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ABSTRACT: Tanks are a critical part of seismic lifelines, providing water and fuel for
the period immediately following the event. This paper focuses on a typical steel tank on
soil of medium strength and describes an evaluation of the seismic loading and
displacement of the foundation mat. Both the impulsive and convective modes of the tank
are considered. An equivalent linear solution in the frequency domain is used. Radiation
damping of the foundation soil is investigated. The influence of radiation damping is
shown to be greater on the horizontal displacement of the tank compared to rotation. The
overturning moment and horizontal shear on the foundation mat are significantly effected
by the stiffness of the foundation soil. The yield acceleration of the mat foundation with
respect to overturning and shear is evaluated. The elastic and plastic displacements of the
foundation mat (rotation and translation) are evaluated using a Newmark sliding block
analysis for the permanent deformation.

1 INTRODUCTION

Tanks are a critical part of earthquake lifelines, providing a supply of both water and fuel for the
period immediately following the event when access to the region may be disrupted. Most large
earthquakes have demonstrated the vulnerability of tanks to severe ground motion. The consequences
of tank failure can be severe, with loss of liquid, fires and possible environmental contamination. The
recovery and containment phase following a severe seismic event will be retarded if water and fuel are
not available. These facilities are a critical part of any recovery operation.

Tanks containing fuel are commonly sited on marginal ground in the vicinity of harbours and rivers.
The foundation soils near harbours are often medium to soft fine-grained soil or loose sand or silt.
These conditions enhance soil / structure interaction since the stiffness of the soil compared to that of
the structure is a key parameter in foundation compliance. The softer soils increase the differential
motion between the free field and the foundation mat.

This paper presents the results of a study to determine the seismic loads on the foundation of a tank
sited on soil of medium strength. Foundation compliance is included in the method and will be shown
to significantly decrease the loading on the foundation. The paper is presented from a geotechnical
perspective with the aim of ensuring the foundation is adequate to carry the imposed loading. The
method can equally be used to determine the structural loads on the tank.

This paper extends earlier work by Larkin (2002) by incorporating the convective mode of response
and investigating radiation damping in the impulsive mode. In addition an evaluation is made of the
yield acceleration of the tank foundation in horizontal shear and rocking.  Estimates are made of the
elastic and plastic displacements of the mat foundation.
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2 METHODOLOGY AND AN OVERVIEW OF TANK RESPONSE

A simple yet effective way of describing the seismic response of tanks is to consider the overall
loading to be made up of two independent parts. These are the impulsive and convective responses.
Since the method employed here is described in Larkin (2002) only a brief account will be given here.
The method uses a strain compatible solution in the frequency domain of two single degree of freedom
oscillators configured to represent the tank in the impulsive and convective modes (Veletsos 1977).
The oscillators are attached to a mat foundation that sits on the surface of a visco-elastic half space.
The half-space has finite stiffness as described by the shear wave velocity and Poisson's ratio. The
dynamic impedance factors of Gazetas (1991) are used to incorporate the finite stiffness of the half-
space representing the foundation soil. Radiation and soil damping are included.

2.1 The impulsive response

This mode of response considers some of the liquid in the tank is fixed to the walls of the tank and
moves in unison with the tank walls. This is generally the major part of the loading and contributes
most of the overturning moment and base shear. The combined motion of the walls and liquid is of a
relatively high frequency, of the order of 5 Hz to 10 Hz.

2.2 The convective response

Figure 1:  (a) Tank analysed                            (b) Schematic of system

The balance of the liquid that is not moving in sympathy with the tank experiences a sloshing or
oscillatory motion. This motion occurs about a diameter, is asymmetric and varies with inclination to
the direction of horizontal ground motion. This motion has an infinite number of modes, but the
contribution to the overall loading on the tank and foundation is generally significantly less than the
impulsive mode unless the tank has a very large diameter and a small height.

The generalised one degree of freedom system shown in Figure 1 may be configured to represent the
impulsive and convective modes. Malhotra (2000) has published the values of the various parameters
that align the dynamic properties of the oscillator with that of the tank. These values have been
calculated to include a component for the contribution of the higher modes of the impulsive and
convective systems.
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3 THE FACILITY ANALYSED

The steel tank analysed is sited on fine grained soil of medium strength and stiffness, with a shear
wave velocity of 150 m/second and a shear strength of 80 kPa. The tank has a relatively high aspect
ratio with a liquid height of 15m and a diameter of 10m. Within the spectrum of soil / structure
interaction this is a situation of medium significance.

Veletsos (1977) has studied a range of structures in an attempt to determine those that will have
significant foundation compliance by way of inertial interaction. The inequality below is the result of
that work. When this inequality is satisfied it is expected there will be negligible interaction effects.
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where h = height of structure; Vs = shear wave velocity of foundation soil; T = fixed base period of
structure (foundation half-space has infinite shear wave velocity) and r = radius of foundation mat.

In the case of this tank structure the inequality is not satisfied, the left hand side has a value of 0.4.
Thus it is expected that foundation compliance will create a foundation response significantly different
from the free field. Figure 2 shows the predominant period of the tank incorporating foundation
compliance, T*, as a function of the shear wave velocity of the foundation soil. Also shown is the limit
of significant interaction given by the inequality (1). There is seen to be some interaction effects
beyond the region specified by the Veletsos inequality but equation (1) captures the essence of the
situation. Figure 2 shows significant period elongation especially for values of shear wave velocity
less than 100 m/sec.

Figure 2: Variation of predominant period of system with foundation stiffness

The earthquake used in the analyses of this tank was the North component of the Takarazu recording
taken during the 1995 Kobe event. This strong motion recorder is sited on a deposit of alluvium. The
recording has a maximum acceleration of 6 m/sec/sec. This motion has about 10 seconds of significant
ground motion.

4 RESULTS AND DISCUSSION

 The forces and moments that act on the foundation are evaluated in both the impulsive and convective
modes. The results are shown in Figures 3,4,5 and 6.
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4.1 Impulsive Mode

The computed time histories of the lateral force and moment on the foundation mat are shown in
Figure 3. The stiffness of the foundation soil has been adjusted to be compatible with the level of shear
strain in a representative element of soil beneath the mat. The value of shear modulus of the
foundation soil was estimated on this basis to be 11.5 MPa.

                                                     (a)                                                                                         (b)

Figure 3: Impulsive load on foundation mat,  (a) Horizontal force     (b) Moment

4.2  Convective Mode

In this mode there is very little damping and a figure of 0.5% was used. Figure 4 shows the force and
moment in the convective mode. The loading imposed on the foundation is considerably less than that
from the impulsive mode. This characteristic has led some designers to ignore the convective response
for all tanks except those with a low aspect ratio.

                                             (a)                                                                              (b)

Figure 4 : Convective loads on foundation mat,   (a) Horizontal force      (b) Moment

The total load and moment may be found by adding the impulsive and convective modes. The figure
below shows a comparison of the total load and moment allowing for foundation compliance, i.e. as
shown in Figure 2 and 3 above and also the results disregarding compliance. i.e. considering the
foundation soil as infinitely stiff.

The computed response excluding foundation compliance is significantly different from that
incorporating compliance. There is a difference in magnitude of 2 and also a large difference in the
frequency of the loading.
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Figure 5: Total horizontal load and moment on the mat foundation incorporating compliance

Figure 6: Total load and moment excluding foundation compliance

4.3 Considerations of Damping

The results presented have utilised both soil (material) damping and radiation damping. The soil is
modelled as a visco-elastic material with a shear modulus and equivalent viscous damping factor
adjusted to be compatible with a representative level of shear strain in the foundation soil. Soil
damping results from the soil acting in shear with associated energy loss by virtue of hysteretic
damping.

Damping is modelled in the analysis by equivalent viscous damping, in this case 25% of critical, and
is constant over the frequency range. This level of damping was chosen on the basis of the level of  the
deformation of the foundation soil. As will be discussed below, the foundation soil has a number of
excursions into the fully plastic domain in both the rocking and translation modes. The overall pattern
of deformation will be highly complex and will result from interaction of the shear waves from the
free field and the body and surface waves from the interaction of the tank. The level of damping
chosen is representative of an overall shear strain of approximately 0.01.

Radiation damping results from stress waves leaving the zone beneath the foundation and propagating
through the material of the half space. These waves occupy an increasing volume as they move out
from the domain of the foundation and are not reflected back into the domain of interest. This damping
or energy loss is a function of frequency and is of two forms: that resulting from horizontal translation
of the foundation mat and that resulting from rocking.

Figure 7 below shows the amount of these two types of radiation damping. The values shown are for
the predominant period of the motion of the structure.  The very significant difference in the amount of
damping in the two modes is clearly evident. Even for soft soil the amount of damping in the rocking
mode is very small.
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Both damping and stiffness are frequency dependent. The stiffness decreases with increasing
frequency and the damping increases. Figure 7 shows the damping as a function of shear wave
velocity of the half space. The predominant period of the response of the tank-foundation system is
dependent, amongst other factors, on the shear wave velocity of the foundation soil. Softer soil will
produce a longer predominant period and a lower stiffness, which will result in increased damping.

The damping of the tank is also included in the analysis. Since the analysis is linear elastic the level of
damping of the tank is low. The values used are 2% for the impulsive response and 0.5% for the
convective mode.

Figure 7: Radiation damping at the predominant period in the impulsive mode

4.4 Yield acceleration

The passage of the earthquake imposes lateral forces and moments on the mat foundation. Considering
the foundation soil as elastic-plastic then if these forces and moments reach a limiting value, plastic or
non-recoverable deformations occur. The foundation soil is then in a state of yielding. The free field
acceleration necessary to induce yielding may be estimated for horizontal translation and rocking. Use
is made of pseudo-static bearing capacity theory, which uses a reduced bearing area to account for
eccentricity and also reduces the ultimate vertical bearing pressure due to the inclination of the force
vector that results from vertical and horizontal load.

Figure 8: Yield Acceleration

The pseudo-static theory is applied in a dynamic sense to the time histories of lateral force and
moment. In the case of horizontal translation, the shear force is considered to be transferred over the
reduced bearing area of the foundation. While this analysis is an approximation it does yield an
estimate of the excursions of the foundation into the yielding domain.
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Figure 8 shows the results of the analysis to determine the yield acceleration. The results show little
difference in the yield acceleration in the two modes for this tank. The yield acceleration is
approximately 4 m/s/s in both cases. The yield acceleration is a function of soil damping, amongst
other factors. Changing the soil damping from 25% to 15% results in the yield acceleration changing
from approximately 4 m/s/s to 3.6 m/s/s.

4.5 Response in bearing and shear

The response of the mat foundation in bearing and shear is shown in Figures 9. The factor of safety in
bearing, FSb , has been calculated using the standard psuedo-static bearing formulation which contains
adjustments for inclined loading and eccentricity. The factor of safety in shear, FSs , has also been
calculated accounting for eccentricity, using the Meyerhof method, which results in a reduced contact
area over which to transmit the shear from horizontal load. This is the simplest method available to
account for the earthquake loads and is a dynamic equivalent to what is usually done in a pseudo-static
manner. There is no inclusion of the inertial effects of the wedge of soil active in resisting bearing.
These inertial effects have been found to be negligible (Romo and Garcia 1994 and Romo et al 2000)
unless the shear stresses bring the factor of safety below unity. Eurocode 8 also suggests that inertial
effects may be ignored for cohesive soil. While this procedure is an approximation it does allow an
estimate of the yield acceleration and plastic deformations.

Some of the shortcomings of an approach such as this are

 (i) The location of the critical bearing failure surface will be dependent on the lateral load and is thus
time dependent and constantly changing.

(ii) Use of the static soil strength. The soil strength during seismic loading will be stress history and
soil type dependent and may be more or less than the static value.

(iii) The inclination factor was developed for static loads and is based on an experimental programme.

(iv) Foundations under rocking motion display incremental rotational plastic deformation at loads
significantly below that associated with a bearing failure. This may be partially accounted for by
reducing the shear strength.

                                       (a)                                                                                  (b)

Figure 9: Time varying factors of safety  (a) Reciprocal of FS in shear  (b) FS in bearing

Both records show excursions into the failure region where the factor of safety is less than 1. In the
case of shear there are 6 of these excursions but they are of very limited duration. The total time
during the earthquake that the foundation has mobilised full shear strength due to horizontal load is
approximately 0.5 seconds. Although the minimum factor of safety is 1/3 the deformations that result
from the lateral load are small. An estimate of the horizontal displacement of the mat foundation may
be carried out by adding the elastic and plastic deformations. The plastic deformation may be found by
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double integration of the relative acceleration time history of the mat foundation over those parts of
the record where FSs is less than 1 (Newmark sliding block).

A similar procedure may be carried out for the rotational displacement arising from overturning. In
carrying out these computations there has been no allowance for a change in undrained strength due to
the dynamic nature of the loading. An increase in shear strength of 20% or more has been recorded
during controlled experiments on clays under rapid loading. In situations where excess pore pressure
or very large strains develop the strength will reduce below the static value. Although the minimum
factor of safety is 1/3 in shear and 0.5 in bearing the deformations that result are relatively small.
Table 1 shows the values.

Table 1:Displacements of Mat Foundation from Impulsive Mode

Elastic Plastic Total

Horizontal

Displacement,
mm

14 7 21

Rotational

Displacement,
radians

3.9 x 10-3 1.3 x 10-3 5.2 x 10-3

5 CONCLUSIONS

The following conclusions may be drawn from this work

• The work of Veletsos (1977) to identify situations where soil/structure interaction will be
significant was found to be a good guide.

• Foundation compliance will generally affect the seismic loads on foundations. Even for a soil
of medium strength a significant reduction in loading occurs from foundation interaction
during significant seismic events.

• The influence of radiation damping in the rocking mode is much smaller than in horizontal
translation.

• Similar yield accelerations were found for the rocking and translation modes for this tank.

• The loads from the impulsive mode are significantly larger (an order of magnitude) than those
from the convective mode for this tank, which has an aspect ratio (height/radius) of 3.

• Brief excursions into the plastic domain (factor of safety less than 1) did not yield large plastic
deformations of the foundation soil.

• A strain compatible equivalent linear solution in the frequency domain is a useful foundation
design tool. The analysis yields estimates of foundation loads and elastic and plastic
deformations of the mat foundation. Structural loads on the tank may also be determined in a
similar manner.
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