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A B S T R A C T   

Many tank structures may not be stable during the construction phase, and this may lead to their becoming 
vulnerable to buckling under environmental loading conditions such as wind. Installing intermediate ring 
stiffeners of the proper size at the mid-height of the cylindrical shell may be the most effective way to stabilize 
these structures, especially under the effects of wind action. In the study, analytical and numerical studies were 
conducted to identify the required strength and stiffness for the intermediate ring stiffener. First, a new cylin-
drical shell-to- intermediate ring stiffness ratio was derived by considering curved beam and shell membrane 
theories. For strength criteria, the tributary height and the effect of shell- ring interaction on the internal forces 
and moments were examined by making use of Linear Analysis (LA) and Geometrically Nonlinear Analysis 
(GNA). The stress resultants developed in the intermediate ring stiffener were identified so that they could be 
used as strength criteria. For stiffness criteria, by considering the changes in the buckling resistance based on the 
developed stiffness ratio, an expression to compute the minumum intermediate ring stiffness was determined. In 
addition, Geometrically Nonlinear Analysis including Imperfections (GNIA) was also performed to examine the 
effect of the geometric imperfections on buckling strength of the steel tank with an intermediate ring stiffener, 
taking different imperfection amplitudes into account. The developed design equations in simple algebraic form 
can be utilized for the structural stability of cylindrical steel tanks during erection.   

1. Introduction 

Cylindrical steel tanks are often used for the storage of liquids such as 
chemicals, water and oil. In these types of cylindrical structures, curved 
thin steel plates are used to form shell courses. Using welds, the courses 
are mounted on top of each other to form the entire tank shell wall. After 
this is done, a roof is placed on the top of the tanks to provide stability. 
However, evidence from failures in many tank structures reveals that, 
before the installation of the roofs, the tanks themselves suffer buckling 
due to external pressure, since the thin walls are vulnarable to buckling. 
In other words, since they do not resist environmental loading condi-
tions such as wind before completion, unexpected failure may be 
observed in such storage tank structures [1]. As shown in Fig. 1, while 
TK-7 and TK-8 were subjected to high damage, other tank structures 
suffered minor or no damage due to supporting members such as rafter 
and roof at the top. Saal and Schrüfer [2] investigated tanks without roof 
structures, which is the situation before the construction is complete. 
Researchers examined the stability behaviour of these types of tanks. 

Ansourion [3] reported that inadequate top restraint during construc-
tion led to failure of the tank which was exposed to wind loads. Noon [4] 
stated that relatively moderate wind led to failure of a storage tank due 
to lack of bracing before the construction was complete. A specific tank 
failure during the erection stage was shown in the study. Borgersen and 
Yazdani [5] examined large scale storage tanks during erection under 
wind pressure. The cylindrical shell (CS) part had been completed, but 
the conical roof had not been attached to the top of the tank when 
buckling was observed at a wind speed of 100 km/h. Considering FE 
analyses, the failure mode was also identified in the study. Jaca and 
Godoy [6] reported that many tank structures in Argentina collapsed 
during their construction stages due to wind loads. Although storage 
tanks were designed considering complete structures such as the foun-
dation, cylindrical part and roof, they failed due to moderate wind 
before the roof was added to the top of the structure. 

The abovementioned studies revealed that such storage tanks are 
flexible during the construction stage even if they are designed carefully 
considering all loads. Normally, wind stiffeners are designed to prevent 
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wind buckling, considering that the tank structures are already in ser-
vice. However, a tank structure during its construction is weak and 
susceptible to possible failure. It has also been noted that wind pressure 
varies widely throughout the day. There is no design guideline fore-
seeing such tank failures during the erection stage. From this motiva-
tion, the weakness of the shell part of the structures was addressed and 
the effect of reinforcing steel tanks with stiffeners on buckling due to 
wind has been investigated in this new study. One of the common ways 
to increase the load carrying capacity of these structures is to use in-
termediate ring stiffeners (IRS) at mid-height when they are subjected to 
environmental loads such as wind. IRS have an important job, which is 
to provide the safe and reliable operation of tanks [7]. Furthermore, IRS 
should sustain roundness on the CS under different loading circum-
stances [8]. In this way, IRS stabilize the full tank height before the roof 
is attached. In other words, the buckling capacity of the CS can be 
enhanced significantly when compared with the CS without any stiffener 
(Fig. 2a). To investigate the effect of the inclusion of the intermediate 
ring stiffener (IRS) on the load carrying capacity for these structures, an 

approach needs to satisfy both the strength and stiffness requirements 
for cylindrical steel tanks. As shown in Fig. 2b, a single IRS is installed at 
mid-height of the CS before the completion of the roof part. This ring 
provides higher stability for the thin cylindrical storage tank which is 
vulnerable to buckling when exposed to wind. Analytical and numerical 
studies were combined to achieve stable behaviour of these structures 
when they are subjected to wind pressure during the construction stage. 
In the first stage, the required strength of the ring was identified by 
making use of a closed-form solution and complementary finite element 
analysis. For this purpose, the behaviour of an IRS and CS under non 
uniform wind loading was studied separately. Next, a cylindrical shell- 
to- ring (CS-to- IRS) stiffness ratio was proposed to reflect the interac-
tion between the ring and shell. Moreover, the tank tributary height 
(heff) was determined as a function of the CS-to- IRS stiffness ratio. 
Parametric calculations including Linear Analysis (LA) were performed 
to develop a relationship between the proposed CS-to-IRS stiffness ratio 
and the responses of the ring computed from the closed-form solutions. 
Additionally, the effect of geometric nonlinearity on the responses of the 

Fig. 1. Example of tank failures during construction stage (Courtesy of Mr. Oscar Enrique Morillo Luzardo).  

Fig. 2. Different cylindrical shell configurations (Adapted from [52]).  
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ring was also investigated utilizing Geometrically Nonlinear Analysis 
(GNA). The stress resultants developed in the IRS were calculated to be 
utilized as strength criteria This methodology has been used previously 
by Zeybek [9] and his coworkers [10] for the stability design of wind 
girders in open-top tanks. In the second stage, to discover the required 
stiffness of the IRS, the buckling of the shell was investigated by utilizing 
Linear Elastic Bifurcation Analysis (LBA). The buckling capacity of the 
storage tanks with an IRS at mid-height exposed to wind loads non-
uniformly was examined considering internal suction. It should be noted 
that internal suction occurs under wind when the roof has not yet been 
installed. The relationship between the buckling resistance and the 
proposed CS-to- IRS stiffness ratio was studied through a comprehensive 
numerical parametric study. In addition, Geometrically Nonlinear 
Analysis including Imperfections (GNIA) was conducted to observe the 
impact of the imperfections on the buckling resistance of the CS by 
considering different imperfection amplitudes. 

The structure of this paper consists of five main parts. The intro-
duction is given in Section 1. The wind pressure variation on cylindrical 
shell structures is shown in Section 2. The derivation of the proposed CS- 
to-IRS stiffness criterion is presented in Section 3. Numerical studies 
employing LA, LBA, GNA and GNIA to develop the strength and stiffness 
requirements are provided in Section 4. Conclusions are given in Section 
5. 

2. Wind pressures on cylindrical shell structures 

Wind loading and internal partial vacuums are common external 
pressures that can cause the failure of tank structures. In other words, 
since the CS has quite thin walls, it is vulnerable to buckling under 
external pressure. Furthermore, this is aggravated under wind loading 
because the wind pressure is changing importantly along the circum-
ferential direction, causing local flattening of the wall and inducing 
stresses in different directions [11–14]. Hence, the variation of wind 
pressure around the circumference may be crucial in design. 

The effect of wind loading on cylindrical structures was investigated 
utilizing wind tunnel tests [11,15–25]. The outcomes revealed that the 
wind load changes with the circumferential directions of the cylinder. 
Nevertheless, the wind load in the vertical direction is generally taken as 
constant [26–31] because the aspect ratio of CS is relatively small. 
Depending on the size of the CS, wind loads in circumferential direction 
(Fig. 3) can be computed by a Fourier harmonic cosine series [32–39]. 
Eq. (1) describes the principal wind profile along the circumferential 
direction. 

qw(θ) =
∑N

m=0
q Cmcos(mθ) (1)  

where qw(θ) = the local wind pressure at any point on the circumference, 
q = the wind pressure on the stagnation meridian, θ = the circumfer-
ential angle measured from the windward direction (θ = 0 at the stag-
nation meridian), m = the harmonic number, Cm = coefficient for each 
harmonic and N = the total number of harmonics being considered. 

A representation of the distrubition of the wind pressure for open-top 
and closed roof CS is illustrated in Fig. 3 with the values of Cm. The 
coefficients are given in Annex C of EN 1993-4-1 [37] as follows:  

where D = the diameter of the cylindrical tank shell, H = height of the 
cylindrical tank shell, Cp,e = the normalized circumferential pressure 
distribution on the external side of the shell. It should be noted that the 
H/D ratio of 0.5 should be adopted for cylindrical structures with H/D 
ratios of <0.5. 

The inner faces of the CS for open-top tank structures are also 
exposed to negative pressure because of the leeward suction. Thus, Cp,i 
= − 0.6 is proposed as the coefficient of internal pressure irrespective of 
the tank size [37]. Recent studies [9,10] have reported that the effect of 
the negative pressure may be ignored in the flexural design of the wind 
girders. However, Chiang and Guzey [40] showed that the internal in-
ward pressure exposed by wind load has a significant impact on the 
buckling capacity of the CS. Therefore, 2 design criteria should be ful-
filled for the rings: stiffness and strength. In order to assure the stiffness, 
the ring should exhibit global shell buckling under wind load whereas to 
ensure the strength the ring should not yield under unsymmetrical forces 
due to wind loads [9,10]. 

3. Cylindrical shell-to-intermediate ring stiffener (CS-to-IRS) 
stiffness criterion 

This section aims to obtain the relative stiffnesses of the CS and the 
IRS. Hence, the IRS and the CS were separately considered under 
nonuniform wind loads. The wind load in the radial direction (qr(θ)) can 

C p
C p

Fig. 3. Distribution of wind pressure around circumference ([37]).  

Cp,e(θ) = Cmcos(mθ) = − 0.54 + 0.16(D/H) + {0.28 + 0.04(D/H) }cosθ+
{1.04 − 0.20(D/H) }cos2θ + {0.36 − 0.05(D/H) }cos3θ − {0.14 − 0.05(D/H) }cos4θ (2)   
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be computed by taking into account the wind pressure shown in Eq. (1): 

qr(θ) = Cm q heff ,mcosmθ (2a)  

where heff,m is the tributary height. 
The intermediate ring stiffener has to exhibit sufficient stiffness and 

strength to accurately fulfil its role. A reasonable criterion was devel-
oped taking into account the radial stiffnesses of the IRS and the CS. A 
proposed stiffness ratio of CS-to-IRS may be represented as (Ω) and given 
below in Eq. (3): 

Ω =
KCS

KIRS
=

qr(θ)
/

ur,CS

qr(θ)
/

ur,IRS

=
ur,IRS

ur,CS

(3)  

where KCS = radial stiffness of the CS; and KIRS = radial stiffness of the 
IRS; ur,IRS = radial displacement of the IRS; ur,CS = radial displacement of 
the CS. 

Expressions for the closed-form solution are developed for the stiff-
ness and stress resultants under radial non-uniform wind loads in the 
following subpart of the study. 

3.1. Behaviour of an intermediate ring stiffener (IRS) under wind loading 

Differential equations for curved beams derived from Vlasov [41,42] 
are employed to investigate the behaviour of the IRS. As shown in Fig. 4, 
the curved element is subjected to radial force (qr). The resisting internal 
forces on the element are the shearing force in the radial direction (Qr) 
and the normal force (Qθ) in the circumferential direction; also the 
bending moment in the transverse (Mx). For the case where only radial 
wind loads (qr) are acting, Mx can be found from Eq. (4): 

Mx(θ) = −
Cm

(m2 − 1)
q heff ,m r2cosmθ (4)  

where r = radius of the IRS. 
When an axisymmetric load (m = 0 or uniform internal pressure) is 

applied, no bending moment occurs about a tranverse axis (Mx = 0). 
Also, the first harmonic m = 1 can be ignored due to its negligible 
contribution to the responses of the ring [9,10]. For the higher har-
monics (m ≥ 2), the following internal forces such as Qr and Qθ can also 
be determined for the IRS. 

Qr(θ) = −
m Cm

(m2 − 1)
q heff ,m rsinmθ (5)  

Qθ(θ) =
Cm

(m2 − 1)
q heff ,m rcosmθ (6) 

To identify the displacements in the IRS, the general force- 
deformation relationship of curved beams may be written relative to 
the centroidal axes: 

Qθ =
EA
r

(
duθ

dθ
− ur

)

(7)  

Mx =
EIx

r2

(
d2ur

dθ2 + ur

)

(8)  

where uθ, ur = displacements in the circumferential and radial directions 
respectively; Ix = the moment of inertia of the IRS about the transverse 
axis; A = cross sectional area of the IRS; E = elastic modulus. 

The bending moment (Mx) in the transverse direction shown in Eq. 

qr
+d

r+d r

x +d x

r

x

d

r

Fig. 4. Differential curved beam element and sign conventions.  

x m eff mN mC qh m

r m eff mq C qh m

(a) (b)

Fig. 5. Non- uniform line load in radial direction and shear load in circumferential direction.  

Fig. 6. Finite element mesh of the cylindrical steel tank with an intermediate 
ring stiffener (IRS) at mid-height (0.5H). 
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(4) can be introduced into Eq. (8). The displacement in the radial (ur) 
direction can be obtained by solving the differential equations to obtain: 

ur(θ) =
Cm

(m2 − 1)2
q heff ,m r4

EIx
cosmθ (9) 

The normal force in the circumferential direction and the radial di-
rection displacement given by Eqs. (6 and 9) can be substituted in Eq. (7) 
and the following result for the displacement in the circumferential (uθ) 
direction can be obtained: 
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Fig. 7. Evaluation of the IRS and CS interaction for different height-to-diameter ratios.  

Table 1 
Constants for Eq. 14.  

H/D a1 a2 

1.5 − 0.000000001 0.98 
1.0 − 0.000001 0.97 
0.8 − 0.000001 0.96 
0.6 − 0.000001 0.94 
0.4 − 0.000001 0.91 
0.2 − 0.00004 0.90  
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Fig. 8. Evaluation of the heff of the IRS for different height-to-diameter ratios.  
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uθ(θ) =
Cm

m(m2 − 1)2
q heff ,m r2

[
(m2 − 1)Ix + Ar2 ]

AEIx
sinmθ (10)  

3.2. Behaviour of a cylindrical shell (CS) under wind loading 

Wind pressure is resisted by membrane shear in the CS (m = 1) which 
carries over the forces in transition to the base of the CS. Nevertheless, 
bending is created in both the IRS and the CS due to wind load which 
comprises higher harmonic loading components (m ≥ 2). To obtain the 
stiffness of the CS, the same radial shear loading (qr(θ)) that was given in 
Eq. (2a) applied to the mid-height (H/2) of the CS given in Fig. 5.a is 
carried by a circular string [43]. The tangential shear loading (Nxθ) at 
the mid-height of the CS (Fig. 5.b) may be converted from this non 
uniform load. The membrane theory of CS [44–47] was utilized taking 
into account the circular string to compute the radial stiffness of the CS 
under circumferential shear loading. 

By introducing boundary conditions and proper loading which were 
given in Fig. 5, the radial displacements along the height of the CS can be 
computed as in Eq. (11): 

ur = m2Cm q heff ,m
x
[
12r2(ν + 2) − 2x2m2 + 3Hm2x

]

12Etr2 cosmθ (11) 

At the mid-height of the cylindrical shell (x = H/2), the displacement 
in the radial direction may be written as: 

ur = m2Cm q heff ,m
H
[
12r2(ν + 2) + H2m2

]

24Etr2 cosmθ (12) 

The developed CS-to- IRS stiffness ratio (Ω) is calculated by 
substituting Eq. (9) and Eq. (12) into Eq. (3) as follows: 

Ω =
1

m2(m2 − 1)2
24r6t

HIx
[
12r2(ν + 2) + m2H2

] (13) 

Eq. (13) reveals that proposed ratio (Ω) depends on the radius of the 
CS and the IRS (r), the thickness of the CS (t), the moment of inertia 
normal to the plane of the IRS (Ix), the Fourier harmonic (m) and the 
length of the CS (H). 

Table 2 
Constants for Eq. 15.   

m = 2 m = 3 m = 4 

H/D a3 a4 a5 a6 a3 a4 a5 a6 a3 a4 a5 a6 

1.5 0.33 0.98 82 0.112 0.85 0.36 32 0.29 0.95 0.07 3.2 0.26 
1.0 0.08 1.3 85.7 0.115 0.62 0.47 19.1 0.16 0.8 0.22 7.12 0.18 
0.8 − 0.244 1.553 80.386 0.084 0.42 0.812 34.1 0.15 0.6 0.406 9.21 0.123 
0.6 − 0.226 1.659 107 0.1 0.21 1.076 40 0.144 0.175 0.832 10 0.07 
0.4 − 0.115 1.87 170 0.143 − 0.276 1.47 40 0.082 − 0.482 1.51 14.7 0.052 
0.2 − 0.91 2.167 100 0.056 − 0.179 1.72 100 0.13 − 0.29 1.58 50 0.1  

Fig. 9. Cross section of the detail for IRS.  

M
x

Fig. 10. Comparison of the proposed design solution with numerical findings for the IRS radial bending moment (Mx).  
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4. Numerical study 

Numerical analyses were carried out mainly to propose criteria for 
the stability of cylindrical steel tanks with unrestrained upper edges 
(especially during the construction stage). Three dimensional FE ana-
lyses were conducted to determine the required stiffness and strength. 
The FE program ANSYS [48] was employed for the numerical analyses. 

A tank structure was created utilizing shell and beam elements as 
depicted in Fig. 6. Shell 63 elements were selected for the CS, whereas 
beam 4 elements were chosen for the IRS. All translations and rotations 
of shell bases were constrained to simulate the bottom edge of the CS 
[49]. A single IRS was installed to the models at mid-height (H/2) in 
order to enhance the buckling capacity. It should be noted the top of the 
cylindrical tank is free, so as to represent the unrestrained upper edge. 

Q
r

Fig. 11. Comparison of the proposed design solution with numerical findings for the IRS radial shear force (Qr).  

u r

Fig. 12. Comparison of the proposed design solution with numerical findings for the IRS radial displacement (ur).  

u

Fig. 13. Comparison of the proposed design solution with numerical findings for the IRS circumferential displacement (uθ).  
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The numerical work can be divided into two parts: (i) to examine the 
internal forces and moments in the IRS interacting with the CS, (ii) to 
identify the stiffness requirement of the IRS. 

4.1. Stress resultants in intermediate ring stiffener (IRS) interacting with 
cylindrical tank shells 

Two phased numerical parametric analyses were carried out in this 
first part. The first phase focused on the impact of the CS on the internal 
forces and moments of the IRS. The second phase concentrated on the 
heff for different loading conditions. According to a study conducted by 
Godoy [1], tanks are fabricated with rather short cantilever cylinders 
having radius-to-thickness ratios (r/t) ranging between 1000 and 2000 
and height-to-diameter (H/D) ratios <1.0. Furthermore, Pantousa and 

Godoy [50] stated that most of the tanks studied in the literature have 
aspect ratios ranging between 0.25 and 1.0 [51]. Thus, H/D ratios be-
tween 0.2 and 1.5 were taken into consideration for simulations in the 
study. Different dimensions of annular plates were considered for the 
IRS in the parametric studies. 

4.1.1. Cylindrical tank shell and intermediate ring stiffener interaction 
The first phase investigates the impact of the CS in decreasing the 

internal forces and moments of the IRS. Since heff of the wind loading is 
initially unknown, the radial line load was implemented to the IRS 
[9,10]. It means that a variable loading along the circumference 
computed in Eq. Eq. (2a) was introduced rather than applying the wind 
pressure directly to the shell elements. 1.0 kPa × H wind load was 
selected for numerical models. Three harmonics of 2, 3, and 4 as 

M
x,

(
)/
M
x,

(
)

Fig. 14. Comparison of the proposed design solution with numerical findings for the in-plane bending moment in the IRS.  

M
x,

(
)/
M
x,

(
)

Fig. 15. Effects of geometrical nonlinearity on IRS bending moment.  
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described in EN-1993-4-1 [37] were employed. 
The maximum in-plane bending moment (Mx,FE (max)) was obtained 

from the IRS data. Based on loadings with m = 2, 3, and 4, the reference 
term was computed utilizing Eq. (4). The values of Mx,FE (max) were 
normalized by the values of Mx,isolated (max) which is the reference in- 
plane bending moment. Normalized values for each analysis are 
plotted against Ω− 1 as shown in Fig. 7. In this plot the normalized values 
for different H/D cases are presented separately. The results reveal that 
the stiffness ratio of CS-to-IRS (Ω) clearly mimics the trend of the data. 
Each of the data points for in-plane bending moment of the IRS fall 
within a rather narrow band. The data for different harmonics (m) ob-
tained from each of the ratios of H/D, also follow the same trend. The 
analysis outcomes demonstrated that Ω can be employed for cylindrical 
steel tanks with an IRS to compute the changes in the response quantities 
because of the interaction between the IRS and the CS. 

By applying curve-fitting to the data presented in Fig. 7, the 
following relationship between Mx,FE and Mx,isolated is developed: 

Mx,FE(θ) = Mx,isolated(θ) f1(Ω) and f1(Ω) = a1 +
1

(1 + Ω)
a2 (14) 

where a1 and a2 were obtained by curve fitting and are shown in 
Table 1. 

4.1.2. Tributary height for wind loading on the intermediate ring stiffener 
In the second phase heff of wind loads was examined. In this phase, 

the same cases considered in the previous section were taken into ac-
count utilizing different loads. 1.0 kPa pressure changing depend on Eq. 
(1) was introduced to the CS instead of applying the loads directly to the 
IRS. A constant value was considered along the height, whereas the wind 
pressure was changing along the circumference. Mx,FE (max) values were 
extracted from 2 circumstances and these were normalized to get heff. 
Mx,FE (max) determined by using a changeable wind pressure on CS was 
normalized by Mx,FE (max) determined by utilizing a variable loading on 
the IRS. 

Ratios (heff /H) of Mx,FE (max) were shown in Fig. 8 for different 

1.
6
(q
cr
,L
B
A
w
/q

cr
,D

r H r t

H/D

Fig. 16. Ratio of the buckling pressure with developed equation under wind 
loading for H/D = 0.2. 

1.
6
(q
cr
,L
B
A
w
/q

cr
,D

r H r t

H/D

Fig. 17. Ratio of the buckling pressure with developed equation under wind 
loading for H/D = 0.4. 

1.
6
(q
cr
,L
B
A
w
/q

cr
,D

r H r t

H/D

Fig. 18. Ratio of the buckling pressure with developed equation under wind 
loading for H/D = 0.6. 

1.
6
(q
cr
,L
B
A
w
/q

cr
,D

r H r t

H/D

Fig. 19. Ratio of the buckling pressure with developed equation under wind 
loading for H/D = 0.8. 
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aspect ratios and harmonic numbers as a function of Ω− 1. The numerical 
outcomes indicate that a strong correlation is available between heff/H 
and Ω. heff increases as Ω− 1 rises, but tends to saturate for Ω− 1 > 1, which 
represents cases with relatively stiff IRS. As shown in Fig. 8, the fitted 
bound shown in Eq. (15) was proposed to define the relationship be-
tween heff/H and Ω. 

heff ,m

H
= f2(Ω) = a3 +

a4

(a5 + Ω)
a6 (15)  

where a3, a4, a5 and a6 = constants that are depicted in Table 2. 

4.1.3. Proposed expressions for stress resultants and displacements 
Utilizing Eq. (4), Eq. (14) and Eq. (15), the variation of bending 

moment about the transverse axis (Mx,Est (θ)) taking into account of each 
load term can be computed in Eq. (16): 

Mx,Est(θ) = − r2qH
∑N

m=2

Cm f2(Ω)

(m2 − 1)
f1(Ω) cosmθ (16) 

The estimations for the radial shear force (Qr,Est (θ)), the radial 
displacement (ur,Est (θ)), and the circumferential displacement (uθ,Est (θ)) 
can be computed from the following equations: 

Qr,Est(θ) = − qrH
∑N

m=2

m Cm f2(Ω)

(m2 − 1)
f1(Ω)sinmθ (17)  

ur,Est(θ) =
qr4

EIx
H

∑N

m=2

Cm f2(Ω)

(m2 − 1)2 f1(Ω) cosmθ (18)  

uθ,Est(θ) =
qr2

AEIx
H

∑N

m=2

Cm
[
(m2 − 1)Ix + Ar2 ] f2(Ω)

m(m2 − 1)2 f1(Ω) sinmθ (19)  

4.1.4. Evaluation of the proposed design eqs 
3D finite element analyses were utilized to assess the developed 

expressions. A specific case was chosen for the evaluation of the devel-
oped design equations. An open top CS with r = 6000 mm, H = 12,000 
mm, and t = 6 mm was selected to evaluate the behaviour of the IRS. 
Instead of an annular plate cross-section, a IRS with a formed plate 
shown in Fig. 9 was considered for the verification of the developed 
expressions. 1.0 kPa nonuniform wind pressure was employed to the CS 
at the stagnation point. The coefficients defined in EN1993-4-1 [37] 
with all harmonics were taken for the circumferential variation of the 
pressure (Eq. (1)). Neverthless, vertical variation of the pressure was 
excluded since H/D is a small value. 

The changes in the stress resultant and displacement values obtained 
from numerical analyses were compared with predictions from the 
proposed design equations (Eq. (16) - Eq. (19)). The calculated varia-
tions of Mx, Qr, ur and uθ were depicted in Figs. 10, 11, 12 and 13 
respectively. Harmonic terms of 0, 1, 2, 3 and 4 were utilized for the 
numerical part whereas harmonic terms of 2, 3 and 4 were used in the 
developed expressions. The evaluations showed that the proposed 
design equations offer acceptable estimates for the IRS in open top CS, 
with the maximum differences of 0.5%, 0.45%, 5.2% and 12.1% for the 
Mx, Qr, ur and uθ respectively. As shown in Figs. 10, 11, 12 and 13, the 
effect of the 1st harmonic (m = 1) on the response quantities is very 
slight and thus did not lead to a noticable difference between the esti-
mation of the proposed expressions and the findings of numerical sim-
ulations. However, greater differences were observed in the 
displacements, since the 1st harmonic stimulates a rigid body translation 
in the IRS. The goal of this study was to predict the moment Mx. 
Therefore,the 1st harmonic was omitted in this case since the 1st har-
monic does not have an effect here. It should be indicated that maximum 
rate of the response quantities does not form at the stagnation point at all 
times. Therefore, the proposed design equations should not be evaluated 
at the stagnation point, and the maximum should be considered along 
the circumference. 

The evaluation of the proposed design equations was enlarged by 
taking into account different height-to-diameter ratios which were uti-
lized earlier to examine the response of an IRS interacting with the CS. 
Mx,FE (max) was obtained from each finite element analysis and 
compared with the prediction of Mx,Est (max) using Eq. (16). The ratios of 
ΣMx,Est (max) / Mx,FE (max) were plotted against Ω− 1 in Fig. 14 
(considering the 2nd harmonic term). The average of the normalized 
moment values is 1.04, and the standard deviation of the values is 0.06. 

The goal of the proposed expressions is to determine a strength cri-
terion for the IRS taking LA into account. Furthermore, GNA was con-
ducted to observe the impact of geometrical nonlinearity on the 
estimated Mx,FE (max) in the IRS for the same H/D ratios. The compar-
ison indicates that the normalized response quantity (Mx,FE (GNA)/ Mx, 

FE (LA)) differs by a maximum of 13% as shown in Fig. 15. According to 
the results, Ω has a strong effect on the discrepancy between the results. 

1.
6
(q
cr
,L
B
A
w
/q

cr
,D

r H r t

H/D

Fig. 20. Ratio of the buckling pressure with developed equation under wind 
loading for H/D = 1.0. 
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w
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cr
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Fig. 21. Ratio of the buckling pressure with developed equation under wind 
loading for H/D = 1.5. 
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The normalized values (Mx,FE (GNA)/ Mx, FE (LA)) were seen to rise as 
Ω− 1 decreases. In other words, when the ring is made more flexible, 
differences between Mx,FE (GNA) and Mx, FE (LA) are more pronounced. 

4.2. Buckling of cylindrical steel tanks with an intermediate ring stiffener 

The previous part has concentrated on the flexural design of the IRS. 
Solely accomplishing the strength criterion is not enough, since the IRS 
must also have sufficient stiffness to prevent buckling of the CS. Thus, a 

stiffness requirement is required to be developed for the IRS. In this part 
of the study, a detailed work is conducted to examine the buckling 
behaviour of the CS. For this purpose, the buckling capacity of the CS 
with an IRS exposed to non-uniform wind loading has been examined 
taking internal suction into account. First, LBA was carried out to 
identify the required stiffness of the IRS, then GNIA was conducted to 
determine the impact of geometrical imperfections on the buckling ca-
pacity of the CS with a single IRS. 

Fig. 22. First buckling mode of CS with an IRS.  

Fig. 23. Second buckling mode of CS with an IRS.  
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4.2.1. Linear buckling analysis (LBA) of cylindrical steel tanks with an 
intermediate ring stiffener 

In this phase, the LBA of the CS with a single IRS was studied for the 
same ratios of H/D as in the previous phase. However, in this phase, r/t 
changes from 500 to 2500. A pressure of unity at the stagnation point of 
the shell surface was employed. The wind pressure profiles given by EN- 
1993-4-1 [37] were adopted. Negative inward pressure due to the 
leeward suction (Ci = − 0.6) was also considered in the numerical 
models. The distribution of wind pressure was taken as constant along 

the height of the CS. LBA [52] was conducted to obtain the elastic 
critical buckling resistance, which is the first estimate of the elastic 
buckling strength. Considering the Donnell theory [53,54], a reference 
value for buckling capacity of uniform CS under uniform external 
pressure may be expressed as follows: 

qcr,D = 0.92E
(t

r

)2
( ̅̅̅̅

rt
√

H

)

(20) 

The stagnation pressure at buckling (qcr,LBA)w from each finite 

Fig. 24. Third buckling mode of CS with an IRS.  

Fig. 25. Fourth buckling mode of CS with an IRS.  
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element analysis was recorded. Then, 1.6 times (qcr,LBA)w was normal-
ized by the reference buckling value qcr,D. The value of 1.6 considers the 
influence of internal suction pressure. These ratios for wind loads are 
plotted in Figs. 16–21 as a function of inverse of the stiffness ratio of CS- 
to- IRS taking into account m = 2. 

The decrease in the buckling resistance was determined in order to 
get the minimum necessary stiffness of the IRS. To achieve this aim, the 
relation between stiffness ratio of CS-to- IRS and normalized pressure in 
buckling may be represented for three areas as follows: 

1.6
(
qcr,LBA

)

w

qcr,D
= 0.83+ 0.045

H
D

for region 1 (21)  

1.6
(
qcr,LBA

)

w

qcr,D
= 0.948+ 0.21log

[(
1
Ω

)( r
H

)2(r
t

)2
]

for region 2 (22)  

1.6
(
qcr,LBA

)

w

qcr,D
= 1.317+ 0.032

H
D

for region 3 (23) 

By defining threshold limit values when the buckling resistance de-
creases, the required stiffness ratio of CS-to-IRS can be determined 
considering Eqs. (22− 23): 

Ω =

(
r
t

)2( r
H

)2

10(1.757+0.0762 H
r)

(24) 

The minimum Ix of IRS under wind loads is determined utilizing Eq. 
(13) and Eq. (24): 

Ix =
10(1.757+0.0762 H

r)r2t3H
6
(
6.9r2 + H2

) (25) 

Fig. 26. Fifth buckling mode of CS with an IRS.  

Fig. 27. Load – displacement curves obtained from GNIA results for H/D =
0.2&r/t = 2500. 

Fig. 28. Load – displacement curves obtained from GNIA results for H/D =
0.4&r/t = 2500. 
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Eq. (25) shows that proposed moment of inertia relies on only three 
properties: the radius of the CS and IRS (r), the height of the CS (H), and 
the thickness of the CS (t). 

4.2.2. Geometrically nonlinear analysis including imperfections (GNIA) of 
cylindrical steel tanks with an intermediate ring stiffener 

Imperfections significantly affect the capacity of thin CS structures. 
The developed stiffness requirement (moment of inertia) was evaluated 
by considering different imperfection amplitudes. The imperfections 
were utilized with the help of eigenmodes. First, considering a specific 
case, which is used in sub-part 4.1.4, five different buckling modes have 
been presented in Figs. 22 through 26. It should be noted that an annular 
plate wind girder was taken into account to satisy stiffness criteria. As 
shown here, for the specific case the 1st mode is symmetrical while the 
2nd mode is unsymmetrical. The most detrimental shape of imperfection 
is the 1st mode which gives the lowest eigenvalue [1,55]. Thus, the first 
buckling mode was taken into account of geometrical imperfections on 
the buckling capacity of CS with an IRS in the study. Firstly, the 
eigenmode-affine pattern was obtained, then GNIA was carried out on 
the six different tank structures by considering imperfection amplitudes 
(Δ) of 0.25 t, 0.5 t, 0.75 t and 1.0 t. The radial displacement values (ur) at 
the top along the stagnation meridian were recorded and normalized by 
the CS thickness (t). The ratios of the buckling pressure loads (qGNIA/ 
qLBA) for six different diameter-to-height ratio cases are plotted against 
normalized values (ur/t) in Figs. 27–32. 

It is seen in Figs. 27–32 that, as the imperfection amplitude increases, 
the buckling strengths determined from GNIA (qGNIA) deviate from LBA 
(qLBA). In the 1.0 t imperfection amplitude, the qcr,GNIA/qcr,LBA ratios 
extend to 0.88, 0.86, 0.84, 0.82, 0.77 and 0.65 for H/D = 1.5, H/D = 1.0, 
H/D = 0.8, H/D = 0.6, H/D = 0.4 and H/D = 0.2, respectively. 

5. Conclusions 

This paper has studied the effects of reinforcing steel tanks with 
stiffeners on wind buckling. The cylindrical shell part may be weak 
under environmental effects such as wind before the roof is installed. A 
combined numerical and analytical study was conducted to address this 
issue in the paper. In the study, a new stiffness ratio (Ω) of CS-to IRS was 
first derived to compute the ideal ring size in terms of both stiffness and 
strength. For the strength criteria, the tributary height and the effect of 
shell-girder interaction on the stress resultants were both investigated by 
making use of LA. In addition, GNA was conducted to investigate the 
effects of geometrical nonlinearity on the internal forces and moments. 
Furthermore, the IRS should exhibit enough stiffness to accomplish its 

Fig. 29. Load – displacement curves obtained from GNIA results for H/D =
0.6&r/t = 2500. 

Fig. 30. Load – displacement curves obtained from GNIA results for H/D =
0.8&r/t = 2500. 

Fig. 31. Load – displacement curves obtained from GNIA results for H/D =
1.0&r/t = 2500. 

Fig. 32. Load – displacement curves obtained from GNIA results for H/D =
1.5&r/t = 2500. 
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function accurately. To achieve these goals, the changes in the buckling 
resistance are investigated with the developed CS-to-IRS stiffness ratio 
when the CS is subjected to non-uniform wind load with internal suc-
tion. Depending on the Ω ratio, a novel stiffness criterion is proposed by 
taking into account the buckling strength of CS. In addition, GNIA was 
performed to examine the effect of the geometric imperfections on the 
buckling capacity of the CS with an IRS, taking different imperfection 
amplitudes into account. Based on this study, the following conclusions 
can be drawn: 

• Using proposed expressions, the required strength and stiffness re-
quirements of tank structures can be easily determined before a fixed 
roof is attached. 

• Installing an intermediate ring stiffener increases the buckling ca-
pacity of the tank structures and it provides high stable behaviour 
during erection. In the case of inclusion of a stiff IRS at mid-height of 
CS, an increase in the buckling capacity of >50% was observed.  

• For a safe design against shell buckling, the ideal IRS size can be 
identified using developed equations without the need for an 
onerous finite element analysis.  

• Geometric nonlinearity and geometric imperfections used the 
eigenmode-affine imperfection adversely affect buckling strength of 
the cylindrical shell structures. The analysis results also indicate that 
the reduction in the amount of strength increases as the height-to- 
diameter ratio decreases. 

The results of our study show that tank structures have low strength 
and stiffness before they are completed and their roofs are installed. It is 
recommended that strength and stiffness criteria must be met to ensure 
stable behaviour during construction phases. 
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