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SEISMIC DESIGN OF STORAGE TANKS

M. J. N. Priestley! J. H. Wood? and B. J. Davidson3

ABSTRACT

A study group of the New Zealand National Society for Earthquake
Engineering has recently completed recommendations for the Seismic Design
of Storage Tanks, in a form suitable to be used as a code by the design

profession.

The recommendations cover design criteria, loading, actions

and details and are based on a consistant philosophy of serviceability

under the design level earthquake.
study group's recommendations.

INTRODUCTION

The seismic performance of storage
tanks is a matter of special importance,
extending beyond the economic value of the
tanks and contents. Without an assured
water supply, uncontrolled fires subsequent
to a major earthquake may cause substant~
ially more damage than the earthquake it~
self, as occurred in the great 1906 San
Francisco earthquake. Safe supplies of
drinking water are also essential immedi-
ately following destructive earthquakes to
avoid outbreaks of disease. Consequently,
water supply reservoirs must remain funct-
ional after earthquakes. Failure of tanks
containing highly inflammable petroleum
products has frequently lead to extensive
uncontrolled fires, as occurred, for
example, following the Niigata and Alaska
earthquakes of 1964. Spillage of toxic
chemicals or liquified gases from damaged
tanks could release dangerous liquids or
gas clouds with disastrous effects in
populous areas.

Damage to steel storage tanks in
recent earthquakes includes 'elephants-
foot' buckling of bottom shell courses
(Fig. 1) (1), diamond-shaped buckling of
tanks with very thin shells (Fig. 2)(2),
failure of frangible joints between wall
and cone roofs due to sloshing of liquids,
failure of the tank support system for
elevated tanks(3), foundation failure due
to liquefaction of materials under tanks (4),
fracture of wall/base-plate welds in tanks
unrestrained or partially restrained
against uplift(l), and fracture of piping
connected to the tank(1l).

Concrete tanks have also suffered
significant damage. Many elevated concrete
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This paper provides a review of the

reservoirs failed, or were severely damaged
in the 1960 Chilean earthquake(3). This

was particularly the case where the support
system consisted of vertical columns circum-
ferentially disposed, joined by one or more
levels of circumferential beams (see Fig. 3).
Failure of beam and column plastic hinges in
these circular frames was common. Although
ground-supported concrete tanks have not
been extensively damaged, underground tanks
have, as illustrated by Fig. 4 which shows
damage to support columns and roof construct-
ion joints sustained by an underground con-
crete reservoir of the Balboa Water treat-
ment plant in the 1971 San Fernando earth-
quake

In 1983 the New Zealand National
Society for Earthguake Engineering set up a
Study Group to produce recommendations for
the seismic design of storage tanks(6). It
was perceived that there was a real need for
a unified approach to the problem, as exist-
ing codes for storage of water, petro-
chemicals and other substances were based on
quite different principles, and included
significant differences in basic require-
ments. The range of tanks covered by the
codes was rather small and was inadequate
for the sizes, shapes and support conditions
commonly experienced in New Zealand. The
recommendations were not in a form compat-
ible with other relevant New Zealand codes.

The intention of the study group was to
collate existing information, available in
research papers and codes, and to produce
uniform recommendations that would cover as
wide a range of tank designs and contained
materials as possible. Design philosophy
was to be clearly stated, as this was
notable lacking in existing documents. It
was felt that sufficient existing inform-
ation was available to provide the basis
for detailed recommendations for the great
majority of tank designs. The committee
recognised that any involvement in basic
research would delay the production of the
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final recommendations, and hence new

material presented in the document is limit-
ed, though the manner of presentation has
frequently been altered in the interests of
clarity. Areas where it is felt that further
basic research is needed are identified.

Three codes have commonly been consider-
ed, under different conditions, for the
design of storage tanks in New Zealand.
These are the New Zealand Loadings Code,
NzS 4203(7), Appendix E of the American
Petroleum Institute standard API-650(8),
and a Ministry of Works and Development
document, Seismic Design of Petrochemical
Plants ( 5. Another standard of relevance
is the American Waterworks Association
document AWWA D-100 (10)

The Loadings Code gives little guidance
for the seismic analysis of storage tanks,
but does specify design loads in terms of
seismic zone, risk factor, and structural
type factor. As some tanks will legally be
described as buildings, NZS 4203 will be
deemed to apply, and has been adopted for
design in many cases. API-650-E has been
widely used for design of petroleum storage
tanks in New Zealand. This document is
based on Housner's representation of the
mechanical analogue , and an assessment
of seismicity appropriate to the USA. The
applicability to New Zealand seismicity is
not clear, and many of the provisions are
subject to some controversy. Some of these
include lateral force coefficients for
sloshing modes, recommended levels of damp-
ing, estimation of compressive stress in
unanchored tanks, and general treatment of
tank flexibility and buckling. Some of the
API-650-E equations contain errors.

Tanks for New Zealand's recent major
projects have generallg been designed to
the MWD-SDPP document(9). The seismic
section of this code and its commentary
are loosely based on API-650-E and the
recommendations of the NZNSEE for seismic
design of bridges Some of the errors
and omissions of API-650-E have been noted
and corrected. However, some areas of
controversy remain. For example, the shape
of response spectra shown in Figs. 2.2 and
2.3 of SDPP do not represent typical earth-
quake characteristics at either very short
periods (T < 0.2 s) or very long periods
(T > 3.0 s), being very conservative at
both limits. Since it is these periods
ranges that are of particular interest in
the design of storage tanks, it is clear
that economies of design may be possible
from the adoption of more realistic spectra.
In the period range 0.3 s < T < 1.0 s, which
is of relevance to flexible steel tanks,
and elevated tanks, the SDPP spectra appear
to be non-conservative.

None of the above codes provide inform-
ation relevant to the special problems of
concrete tanks, elevated tanks, tanks of
unusual shape or excessive flexibility.
Foundation problems are inadequately dealt
with, and the overall problem of seismic
risk and probability of failure are treated
in simplistic fashion if at all. In NZS
4203 (7 the relationship between the risk
factor R (which varies between 1.0 and 2.0)
and the expected probability of exceedence
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of the design earthquake is not stated.

The SDPP document provides useful inform-
ation on the suitable return period for
specific design situations, but other codes
do not address the problem. The design
philosophy of existing codes is not clearly
stated, particularly related to definition
of performance criteria under the design
loads.

The Recommendations attempt to produce
a unified approach for the seismic design
of storage tanks, regardless of materials
or function, and to provide additional
information to that already available in
alternative sources. The information
relates only to the storage tanks themselves,
and their immediate fixings to pipelines,
but not to pipeline design itself. Much
useful design information on pipeline design
is available in a recent ASCE publication( 3).

The Recommendations are divided into
six sections, covering general design
principles, design loading, design actions,
design criteria, foundations, and design
details. Each section is presented in the
form of code and commentary clauses for those
who wish to adopt the recommendations. How-
ever, it must be recognised that the document
produced by the Society has no legal status
unless adopted by some regulatory authority.

The remainder of this paper provides a
brief overview of the different sections of
the recommendations.

SECTION 1 GENERAL DESIGN PRINCIPLES

Section 1 defines the intensity of the
design-level earthquake, and also defines
the performance criteria. The design-~level
earthquake is required to have an annual
probability of exceedence, p, not greater
than tabulated values, which depend on the
importance of the storage facility, and the
danger associated with failure of the
facility. Design annual probabilities of
exceedance range from 0.05 for minor farm
storage tanks, down to 0.0002 for large
tanks used for storage of highly flammable,
toxic or explosive materials in urban areas.

It will be noted that annual probability
of exceedence is used in preference to the
more common average return period of the
design-level earthquake. This latter
approach adopted by the NZINSEE §tudy group
on seismic design of bridges(12 and sub-
sequently in the Ministry of Works and
Development document on seismic design of
petrochemical plants(19) implies that
occurrence of the design earthquake is
independent of recent seismic activity.
While this approach is certainly advisable
for ground shaking of comparatively high
annual probability of exceedence, say
p >0.005, it may be non-conservative where
the site is close to a major active fault
which is known not to have moved for a
period approaching, or exceeding its average
return period. Clearly in such cases, high
intensity ground shaking of low p value will
be affected to some extent by the history of
movement on any local major faults. As
local seismicity and earthquake prediction
methods become more refined, it will become
increasingly relevant to describe risk in



Fig. 1. ‘Elephants Foot’ Buckling and Piping Fig. 2. ‘Diamond’ Buckling of Stainless Steel Wine Tanks(2)
Failure to Steel Water Tank (")

Fig. 3. Damage to Support Frame of Elevated
Concrete Reservoir(3)

Fig. 4. Damage to Column and Construction Joint of a
Large Buried Concrete Reservoir('y




terms of p values, which may vary with time,
rather than by the average return period of
design-level ground shaking.

Performance criteria require the tank

and any associated bunding to remain service-

able under the design earthquake. Under
earthquakes which cause ground shaking more
severe than that corresponding to the design
earthquake, a designed heirarchy of failure
must be established to minimise damage and
potential for loss of tank contents.

Section 1 is a simple statement of
acceptable risk, and required performance.
It contains a total of only seven clauses,
but effectively fully defines the design
philosophy. Other sections of the report
may be considered to represent a 'Means of
Compliance' with Section 1.

SECTION 2 : DESIGN LOADING

This section defines the loading on the
tank shell and foundations corresponding to
the design level earthquake. The loading is
a function of the mass of the tank, impul-
sive and convective masses representing the
fluid, and earthquake accelerations derived
from a response spectrum. Effects of both
horizontal and vertical ground acceleration
are considered, as are the influence of tank
and foundation flexibility.

Section 2 is the longest section of
the report, and the commentary to the
section contains extensive information in
the form of design aids. The provisions of
this section for horizontal response are
based on the mechanical spring-mass analogy
developed b¥ Graham and Rodriguez 4
Jacobsen (15) and Housner ( for rigid
tanks, and modified by Haroun and Housner
and Veletsos for flexible tanks. In
the spring-mass analogy, a proportion of
the mass of the fluid contents is considered
to act as though rigidly linked to the tank
walls, with the remainder of the fluid mass
being divided into a series of submasses,
each flexibly attached to the tank walls,

(16)

275

and each representing a different anti-
symmetric slosh mode of the fluid in the
tank.

In practice, seismic forces on the
tank walls can be found with adeguate
accuracy from the response of the inertia
mode and the first slosh mode. Thus for
rigid tanks, the simulation of Fig. 5(a)
applies, where my and m; are the inertia
and first-mode masses, acting at heights hg
and hj above the base. For flexible tanks,
a category which will include most steel
tanks, the inertia mass mg is divided into
two sub-masses my and mg, acting at heights
h, and hg, representing the proportion of
tank contents that continue to act as though
rigidly attached tc the tank floor, and the
proportion that interacts with the lateral
flexibility of the tank walls.

Design aids to calculate the masses mg,
mg, my, my and heights hy, hg, hy, hj are
available in the literature for cylindrical
tanks with vertical axis, and for rectang-
ular tanks. These are reproduced for con-
venience in the recommendations.

The periods of the various modes
represented by the spring-mass analogy may
be calculated from data available in the
literature, and reproduced in the document.
However, this data relates to rigid found-
ation conditions, and modifications are
necessary to account for the influence of
foundation flexibility. The effects of
foundation flexibility are particularly
significant for the inertial mode of
response, for which the assumption of rigid
foundations may be significantly non-
conservative. Equations for period shift,
which is related to the relative stiffness
of tank and foundation, and increased damp-
ing associated with the inertia modes, are
included in the recommendations.

Having found the masses and periods
associated with the horizontal modes of
response, the total horizontal seismic force
Qi associated with a particular mode i of
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response is calculated from the expression

Qj_ = Ch(T) mi g9 (1)
where Ch(T) = a.B Ah(T) Ap (2)
and o = peak horizontal acceleration

coefficient for annual prob-
ability of exceedence of
p = 0.01

B = geographic coefficient to
represent regional seismicity

= ordinate of the normalised
horizontal acceleration res-
ponse spectrum for period T
of mode i

An ()

A = probability factor for design
level of probability of
exceedence (Ap = 1 for

p = 0.01)

m. = equivalent mass of tank and
contents responding in the
dynamic mode considered.

Note that the product aBAp represents
the expected peak ground acceleration at
the site for the design-level earthquake.

There is considerable debate currently
in New Zealand relating to the appropriate
response spectra to reflect New Zealand
seismicity. To a large extent the debate
is a result of the total lack of near-field
strong motion accelerograph records for
medium to large earthquakes (M > 6). As a
consequence, seismology models for New

Damping
0.5%

5%

Zealand rely extensively on foreign data
modified by what little local data that is
available As this debate has not been
resolved at the time of writing this paper,
or finalising the Society's recommendations,
values for a, B, Ap and Ap(m) are not
included in the ‘code' part of Section 2.
The commentary, however, contains interim
data that are expected to be conservative.
Examples of Ap(r) and Ap are included in
Fig. 6. For the most seismic regions of
New Zealand, a value of o = 0.35 is
recommended. Note that the spectra of

Fig. 6(a) include curves for damping of 0.5%
as well as 5%, and extend to periods of

10 sec. The low damping and high period
data are necessary to assess the response of
the slosh mode, which will typically have a
period in the range 2 < Ty < 10 sec, and
will have much lower damping than the 5% -
10% level commonly assumed for elastic
structural response.

A similar approach to that outlined
above is included for vertical ground
accelerations. Although vertical acceler-
ations have traditionally been ignored in
most seismic design applications, there is
evidence that the effects may be quite
significant for steel storage tanks.
possible to excite a 'breathing' mode
involving flexibility of the tank walls,
which results in amplification of the
effects of the vertical ground accelerations.
It is felt that high vertical response
accelerations have a major influence in the
formation of the 'elephants foot' buckling
of Fig. 1. Figure 7 shows the spring-mass
models representing vertical response for
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SPRING-MASS ANALOGY FOR VERTICAL EARTHQUAKE RESPONSE

flexibility must be considered when assess-
ing the vertical response period and corres-
ponding level of damping.

Although much of Section 2 relates to
cylindrical or rectangular tanks, with
vertical axes, data are included for other
tank shapes, including horizontal cylinders,
spheres and cones. Granular materials are
covered by assuming that slosh modes are
inhibited, and that response is in the
inertia mode.
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SECTION 3 DESIGN ACTIONS

As well as defining the basic earth-
quake loading, Section 2 gives data on the
dimensionless pressure distributions result-
ing from the horizontal and vertical seismic
loading. These data are manipulated in
Section 3 to produce dimensionless design
charts for hoop tension and bending moment.
Most detailed design data is given for
circular tanks with vertical axis, for which
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rigid, impulsive-flexible, convective (slosh)
and hydrostatic pressure distributions.
Figure 8 shows an example for impulsive-
rigid pressure. Data are related to the
tank radius R, height H and wall thickness

t. Actual hoop force N and vertical bend-
ing moment M, are found from the dimension-
less values Nyg' and M,' given in Fig. 8(a)
and (b) respectively by the relationships.

N¢ = N¢' Rp (3)

M M_' Rpt (4)

2 Z

where p is a representative pressure; in
this case p is the pressure at the tank
base on the diameter parallel to the
direction of horizontal ground acceleration.

The design charts of Section 3 have
been specially produced for the document by
an extensive set of computer analyses, and
provide designers with detailed design
information without the need for complex
analyses.

Section 3 also defines how stresses
resulting from impulsive-rigid, impulsive-
flexible and convective lcad should be
combined, and specifies a Square Root of
Sum of Squares Method (SRSS). Stresses
resulting from combined horizontal and
vertical response are also combined by an
SRSS approach to account for the low
probability of simultaneous peak response.

A further section in Section 3 provides
guidance for predicting behaviour of un-
anchored tanks where the design overturning
moment exceeds the restoring moment. Under
these circumstances part of the tank base
will uplift, causing increased axial
compressive stress in the shell, and tension
stresses in the tank base. The mechanism of
tank uplift is complex and not completely
understcod. The method adopted in the
Recommendations is a modified version of a
method described by Clough(18), and requires
balancing the overturning moment Mpq, which
is based on the response of an equivalent
anchored tank, by the action of three
forces, Wy, Wg and W forming My, as shown
in Fig. 9, and defined by Egn. 5:

M+ Wy
where W = total weight of fluid, Wg = weight
of fluid supported directly by the found-
ation over area of base that does not
uplift (radius r), W, = weight of shell and
roof. Wg = W + W, - Wg and 6% is the half-
angle defining the area of shell base in
contact with the foundation.

KR + We (R - r) (5)

Mp, the resisting moment is found
iteratively by

i) guessing ¥ = r/R (6)
ii) calculating 6* = arctan (T%i) (7)
iii) calculating k = 652 (1-cos8*) (8)
iv) Calculating

My = RW(k(1 + WWW) s 1-0v’ - ) (@)

Steps (ii) to (iv) are repeated until
MR = MOT'

The maximum axial stress in the shell
is then computed as

2.5 ¢ Ws
fmax T TRO*F t (10)
where ¢ = 1.0 for rigid foundations and

c = 0.5 for flexible foundations.

A method for estimating uplift dis-
placements and base-plate membrane stresses
due to uplifting are also included. A
similar method to that outlined above is
developed for rectangular tanks.

SECTION 4 : DESIGN CRITERIA

Section 4 defines allowable limits to
stresses and deflections calculated in
accordance with Section 3. The limits of
Section 4 are intended to ensure that tanks
analysed in accordance with Sections 2 and
3, and complying with these limits, will
satisfy the performance criteria of
Section 1.

Uplifted
crescent

WS* Wf’ (R-r]
L]
ELEVATION
FIG. 9

PLAN

EQUILIBRIUM OF UPLIFTING CIRCULAR TANK




For steel tanks an ultimate load com-
bination of

U= 1.0D + l.OL0 + B (11)

is specified, where D denotes tank dead
load, Lo denotes live load, and E denotes
resultant earthquake actions calculated in
accordance with Sections 2 and 3. Note that
the load factor on Dead and Live Load is
taken as 1.0 in all cases as effects of
vertical seismic accelerations are directly
included in the earthquake load E.

For concrete tanks, elastic working-
stress design to specified stress limits is
generally required, in accordance with the
'Alternative' Loading combination:

A = 1.0D + l.OLO + 0.8E (12)

The Elastic Design approach is
specified for concrete tanks in preference
to ultimate load design because of diffi-
culties in assessing the relative stiffness,
as the ultimate condition is approached, of
the membrane action and vertical bending
action which act together to support the
total load. Although the relative stiff-
ness can be computed relatively convincingly
at elastic levels of response, the values
so obtained are inappropriate at ultimate.
The approach taken has also been adopted
by a recent New Zealand Standard for the
design of Concrete Structures for the
Storage of Liquids(

A common problem in tank design has
been to decide whether or not positive
anchorage to the foundation is required,
and what are the design anchorage forces
when anchorage is provided. Except in the
case of small tanks, there is very little
chance of a tank overturning in an earth-

quake. This is because the relative energy
W Wi
] 1
Mo
léi?l‘l?l B A SN O I O 00
D; -]
-
|

|
I,?nux= 3?[M|;22 -W

(c) 'DUCTILE® ELASTIC ANCHOR FORCE DISTRIBUTION

! l

| (T e <58 -

(d}) DUCTILE PLASTIC ANCHOR FORCE DISTRIBUTION
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input required to cause overturning
increases as the tank size increases.
Ishiyama(zo) showed that for rigid bodies,
overturning could only occur if the peak
ground acceleration agp and the peak ground
velocity vy exceeded certain values, since
the ground acceleration is required to be
of a sufficient magnitude to induce rocking,
and the peak velocity is required to estab-
lish sufficient energy input to overturn the
body. This approach has been adapted for
circular tanks to produce requirements that
vertical axis tanks should be anchored to
their foundations when

2
>aBA

(T) A (13)

2

wim T

and R< (apa) (14)

Tanks with aspect ratios greater than
the limit of Egn. (13) and with radius less
than the limit of Eqn. (14) are potentially
susceptible to overturning, and should be
anchored to their foundations. Other tanks
may be anchored, even though not required by
Section 4, to reduce shell stresses or
displacements.

Where positive anchorage is provided,
the maximum hold-down force per unit length
P, is dependent on the ductility of the
anchors. For normal anchor bolts, where
brittle fracture in a root thread can be
expected, the calculation is based on a
symmetric distribution of anchor forces as
shown in Fig. 10(b). Thus

4 Mo
Pmax = 2 Wt (15)

where W_ is the vertical load carried by the
tank wafl per unit circumferential length at
the base, and My is the overturning moment.
This equation is specified in API-650-E(8),
Where the anchors are necked over a reason-
able length to a diameter less than the root
thread diameter, thus ensuring ductility,
the distribution of tie-down force could
approach the distributions of Fig. 10 (c) or
10(d). For this case, Section 4 conservat-
ively adopts the distribution of Fig. 10(c),
resulting in

8 Mo
Pmax = 2 Wt (16)
3 D2
Use of Eqn. (16) provides some economic

benefit from adopting ductile anchor bolts.

Section 4 contains specific requirements
for steel and concrete tanks, separately
discussed in brief, below.

Provisions for Steel Tanks

A significant departure from past
practice for tank design has been taken in
the approach for allowable stresses in steel
tanks. Since Egn. (1l1l) is an ultimate load
equation, and since the design approach is
based on probabilistic considerations,
allowable stresses are specified with the
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intention of matching as closely as possible
the strength of the tank to the loading
resulting from the design-level earthquake.
This differs from, for example, API-65G-E(8L
whose provisions for allowable stress include
'factors of safety’.

For cylindrical steel tanks, the maxi-
mum seismic response could be limited by a
number of possible failure modes, including
elastic or inelastic buckling in membrane
compression (which induces the character-
istic diamond buckles, buckling in membrane
shear, elastic-plastic collapse at the base
of the shell wall (inducing the character-
istic ‘'elephants-foot' buckling) and
material yield under bending moment or hoop
tension. The recommendations in Section 4
are based on an extensive review of experi-
mental results, and theories of cylindrical
shell buckling, by Rotter(21),

Buckling in Membrane Compression

The vertical membrane stress to induce
buckling in a shell is a function of the
internal pressure, the circumferential
variation of axial stress, and above all,
the relative amplitude of imperfections
(6/t) in the wall. The effect of imperfect-
ions (radial errors in wall position) is to
decrease the buckling stress to a fraction
of the classical 'perfect shell’ buckling
stress fcé' given by Egn. (19). Internal
pressure decreases the effective imperfect-
ion amplitude, hence increasing the buckling
stress. Circumferential variation of axial
stress reduces the probability of coinci-
dence of the maximum stress and the maximum
imperfection, again increasing the buckling
stress. Thus the buckling load associated
with membrane compression induced by bending
exceeds that where the compression is
induced by axial load. However, in both
cases (internal pressure, and bending) it
appears that the classical buckling stress
is an upper limit.

fm f
77— < 0.19 + 0.81 fll (17)
cl cl
where
= 2 £ 2
- _ _ P _ o
fp = fcl/<1 (1 5) (1 (f~1) ) < fcl
(18)
= t
fcl 0.6E R (19)
P = % <5 (20)
cl
For
f
2 y A
(A" = = ) <2 f o=£f (1 - =) (21a)
Ofcl o Yy 4
For
2 fy -
(A" = 5f y > 2 ; fo = gfcl (21b)
cl

_ 1 _
2.1 (22)

o=1- w(%) (1 +

and(8/t) is the ratio of maximum imperfect-
ion amplitude to wall thickness. In

Egn. (22) ¢ = 1.24 for membrane compression
buckling.

Equations (17) to (22) reflect these
influences. The allowable stress is related

to the classical buckling stress given by
Egn. (19). The reduction from this stress
level due to initial imperfections for
unpressurised tanks subjected to axial com-
pression is given by Egns. (21) and (22).
For buckling stresses higher than 0.5f,,,
(i.e. relatively thick-walled tanks) the
buckling is essentially inelastic, and
Egqn. (2la) governs. For lower buckling
stresses (relatively thin-walled tanks)
Egqn. (21b) governs.

Equation (18) expresses the increase
in buckling stress due to internal pressure
(23), expressed in terms of the nominal hoop
stress ratio P given by Eqn. (20).

Equation (17) expresses the increase in
buckling stress due to the axial stress
being induced by bending, rather than axial
loading(24). As this is primarily the case
for seismically induced membrane compression,
it is appropriate to include in these stress
criteria. Note that the maximum allowable
stress that can result from Egns. (17) to
(22) is the classical buckling stress fq).
Generally the level is much lower.

Figure 11 compares the membrane com-
pression buckling stresses for normal
guality construction with the classical
buckling equation. The influence of a
moderate hoop tension of 100 MPa in increas-
ing the buckling stress is very evident,
particularly at high R/t values. The
influence of bending compression, compared
with uniform compression is also significant,
but the influence decreases as the internal
pressure increases.

For comparison, the buckling stress
equation of API-650-E for zero internal
pressure has been included. To convert from
working stress to ultimate load levels, the
API-650 stresses have been increased by 25%.

Elastic-Plastic Collapse

Towards the bottom of the tank, the
steel is subjected to a biaxial stress state
consisting of hoop tension and (in the worst
case) vertical compression, as shown in
Fig. 12. Radial deformations under internal
pressure create additional eccentricity,
tending to irlduce the commonly observed
'elephants foot' buckling. The following
equation, developed by Rotter (25) gives an
accurate assessment of the stress required
to initiate elastic-plastic collapse, and is
specified in the Recommendations.
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The influence of internal pressure in
Eqn. (23) is to reduce the maximum compres-
sion stress that can be sustained.
Figure 13 compares the flexural compression
stresses required to induce failure of a
pressurised tank by elastic buckling or by
elastic-plastic collapse. Except for thick
walled tubes, elastic buckling is critical
for low values of the membrane circumfer-
ential stress. As this stress increases
above about 100 MPa, elastic-plastic
collapse becomes the dominant failure case.

Special attention is given to the
design criteria for base plates of unanchor-
ed tanks. Under the tank uplifting
condition, the membrane tension induced in
the uplifting portion of the base plate
induces a circumferential ring compression
reaction. The biaxial stress state reduces
the effective yield stress. In the absence
of more detailed analysis, it is recommend-
ed that a conservative radial effective
stress of 0.6f, be used. Base plate design
is limited by Z maximum allowable plastic
strain of 0.05 at the plastic hinge forming
in the base plate adjacent to the wall.
Guidance is given on estimating the maximum
plastic strain, but it is emphasised that
the calculation methods are somewhat crude.

Provisions for Concrete Tanks

Allowable stresses in reinforced and
prestressed tanks under the 'Alternative'
Load combination are based on the values
specified in NZS 3106 (19) .  Because of the
transitory and infrequent nature of the
loading, high stress levels are permitted,

Anchored tank

Unanchored tank

Vertical compression

Hoop tension

FIG. 12 MEMBRANE FORCES IN TANK WALL
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with maximum compressions up to 0.6f}, where
f4 is the cylinder compression strength, and
maximum tensions in prestressed concrete up
to O.S/fg. Out of plane shear stresses are
regulated by limits to principal tension
stress.

SECTION 5 FOUNDATIONS

This section is necessarily less
specific than the former sections, because
of the complexity of Geotechnical aspects
of tank design, and a consequent reluctance
of Geotechnical Engineers to provide
specific and detailed design data in a code
format. New Zealand designers will be
familiar with the controversy associated
with unsuccessful attempts in the past to
formulate a general Foundation Design Code.
Section 5 places particular importance on
the need for expert Geotechnical advice for
major installations. The section discusses
Site Investigation requirements, Foundation
Evaluation, with special attention drawn
to erodible soils, liquefiable soils,
collapsible soils and sensitive soils,
Foundation Analysis, with suggested factors
of safety for slope stability, bearing
capacity, liquefaction and base sliding,
and Foundation Details. This last sub-
section discusses foundation detailing
required for ground improvement, pile
foundations, foundation drainage, and
mounded or buried tanks.

SECTION 6 : DESIGN DETAILS

The Recommendations are not a design
manual, and hence emphasis on design details
would be inappropriate. However, it was
felt appropriate to draw attention to a

small number of design details that have the
potential for having a great influence on
the performance of tanks under earthquake
loading. Aspects relevant to steel tanks
include flexible piping connections, rein-
forced nozzle connections to thin walled
tanks, displacement tolerance of floating
roofs, frangible joints between shell and
roof for fixed-roof tanks, and base anchor-
age details. Methods for providing membrane
shear transfer between wall and base of
concrete tanks are discussed.

APPENDIX : DESIGN EXAMPLES

To assist designers in using the
recommendations, an Appendix is included
with detailed design examples relating to

(1) a large circular oil storage tank
(2) a stainless steel wire vat

(3) a prestressed circular concrete
reservoir on alluvium site

(4) a rectangular concrete reservoir.

Both rigid and flexible foundation
conditions are considered. and the steel
tanks are both analysed in the anchored
base and uplifting base condition.

CONCLUSIONS

The Recommendations of the Study Group
of the New Zealand National Society for
Earthquake Engineering, into the Seismic
Design of Storage Tanks represent an
attempt to present a consistent design
approach for tanks of all materials, and to



cover aspects of seismic loading that have
often been ignored. Design criteria and
required performance are clearly stated in
simple terms. Although most of the provi-
sions have been based on existing published
information, it has been necessary to extra-
polate in some cases, particularly for tanks
of unusual shape.

It is the belief of the Study Group
which drafted the Recommendations that the
document will result in safe and econcmic
tanks for regions of high seismicity.
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