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ABSTRACT:  
This paper presents a brief review of liquid storage tank performance under earthquake 

loading. The dynamic properties of a tank system are also addressed. Emphasis is placed 

on the development of a nonlinear analytical model in the time domain. The model 

captures the important aspects of foundation compliance, including both foundation uplift 

and soil yielding beneath the tank base. Experimental and analytical work performed by 

Bartlett (1976) provides the framework for this work. Results predict that the response of 

tanks under lateral loading may be significantly influenced by soil structure interaction 

effects. These effects may increase or decrease seismic loading depending on the 

individual circumstances of the tank and foundation. 

1 INTRODUCTION 

Liquid storage tanks are vital to the lifeline network following a seismic event. Tanks may hold water 

reserves for fire fighting or fuel for recovery operations. However tanks are often located on recent 

alluvial soils near harbours or rivers. The low strength of these soils may mean the foundation is 

vulnerable to earthquake damage. Soil-structure interaction effects may also be exacerbated because the 

stiffness of the tank structure contrasts with the flexibility of its foundation. 

O‟Rouke and So (2000) surveyed the seismic performance of 423 on-grade tanks during nine major 

earthquakes between 1933 and 1994. They found that while less than 4% suffered complete collapse, 

40% experienced roof and connection damage and 11% experienced „elephant foot‟ buckling. They 

estimated an overall probability of 0.30 that some damage would occur where peak ground 

accelerations (PGA) were less than 0.5g. This probability increased to 0.6 for tanks with height to 

radius ratios greater than 1.4. A similar trend was observed for tanks which were greater than 50% full. 

These factors strongly influence the seismic performance of on-grade tanks.  

Cooper and Wachholz (1999) also reported on tank performance during six relatively recent 

earthquakes, for which substantial ground acceleration data exist. During the 1979 Imperial Valley 

earthquake, several large tanks with aspect ratios of 3.0 experienced base plate uplift under a horizontal 

PGA of 0.4g to 0.7g. Foundation uplift of several oil tanks during the 1983 Coaling earthquake resulted 

in large oil leaks as their water-draws were pulled loose from their base plates. Similar damage was 

reported after the events of Loma Prieta 1989, San Fernando 1971 and Northridge 1994.  

A recent reconnaissance report of the Bhuj 2001 earthquake (Molhotra, 2001) documented significant 

foundation failures. Approximately 250 steel tanks were affected, of which nearly all were situated over 

marginal land fill. In some cases, repetitive pounding of the base plate caused differential settlements of 

up to 150 mm, leaving the tanks damaged by uneven support. Uplift and translation of some tanks 

ruptured connecting pipes causing leakage. Several broad tanks slid off their foundations by up to 300 

mm. Excessive foundation displacement was the predominant source of tank damage during this event. 

However, it appears that the flexible nature of the fill materials lowered demands on the tank walls and 

no „elephant foot‟ buckling was observed.  

In general, foundation compliance is conducive to lower vibration frequencies and hydrodynamic 

forces, but also increased foundation deformations. „Foundation compliance’ refers to the effect of 

finite foundation stiffness and damping on the seismic response of the supported structure. Historical 
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records indicate that rigid foundations may lead to shell buckling. Conversely, foundations that are too 

flexible may lead to ruptured connections and structural damage. Therefore the coupled behaviour of 

the structure-foundation system is important for liquid tank design. This paper discusses the 

fundamental dynamic aspects of ground supported tanks on cohesive soil emphasising the role of 

foundation compliance. Results from a time domain analyses are also presented. Similar analyses in the 

frequency domain are presented by Larkin (2002 and 2003). 

2  LIQUID STORAGE TANKS AS STRUCTURAL SYSTEMS 

Figure 1 displays the physical problem. The tank is cylindrical and is characterised by its diameter (D), 

wall thickness (twall) and Young‟s Modulus (Ewall). An incompressible fluid of mass density, ρL fills the 

tank to a height, Hw. The base plate is unanchored and rests at surface level on an undrained 

homogenous clay soil. The soil is characterised by its undrained shear strength (su), shear modulus (G), 

Poisson‟s Ratio (ν), and shear wave velocity (Vs). 

 

 

 

 

 

 

 

 

Figure 1: Physical System                                        Figure 2: Mechanical Analogue 

The seismic response of tanks is different to buildings because fluid-structure interaction is involved. 

Seismic excitation at the base of the tank will instigate inertial forces in the liquid mass. These forces 

will generate hydrodynamic pressures along the walls and hence over-turning moments and shear forces 

develop at the base. The response of the complete system is complex and involves both geometric and 

material nonlinearities. Most analytical methods use mechanical analogues, involving mass and 

stiffness, to calculate the hydrodynamic forces and the response is decoupled into what is known as the 

impulsive response and the convective response (Housner, 1963 and Veletsos and Yang, 1977).  

The impulsive analogue assumes a fraction of the liquid mass is rigidly attached to the tank wall and 

that this mass may be accurately represented by a single degree of freedom oscillator (Veletsos and 

Yang, 1990). The impulsive oscillator has a short natural fixed base period, typically less than 0.5 

seconds and often in the order of 0.25 seconds. The remaining liquid fraction forms the convective 

mode, which represents the long period sloshing action of the fluid. The convective mode is also 

modelled by a single degree of freedom oscillator, but in contrast has a natural period of several 

seconds and may be considered decoupled from the flexibility of the tank walls. The relative 

importance of the impulsive and convective responses is dependent on the aspect ratio of the tank - the 

impulsive response is more significance for slender tanks where the aspect ratio is greater than unity.  

In addition to their hydrodynamic aspects, tanks also behave with lower ductility and redundancy in 

comparison to buildings. Therefore the lateral forces associated with the response of tanks are higher 

than those of a building with “equivalent” dynamic characteristics. Codes of practice accommodate this 

by using appropriate response modification values that recognise these factors.  

A mechanical analogue of the physical system is shown in Figure 2. The tank-soil-liquid system is 

represented by a four degree of freedom dynamic model, which is subjected to horizontal motion along 

one of its axis. Two degrees of freedom are associated with the impulsive and convective oscillators 

which are coupled through the base plate. Their damping properties cc and ci are small, typically 2% 

and 0.5% of critical for the impulsive and convective mass respectively. Solutions for the stiffnesses (ki 

and kc) and participating masses (Mi and Mc) are available in Veletsos (1984), NZSEE (1986) and 
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Malhotra (2000). Another two degrees of freedom are associated with the foundation, which is able to 

rotate and translate. The dashpots c and cx represent the energy dissipated by the stress waves 

spreading away from the foundation (radiation damping). The springs k and kx are nonlinear and 

provide reduced impedance when foundation uplift or soil yielding occurs. The concepts behind the 

values of k  and kx are explained below. 

The dynamic model was solved in the time domain using Newmark‟s Method with Newton-Raphson 

iterations. While time domain solutions are capable of analysing nonlinear systems, they cannot capture 

the frequency dependant characteristics associated with radiation damping. Therefore, as an 

approximation, the values of c and cx are iterated based on the strongest response frequency of the 

system. This is similar to „equivalent linear‟ solutions in the frequency domain, where instead the soil 

modulus is iterated. This approach is presented by Larkin (2002 and 2003). 

3 SOIL-STRUCTURE INTERACTION ON UNDRAINED SOIL 

3.1 Experimental Modelling of Soil Structure Interaction 

As mentioned above, the stiffness impedances of the footing in the rocking and translational modes are 

nonlinear. The behaviour of these springs is based on a pioneering study by Bartlett (1976) who studied 

the rocking of shallow footings on clay soil. This work was pivotal in understanding several aspects of 

foundation compliance and forms the analytical framework of this research. Bartlett used a model 0.5 m 

x 0.25 m footing to study the moment-rotation behaviour of footings under static vertical loads. Results 

are reproduced in Figures 3 and 4. Several important conclusions were: 

1.   The moment-rotation curves vary from approximately linear at small rotations to highly nonlinear 

at larger rotations. This behaviour is caused by two effects: (a) partial separation as the footing lifts 

off the ground surface and (b) yielding of the soil at the edge of the footing where stresses are high. 

2.   The number of load cycles influences the moment-rotation relationship. Accumulated permanent 

deformation beneath the footing results in stiffness degradation with increasing cycles. 

3.   The enclosed area of the moment-rotation diagram represents the energy which is dissipated by 

hysteretic soil damping. Hysteretic soil damping results from plastic soil deformations. 

4.   Vertical deformations are caused by a „ratcheting‟ action as the footing burrows into the ground. If 

the static factor of safety (FoS) against bearing failure is greater than 2.0, the footing centre first 

lifts off the ground before moving downward under subsequent load cycles. Hence nonlinear 

behaviour is caused by both uplift and soil yield. For footings with a FoS less than 2.0, no uplift 

occurs and the footing moves downwards on the first load cycle. Therefore, the nonlinear response 

is a result of soil yielding only. The cyclic response is strongly influenced by the initial FoS. 
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Figure 3: Laboratory results, static FoS against bearing failure 3.0 
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Figure 4: Laboratory results, static FoS against bearing failure 1.5 

3.2 Numerical Modelling of Soil Structure Interaction 

Winkler‟s soil model is adapted for modelling foundation uplift and soil yielding. This model assumes 

that the deflection of the ground at any point is proportional to the pressure at that point and is 

independent of pressures applied at other locations. Physically, this is represented by resting the footing 

on a bed of independent springs (Figure 5). The vertical springs react against the vertical weight of the 

tank (V) and hydrodynamic moments (M). Because the footing is considered infinitely stiff the pressure 

distribution will be uniform under concentric loads or triangular if an eccentric load acts. The reaction 

force in each spring is directly proportional to the vertical displacement of that part of the footing 

above, the constant of proportionality being the subgrade modulus (ks). Therefore the continuous nature 

of the soil is not explicitly recognised because each spring reacts independently.  

 

 

 

 

 

 

 

 

 

Figure 5: Plan and Section View of Adapted Winker Soil Model 

 

However, the continuous nature of the soil may be incorporated implicitly by calibrating the subgrade 

modulus against elastic solutions for surface footings. Gazetas‟s (1991) solution for the dynamic 

rotational stiffness of a surface footing is shown below: 

𝑘𝜙𝐺𝑎𝑧𝑒𝑡𝑎𝑠 =
𝐺
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Where N is the number of spring elements and I is the second moment of area of the footing. The 

Winkler model has been changed in two ways to include foundation uplift and soil yielding. Uplift is 

accounted for by allowing the springs to act in compression only. Soil yielding is modelled by setting 
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the subgrade modulus to zero if the spring is stressed to its yield pressure (qu). This behaviour is shown 

schematically in Figure 6. 

 

Figure 6: Typical Force Displacement Relationship of a Single Foundation Soil Spring 

Between positions (1) to (2) and (4) to (5) the spring has yielded and displaces under constant pressure. 

At location (3) the applied pressure is zero because the footing has separated from the ground. Only 

those springs in the elastic regions (0) to (1) and (2) to (4) contribute to the rotational stiffness of the 

footing. Therefore it follows that: 

                                                     𝑘𝜙 = 𝑘𝑠 × 𝐼𝑒 = 𝑘𝑠  × ∆𝐵  𝐿(𝑛)
𝑒 𝑥(𝑛)

𝑒 2
                            … (2)
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The superscript e refers to the elastic spring elements. I
e
 is the second moment of area of the elastic 

contact region about the centre of rotation of the footing. The translational response of the footing is 

coupled to the rocking mode in two ways: 

1. The translational stiffness and yield force is dependent on the elastic contact area of the footing. 

Gazetas (1991) gave the following expression for the dynamic stiffness of a translating surface 

footing, where A
e
 is the elastic contact area of the footing with the ground: 

                                                     𝑘𝑥 = 𝑘𝑥𝐺𝑎𝑧𝑒𝑡𝑎𝑠 =
2𝐺𝐿

2 − 𝜈
 2 + 2.5 

𝐴𝑒

4𝐿2 

0.85

                      … (3) 

2. Two yield pressures are shown in Figure 6 because the yield pressure of the vertical springs is 

influenced by the base shear and elastic contact area. The value of qu is calculated from the well 

known bearing capacity formula for an undrained soil: 

                                                             𝑞𝑢 = 𝑖𝑐 𝑖𝑠 𝜋 + 2 𝑠𝑢                                               … (4) 

Where ic and is are the inclination and shape factors recommended in Eurocode 7 (1997). 

4 RESPONSE OF TWO TANKS UNDER HARMONIC MOTION 

The response of two tanks under harmonic motion has been explored using the model described above. 

The tanks are subjected to ramped harmonics of variable frequency which rise over a period of 5 

seconds to a steady state amplitude of 0.3g. For simplicity, the convective mass is set to zero. Three 

cases are analysed for each tank. These are - case (a) no soil-structure interaction, case (b) linear 

foundation compliance and case (c) nonlinear foundation compliance.  

4.1 Response of a Slender Tank on Firm Ground 

The first tank has a diameter of 10m and stores liquid to a height of 15 m (H/R=1.5). It rests on alluvial 

soil, which has an undrained shear strength of 75 kPa and strain compatible shear wave velocity of 120 

m/s. The walls of the tank are 10 mm thick, and the FoS against static bearing failure is 3.0. The 

acceleration and displacement transfer functions (defined as the maximum absolute acceleration 

normalised by the amplitude of the forcing function) are displayed in Figure 7 along with the maximum 

base moments and shear forces.  
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These results suggest that foundation compliance will reduce the system‟s response to high frequency 

excitation, while increasing its response to low frequency excitation. The inclusion of linear compliance 

shifted the strongest response period by approximately 0.3 seconds. This occurred again when the 

effects of base uplift and soil yielding were included. Because the response of the nonlinear compliant 

system is highly amplitude dependent, the peak of the response curve is less pronounced than the fixed 

base and linear compliant models.  

It is interesting to observe that disregarding soil-structure interaction (i.e. assuming a fixed base) may 

either underestimate or overestimate the real design forces, depending on the frequency content of the 

excitation. It is difficult to predict the outcome of interaction because the frequency spectrums of 

earthquakes are highly variable. Typically a shallow stiff deposit yields components of the ground 

motion with a period less than 0.5 seconds. In contrast deep soft soils transfer more energy by longer 

period motion, typically 1 to 2 seconds.  

The moment-rotation and moment-settlement response of the foundation are displayed in Figure 8. The 

highly nonlinear behaviour of the footing is observable, and it can be seen that energy has been 

dissipated through hysteretic damping. These results are not directly comparable to Bartlett‟s 

experimental work, because (1) viscous radiation damping is incorporated and the rate of loading is 

different and (2) horizontal loads are coupled to the rocking response through the inclination factor (ic). 

The locations where the footing drops quickly into the ground correspond to where the footing has 

failed in shear and begun to slide. Despite these differences the results still display the same 

fundamental characteristics of a rocking footing that were observed by Bartlett (1976). 

 

 

 

 

Figure 7: Impulsive Response of Tank vs. Excitation Frequency 
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Figure 8: Response of Foundation Slab (Slender Tank, Excitation Period = 0.4s) 

4.2 Response of a Broad Tank on Stiff Ground 

The second tank has a larger diameter of 40 m and stores liquid to a height of 10 m (H/R=0.25). It rests 

on a stiff residual soil, which has an undrained shear strength of 120 kPa and a strain compatible shear 

wave velocity of 153 m/s. The FoS against static bearing failure is 7.3. The response of this system is 

shown in Figure 9. 

 

 

 

Figure 9: Impulsive Response of Broad Tank vs. Excitation Frequency 
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In this scenario, the nonlinear effects are minimal due to the low aspect ratio of the tank and stiffer soil, 

as shown by the coincidence of the nonlinear and linear compliant curves. However, a substantial 

reduction in the acceleration response (and hence foundation loads) still occurs at the higher 

frequencies. A slight increase in base loads is observed in the lower frequency range. 

5 CONCLUSIONS 

The analytical model, based on modified Winkler springs, has successfully captured the important 

features of soil-structure interaction for tanks under lateral loading. By incorporating foundation uplift 

and soil yielding the model produces characteristics which resemble the experimental work of Bartlett 

(1976). The model also suggests that large permanent displacements may occur. Such a result is 

reinforced by historical records which report recurring connection rupturing and damage from 

differential settlements. The analysis of two typical tanks illustrates that foundation compliance may 

reduce base overturning and shear forces significantly. However, soil-structure interaction may also 

amplify the foundation loads depending on the frequency content of the earthquake and the ground 

conditions. 
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