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ABSTRACT 
 
Condensate storage tanks (CSTs) are important facilities in nuclear power plants (NPPs) and classified as 
critical lifeline structures requiring good seismic performance since they store and provide cooling water 
used during normal NPP operation and in accidents. Relatively simple and sufficiently accurate structural 
models of CSTs are needed to evaluate the seismic safety and reliability of CSTs in NPPs in view of 
phenomenological and modeling uncertainties. The dynamic behavior of steel cylindrical CSTs well-
anchored to the ground is studied using two simplified 2D numerical models and a detailed 3D finite 
element (FE) model. The simulations include the effects of fluid-structure interaction, predict the 
hydrodynamic pressure distribution of the liquid on tank body, and consider the sloshing behavior in CST 
when subjected to the selected ground motions. The dynamic characteristics and seismic response are 
investigated using the results from modal and time history analysis. The results of the time history analyses, 
including stress distribution, sloshing effects, base shear force, and overturning moments, are evaluated. 
The modeling results obtained from numerical simulations can be used in probabilistic risk assessment 
(PRA) of a NPP during a seismic event.   
 
Key words: Condensate storage tank; Finite element analysis; Modal analysis; Time history analysis; 
Fluid-structure interaction.   
 
1. INTRODUCTION 

 
There are a number of large cylindrical tanks containing water at nuclear power plants (NPPs). Condensate 
storage tanks (CSTs) are of particular concern for assuring the safe shutdown of an NPP in an accident and 
thus are classified as safety-related components requiring high confidence of a low probability of failure in 
a design-basis seismic event. CSTs store and provide cooling water used during normal NPP operation and 
in accidents for the removal of decay heat. The failure of CST may result in severe core damage due to the 
inability to remove decay heat from the primary system. Thus, an appropriate structural model for 
probabilistic risk assessment (PRA) analysis is required to evaluate risks associated with CSTs in 
NPPs (Sezen et al., 2015; Hur et al., 2016a). Seismic evaluation of CSTs is complicated due several issues, 
such as the dynamic fluid-structure interaction (FSI) between tank shell and fluid inside, sloshing motion 
of free surface vibration, capacity to resist buckling likely to occur on the tank body and other failure modes 
triggered by excessive hydrodynamic pressure of the fluid. Under some specific conditions such as 
buckling, the wall of the CST can be deformed sufficiently to display nonlinear inelastic behavior (Hur et. 
al., 2016b).  
 
Housner (1963a, 1963b) was one of the first to study on the seismic behavior of tanks, and developed a 
simplified model for estimating the dynamic response of tanks with rigid walls. The tank with a free fluid 
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surface subjected to ground accelerations and the fluid inside is assumed to be a lumped mass connected to 
the tank wall with specified springs to simulate the liquid oscillation effects. The whole system vibrates 
horizontally due to ground excitation. It is worth noting that many current industrial standards and design 
guidelines such as ACI 350.3 (2001) have employed Housner’s method (Housner, 1963a) for seismic design 
of tanks with a few modifications. Nevertheless, the development of Housner’s model (Housner, 1963b) in 
early studies has only adopted the rigid wall hypothesis, which ignores the possible nonlinear behaviour of 
the tank body caused by fluid movement. Experimental efforts and subsequent research illustrated that the 
flexibility of the tank walls has significant influence on the response of CSTs due to seismic excitations 
(Veletsos, 1974; Veletsos and Shivakumar, 1997). Thus, the dynamic stresses and sliding effects may be 
underestimated for such models based on rigid wall tanks.   
 
Haroun and Housner (1981) developed a new model to evaluate the seismic response of steel tanks 
including the consideration of the flexibility of tank wall. In this model, two basic types of lumped masses 
of fluid (namely, convective and impulsive masses) move back and forth with the tank body. One impulsive 
mass typically represents the part of liquid near the bottom of the CST with relatively static behavior. One 
or more convective masses are introduced to represent the mass of upper sloshing fluid likely to be excited 
during the earthquake. Furthermore, the convective and impulsive masses are connected to the tank wall 
with equivalent springs with different stiffnesses to represent friction forces.  
 
In FSI analysis, fluid pressure is applied on the tank shell and the shell deformation changes the fluid 
domain as well. The objective of this study is to implement numerical analysis of FSI and then investigate 
the seismic performance of CSTs with flexible walls. The computational domain can be divided into a solid 
domain and a fluid domain (Uwizerimana et al., 2016). The seismic response of a partially filled circular 
CST under external excitations in both gravitational and transverse directions are evaluated. Specifically, a 
3D detailed model representing a more realistic working status is created with ANSYS (2017) to estimate 
the structural response (Section 2.1), which is then compared to numerical results obtained from simplified 
models developed using SAP2000 (2016) in Section 2.2.  Section 3 describes the dynamic response of 
the CST using: a) El Centro ground motion input, b) two simplified 2D CST models modeled in 
SAP2000, and, iii) compares it to the 3D model.  Section 4 investigates 3D model sensitivity to mesh size 
used. Section 5 gives the conclusion of the study. 
  
2. DESCRIPTION OF CST MODELS 
 
The CST model used in this study is shown in Figure 1. It is a ground-supported, circular cylindrical, thin-
walled steel container of a diameter D, height ht and thickness ts, with the wall restrained to a rigid base. 
The tank is partly filled with water to an elevation hw. The dimensions and properties of the CST model are 
listed in Table 1. 

Table 1： Dimensions and properties of CST model (Nie et al. 2012) 
Inner diameter of tank (m) 15.24 Density of tank steel (kg/m3) 7800 

Tank height without roof (m) 11.43 Density of  fluid (water) inside (kg/m3) 1000 
Tank height with roof (m) 12.85 Young’s modulus of tank wall (GPa) 200 

Water height (m) 10.67 Poisson’s ratio of tank wall 0.30 
Shell thickness (mm) 12.7 Bulk modulus of water (GPa) 2.16 

Bottom plate thickness (mm) 12.7   
 
2.1. 3D Finite Element Models of CST 
 
The ANSYS program (2017) was selected for the analysis due to its ability to include shell elements for the 
tank body, appropriate fluid elements, material and geometric nonlinearities, FSI effects and various contact 
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type elements. The 3D CST model is assumed to be a symmetrical structure and well anchored to the base 
plate, and thus the effect of uplift pressure is ignored. Further details of the 3D model are described below: 
 
• Shell Elements of CST Body: To study of the seismic behavior of the shell walls and the base of the 

tanks, SHELL181 element was selected. This element is composed of four nodes and six degrees of 
freedom (DOFs) in each node, and it is suitable for the analysis of thin to moderately-thick shell 
structures. This element also supports full and reduced integration schemes and the nonlinear 
assumption of large deformation. The meshed tank body after is shown in Figure 2(a). 

• Fluid Elements: The liquid domain was modeled with FLUID80, which has eight nodes and three 
degrees of freedom at each node. This element is particularly well suited for calculation of hydrostatic 
pressure, fluid-structure interaction, and acceleration or sloshing effects. A cross-sectional view of the 
combined shell and fluid elements is shown in Figure 2(b). 

      

          
                                                                                                (a)                                            (b)    

                  Figure 1. 3D CST model             Figure 2. Meshed bodies of: a) tank shell, and b) fluid inside  
                                                                                                              
• Boundary Conditions at the Base of CST: CST models in this study were assumed to be completely 

anchored to the base plate, not considering the stiffness of the soil. The boundary condition of tank 
body is assumed to be fully restrained or fixed to a rigid foundation. Thus, the soil-structure interaction 
effect is neglected in this study. In practice, many tanks are either unanchored or only partially anchored 
at the base. The effects of base uplifting on the seismic response of anchored CSTs supported on rigid 
foundations were ignored. 

• Contact Elements of FSI: FSI is defined as the interaction of some deformable or movable structures 
with an internal or surrounding flow. The effect of fluid interaction on the seismic response of tanks 
has been the subject of many studies in the past several decades. However, only a small number of 
studies focused on the effects of fluid-structure interaction in storage tanks. Moreover, only few studies 
used the finite element method to investigate the seismic behavior (Uwizerimana et al., 2016; Hur et 
al., 2016a). Since there is a transfer of energy from fluid to the solid and vice versa, FSI becomes 
particularly important when the liquid is almost incompressible and deformation of the solid cannot be 
neglected. FSI or contact issue in FE modeling usually means the simulation of neighboring surfaces 
which are not attached to each other, but are in contact and can transfer forces to each other in terms of 
pressure and friction as illustrated in Figure 3. In this study, to include the effects of FSI, 3D surface-
to-surface contact elements are selected as a contact pair in ANSYS program for both steel wall and 
fluid inside. In order to consider the shell thickness and multiphysics contact capability, TARGE170 
with eight nodes in three DOFs are attached on shell elements to describe the boundary of a deformable 
body. CONTA174 is used to represent contact and sliding between target surfaces and a deformable 
surface as defined in Figure 3. The contact element CONTA174 has three DOFs at each node. This 
element is located on the surfaces of shell elements. Since deemed nonlinear, it requires a full Newton 
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iterative solution. The meshed contact elements were built using input parameters representing the 
physical properties are shown in Figure 4.      
 

          
         Figure 3. FSI strategy and contact elements               Figure 4. Contact elements configuration 

 
2.2. Simplified Models of CST 

Two different simplified CST models are adopted in this study. The first model was based on Housner’s 
method (1963a, 1963b), which is employed by the American Concrete Institute (ACI) and codified in the 
ACI 350.3 (2001) for design purposes as illustrated in Figure 5(a). Total stiffness of convective mass spring 
is labeled as kc. Equivalent masses of convective and impulsive components are mc and mi, respectively. hi 
is the elevation to the center of gravity of impulsive mass, and hc is the height to the center of gravity of 
convective mass. Another model proposed by Haroun and Housner (1981) was developed by modifying 
the previous model by Housner (1963b) (Figure 5(b)). After experimental and numerical research suggested 
that liquid storage tank walls do not behave rigidly under seismic shakings, a second convective mass, mc2 
was added to model the flexible nature of the tank walls. hci is height to center of gravity of corresponding 
convective mass (Maekawa, 2012).  
 
3. DYNAMIC RESPONSE 

Two simplified 2D CST models are modeled in SAP2000 program (2016). To evaluate the limitations of 
the 2D CST models, dynamic response of the simplified 2D and detailed 3D models are compared. Modal 
analysis results were used to determine and compare the general dynamic characteristics of each model. 
Transient seismic analyses were performed to predict and compare the dynamic response of each model.  
 

 
                                 (a)                                                                              (b)  

      Figure 5. Simplified 2D CST models: a) Housner model, and b) Haroun and Housner model  



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 
Division 03-44 

 
• Modal Analysis: The dynamic properties including fundamental natural frequencies and mass 

participation ratios for significant modes were selected for the analysis. Due to the simplified nature of 
the 2D models, only dynamic characteristics in one transverse direction of the models were 
investigated. Moreover, due to the symmetrical geometry of the cylindrical shape, the mass and 
stiffness distributions of 3D CST model in the two orthogonal horizontal directions are identical. The 
natural frequencies of the first convective and impulsive mode shapes of the 2D and 3D CST models 
are summarized in Table 2. 
 

• Transient Analysis: Transient or time history analyses are performed to determine the seismic response 
and potential failure modes of the 2D and 3D CST models. Transient analysis can be used to calculate 
the dynamic deformation of the tank body, the sloshing effects and free surface movement, the stress 
distribution of the tank wall due to hydrodynamic pressure, and resistant overturning moments. The 
ground motion (GM) input used in this study is EI Centro wave, which was recorded at United States 
Geological Survey (USGS) STATION 117 during the 1940 Imperial Valley earthquake (Figure 6). EI 
Centro GM record has a total duration of time of 40 seconds with a peak acceleration of 0.313g. 
Gravitational acceleration is applied on the complete CST model with fixed supports.  
 
Time history analysis results show that, as expected, the tensile stress on tank wall decreases with 
increasing elevation, whereas more mass participates in vibration and cause higher hydrodynamic 
pressure on the tank surface as shown in Figure 7. The location of maximum tensile stress is close to 
CST bottom as shown in Figure 8, because it is predominantly influenced by the compressive stress 
resulting from the gravity effects. The compressive stress generally increases as the amount of liquid 
in the CST increases. Dynamic analysis results show that the tensile stresses of 3D CST model do not 
exceed the yield stress of the steel material at any point in this study. 

 
Table 2: Natural frequencies for significant modes of 2D and 3D CST models 

    Mode Natural frequency (Hz) 
Housner (1963) Haroun and Housner (1981) 3D Model (ANSYS) 

Convective 0.24 0.24 0.24 
Impulsive 7.90 4.90 6.56 

 
 

 
Figure 6. EI Centro ground motion input 

 
• Sloshing Effects:  Sloshing motions are critical to determine the potential failure of tank roof and 

evaluate the hydrodynamic pressure applied on tank body. An increase in the input ground motion 
intensity leads to larger fluid pressure and sloshing waves near the top or free surface of the liquid. The 
sloshing effect can be significant in partially filled storage tanks caused by drastic disturbance. 
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Moreover, sloshing behavior of fluid considered in the 3D model is mainly determined by the fluid-
structure interaction. Thus, only 3D CST model can appropriately simulate and show the sloshing 
effects in comparison with simplified 2D models. Figure 9 shows the free surface movement of the 
fluid in the 3D CST model at a few selected time steps during the transient analysis. It is observed that 
the maximum sloshing wave height increases with the increase in the EI Centro ground motion 
intensity. However, no clear relationship has been concluded between input seismic motions and output 
responses. 

 
Figure 7. Time histories of tensile stress distribution along CST tank wall 

 

           
(a)                                                                             (b)  

Figure 8. First principle stress contours with a) only gravity load, and b) gravity and seismic loads 
 

     
             t = 0.0 s                     t = 2.0 s                    t = 5.0 s                  t = 10.0 s                  t = 15.0 s                                             

Figure 9. Fluid sloshing observed during dynamic analysis 
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• Base Shear and Overturning Moments: Base shear and overturning moments can be used for detecting 

the anchorage failure. The response histories of 2D and 3D CST models for base overturning moments 
show the same general trend. The rigidity and dynamic properties of the 3D model is somewhere 
between the two 2D models shown in figure 5. In general, compared to the 3D model, the Haroun and 
Housner (1981) model overestimates the base shear and overturning moment throughout the entire 
history. The response histories for the Housner model (1963b) and 3D model are similar throughout 
the entire history (Althoff 2017). 

 
4. MESH SENSITIVITY 

The effects of 3D geometry on the dynamic response of CST model are evaluated through parametric 
studies. As shown in Figure 10, five study cases with different number of meshed shell elements from the 
CST bottom to the wall top were conducted through the time history analysis to generate the maximum 
tensile stresses on the tank body. An analytical maximum stress method commonly used for design purposes 
is adopted for comparison (Nie et al., 2012). In order to achieve a reasonable mesh size for the dynamic 
analysis, especialy for failure check purpose, the elevation of the CST wall is divided into 15 meshed 
elements (starting point on the horizontal axis of Figure 10). The bottom plate parallel to the two horizontal 
directions are divided into 20 meshed elements. It is observed that the accuracy of the finite element model 
depends on the number of elements to a small extent. The computation time for each case varies greatly, 
from less than 4 hours to approximately 14 hours as shown in Figure 10. 
 

 
Figure 10. Parametric study on FE modeling results 

 
5. CONCLUSIONS 

In this study, two simplified 2D models and one detailed 3D FE model were developed to investigate the 
seismic performance of condensate storage tanks when subjected to ground motions. The 2D CST models 
are developed using commercial software SAP2000 using horizontal springs between the liquid mass and 
tank walls to represent the impulsive and convective load effects. ANSYS software is selected for the 3D 
CST model due to its ability to effectively include shell and fluid elements, contact elements, and geometric 
nonlinearities. To evaluate the dynamic response of CSTs at NPPs, structural properties for a CST were 
retrieved from literature and used to develop models for a realistic CST. Modal and time history analyses 
are completed for all CST models to evaluate and compare the dynamic characteristics and response of 
each. Although the results of the 3D model considering the fluid-solid interaction show more detailed 
dynamic characteristics, the simplified 2D models capturing most key dynamic properties of CST under 
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seismic ground motions can be used for the probabilistic risk assessment. The 2D models can be used 
depending on the level of accurary desired. Although 3D CST model provides more accurate response they 
are computatinally expensive (Figure 10).  
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