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Buckling of aboveground oil storage tanks under
internal pressure
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Abstract. Overpressurization can occur due to the ignition of flammable vapors existing inside
aboveground oil storage tanks. Such accidents could happen more frequently than other types of
accident. In the tank design, when the internal pressure increases, the sidewall-to-roof joint is
expected to fail before failure occurs in the sidewall-to-bottom joint. This design concept is the so-
called “frangible roof joint” introduced in API Standard 650. The major failure mode is bifurcation
buckling in this case. This paper presents the bifurcation buckling pressures in both joints under
internal pressure. Elastic and elastic-plastic axisymmetric shell finite element analysis was performed
involving large deformation in the prebuckling state. Results show that API Standard 650 does not
evaluate the frangible roof joint design conservatively in small diameter tanks.

Key words: finite element method; axisymmetric shell, structural analysis; bifurcation buckling;
elastic-plastic problem; large deformation; oil storage tank; internal pressure; frangible roof design.

1. Introduction

Aboveground oil storage tanks can be divided into two basic types as shown in Fig. 1:

fixed roof tanks and floating roof tanks. Fixed roof tanks are the subject of this paper and are
usually used for small capacity storage. One type of accident with fixed roof tanks is
overpressurization, which can occur due to the ignition of flammable vapors existing inside the
tank. Overpressurization has occurred more frequently than other types of accident.

When the internal pressure exceeds the capability of the pressure relief vents attached to the fixe
roof, the tank may fail. There are two failure types: the failure of the sidewall-to-bottom joint and
that of the sidewall-to-roof joint, as shown in Fig. 2(a) and (b). The former can resuiltagespf
the tank’s contents and fire outside the tank. For this reason, it is much better for failure to occur in
the sidewall-to-roof joint before the sidewall-to-bottom joint during overpressurization. This concept
was introduced into a design rule in the APl (American Petroleum Institute) standard 650, Appendix
F as a “frangible roof joint” (Let al 1996). However, experience has shown that the rule does not
always perform as intended, especially for small diameter tanks (Morgenegg 1978).

When the tank is subjected to internal pressure, the sidewall-to-bottom joint is uplifted, and both
the sidewall-to-bottom joint and the sidewall-to-roof joint deform greatly as they are pulled radially
inward and compressed circumferentially as illustrated in Fig. 2(c). Stresses in both joints could exceed
the material’s yield stress. As a result, this pressure could cause bifurcation buckling with a high
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Fig. 2 Deformation and failure types of oil storage tank under internal pressure

circumferential wave number in either joint. The frangible roof joint is designed so that the strength of
the sidewall-to-roof joint is weaker than that of the sidewall-to-bottom joint under internal pressure.

This paper presents the bifurcation buckling pressures in both joints under internal pressure.
Elastic buckling pressures in the sidewall-to-roof joint and elastic-plastic buckling pressures in the
sidewall-to-bottom joint are obtained separately using the axisymmetric finite element method. The
effect of roof slope, tank diameter, plate thickness and liquid pressure on the buckling pressure is
discussed. The frangible roofipd design can be evaluated for the buckling pressure in the sidewall-
to-roof joint to be less than that in the sidewall-to-bottom joint.

2. Finite element analysis

The elastic-plastic bifurcation buckling of aximsgnetric shells subjected to axisymmetric loads
involving large prebuckling deformation has been investigated by many researchers. Bushnell
(1976) developed the finite difference computer code BOSORS5, and applied it to various shells.
Finite element analyses (FEA) has also been used (e.g., Miyetzaki1988). The FEA computer
code used in this paper was developed by the author. This analysis consists of prebuckling
deformation analysis and bifurcation buckling analysis.

2.1 Axisymmetric shell finite element
The axisymmetric shell finite elements used in this study are conical frustum elements, as shown

in Fig. 3. The tangential displacemaniand the circumferential displacementre assumed to be
linear and the normal displacementto be cubic with regard ts, wheres is the meridional
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Fig. 3 Axisymmetric shell finite element

coordinate of the shell element. The strain on neutral surface of the ghetinsists of linear and
nonlinear terms, as follows:

{e} = {eY}+{e™} (1)

where superscriptd ) and N) denote linear and nonlinear terms. The strain-displacement relation
based on the Kirchhoff-Love’s assumption is given by the Novozhilov's equation (Stratkah
1968) in the following form:
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where g and xi(i=s, 6, s) are the strain and the curvature change on the neutral surface of the
shell. The strains at a distaneefrom the neutral surface in shell are defined by the following
formula.

28 g
{e} = D€ O= 0€—2Xe O (4)

o o 0 .., O

Vso0  [Pso—ZXse]
The constitutive equation is based on theflow theory with the isotropic strain hardening rule
(Marcal et al 1967), and is written as follows:

Ao} = ([D°]+[D])a{ &) ()

where A{ g} is the stress increment vectaK &} is the strain increment vector, anBq, [D "] are
the stress-strain matrices, which are defined by Eq. (6a) to Eqg. (6d), respectively.

Mo} = [Ao, Aoy ATy (6a)
A€} = [Des Deg Dyl (6b)
1 v 0
ee _ E 1 O
(b7 = 1-V2 1-v (6c)
vme T
S SS SS
=3 £ ss (6)

sym. S

In Eg. (6a) to Eq. (6d)gi(i=s, 6) is the normal stress componeny; is the shear stresg, is the
Young’'s modulus and is the Poisson’s ratio. The notatidndenotes the incremerg,, S,, S andS
in Eq. (6d) can be written as follows:

E
S = 7 V2(0’5+VO’9) (7a)
_E
S, = 7 5(Va's+ 0') (7b)
E
S = Tyl (7c)
S = goﬁqH' +S,0's+S,0"y + 2S5 Ty (7d)

where g, and H' are the von Mises equivalent stress and the strain hardening parameter, and
gi'(i=s, 8) is the deviatoric stress componendy is defined by the following formula:
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Oeq = AOF— 0,05+ 05+ 315 (8)

In the shell, the membrane forcHs and Ng, the shear forcé&lsg, the bending momentdls and
Mg, and twisting momen¥ls, are given by the following expressions:

/2 _ /2 ~ /2 )

Ns = 'r_t/z O-Sdz’ Ng = .r—t/z ngz’ NSH = _r_t/z TSSdZ (93)
/2 _ _ /2 B /o i

Ms = -r—t/zzasdz’ Mo = .r—t/zzaf)dz’ Msg = f—t/zZTSSdZ (9b)

wheret is the shell thickness. The applied loads are handled using the incremental method.
2.2. Prebuckling deformation analysis

Prebuckling deformation analysis is equivalent to elastic-plastic large deformation analysis of
axisymmetric shells subjected to axisymmetric load. In this analysis, the updated Lagrangian
formulation (Batheet al 1976) is used. It is assumed that the solution obtained at the current step
under axisymmetric loading ssfies equilibrium, and that deimation is also axisymmetric in the
next step. The displacement vectof £an be expressed as:

{d} = {do}+A{dp} (10)
The components of the vectatl,f are expressed as follows:
{d}" = [dy o Bl (11)

where subscript 0 denotes the axisymmetric deformation, the notatignd,, and 3, are the
vertical displacement, the radial displacement and rotational angle, treslyedn axisynmetric
deformation, the shear stress and strain are defined to equal zero as follows:

Xss = ess = 859 = VYso = Tsp = Nss = Mss =0 (12)
According to the virtual work principle, the following stiffness equation is derived:
[KolA{do} = (IKg"]+[Ke"DA{do} = A{Fg} +{Ro} (13)

where Ko, A{Fq} and {Ry} are the stiffness matrix, the equivalent force increment vector and the
residual force vector, respectivelKof] is the small displacement stiffness matrix, akgJ] is the

initial stress stiffness matrix. All variables in Eq. (13) refer to the current element configurations. In
order to derive the elemental stiffness matrix, integration along the meridian is accomplished using the
Gauss-Legendre formula with 6 points, and integration through the thickness is kstoemnpsing

the Simpson's formula with 20 layers. The nonlinear Eq. (13) is solved using the Newton-Raphson
iteration method at each incremental step in this analysis.

To obtain stresses on the yield surface during all plastic deformation, the elastic-predictor radial-return
method (Schreyeet al 1979) is used when the beginning-of-step stress at the integral point is
elastic or unloading. A trial state based on an elastic assumption is first obtained, and the stress ic
then corrected with an adjustment in yield surface radius. The solutions of the elastic-plastic problem
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based on thd, flow theory have to satisfy the following relations:

Ao} = [D1(A{ e} - A{ D) (14a)
D(?f 0

Alef}i= Do S_lﬂ(feq). (14b)

(Geq)i = H((€egi_1 + AEeq)i) (14c)

(Teq)i = f((Teq)i—1 + A(Teg)i) (14d)

wheref is the von Mises yield function£f} is the plastic strain vectog is the equivalent plastic
strain and (;)and { }; express the variable or vector at the incremental istémg. (14a) is the
constitutive equation, Eq. (14b) is the normality principle, Eg. (14c) is the material property and
Eq. (14d) is the von Mises equivalent stress. If the strain incref{eht is assumed to be exact,
the solution of the nonlinear simultaneous equations (14a) to (14d) gives the stress indfernent
the plastic strain incremem{ &%, the equivalent stressug); and the equivalent plastic strain
incrementA(&)i at the current step

The radial-return method is also used when the stress at the integral point is already plastic. The
trial stress @i} is radially returned to the yield surface as follows:

{0} = g={al, (15)

where oy is the equivalent stress calculated from the trial stregs, {and o is that from the
equivalent plastic strairey);.

2.3. Bifurcation buckling analysis

Bifurcation buckling analysis follows the prebuckling deformation analysis at each incremental
step. The displacement increment at the next step is assumed to have the circumferential wave
numberm (mz1). The displacement vector can be defined by the following formula to investigate
the occurrence of bifurcation buckling.

D d,o D DAdzmcosrnBE]]
m:osmGD Ddgo(— O)D DAdgm sinmé ]

{d} = {do} + M} E]] q D DAd Cosmeg (16)
ro rm
O D 0

0 ﬁo 0 []Aﬁm coané 0

The subscriptm denotes the circumferential wave number #&id the circumferential angle. The
following stiffness equation is derived from the virtual work principle (Zienkiewical 1988).

[KnlA{d} = ([KST+ KA dp} = 0 (17)

Throughout the derivation of the stiffness matk| it is assumed thaK},] is independent of the
infinitesimal buckling displacementgd,,coamb, Adg,sinmé, Ad.,cosng and AB.coamb. This
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assumption is the so-called “consistent loading”, as defined by Bushnell (1976).

The stability criteria is given by a positive definition ¢f.]. In other words, if the sign of the
determinant of K] is positive, stability exists. The eigenvector corresponding to the zero eigenvalue
becomes the buckling mode.

3. Numerical results
3.1. Elastic buckling in the sidewall-to-roof joint

There are two types of fixed roof in oil storage tanks: cone roof tank (CRT) and dome roof tank
(DRT), as shown in Figs. 4(a) and (b). The roof slope tarusually 1/16~1/6 in CRT, and the roof
radiusR is D~1.2D in DRT, whereD is the tank diameter. Both the sidewall and roof are welded to
the top angle of an L-sectioned beam as shown in Fig. 5. The weight on the roof, such as the roof
plate, equipment, and snow, is supported by the roof frame, which is not usually welded to the roof
plate because welding stiffens the sidewall-to-roof joint.

Minimum sizes of the sidewall-to-roof joint amgipulated by the Fire Service Law and JIS
(Japanese Industrial Standard) B8501 in Japan. According to this law and standard, the minimum
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(a) Cone roof tank(CRT) (b) Dome roof tank(DRT)

Fig. 4 Types of fixed roof in oil storage tanks

Detail of A in Fig.4 Roof

0.3( R, t,)°%

Top angle

S
L DRNNNNNNY

o T

=

] R,

& .

5 CRT :R,=R_Aina

= DRT :R,=R
Sidewall R.=D/2

ts

L

Fig. 5 Compression ring area of sidewall-to-roof joint
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Table 1 Minimum sidewall thickness specified by Table 2 Minimum top angle size specified by JIS

Fire Service Law of Japan B8501
Tank diameter Sidewall thickness Tank diameter Top angle size
D< 16m 4.5 mm D<10m L65x65%6
16m<D < 35m 6.0 mm 10m<D < 18m L65%65%8
35m<D< 60m 8.0 mm 18m<D < 10m L75x75%9
60 m <D 10.0 mm 60m <D L90x90x10

Fig. 6 Equilibrium in the sidewall-to-roof joint under internal pressure

size of both the sidewall and the top angle are given in Table 1 and Table 2 respectively, and the
minimum roof plate thickness is 4.5 mm. In existing tanks in Japan, the sidewall-to-roof joint is just
these minimum sizes.

According to API Standard 650, Appendix F, the failure pressure of the sidewall-to-roof joint due
to internal pressure is derived in the following manner. Fig. 6 shows the equilibrium in the sidewall-
to-roof joint under internal pressure. The resultant vertical fdigelue to the internal pressuireis
given by:
nD’p

4

Equilibrium in the vertical direction at the joint gives the roof force per unit circumfergnes
follows:

Wp =

(18)

Wp PD
= — = 1
T = Sna oD - 2sina (19)
The horizontal component of the roof force can be written as:
PD
T, = T,cosa = 20
2o 1 Atana (20)
Equilibrium in the radial direction gives the circumferential steess the compression ring:
T,D
= = 21
oA (21)

whereA is the ring area shaded in Fig. 5. Substituting both Eq. (20) and yield stress into Eq. (21),
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the failure pressure in the sidewall-to-roof joint is derived in the following form:
8o, [A Ctana
Pap = P(o=0y) = _DZ; (22)
where gy is the yield stress of mild steel and is 220 MPa in API Standard. The above API formula
is based on the assumption that failure can be expected to occur when the stress in the compressic
ring reaches the yield stress. The frangible roof joint design in API Standard should satisfy the
following formula.

Papi< Py (23)
The uplifting forcePy is calculated by:
4W
P.= — (24)
D

whereW is the total tank weight excluding the bottom. The API frangible roof joint design is based
on static equilibrium, and ensures that yielding of the compression ring will occur before the
sidewall-to-bottom joint uplifts in empty tanks.

In the FEA, elastic bifurcation buckling analysis is carried out for internally pressurized sidewall-
to-roof joints with the prescribed minimum sizes. The buckling pressure in elastic analysis, that is
o, =<0, is larger than that in elastic-plastic analysis.réfae, the elastic buckling pressure gives a
conservative evaluation in the frangible roofnjodesign. Young’s modulug is 206 GPa and
Poisson’s ratiav is 0.3 in the analysis.

The buckling pressur@.., and the corresponding circumferential wave numbeare obtained
for various sized tanks using FEA. Fig. 7 shows the relation between the buckling pRessare
the tank diameteD, and Fig. 8 shows the relation between the circumferential wave numed
D. P, decreases rapidly with increasibg andP,,., in DRT is greater than CRT if the diameter is
identical. This means th&,., increases with increasing the roof slopeatafihe circumferential
wave numbem increases with increasirigy and the variation is nearly linear.

Fig. 9 shows the comparison with the buckling pres$yrg obtained by FEA and the failure
pressurePap; by API formula written in Eq. (22), anB., is greater tharP,p, for small diameter
tanks. It is found that API Standard 650 does not evaluate conservatively in the frangible roof joint
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design for small diameter tanks. In all cases analyzed here, the buckling modes show local buckling
in the roof plate near the joint as shown in Fig. 10.

3.2. Elastic-plastic buckling in the sidewall-to-bottom joint

The elastic-plastic buckling in the sidewall-to-bottom joint for small diameter tanks is analyzed.
Fig. 11 shows the analytical model. In this figure, the bottom plates rest on a rigid foundation. The
liquid pressure with heightl. and densityp_ acts on this joint, and the tank weight including
sidewall, roof and roof flame is assumed to act at the corner point b. At the beginning of the
analysis, the boundary conditions are as follows.

a~C:dp=F,=0; a:d,=0; d:S

The restriction ofdy=5,=0 on the bottom will be released when uplifting occurs due to liquid
pressure or internal pressure.

The elastic-plastic buckling analysis in the sidewall-to-bottom joint consistses #tages. In the
first stage, the analysis is carried out for both the tank w&ghnd the bottom plate weight. The
second stage is the analysis for liquid pressure, and the third stage is the analysis for internal

T o
E=206 GPa d | So=ary
v=0.3 . t
6,7245 WPa Sidewall —_ 7>
H'=0 =z g
p=900 kg/m = S
<
Hy Bottom W] N
a \L b & [
[ ]
D /2 50mm|
|

Fig. 11 Sidewall-to-bottom joint model
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Fig. 12 Uplifted sidewall-to-bottom joint

pressure including the nodal force incremdhg at point d shown in Fig. 11. The internal pressure
increases until buckling occurs. The buckling presdeye for the sidewall-to-bottom joint is
defined as follows:

Pcr—L = Pi + Pu + PL (25)

where P; is the internal pressure component of the buckling presByres, the uplifting pressure
expressed by Eq. (24) and is assumed to be 2.45 kPa in the analyds, iarie liquid pressure.

The sidewall thickness usually varies in the vertical direction in oil storage tanks. The lower
sidewall is thicker than the upper.

The uplifting process is shown in Fig. 12 in this analysis. At a nodal point on the bottom, if the
equivalent nodal forc& due to internal pressur®tP+P_) and bottom weight becomes less than
the nodal reaction forcB with an increase in pressure, the displacement restriction at this point can
be removed.

Fig. 13 shows the relation between the internal pressure comp@nehthe buckling pressure
P.L or the corresponding circumferential wave numeand the tank diametd with the bottom
thicknesst,=4.5 mm and the sidewall thickneigs6 mm. This figure indicates th& decreases and
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Fig. 13 Internal pressure component of buckling pressure in sidewall-to bottom joint in terms of tankrdiamete
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Fig. 14 Internal pressure component of buckling pressure in sidewall-to bottom joint in terms of liquid
pressure
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Fig. 15 Internal pressure component of buckling pressure in sidewall-to bottom joint in terms of bottom
thickness

m increases with increasirig, which is similar in tendency to the sidewall-to-roof joint as shown in
Fig. 7 and Fig. 8.
Fig. 14 shows the relation betweBnor m and the liquid heighitl, with t,=4.5 mm ands=6 mm.
Pi andm increase with increasinig,.. It can be seen that the liquid pressBreamplifiesP.. . Fig.
15 shows the relation betwe®n or m andt, with D=8,000 mm ands=6 mm. No buckling occurs
when H =5,000 mm and,=8 mm. According to Fig. 15P; increases with increasing, and the
effect oft, on P; is large. Also, an increase ipincreasesn in the larget, region and decreases
in the smallt, region. Fig. 16 shows the relation betweenRher m andts in the case ob =8,000
mm andt,= 4.5 mm. According to Fig. 16, an increasd.mcrease$;, but the effect of; on both
P; andm is smaller than the effect of other parameters.
The buckling mode is shown in Fig. 17, wh&=6,000 mm,H =0, t,=4.5 mm ands=6.0 mm. In
all cases analyzed here, the buckling modes show local buckling at the bottom near the joint as
shown in Fig. 17. Fig. 18 shows the prebuckling deformation at the same conditions as Fig. 17. The
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Fig. 16 Internal pressure component of buckling pressure in sidewall-to bottom joint in terms of sidewall
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Fig. 17 Buckling mode of sidewall-to-bottom joint Fig. 18 Prebuckling deformation

uplift displacement at this jot is 60.7 mm and the uplift length at the bottom is 1,067 mm, and the
plastic area develops at the bottom near the joint before buckling occurs. Both the uplift
displacement and the uplift length of the bottom in liquid-filled tank is smaller than that of the
empty tank if the internal pressui@+P,) is identical. The buckling internal pressig, is 8.86 kPa in
this condition. Assuming that this tank is filled with water to the 10,000 mm level and no internal
pressure exist, the pressure on the bottom is 98.07 kPa and the stress of the bottom calculated usir
the formula proposed by Denhagh al. (1968) is about 30% of the yield stress. This shows that the
sidewall-to-bottom joint can adequately resist the liquid pressure, but is week against internal pressure
The buckling pressur®... with no liquid pressure in the sidewall-to-bottom joint should be
greater than the buckling pressiitg, in the sidewall-to-roof joint for a frangible roof joint design.

4. Conclusions

This paper has presented the elastic buckling pressures of the sidewall-to-roof joint and the
elastic-plastic buckling pressures of the sidewall-to-bottom joint of aboveground oil storage tanks
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under internal pressure. Axisymmetric finite element aislwas carried out. The analysis yielded
the following conclusions.
1) The failure pressurBap, given by API Standard 650 in the sidewall-to-roof joint is smaller than
the elastic buckling pressurg,, obtained by FEA in small diameter tanks.
2) API Standard 650 does not evaluate the frangible roof joint design conservatively in small
diameter tanks.
3) The liquid pressure amplifies the buckling pressure in the sidewall-to-bottom joint.
4) The sidewall-to-bottom joint can adequately resist the liquid pressure, but is week against
internal pressure.
5) The buckling pressurB... with no liquid pressure in the sidewall-to-bottom joint should be
greater than the buckling pressiig., in the sidewall-to-roof joint for a frangible roof joint
design.
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