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ABSTRACT: Liquid storage tanks are lifeline structures that must function following 
earthquakes. In the past, several investigations have been performed on the seismic 
response of liquid storage tanks. A number of shake table experiments on tanks with three 
different aspect ratios have been recently performed at the University of Auckland. The 
earthquake ground excitation was generated based on the New Zealand design spectrum 
with soft soil, classification D. The results show that the base plate thickness of storage 
tanks may directly influence radial displacements and bending moments in the tank wall. 
To incorporate a low-damage seismic design philosophy, the tank is allowed to separate 
partially at the base. This temporary separation induces rigid body like motion of the tank 
and thus may reduce the deformations of the wall. Consequently, the bending moment 
along the wall can also be reduced compared with that occurring with full base plate con-
tact.  

1 INTRODUCTION 

Liquid storage tanks are structures used in industrial and urban regions. Past experiences of seismically 

induced damage to storage tanks have shown their vulnerability to earthquakes. The damage can be 

rupturing of pipeline connections, overturning of the tank, “elephant footing” or simple collapse. In the 

case of failure during a strong earthquake, they may produce environmental damage, explosions and, in 

an extreme case, they could pose a threat to human life. Post-earthquake recovery requires a reliable 

water supply for fire-fighting and drinking water. For all these reasons liquid storage tanks are a lifeline 

facilities for communities recovering from the effects of strong ground motion.  

One of the principal causes of failures of storage tanks is the high axial and hoop stresses developed in 

the tank wall. According to shell theory (Flügge, 1973), hoop stresses 𝑁𝜑 are in equilibrium with 

bending moments 𝑀𝑥 and shear forces 𝑄𝑥. The distribution of these forces are significantly affected in 

magnitude by the partial separation of the base from the foundation, known as uplift; for unanchored 

tanks, uplift is a phenomenon that governs seismic design (Peek & Jennings, 1988). Investigations have 

been performed to predict the seismic behaviour of liquid storage tanks. Haroun & Badawi (1988) and 

Haroun & Al-Zeiny (1995) reported that uplift involves inherent nonlinearities due to plastic hinges 

developing in the base plate. Due to the complexity and time demands for developing a rigorous solution 

(e.g. Natsiavas, 1988; Peek, 1988), Ishida & Kobayashi, (1988) and Malhotra & Veletsos, (1994) 

developed simplified analyses by assuming the base plate acted as a beam. In those studies, the base 

plate thickness is one of the factors that governs uplift resistance.  

Experimental research on seismic uplift of broad and tall storage tanks has been carried out by Clough 

(1977) and Niwa (1978). They presented static and dynamic axial and hoop stress distribution and the 

cross-sectional deformation at mid-height, as a function of time. Both studies considered the base plate 

thickness constant. Recently, Taniguchi (2003) performed experimental tests and evaluated the 

influence of the mass of liquid that contributes to uplift, but the effect of the thickness of both the tank 

wall and base plate were neglected. Ormeño-Godoy, et al. (2015a) experimentally assessed the effect of 

uplift on the tank wall stresses. Most codes and guidelines state that uplift should be avoided, however, 

in that study it was demonstrated that, for certain aspects ratios (ratio of the tank radius to liquid 

height: 𝐻/𝑅 ), uplift may reduce both axial and hoop stresses, even though higher displacements and 

accelerations occur. The favourable effect of uplift has also been reported in the seismic response of 

other structures (Chen et al. 2016) and (Chen et al. 2017). 
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According to some studies (Haroun & Al-Zeiny, 1995; Malhotra & Veletsos, 1994; Peek, 1988), the 

base plate thickness significantly affects the uplift resistance. Nevertheless, more studies are required to 

clarify the influence of the base plate thickness on radial displacements and bending moment distribution 

along the tank height. To the authors’ knowledge, experimental tests that vary the base plate stiffness 

have not been reported. The objective of this work is to experimentally evaluate the influence the base 

plate thickness on the circumferential displacements and the distribution of the bending moment along 

the tank height. 

2 EXPERIMENTAL METHODOLOGY 

2.1 Tank model 

A low-density polyethylene (LDPE) container (450 mm diameter, 750 mm height) is utilised to model 

a prototype steel tank. Three aspect ratios 1, 2 and 3 were considered corresponding to liquid levels of 

225, 450 and 675mm, respectively.  The tank was unanchored hence uplift could occur. The fundamental 

period of the prototype was estimated according to the New Zealand Society for Earthquake Engineering 

(NZSEE): recommendations for the design of liquid storage tanks (NZSEE, 2009). 

Veletsos & Tang (1990) demonstrated that the convective effects (oscillations at the liquid free surface) 

can be assessed separately of the impulsive effects (inertia forces on the tank wall). Furthermore, for 

practical purposes and considering that convective effects are not affected by the tank flexibility 

(Veletsos & Yang, 1977), storage tanks are usually analysed as a single degree-of-freedom (SDOF) 

system considering only the impulsive effects. Hence, the similitude conditions between the prototype 

and the model were defined using the Buckingham 𝜋 theorem (Buckingham, 1914) and applying the 

Cauchy number, defined by (Qin et al. 2013), for SDOF systems. The properties and the similitude 

conditions of the model and prototype are shown in Table 1 whereas the scale factors are shown in Table 

2. 

Table 1. Properties of the model and prototype. 

 Model Prototype 

Material LDPE Steel 

Elastic Modulus  𝑬 (𝑷𝒂) 0.3 x 109 2.068 x 1011 

Radius 𝑹 (𝒎) 0.225 4.500 

Maximum Liquid Height  𝑯 (𝒎) 0.675 13.500 

Wall thickness 𝒕𝒘 (𝒎) 0.004 0.010 

Maximum liquid Mass (𝒌𝒈) 107 858833 

Fundamental period 𝑻𝒊 (𝒔) 0.066 0.143 
 

Table 2. Scale factors. 
Dimension Scale factor 

Length 20 

Mass 8000 

Time 2.16 

Acceleration 4.31 

2.2 Setup 

Five vertical columns of strain gauges were attached to the external face of the LDPE container to 

measure the radial displacement 𝜔, as shown in Figure 1. Using the radial displacements, the bending 

moment is estimated using shell theory, see Equation (1) (Flügge, 1973) 

𝑀𝑥 =
𝐸𝑡𝑤
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where 𝜈: Poisson’s ratio, assumed ν= 0.34 (Nitta & Yamana, 2007);  𝜔 =radial displacement (𝑚);  

𝛾 = liquid specific weight (𝑁/𝑚3) =  𝜌𝑔; 𝜌 = density of the liquid 𝑘𝑔/𝑚3; 𝑔 = gravitational 

acceleration = 9.81 𝑚/𝑠2; 𝑏: auxiliary variable ⟶  𝑏4 = 3(1 − 𝜈2) 𝑅2/ 𝑡𝑤
2 .

The columns are referred to by the azimuth with respect to the excitation direction. In order to measure 

uplift, two linear variable differential transformers (LVDTs) were used to register the movement of a 

small piece of plastic attached to the container 200 mm above the container base. The initial base plate 

thickness is 4mm. Three more round LDPE sheets, each of 3mm thickness, were added to increase the 

base plate thickness; giving a total of 13mm thickness for Test BP4, see Error! Reference source not 

found. for the four cases studied; the thickness ratio (ratio of tank wall thickness to base plate thickness 

𝑡𝑏/𝑡𝑤) is provided.  

 

     
    (a)            (b)             (c) 

Figure 1. LDPE container (a) Strain gauges arrangement, (b) equilibrium of active forces in a shell element and 

(c) physical model. 

 
Table 3. Four cases of base plate thickness. 

Test ID  
Base plate thickness 

𝑡𝑏 (mm) 

Thickness ratio 

𝑡𝑏/𝑡𝑤 

BP1  4 1.00 

BP2  7 1.75 

BP3  10 2.50 

BP4  13 3.25 

 

2.3 Ground motion 

Based on the NZSEE procedure to simulate earthquakes, a ground motion for a soft soil site, 

classification D, was generated. The target spectrum was based on NZS 1170.5 (NZS 1170.5, 2004) in 

conjunction with the NZSEE recommendations for liquid storage tanks (NZSEE, 2009). The ground 

motion is shown in Figure 2 and the target spectrum and the response spectrum of the ground motion 

are plotted in Figure 3.According to Ormeño et al. (Ormeño et al. 2015b), the NZSEE 1170.5 code 

establishes a restriction of the minimum period of the range of interest and, consequently, the full range 

of possible tank frequencies is no accounted for. As a result, it may lead to an underestimation of stresses 

in the tank wall. In order to avoid that underestimation, that restriction is ignored is this study. Thus, the 

lower limit is 0.4𝑇𝑖 = 0.057 (𝑠) and the upper limit is 1.3𝑇𝑖 = 0.186 (𝑠), see Figure 3. 
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Figure 2. Simulated ground motion for soft soils generated by NZSEE procedure. 

 
Figure 3. Target spectrum and response spectrum of the ground motion. 

3 RESULTS 

The maximum radial displacement distribution for an aspect ratio of 3, assumed to be the critical case, 

is shown in Figure 4 for an azimuth of 90° and 180°. From Figure 4 (a), it may be seen that the radial 

displacements increase as the base plate thickness increases. This is reasonable, since the stiffer the base 

plate, the more energy is transmitted to the tank wall, leading to larger radial displacements. Considering 

Figure 4 (b), the gradual increase in radial displacements persists for the first three tests but for Test BP4 

(13mm) the displacements significantly reduce by more than half compared with the results of Test BP3. 

Similar results are observed for the maximum bending moments. Figure 5 (a) shows that, for an azimuth 

of 90º, the maximum bending moment of the Test BP4 surpass the magnitude of all the tests by more 

than 40% at d / H = 0.14. On the other hand, comparing the results of Test BP3 and BP4, for an azimuth 

of 180º, see Figure 5(b), the bending moment is reduced by 47% at d / H = 0.1 and also it reduced by 

50% almost at the base of the container (d / H = 0.024). In these figures, the height (𝑑) is normalized 

with respect to the water level (𝐻).  

In order to assess the influence of the base plate thickness on the bending moments, the maximum 

bending moments of the four cases (thickness ratio of 1, 1.75, 2.5 and 3.25), for the three aspect ratios, 

are shown in Figure 6-8. Considering Figure 6, the maximum bending moment for an azimuth of 180º 

shows a monotonic increase with increasing H / R while there is little change for other orientations. 

Figure 7 (H / R = 2) shows a significant increase (approximately 85%) in moment for the thickest base 

plate at an azimuth of 180º, compared with the other cases. For the remaining azimuths, the variations 

is not so significant. Figure 8 shows that the maximum bending moment peaks for case 3 then reduces. 

Overall, there is little significant variations in the other moments. However, in the thickest base plate 

(13mm) the bending moment drops 32%.  

 

-2

-1

0

1

2

0 5 10 15 20

A
cc

el
er

at
io

n
 (

g)

Time (s)

0.057 0.186

Ti=0.143

0.1

1

10

0.01 0.1 1 10

Sp
ec

tr
al

 A
cc

el
er

at
io

n
 (

g)

Period (s)

Target spectra

Range of interest



5 

  

Figure 4. Radial displacements for 𝐻/𝑅 = 3, (a) 90° and (b) 180°. 

     
 Figure 5. Bending moment distribution for 𝐻/𝑅 = 3, (a) 90° and (b) 180°. 

 

Figure 6. Maximum bending moment H / R = 1. 

 

Figure 7. Maximum bending moment H / R = 2. 
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Figure 8. Maximum bending moment H / R = 3. 

The reductions in radial displacements and bending moments may be caused by uplift of the base that 

only occurs for an aspect ratio of 3 and for the thickest base plate. Ormeño et al. (2015) showed that if 

uplift occurs, under certain conditions, the axial and hoop stress distribution may be reduced. That study, 

however, did not provide information about radial displacements and the bending moment distribution 

in the tank wall. In the present investigation, the container underwent a maximum uplift of 1.75 mm. 

Even though this is a relatively small uplift, it affects significantly the radial displacements and, in 

consequence, the bending moment distribution in the direction of the excitation. It is worth noting that 

for the direction perpendicular to the excitation (an azimuth of 90º) when uplift occurs, an increase of 

the maximum bending moments is presented.  

4 CONCLUSIONS 

A LDPE container, representing an unanchored steel liquid storage tank has been tested on a shake table 

using a simulated earthquake ground motion. The main aim was to assess the influence of the base plate 

thickness on the magnitude of radial displacements and the distribution of bending moment in the 

container wall. The experiments were performed with four base plate thicknesses of 4, 7, 10 and 13 mm. 

The results have revealed that the base plate thickness may play a significant role in influencing the 

radial displacements and bending moment, depending on the tank aspect ratio and the azimuth being 

considered. For low aspect ratios, the bending moment distribution is similar in all cases.  For an aspect 

ratio of three and the thickest base plate utilised (13mm), in a direction co-linear with the excitation, the 

base plate separates from the supporting surface, leading to a decrease in radial displacements and 

bending moments. However, uplifting produces a distortion of the circular cross-section of the tank 

creating a major and minor axis of the tank. Consequently, the bending moment in a direction normal to 

the excitation increases.  

More studies are needed to assess the influence of the base plate thickness and the phenomenon of uplift, 

and such studies are at the heart of a philosophy of low damage design by reducing constraint. This 

study suggests that thicker base plates may induce uplift with a consequent reduction in radial 

displacements and bending moments co-linear with the direction of seismic motion. On the other hand, 

in a direction normal to the earthquake motion an increase in displacements and bending moments was 

recorded.  
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