect of the bearing forces. Shrimali and 
Jangid (2003) investigated earthquake response of elevated liquid storage steel tanks isolated by the linear elastomeric 
bearings under real earthquake ground motion. Shrimali and Jangid (2004) presented the earthquake analysis of base 
isolated liquid storage steel tanks using linear theory of base isolation. Jadhav and Jangid (2006) investigated the seismic 
response of liquid storage steel tanks isolated by elastomeric bearings and sliding systems under near-fault ground 
motions and observed that both elastomeric and sliding systems were effective in reducing the earthquake forces of the 
liquid storage tanks. Akköse (2007) investigated the effectiveness of the Double Concave Friction Pendulum (DCFP) 
bearings for liquid storage tanks subjected to near-fault and far-field ground motions. Panchal and Jangid (2008) 
proposed a new friction base isolator named Variable Friction Pendulum System (VFPS) for seismic isolation of liquid 
storage steel tanks under near-fault ground motions. Abali and Uçkan (2010) made a parametric study of liquid storage 
tanks isolated by curved surface sliding bearings to compute the sensitivity of critical response parameters such as, period 
of isolation, tank aspect ratio and the coefficient of friction of sliding bearings to various ground motions.  
 
3. ANALYSIS OF LIQUID STORAGE TANK  
3.1   Earthquake response of elevated liquid storage steel tanks isolated by the linear elastomeric bearing [1] 

 
Fig. 1 Structural model of elevated liquid storage steel tank: (a) non-isolated (b) with isolation at bottom (isolated 

model-I) (c) with isolation at top (isolated model-II) 
 
Earthquake response of elevated liquid storage steel tanks isolated by the linear elastomeric bearings is investigated under 
real earthquake ground motion. Two types of isolated tank models are considered in which the bearings are placed at the 
base (Model I) and top of the steel tower structure (Model II) as shown in Fig.1. The continuous liquid mass of the tank is 
modeled as lumped masses known as sloshing mass, impulsive mass and rigid mass. The corresponding stiffness 
constants associated with these lumped masses have been worked out depending upon the properties of the tank wall and 
liquid mass. The mass of steel tower structure is lumped equally at top and bottom. The seismic response is obtained by 
the Newmark’s step-by-step method. The response of two types of tanks, namely slender and broad tanks, is obtained and 
a parametric study is carried out to study the effects of important system parameters on the effectiveness of seismic 
isolation. The parameters considered are the tank aspect ratio, the time period of tower structure, damping and the time 
period of isolation system. The earthquake response of the isolated tank is significantly reduced. The isolation is more 
effective for the tank with stiff steel tower structure in comparison to flexible towers. Also a simplified analysis is 
presented to evaluate the response of the elevated steel tanks using two-degrees-of-freedom model and two single-degree-
of-freedom models. Effect of aspect ratio (S): 
To investigate the effectiveness of isolation, the response quantities of the tanks for wide practical range of elevated liquid 
storage tanks are plotted against aspect ratio, S. The variation shows that beyond the aspect ratio S=1.5, the rigid 
component contributes slightly more in comparison to that of impulsive component. The base component has negligible 
contribution. The bearing displacement initially increases as the aspect ratio increases up to 1.5 and beyond that there is 
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no significant change in the displacement. Further, the two models of the isolated tanks predict identical bearing 
displacement. 
Effect of time period of tower structure (Tt): 
The response of isolated tank is insensitive to the variation of Tt and the response predicted by the two tank models 
matches closely. The response of isolated tank is compared with corresponding response of the non-isolated tank and base 
shear is significantly reduced over the entire range of the Tt considered. 
Effect of isolation damping (xb): 
Base shear, sloshing displacement and bearing displacement reduce as the damping increases. It has been found that the 
reduction in the base shear and bearing displacement is significant up to xb=0.2 and beyond that there is not much 
reduction in base shear and bearing displacement. The sloshing displacement gradually decreases as the isolation 
damping decreases. 
Effect of flexibility of isolation system (Tb): 
Due to increase of isolation period, base shear is reduced significantly because increased flexibility of the isolation system 
transmits less acceleration to liquid container, and hence less dynamic forces are generated. The bearing displacement 
increases as flexibility of the isolation system increases. 
Comparative performance of elevated liquid storage tanks by putting the base isolation system at top and bottom of the 
supporting tower is investigated using real earthquake motions. The earthquake response of isolated tanks is compared 
with non isolated tanks to measure the effectiveness of the isolation. In addition, a simplified decoupled analysis is 
proposed to investigate the response of isolated elevated liquid storage tanks. 
 
The following conclusions are drawn from the results of isolated elevated liquid storage tank: 
1.   The base shear of elevated liquid storage tank is significantly reduced due to isolation. The base shear is mainly   
      dominated by the impulsive and rigid mass components. 
2.   The drift of steel tower is also significantly reduced due to isolation. Further, the peak response of  isolated tanks is  
      insensitive to the period of the tower structure. 
3.   The peak earthquake response predicted by the isolated model-I is slightly more than the corresponding response   
      obtained by the isolated model-II. However, in general, both the models provide the same effectiveness of base    
      isolation. 
4.   The effectiveness of seismic isolation increases with the increase of bearing flexibility and damping. 
5.   The peak sloshing displacement of slender tank is increased due to isolation effect while for broad tank it has no   
      such influence. 
6.   The proposed approximate methods accurately predict the peak response of the isolated elevated steel tank with   
      significantly less computational efforts. 
 
3.2 Seismic response evaluation of the RC elevated water tank with fluid-structure interaction and   
      earthquake ensemble [2] 
In this paper, a reinforced concrete elevated water tank, with a capacity of 900 cubic meters and height of 32 meters, has 
been utilized and subjected to an ensemble of earthquake records Detail of tank is shown in Fig. 2. Finite element model 
has been employed to model elevated water tank system. Fluid-structure interaction for modeling is considered by 
Eulerian method. Also the behaviors of concrete and steel material were considered to be nonlinear. Seismic responses of 
the elevated water tank such as base shear force, overturning moment, displacement and hydrodynamic pressure have 
been assessed for ensemble earthquake records. The obtained result revealed that scattering of responses in range of the 
mean minus standard deviation and mean plus standard deviation are approximately 60 to 70 percents. Also, responses of 
elevated water tank are dependent with earthquake characteristics and frequency of elevated water tank. The maximum 
response of base shear force, overturning moment, displacement and hydrodynamic pressure occurred in different case of 
vessel filling. 

 
Fig.2. Details and Elevation of the Tank 
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Base Shear: 
In the event of empty storage tank, dispersion of base shear is small. The dispersion is increased when the percentage of 
the filling in the storage tank are increased. The increased dispersion is not linear with the amount of the filling 
percentage. This increase mainly depends to the system characteristics. The maximum dispersion occurs for the case 
when the storage tank is half-full filling. The maximum dispersion is happened when the storage tank are full. The 
dispersion of overturning moment is small for the systems when the storage tank is empty case as well as full case. 
Displacement: 
Dispersion increases linearly with the increase in the percentage of the filling. However, maximum dispersion occurred in 
the full storage tank. In this paper, elevated water tank supported by moment resisting frame was considered and 
subjected to seven pair of the selected earthquake records. The seismic responses of the elevated water tank were 
determined using the nonlinear time history analysis for the empty, half-full and full filling containers. 
 
 The following conclusions are drawn from the results of this study: 
1.   The maximum response does not always occur in the full tank. This result may be due to the hydrodynamic   
      pressures of container in half-full case compared with the full  filling case are higher.  
2.   The system predominant frequencies are located on the range of high amplitude of frequency content of some of the   
      selected earthquake records and causes amplification of responses. However, in the other earthquake records, this   
      phenomenon is not visible as the system frequencies predominant are located on the low amplitude range of    
      frequency content. 
3.   Scattering of the mean plus and minus standard deviation covers approximately 60 to 70 percents of the responses. 
4.   The increase in the percentage of container filling shows that the value of base shear force, overturning moments,   
      displacement and hydrodynamic pressure increase in the range of  mean plus and minus standard deviation. 
5.   Evaluation of the convective pressure revealed that the earthquake records with low predominant frequency causes   
      excitation in the oscillating modes with relatively high period and consequently result in high hydrodynamic    
      pressure at fluid free surface. Excitation in the impulsive modes causes increase in hydrodynamic pressure at low      
      levels and the bottom of the tank for records with higher predominant frequency. 
6.   Examination of maximum hydrodynamic pressure resulting from the convective and impulsive modes showed that   
      the maximum pressure occurs at the lower levels of water free surface. Since impulsive pressure is dominant in   
      these levels, maximum pressure occurs at the bottom of full tank. 
 
3.3   Seismic response of elevated liquid storage steel tanks under bi-direction excitation [3] 
Seismic response of elevated cylindrical liquid storage steel tanks isolated by resilient-friction base isolator is investigated 
under two horizontal components of real earthquake ground motion as shown in Fig.3. The continuous tank liquid mass 
is lumped as sloshing mass, impulsive mass and rigid mass. The corresponding equivalent stiffness associated with these 
lumped masses is computed from properties of the contained liquid and tank wall. The frictional forces mobilized at the 
interface of the sliding system are assumed to be velocity dependent and their interaction in two horizontal directions is 
duly considered. A parametric study is also conducted to study the effects of important system parameters on the 
effectiveness of seismic isolation of the liquid storage tanks. The various parameters considered are (i) aspect ratio of 
tank, (ii) the period of isolation, (iii) the damping of isolation bearings and (iv) the coefficient of friction of the resilient-
friction-base-isolator. The bi-directional interaction of frictional forces has noticeable effects.  

 
Fig.3. Model of liquid storage tank mounted on R-FBI system. 
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Effects of aspect ratio: 
In order to investigate the response of isolated tanks for a wide range of practical liquid storage tanks (with and without 
interaction), the response is plotted against aspect ratio, S. The model-II slightly predicts higher value of base shear and 
tower drift in comparison to model-I. The sloshing displacement after initial variation the model-I predict marginally 
higher value than the model-II. The bearing displacement in the model-I is comparatively less than the model-II. This 
indicates that the isolation system is more effective for model-I than model-II. 
Effects of flexibility of tower: 
The base shear decreases with increase of tower flexibility. Further, the interaction predicts slightly higher result in 
comparison to no-interaction case. The sloshing displacement with interaction in slender tank (model-I) is marginally 
more while in broad tank the model-II predict higher value. 
Effects of flexibility of isolation system: 
As flexibility of the isolation system increases the base shear decreases and model-I with interaction give marginally 
higher response. 
Effects of isolation damping: 
The base shear initially decreases with increase of the damping and interaction condition predicts slightly higher response 
for the model-I in comparison to model-II. In slender tank sloshing displacement with interaction slightly higher value 
while in broad tank it is vice-versa. Further, the tower drift increases as isolation damping increases (for model-II after 
initial decrease), the bearing displacement decreases as isolation damping increases.  
Effects of coefficient of friction: 
The increased value of friction coefficient transmits more acceleration, hence more base shear. The sloshing displacement 
is not significantly influenced by the change of friction coefficient. However, increase in friction coefficient increases the 
tower drift and for model-I both the conditions give very close result while for model-II without interaction condition 
predicts marginally higher result. Further, the bearing displacement decreases as friction coefficient increases. Higher 
friction coefficient transmits higher acceleration result in more base shear but lesser base displacement. 
 
The following conclusions are drawn from the results of this study: 
1. The R-FBI system is found to be quite effective in reducing the base shear and tower drift of the liquid storage        

tanks. However, the sloshing displacement of the tank is not significantly influenced due to isolation. 
2.  The isolated model-I is more effective in comparison to model-II to control the response of the liquid tanks. 
3.  The bi-directional interaction of frictional forces has significant effects on the response of  isolated tanks. If these        

effects are ignored than the bearing displacement will be underestimated which can be crucial from the design point        
of view for model-I. 

4.   The isolation system is more effective for rigid type tower structure. 
5.  The value of friction coefficient and damping of the R-FBI system should be so selected to achieve minimum base        

shear with base displacement within permitted limits. 
 
3.4   Seismic response of liquid storage steel tanks with variable frequency pendulum isolator [4] 
 
The seismic response of liquid storage steel tanks (slender and broad) isolated with Variable Frequency Pendulum 
Isolators (VFPIs) is investigated under normal component of six near-fault ground motions. The model considered for the 
base-isolated liquid storage steel tanks is shown in Fig. 4. The continuous liquid mass is lumped as convective mass, 
impulsive mass and rigid mass. The corresponding stiffness associated with these lumped masses is worked out 
depending upon the properties of the tank wall and liquid mass. A new isolator called the VFPI (Pranesh and Sinha, 2000) 
incorporates the advantages of both the friction pendulum system (FPS) and Pure-Friction (P-F) isolators (refer Figs. 5a , 5b 
and 5c). The frictional forces mobilized at the interface of the VFPI are assumed to be velocity independent. The 
governing equations of motion of liquid storage steel tanks isolated with the VFPIs are derived and solved in the 
incremental form using Newmark’s step-by-step method assuming linear variation of acceleration over small time 
interval. For comparative study, the seismic response of liquid storage steel tanks with the VFPIs is compared with that of 
the same liquid storage steel tanks isolated using the Friction Pendulum Systems (FPSs). In order to measure the 
effectiveness of isolation system, the seismic response of isolated steel tanks is compared with that of the non-isolated 
steel tanks. Further, a parametric study has been carried out to critically examine the behavior of liquid storage steel tanks 
isolated with VFPIs. The important parameters considered are the friction coefficient of the VFPI, the Frequency 
Variation Factor (FVF) of the VFPI and the tank aspect ratio. The difference between the liquid storage tanks isolated 
with the VFPI and the FPS isolators subjected to the harmonic and far-field ground motions was also investigated in this 
study. Effect of vertical component of ground motions on the behavior of the VFPI-isolated liquid storage tanks is 
investigated under triaxial ground excitations by considering the interaction of forces in two orthogonal directions.  
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Fig.4 Model of liquid storage tank isolated with VFPI               Fig.5 Details, hysteresis loop and Modeling of VFPI 
 
 
The following conclusions may be drawn: 
1.   With the installation of the VFPI in liquid storage tanks, the base shear, the sloshing displacement and the   
      impulsive displacement during near-fault ground motions can be controlled within a desirable range. On the other    
      hand, significant increase in the isolator displacement is observed. 
2.   The performance of the VFPI for seismic isolation of the liquid storage tanks is quite effective in reducing the base  
       shear and impulsive displacement of the liquid storage tanks  in comparison to the FPS. 
3.   The VFPI is found to be more effective for slender tanks in comparison to the broad tanks as the sloshing        
      displacement of the broad tanks is not much influenced due to isolation of  tanks by the VFPI. 
4.   The base shear, sloshing displacement and impulsive displacement of both tanks decrease with an increase in the   
       FVF whereas the isolator displacement increases with an increase in the FVF. 
5.   The sloshing displacement and impulsive displacement increase with an increase in the friction coefficient whereas   
      the isolator displacement decreases with an increase in the friction coefficient. 
6.   The sloshing displacement and impulsive displacement in slender tanks isolated with the VFPI are less than that of   
      the broad tanks isolated with the VFPI whereas the isolator displacement in the slender tanks is more than that of   
      the broad tanks. 
7.   Under strong harmonic excitations, the base shear of the VFPI reduces than that of the FPS whereas the sloshing       
      displacement, the impulsive displacement and the isolator displacement of  the VFPI exceeds than that of the FPS. 
8.   The isolation by the VFPI and FPS isolators has almost the same effect in the tank to the far-field ground motions. 
9.   The triaxial ground motions have noticeable effect on the response of the VFPI-isolated liquid storage tanks relative   
      to unilateral ground motion and if ignored, the sliding displacement and base shear will be underestimated. 
 
3.5   Seismic response of liquid storage tanks isolated by sliding bearings [5] 
The response of liquid storage tanks isolated by the sliding systems is investigated under two horizontal components of 
real earthquake ground motion. Fig. 6 shows a model of a liquid storage tank supported on the sliding system. The 
continuous liquid mass is lumped as convective mass, impulsive mass and rigid mass. The corresponding stiffness 
associated with these lumped masses is calculated depending upon the properties of the tank wall and liquid mass. The 
governing equations of motion of the tank with a sliding system are derived and solved by Newmark’s step-by-step 
method with iterations. The frictional forces mobilized at the interface of the sliding system are assumed to be velocity 
dependent and their interaction in two horizontal directions is duly considered. A parametric study is also conducted to 
study the effects of important system parameters on the effectiveness of seismic isolation of the liquid storage tanks. The 
various parameters considered are (i) the period of isolation (ii) the damping of isolation bearings and (iii) the coefficient 
of friction of sliding bearings. Further, the dependence of the friction coefficient on relative velocity of the sliding 
bearings has no significant effects on the peak response of the isolated liquid storage tanks. 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org, editorijaiem@gmail.com  

Volume 2, Issue 11, November 2013   ISSN 2319 - 4847 
 

Volume 2, Issue 11, November 2013 Page 78 
 

 
Fig.6 Model of a liquid storage tank mounted on a sliding system 

 
Effects of velocity dependent friction coefficient: 
The dependence of the friction coefficient on the relative sliding velocity has no noticeable effects on the peak response of 
liquid storage tanks isolated by sliding systems for all the earthquake ground motions. A similar trend in the results was 
also observed for the tanks isolated by the P-F and R-FBI systems. Thus, the effects of dependence of friction coefficient 
on the sliding velocity may be ignored for determining the peak response of isolated tanks. 
Effects of isolation period: 
The base shear decreases with the increase of flexibility of isolation systems. This is due to the fact that with an increase 
of isolation period the system becomes more flexible and, as a result, transmits less earthquake acceleration into the tanks 
leading to a reduction in the base shear. However, the effect of isolation period is not found to be significant on the 
sloshing displacement in both tanks. The base displacement increases with the increase of isolation period for Imperial 
Valley, 1940 and Loma Prieta, 1989 earthquakes whereas it decreases for Kobe, 1995 earthquake ground motion. This 
trend is similar to the displacement spectra of these ground motions 
Effects of coefficient of friction: 
The peak resultant base shear decreases initially and after that it increases with the increase of friction coefficient. This 
indicates that there exists an optimum value of coefficient of friction for which the base shear in the tank attains the 
minimum value. On the other hand, the bearing displacement for both tanks decreases with the increase of coefficient of 
friction. 
Effects of isolation damping: 
The base shear initially decreases with increases of damping and attains the minimum value there after, it increases with 
increase of isolation damping. This implies that there exists an optimum value of isolation damping at which there is a 
minimum value of base shear. On the other hand, the sloshing displacement and the base displacement decrease with the 
increase of isolation damping. Thus, increase in the isolation damping can reduce the displacement response of the tank 
but under certain conditions the high damping may produce more earthquake forces into the system. 
 
The following conclusions may be drawn: 
1.   The sliding systems are found to be quite effective in reducing the base shear and impulsive displacement of the   
      liquid storage tanks. However, the sloshing displacement of the tank is not greatly influenced due to isolation by the   
      sliding systems. 
2.   The dependence of the friction coefficient on the relative velocity of the system has no noticeable effects on the peak   
      response of the isolated liquid storage tanks. Therefore, these effects may be ignored in determining the peak   
      response of the system. 
3.   The bi-directional interaction of frictional forces has significant effects on the response of isolated tanks.  
4.   The effectiveness of isolation systems for tanks increases with the increase of the flexibility of the sliding systems. 
5.   There exists an optimum value of friction coefficient and damping for which the base shear in the liquid storage   
      tanks attains the minimum value under earthquake ground motion. However, the sloshing and bearing               
     displacement decreases with the increase in the friction coefficient and damping of the sliding system. 
 
3.6   Enhancing dynamic performance of liquid storage tanks by semi-active controlled dampers [6] 
This paper deals with the behavior of cylindrical liquid storage tanks facilitated by different passive, hybrid passive and 
semi-active control with base isolation systems to enhance the performance of this type of structures as shown in  Fig.7 
and to show the merits of variable dampers. The cases of linear base isolation with viscous damping, a base isolation 
system with bilinear behavior and viscous damping, and a linear base isolation system together with a variable damper 
are investigated. In the last case, semi-active control has been applied to control the variable damper using the pseudo 
negative stiffness algorithm which was previously proposed by the authors. A lumped mass numerical model of the tank 
and the contained liquid has been employed in the analysis. Height of sloshing, base shear and displacement of the tank 
during the excitation are considered as the indices representing the dynamic performance of the tank. For different 
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dynamic characteristics of the systems, namely isolation period, damping ratio of the isolation system and gain factors in 
pseudo negative stiffness algorithm, the optimum values for the base devices are obtained by minimizing these 
performance indices for a variety of ground motions. The base shear, structural displacement and sloshing of the liquid 
during different ground motions dramatically reduced by using the semi-active control algorithm together with base 
isolation systems. The behavior of cylindrical liquid storage tanks facilitated by different passive and hybrid passive and 
semi-active base isolation systems is studied. Reduction of base shear response with the application of isolation systems is 
confirmed. Application of PNS semi-active control algorithm to control the tank is found to be effective in the reduction 
of the base shear. Better performance of the PNS semi-active control in energy absorption is confirmed while comparing 
the ratio of dissipated energy to input energy in three cases. Vibration energy of the convective mass in the liquid part was 
compared as the measure to study the effect of response control systems in each case on the sloshing response of liquid. 
The results show that the PNS semi-active control case is the most effective system in reducing the vibration energy of the 
sloshing part in comparison with the other cases. 

 
Fig.7 Dynamic model of the studied system 

 
4.  EXPERIMENTAL WORK 
 
4.1   Shaking table tests upon a base isolated steel liquid storage tank [7] 
The paper deals with the results of shaking table tests upon a steel liquid storage tank with a diameter of 4 m, filled with 
water up to one meter. This tank is a 1:14 scale model of a real big liquid steel storage tank installed in a petrochemical 
plant. First, the tank has been tested in the fixed base configuration with floating roof. Subsequently, the same thank has 
been seismically protected with two type of isolators: high damping rubber bearings and sliding isolators with elasto-
plastic dampers. In each configuration the model has been subjected to the same series of tests.  
The results confirm the effectiveness of both the isolation systems for reducing the pressure on the tank wall and the 
negligible influence of the floating roof. On the contrary, for the base isolated case a little increasing of the vertical 
oscillations of the floating roof has been found, partially compensated by a significant increasing of the damping, which 
reduce the number of the free oscillations in the post-earthquake phase. 
This paper deals with the main results of an experimental campaign carried out on a mock-up of a steel liquid storage 
tank, equipped with the floating roof, excited at base by the six d.o.f. shaking table installed at the Research Centre of 
ENEA “La Casaccia” (Rome). The mock-up is a reduced scale model of a big steel tank used in industrial plants for the 
storage of petroleum and its products. The tests have been performed using different experimental configurations: fixed 
base with and without floating roof, isolated base with elastomeric or sliding bearing with elasto-plastic dampers. During 
the tests, the tank has been subjected both to accelerograms histories, which reproduce records of natural and artificial 
seismic events and appropriate signals for the dynamic identification of the system. The results show the effectiveness of 
both the isolator typology in reducing the total pressure generated by the earthquake on the tank wall. On the contrary, a 
low increasing of the oscillation amplitude of the liquid surface, and consequently of the floating roof, has been observed. 
It is partially compensated by a sensible increasing of damping, which drastically reduces the number of the high 
amplitude oscillations of the floating roof, after the end of the seismic event. 
 
5.  REVIEW OF CODE PROVISIONS ON SEISMIC ANALYSIS OF LIQUID STORAGE   
     TANKS [8] 
 
This paper reviews provisions related with the analysis and modeling aspects. These aspects include mechanical analogue 
of tank, time period of lateral and vertical mode of vibration, hydrodynamic pressure distribution, sloshing wave height, 
soil-structure interaction etc. The codes reviewed are: ACI 350.3, AWWA standards, API 650, NZSEE guidelines and 
Eurocode 8. All the codes use mechanical analogues to evaluate hydrodynamic forces, particularly due to lateral base 
excitation. The provisions on inclusion of effect of vertical excitation are not covered in all codes. Provisions of soil-
structure interaction, buried tanks, flexibility of piping are either not addressed or are given in only qualitative terms. A 
brief description on limitations in Indian code is also presented. 
Review of various codes revealed that ACI 350.3 which is the most recent code, is quite comprehensive and simple to use. 
In this code parameters of mechanical model are evaluated using rigid tank model. The flexibility of tank is considered in 
the evaluation of impulsive time period. In contrast to this, Eurocode 8 and NZSEE guidelines use separate models to find 
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parameters of rigid and flexible tanks. Such an approach makes these codes more cumbersome to use, without achieving 
any significant improvements in the values of parameters. Effect of vertical ground acceleration is considered in various 
codes with varying degree of details. In AWWA codes, hydrodynamic pressure due to vertical acceleration is taken as a 
fraction of that due to lateral acceleration. ACI 350.3, Eurocode 8 and NZSEE guidelines suggest more rational approach 
to obtain hydrodynamic pressure due to vertical acceleration, which is evaluated based on time period of breathing mode 
of vibration. All the codes suggest quite similar expressions for evaluating maximum sloshing wave height. For Indian 
code IS 1893 the provisions for seismic analysis of tanks suggested by Jain and Medhekar (1994a, 1994b), need to be 
modified. These modifications are particularly needed to include simplified mechanical models for flexible tanks, to 
include the effect of vertical acceleration, and to include simple expressions for sloshing wave height. 
 
6.  SUMMARY 
The effectiveness of seismic isolation increases with the increase of bearing flexibility and damping. The proposed 
approximate methods accurately predict the peak response of the isolated elevated steel tank with significantly less 
computational efforts. Examination of maximum hydrodynamic pressure resulting from the convective and impulsive 
modes showed that the maximum pressure occurs at the lower levels of water free surface. Since impulsive pressure is 
dominant in these levels, maximum pressure occurs at the bottom of full tank. The isolation system is more effective for 
rigid type tower structure. Analytical and numerical calculation approaches are compared on the example of typical tank 
geometry, taken the relevant interaction effects into account. The effectiveness of isolation systems for tanks increases 
with the increase of the flexibility of the sliding systems. All the codes suggest quite similar expressions for evaluating 
maximum sloshing wave height. For Indian code IS 1893 the provisions for seismic analysis of tanks suggested by Jain 
and Medhekar (1994, 1994), need to be modified. These modifications are particularly needed to include simplified 
mechanical models for flexible tanks, to include the effect of vertical acceleration, and to include simple expressions for 
sloshing wave height. 
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