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ABSTRACT: Tanks are often founded on weak compressive soil due to their proximity to a
harbour and rivers. This soil condition carries with it a strong probability of significant soil-struc-
ture interaction including uplift under earthquake loading. This paper evaluates the seismic
response of a tank, and the kinematics including uplift and forces that evolve from strong seismic
response. To simulate the near-surface shear deformations of soil, a laminar box on a shake table
was used. The work highlights the difference between stresses developed in a tank wall for three
base cases: 1) fixed-base tank to a rigid base, 2) unanchored tank on a rigid base and 3) tank on
sand free to uplift. Results reveal that stresses of the free-base conditions are significantly larger in
magnitude than those from the fixed-base condition. Furthermore, a flexible soil condition
reduces maximum uplift by 50%. Thus, maximum hoop and axial stresses also decrease.

1 INTRODUCTION

Liquid storage tanks are utilized to store water, petrol or other chemicals. In emergencies, e.g.
after a strong earthquake, their integrity is a key factor in the rate of recovery of the affected
communities. However, past experiences with strong earthquakes have shown the complex
behaviour of tanks under dynamics loads.
Damage to storage tank walls are usually associated with high concentration of both hoop

and axial stress. Hoop stress is related to the hydrodynamic pressure due to the liquid. Axial
stress is normally associated with uplift, which is the transient separation of a part of the tank
base from the supporting foundation. Because tanks are generally built near to harbours and
rivers where the predominant soil has low compressive resistance, another factor that may
boost the tank response is the soil-structure interaction (SSI).
SSI involves many variables that have not been addressed in a holistic design so far. The

majority of studies in this subject has been numerical but opinions disagree on some of the
key parameters of SSI. For instance, Cho et al. (2004), Haroun & Abou-lzzeddine (1992), and
Veletsos & Tang (1990) claim that a flexible support condition is beneficial to the tank
response, i.e. the magnitude of acceleration and stresses are reduced. Larkin (2008) ascertained
that tank response reduction depends on the soil and tank properties, making emphasis on the
changes that natural frequency of the tank-soil system may suffer. If a natural frequency of
the tank is close enough to the predominant frequency of the soil site, an amplification in the
response may occur (Daysal & Nash 1984, Durmus & Livaoglu 2015 and Ma & Chang 1993).
Hence, during the design phase, assuming a rigid support condition does not always guarantee
conservative results (Seeber et al. 1990).
A few experimental-based studies have been conducted considering SSI (Hori 1987; Ormeño

et al. 2012, 2013a, 2013b). Ormeño et al. (2013b) utilized a PVC tank on a shake table, focusing
on the development of axial stresses. To simulate a flexible base support, a rigid box with sand
was utilised. Overall, it was concluded that SSI leads to a significant reduction in axial and hoop
stresses, but that the reduction is very sensitive to the water level inside the tank.
The present paper evaluates, through an experimental study using a laminar box and a unidir-

ectional shake table, the combined effects of uplift and a flexible foundation on the earthquake-
induced stresses in a tank wall. Only a horizontal component of the earthquake is utilised.
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2 EXPERIMENTAL METHODOLOGY

2.1 Tank model

A low-density polyethene (LDPE) tank, 450 mm in diameter and 750 mm in height, is used to
model a prototype steel tank. The similitude conditions may be defined using the Buckingham
π theorem, along with the Cauchy number for a Single-Degree-of-Freedom (SDOF) system
(Qin et al. 2013). Neglecting the influence of oscillations at the fluid free surface, i.e. the con-
vective mode of response, the model can be analysed as a SDOF system based only on the
impulsive inertia forces on the tank wall (Veletsos & Tang 1990). The model and prototype
properties are shown in Table 1 and the scale factors are shown in Table 2. The fundamental
periods were estimated according to the NZSEE (2009).
Two support conditions for the tank were utilised: 1) the tank sitting on a rigid steel plate

fixed to the shake table to represent a rigid support condition, i.e. tank on rock, Figures 1a and
2) the tank on sand contained in a laminar box (described in Section 2.4) i.e. a flexible support
condition representing a soil site, Figure 1b. All tests were performed with a liquid height
of 675 mm, which corresponds to an aspect ratio of three. Three tank base conditions are com-
pared: 1) the tank is fixed to the rigid steel plate, 2) the tank is unanchored and is placed directly
on the rigid steel plate and 3) the tank is resting freely on sand in the laminar box.

2.2 Set-up

Three columns of strain gauges (0°, 90° and 180°) were attached to the external face of the
LDPE container, see Figure 1c. At each height, two strain gauges are employed, one to evalu-
ate hoop stress (circumferential direction) and one to evaluate the axial stress, in the x-axis
direction. In both foundation support cases (rigid and flexible) an accelerometer was attached
to the shake table. In order to obtain the axial σx and hoop σ� stress on the surface of the shell
of the tank, it is necessary to combine the data from two strain gauges at each height, accord-
ing to Equations (1) and (2) (Flügge 1973).

σx ¼
E

1� v2
ð�x þ �2�Þ ð1Þ

σ
�
¼

E

1� v2
ð�� þ �2xÞ ð2Þ

Table 1. Properties of the model and prototype.

Material LDPE Model Steel prototype

Young’s Modulus (Pa) 1:12� 109 2:1� 1011

Radius (m) 0:225 4:5
Height (m) 0:675 13:5
Liquid mass (kg) 107 858 833

Impulsive period T(s) 0.066 0.143

Table 2. Scale factors.

Dimension Scale factors

Length 20

Mass 8000

Time 2.17

Acceleration 4.25
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where E is the modulus of elasticity; Poisson’s ratio, experimentally determined by tensile test
is � ¼ 0:41; �x axial strain; �� hoop strain.

2.3 Anchorage

The LDPE tank was fixed to a rigid steel plate of 25 mm thickness through eight bolts ¼ 8 mm.
A round steel plate 3 mm thickness was allocated inside the tank to avoid stress concentration
on the base plate due to the bolts pressure, as shown in Figure 2. Hence, modifications to the
tank wall stiffness were avoided. An extra accelerometer was placed on the steel plate to record
the acceleration at the tank base (see Figure 1c).

2.4 Laminar box

A 2 m cubic laminar box is used to simulate the earthquake-induced shear deformation of the
sand due to the shake table motion (Figure 3). The maximum displacement of each layer of
the laminar box is 175 mm in the horizontal direction. More information regarding the char-
acteristics of the box can be found in Qin & Chouw (2017). The box is filled to a height
of 1:43 m with sand with an average density of 1:58 t=m3. One accelerometer was on the sand
surface to measure the real acceleration at the tank base.

Figure 2. Base restriction for the LDPE tank. (a) Frontal view, and (b) top view.

Figure 1. LDPE tank (a) fixed-rigid base (b) free-flexible base (c) measurement locations.
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The shear wave velocity was measured at the beginning of the experiment by performing an
impulse test, to ascertain the shear stiffness of the sand. The set-up and the recorded acceler-
ations are shown in Figure 4. A circular steel plate was placed on the sand surface and hit by a
hammer. The impact produces a downward travelling shear wave that was recorded by two
accelerometers with a distance 700 mm apart. The average shear wave velocity vsm may be
estimated by dividing the travel distance ΔL by the travel time Δt. From Figure 4, the travel
time is Δt ¼ 1:1554� 1:1514 ¼ 0:004 s. The estimated mean velocity is

vsm ¼
0:70

0:004
¼ 175

m

s

An empirical method to estimate the shear wave velocity is by Equation (3) (Larkin 1978):

vs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dr þ 25

100

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:422� 106 σ0m
� �1

2

ρ

v

u

u

t

ð3Þ

Figure 3. Cubic laminar box filled with sand.

Figure 4. Configuration of impulse test and shear waves recorded by both accelerometers (units in mm).
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where Dr is the sand relative density, Dr ¼ 56%; ρ is the sand mass density, 1580kg=m3; σ0m is
the mean stress at the respective depth, estimated as σ0m ¼ σ0v þ 2σ0h

� �

=3; σ0v is the effective ver-
tical stress and σ0h is the horizontal effective stress.
The stresses may be estimated by elastic solutions for a uniform surface circular stress, in

this case 675 kPa. This gives estimates of the mean stress as:

σ0m100
¼ 405Pa; σ0m800

¼ 135 Pa

Hence, the shear wave velocity is:

�s100 ¼ 222
m

s
; �s800 ¼ 169

m

s
; �sm ¼ 196

m

s

The subscript numbers indicate the depth from the sand surface and “m” indicates the mean
value. The estimated mean shear wave velocity is similar to the result obtained experimentally.

2.5 Excitation applied

The acceleration recorded from El Centro earthquake (1940), Figure 5a was used as input for
the shake table. The target spectrum was calculated following the NZSEE recommendations
for time-domain analysis of liquid storage tanks (NZS 1170.5 2004; NZSEE 2009) for a soft
soil condition, classification D. To avoid any underestimation of stresses, the lower limit of
frequency given by the NZS 1170.5 for storage tanks was ignored in this work (Ormeño et al.
2015). Hence, the lower limit applied is 0.4 Tpro = 0.057 s and the upper limit is 1.3 Tpro =
0.186 s. The response spectrum of the El Centro earthquake and the target spectrum are
shown in Figure 5b. The range of period of interest 0:057; 0:186½ �s for matching the response
spectrum, following the scaling method of NZS 1170.5 (2004), and the natural period of vibra-
tion of the tank with an assumed fixed base are shown.

3 RESULTS

Figure 6 shows the acceleration at the tank base for the three base conditions. For a fixed and
free rigid base condition, the maximum acceleration at the tank base is similar. However, the
maximum acceleration on the sand surface is five times larger of that on the rigid base. Due to
this amplification, the maximum axial and hoop stress are expected to be larger when the tank
is resting on sand than those when the tank is on the steel plate.
Making a zoom of Figure 6 for time t ¼ 13; 16½ �s, where the maximum acceleration

occurred, Figures 7a-b show the time-history of the absolute value of hoop and axial stresses

Figure 5. Ground excitation. (a) El Centro earthquake scaled and (b) response spectrum of El Centro

earthquake and target spectrum for a soft soil condition defined by NZS 1170.5.
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Figure 6. Time-history acceleration at the tank base for the three base conditions.

Figure 7. Comparison of results of the three base conditions for the time t = [13,16] s. (a) Hoop stress,

(b) axial stress, (c) uplift, (d) normalized hoop stress, (e) normalized axial stress and (f) normalized uplift.
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for the column of 0° that is co-linear with the motion of the shake table. Those stresses are
calculated employing Equations 1 and 2, using the data from the strain gauges at 20 mm from
the base. Figure 7c shows the uplift time-history for both flexible and rigid base conditions.
As expected, axial and hoop stresses and uplifting are larger in magnitude when the tank is
resting on sand than those when the tank is on the steel plate.
However, to assess the influence of the flexible soil, those results are normalized respect to

the maximum acceleration at the tank base for each case. Figures 7d-f show that the most
unfavourable condition is when the tank is resting freely on a rigid base. The maximum values
of acceleration, stress and uplift and the time when they occurred are summarized in Table 3.
The delay between the maximum acceleration, stress and uplift are also shown.
Comparing the maximum stresses for the three cases, the maximum absolute hoop stress on

the free rigid base is three times larger than those from the fixed base condition. For the axial
stress, the free base condition is even more unfavourable, i.e. the magnitude of the stress
increases ten times. Comparing the normalized results of flexible and rigid base conditions,
hoop and axial stress decreased by 240% and 180%, respectively, when the tank is resting on
sand.
Regarding the magnitude of uplift, it is reduced by half compared with that when the tank

is free on a rigid base condition. Thus, uplift is significantly influencing the magnitude of stres-
ses for both rigid and flexible base. For this particular earthquake, maximum absolute axial
stresses are higher in magnitude than hoop stresses, except when the tank is fixed to a rigid
base.
For the rigid base case, there is an unnoticeable delay between the acceleration of the shake

table and the acceleration at the tank base (0.01 s and 0.02 s). Hence, the maximum stresses
and uplift occurred exactly at the same time. Conversely, a delay between the acceleration of
the shake table and the acceleration on the sand surface is noted. For the maximum acceler-
ation, the delay is 0.13s, then after a five centiseconds, the maximum uplift occurred and it is
producing the maximum hoop and axial stress, one centisecond later.

4 CONCLUSIONS

A low-density polyethylene tank has been tested under three different base conditions using a
shake table and a laminar box: 1) Fixed base on a rigid foundation (the shake table), 2) free
base on a rigid foundation and 3) free base on a flexible foundation (sand). The tank was
tested full of water. The main objective was to evaluate the combined effects of the flexible
foundation medium and uplift on the maximum hoop and axial stresses in the tank wall. The
results from the experiments reveal:
Uplift increases the maximum hoop stress by four times and the maximum axial stress by

nearly ten times compared to the case when the tank is fixed to a rigid base. For a flexible
support condition, the maximum hoop stress increases by four times and axial stress by two
times when compared to the fixed base condition.

Table 3. Maximum absolute magnitude of acceleration, hoop stress, axial stress and uplift for the three

base conditions.

Support condition
Rigid Flexible

Base condition Fixed Time Delay Free Time Delay Free Time Delay

(s) (s) (s) (s) (s) (s)

A (g) Shake table 0.19 14.25 – 0.20 14.26 – 0.19 14.29 –

Tank base 0.19 14.25 0 0.20 14.26 0 0.98 14.42 0.13

Stress Hoop 39 14.26 0.01 171 14.28 0.02 364 14.48 0.19

(kPa) Axial 19 14.26 0.01 181 14.28 0.02 507 14.48 0.19

Uplift (mm) – – – 0.87 14.28 0.02 2.26 14.47 0.18
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The sand in the laminar box amplify the acceleration at the tank base and, consequently,
the stresses and uplift are larger in magnitude than those from the tank resting freely on a
rigid base. However, if the results are normalized respect to the maximum acceleration at the
base of the tank, SSI reduces by 50% the maximum uplift compared to that when the tank is
resting freely on a rigid base. Hence, the maximum hoop stress and axial stress decrease by
240% and 180%, respectively.
For El Centro earthquake, the axial stress is larger in magnitude than the corresponding

hoop stress at the same height, when uplift occurs. Those results suggest that for unanchored
tanks, axial stress should be used to design the ultimate resistance of the tank.
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