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Abstract 

The elevated tanks are considered as very sensitive structures in seismic movement condition. Moreover, the conical steel 

tank manufacturing without local geometric imperfection seems to be too difficult. In generally, the latter is the most 

responsible factor to define the shell structures buckling capacity. For this reason, several theoretical and experimental 

researchers studied the performance of this type of structure under seismic loading.  The present study aims to demonstrate 

the local geometric imperfection effect on dynamic buckling of elevated water tank. Using the three dimensions finite 

element technique to study the seismic response of perfect and imperfect elevated water tank was established taking into 

account the following factors; the interaction fluid structure (FSI), the wall flexibility, the local geometric imperfection, 

the nonlinear time history analysis, the material and geometric nonlinearity, and this by the application of three different 

instability criteria for the critical PGA estimate. The critical PGA of the imperfect elevated water tank numerical models 

decreased by 45, 45% compared to the elevated water tank numerical model without local geometric imperfection. The 

obtained results confirm the local geometric imperfection effect on dynamic buckling of elevated water tanks. 
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1. Introduction 

Storage tanks are strategic structures. They are generally used as water storage in our daily lives and as well as 

hydrocarbon storage in the industry field. The water tanks are generally installed on steel or reinforced concrete tower 

supports to avoid the use of pumping installations. Several tanks have been severely damaged and some have collapsed 

with disastrous results. For example, the severe damage sustained during the earthquake, namely; Alaska 1964, Niigata 

1964, Parkfield 1966, San Fernando 197, Imperial County 1979, Northridge 1994 and Asnam 1980.    

Many researchers have studied the dynamic behaviour of elevated tank. Housner (1963) has allowed practicing 

engineers to perform the seismic responses analysis of the elevated rigid tanks by using the two-mass method. The liquid 

was assumed to be incompressible and non-viscous. The model has been adopted in many codes [1]. 

Joshi (2000) presented an equivalent mechanical model for the seismic analysis of Intze-type tanks under horizontal 

seismic acceleration. The model parameters were evaluated and compared to those of equivalent cylindrical tanks. The 

fluid was assumed to be non-viscous and incompressible and the sloshing height was assumed to be small. However, to 

develop the mechanical model, only the first mode of sloshing was taken into account. It was concluded that the 

associated errors due to the equivalent cylindrical reservoir model used in place of the Intze-type tanks were negligible 

[2].  
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Dutta et al. (2000a, 2000b) made a comparison between raised tanks support systems and that proposed an 

approximate empirical equation for lateral, horizontal and torsional stiffness evaluation of different support systems [4-

6].   

Livaoglur. R. and Dogangun A. (2006) studied the effects of soil structure interaction on the seismic behaviour of 

elevated tank with a structural frame supporting system. It was concluded that the interaction soil structure has more 

influences on shear stress, overturning moments, axial forces and lateral displacement [3].   

Shell buckling mode is one of the most common forms of damage in steel tanks generally classified as elastic buckling 

“diamond shape” and elastic-plastic buckling “elephant foot”. Usually, this instability appears in around the bottom of 

tanks. For this reason several theoretical and experimental research studies were performed such as: Liu and Lam (1983), 

Nagashima et al. (1987), Virella et al (2006) and Djermane et al. 2014) [7-10]. 

In a recent study conducted by Pole and Khedikar (2017), three different types of supporting systems have been 

analyzed using tank at different capacities and they made a comparison between displacement and base shear of each 

supporting systems [11]. 

Based on the research presented above, it can be concluded that most of the published literature studied the tank 

dynamic buckling and the dynamic behaviour of elevated water tank. There is no investigation concerning the geometric 

imperfection effect on dynamic buckling of elevated water tank. Unlike the most research that have been done in this 

filed, where in the present paper, the fluid domain was modeled by three dimensional elements that allowed  a more 

suitable consideration for fluid-structure interaction,  and under earthquake excitation, enhanced the information about 

the geometric imperfection effect on the dynamic buckling of elevated tanks. 

2. Theoretical Simplified Model  

The Housner method used in many codes divide the fluid into two parts, the first is called impulsive that is rigidly 

fixed  to the structure, and the second is called convective that  is freely vibrate to the structure. The masse and rigidity 

of these components are done respectively by [12, 13, 20-22]: 

kc = mc
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Where; h, R, kc, mc, mi, me and hc are the fluid height, radius tank, convective rigidity, convective mass, impulsive mass, 

total mass and convective height respectively. 

 

                      

 

 

 

   

 

 

Figure 1. Elevated tank model: Equivalent two DOF model 

By the method of Rayleigh, the rigidity of a tower with a constant section (Figure 2) is given by [15]: 
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I =  π R3 e (7) 

P′ = P + 
33

140
 p l 

 
(8) 

E, I, l, P and  p are the Young modulus, the inertia of the cross section, the height of the tower, the weight of the 

concentrated mass and linear weight of the tower respectively. 

 

 

 

 

 

 

Figure 2. Console (constant section) 

3. Methodology 

In high seismicity areas and high population density, a tank rupture following an earthquake can cause enormous 

property damage and human life loss. In the present work, an efficient 3D finite element analysis method was used to 

evaluate the dynamic behaviour of elevated tanks.  

 In the first part, the free vibration analysis was carried out on the elevated tank. In this section, the validity of the 

proposed finite element model in both free vibration (Impulsive and convective components) is verified by 

comparing the results with current code requirements. 

 In the second part, transient analysis was performed on an elevated tank under horizontal component effect of 

earthquake using the direct integration method for investigating dynamic buckling of this elevated tank Figure 3. 

 In the third part in order to clearly show the  local geometric imperfection effect on the dynamic response of the 

elevated  tanks, the PGAcr of elevated tank is calculated for imperfect model (with local geometric imperfection)  

and  the obtained results are compared to the perfect model (without local geometric imperfection) Figure 3.   

 

 

 

 

 

 

 
 
 
 
 
 

Figure 3. Flowchart of the research methodology 

4. Numerical Model 

To illustrate the effect of the local geometric imperfection of dynamic behaviour of the elevated tanks, we used two 

elevated tanks (perfect and imperfect shell). The finite element technique was used. 

In this study, the wall and roof are modeled by using Shell63 for modal analysis, and shell181 “plastic capability” for 

transient analysis. The two elements have six degrees of freedom at each node: translations in the nodal x, y, and z 

directions and rotations about the nodal x, y, and z-axes [16-23]. 

The fluid and wall structure model was done using ANSYS software 
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(a) Shell63 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Shell181 

Figure 4. Finite elements geometries (a) shell 63, (b) shell 181   

4.1. Fluid Domain 

FLUID80 is used to model fluids contained within vessels having no net flow rate. This fluid element is particularly 

well suited for calculating hydrostatic pressures and fluid/solid interactions, acceleration effects, such as in sloshing 

problems. The element is defined by eight nodes having three degrees of freedom at each node: translation in the nodal 

x, y, and z directions. The stress-strain relationships used to develop the stiffness matrix and thermal load vector are as 

follows [16-23]: 

{
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εBulk =
∂u

∂x
+
∂v

∂y
+
∂w

∂z
= Bulk strain  

K = fluid elastic (bulk) modulus 

P = pressure 

γ = shear strain 

S = K×10−9 (arbitrarily small number to give element some shear stability) 

τ = shear stress 

Ri = rotation about axis i 

B = K×10−9 (arbitrarily small number to give element some rotational stability) 

Mi = twisting force about axis i 

A damping matrix is also developed based on:  
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Where  η= viscosity and C = 0.00001η 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Finite elements geometries Fluid 80   

4.2. Fluid Structure Interaction 

The effect of the fluid-structure interaction is taken into account by properly coupling the nodes that lies in the 

common faces of these two domains [16]. 

5. Presentation of Stability Criteria 

5.1. Budiansky and Ruth Criterion 

The first and most used criterion of stability is due to Budiansky and Ruth [17]. It was formulated as an engineering 

application of the Liapunov stability criteria. In this criterion, the time displacement curve is plotted for several values 

of the PGA. The PGA value corresponding to a curve which gives a “jump” relatively to its neighboring curves indicates 

the dynamic buckling critical value. 

 

 

 

 

 

 

 

 

Figure 6. Critical load: criteria of Ari Gur and Simonetta 
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5.2. Phase Plane Criterion 

The curve representing the movement is traced in a phase plane (U; U̇). The stablemovements are characterized by 

limited trajectories and do not move too much away from the solution of the static equilibrium which plays the role of a 

center of attraction. When the load reaches the critical value, the trajectory moves away from this pole without any 

oscillation around it. The following Figures 7 and 8 extracted from Djermane et al. (2007) [18] illustrates the preceding 

criteria for a spherical cup under monotonic pressure. 

 

 

 

 

 

 

 

 

 

 

Figure 7. Phase plane diagram before and after the Pcr 

5.3. Pseudo-Equilibrium Path 

This curve has been proposed originally by Budiansky and Ruth [18] and generalized later by Ari-Gur and Simonetta 

[19]. It uses a pseudo dynamic curve, which relates the peak deflection (w) to the pulse intensity (F). Buckling instability 

occurs when a small increase in the pulse intensity causes a strong increase in the rate of growth of the deflection [19] 

(Figure 6).  In the case of seismic excitation, this strong increase is less pronounced, and is rather replaced by a change 

of the slope of the pseudo-dynamic curve relating the PGA intensity and the maximum radial displacement at a fixed 

monitored node (several nodes are considered especially in the potential buckling zones). This criterion offers an 

estimation which must be confirmed with the above criteria. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Critical load: a criteria of Budiansky and Roth 

6. Results and Discussion 

6.1. Modal Analysis  

Modal analysis is used to determine vibration characteristics of this model. The important parameters in the design 

of a structure for dynamic loading conditions are the natural frequencies and mode shapes [16]. The free system vibration 

equation is given by: 

[M]{ü} + [K]{u} = 0 (9) 

Where, [M]= structural mass matrix, [K]  = structural stiffness matrix,  {ü}: nodal acceleration vectorand {u}  nodal 

displacement vector. For a linear system, free vibration will be expressed as: 

u = ϕicoswit (10) 

Where ϕi : eigenvector representing the mode shape of the ith natural frequency, wi: ith natural circular frequency in 

radians per unit time, t = time in seconds. Substitution of Equation 11 in Equation 7 gives: 

〈[K] − [M]〉ϕi = 0 (11) 
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6.2. Perfect Elevated Tank  

The frequency and the mass participation factors are obtained by using the finite element and the analytical methods 

(EC8) for impulsive and convective modes are presented in Table 1.  

Table 1. Frequency and effective mass fraction 

Finite elements                                                           Eurocode 8 

Type Order Frequency Effective mass fraction Frequency 

 1* 0.156 0.54 0.157 

Convective 2 0.29 0.016 - 

 3 0.35 0.00013 - 

 1* 2.87 0.37 3.5 

Impulsive 2 9.99 0.033 - 

 3 15.37 0.027 - 

* Fundamental mode 

  
Deformation of fundamental convective mode Deformation of fundamental impulsive mode 

Figure 9. Elevated tank mode shapes 

The obtained mode showed that the fundamental mode shapes involve sloshing of the contained liquid without any 

participation of the shell walls (given by Veletsos) [14-24]. The fundamental impulsive mode is a column mode type. It 

can be observed that the calculated FE results are in reasonable agreement with current practice values. The fundamental 

convective and impulsive modes were identified as those with the largest participation factors in the horizontal direction. 

These results indicate the validity of the proposed FE method.  

6.2.1. Imperfect Elevated Tank  

The local geometric imperfections play an important role to define the buckling capacity of shell structures. In this 

work, Initial dimple of circumferential welding seam is considered. This local imperfection is shown in Figure 11 

according to the EC3 Across welds, where in both the circumferential direction, the gauge length should be used [21]: 

lgw = 25 t or lgw = 25tmin  with  lgw ≤ 500 mm  U0w = Δw0w /lgw 

 
Figure 10. The position of the dimple 
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Figure 11. Measurement of depths of initial dimples 

Values for the dimple tolerance parameter are obtained from the Table 2. 

Table 2. Recommended values for dimple tolerance parameter 𝐔𝟎𝐦𝐚𝐱 

Fabrication tolerance quality class Description Recommended value of 𝐔𝟎𝐦𝐚𝐱 

Class A Excellent 0,006 

Class B High 0,010 

Class C Normal 0,016 

 

The obtained results show that the convective frequency of the fundamental mode remains unchanged due to the local 

geometric imperfection. However, the natural frequency of the fundamental impulsive mode is decreased negligibly 

from 2.87 s (perfect) to 2.86 s (imperfect). 

6.3. Transient Analysis 

The temporal analysis is carried out Elevated thanks to an explicit diagram of integration of the equations of the 

movement. The transient dynamic analysis solves the basic equation of motion [16]: 

[M]{ü} + [C]{u̇} + [K]{u} = {F(t)} (12) 

Where: [C] = damping matrix, {u̇} = nodal velocity vector and {F(t)}= load vector. 

In order to analyze the effect of the earthquake on the elevated tank’s dynamic behavior, the two elevated tanks are 

subjected to the horizontal excitation of El Centro 1940 earthquake. 

 

Figure 12. Accelerograms: El Centro PGA =3.41 m/s² 
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6.4.1. Perfect  Elevated Tank 

Figure 13 shows the pseudo equilibrium path for this excitation. The discontinuity on curve indicates that the (PGA)cr 

occurs at 0.93775 g.  

 

Figure 13. Pseudo-Equilibrium path for the perfect elevated tank 

Figure 14 shows several history curves corresponding to different levels of excitation. This Figure shows clearly the 

difficulty in using the Budiansky-Ruth criterion for determining the (PGA)cr which requires, in fact, a lot of experience 

and attention. At level at 0.93775 g, a disproportionate increase in displacements is distinguished. 

 
 

Figure 14. Time history curves before and after PGAcr for the perfect elevated tank  

This increase does not correspond to a monotonic jump for the above mentioned reasons. The phase planes criterion 

illustrated in Figure 15 shows more easily in this case the instability in the vicinity of the (PGA). The difficulty for using 

this criterion is, in some cases, the same as that reported for Budiansky and Ruth one, but the use of the two criteria 

simultaneously can be more illustrative.  
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Figure 15. Phase plane before and after PGAcr for the perfect elevated tank 

 
Figure 16. Dynamic buckling of the perfect elevated tank under El Centro 

The nature of the obtained dynamic buckling response can be evaluated by studying the deformation around the 

excitation critical level. Figure 16 shows the tank’s deformed shape that accuses a swelling at its base indicating an 

plastic buckling type. 

6.4.2.  Imperfect Elevated Tank  

The effect of local geometric imperfection on dynamic buckling of elevated water tanks is considered in this section. 

Figure 17 gives the PGAcr for Imperfect model. Using an estimation given by the pseudo dynamic path, the Budiansky–

Ruth and phase plane criteria are then used to confirm the obtained value (Figures 18 and 19). 

 

Figure 17. Pseudo-Equilibrium path for the imperfect elevated tank 
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Figure 18. Time history curves before and after PGAcr for the imperfect elevated tank  

  

Figure 19. Phase plane before and after PGAcr for the imperfect elevated tank  

According to the Figure 10, the dimple position is closer to the support-tank interface region, and the surface 

undergoes maximum damages in the case of perfect tank. As indicated in Figures 17, 18 and 19, the local geometric 

imperfection effect on dynamic buckling of elevated tank is clearly revealed. Additionally, it can be observed that PGAcr 

is significantly reduced due to the local geometric imperfection. 

7. Conclusions 

In the present work, an efficient 3D finite element method analysis was analyzed using ANSYS software to know the 

dynamic behaviour of elevated tank, considering into the nonlinear temporal analysis, the walls flexibility, the material 

and geometric nonlinearity, and the fluid-structure interactions, as factors. Firstly, a modal analysis was carried out and 

compared with the Eurocode Code 8 to confirm the numerical models. Secondly, the dynamic buckling analysis of the 

two elevated tanks was performed to review also the local geometric imperfection effect on the dynamic behaviour of 

elevated tanks, the obtained results showed that: 
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 The convective frequency is remained the same for the perfect and imperfect elevated tank. However, the local 

geometric imperfection has a negligible effect on the fundamental impulsive frequency. So, no significant influence 

of geometrical tanks on the stiffness of elevated tank is revealed. 

 The maximum deformations are located along the support-tank interface region. This is related to the change of 

rigidity and geometry in the interface region (higher stiffness associated with the support compared to the tank 

part). 

 The study clearly showed the local geometrical imperfection effect on dynamic buckling. The PGAcr of the 

imperfect tank models decreased by 45, 45% compared to the elevated tank model without imperfection. 
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