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Abstract: In this study, the wind buckling capacity of an open-topped steel tank with harmonic
settlement-induced imperfection is numerically investigated. Although the single effect of the wind
load or differential settlement on the open-topped steel tanks is widely studied, the interaction of the
two loads to the tank shell is scarcely examined. The prototype of a 100,000 m3 open-topped steel
tank with a floating roof is selected, and the harmonic settlements (wave numbers n = 2, 3, and 4) and
the wind profile considering internal pressure (EN 1993-4-1) are applied. Firstly, the finite element
model is established and validated by the replication of peer-reviewed research. Then, the wind
buckling analysis of the tank shell with harmonic settlement-induced imperfection is studied. Next,
the effects of the harmonic settlement-induced imperfection (HSII) and the wind attack angle (WAA)
on the wind buckling capacity are discussed. The results show that the effect of the HSII on the
wind buckling capacity is complex. When the wind attack angle is the case of β = 0

◦
, the wind load

capacities (λcig) with HSIIs decrease to 73.4% (wave number n = 2), 37.5% (wave number n = 3) and
41.3% (wave number n = 4) of the non-settlement wind load capacity (λcg). Given that the case of
β = 0

◦
is the basis, when the harmonic settlement level is low, such as settlement load No.1 and No.2,

the biggest increase of wind buckling capacity is less than 20% with an exception; when the harmonic
settlement level is high, such as settlement load No.3, No.4 and No.5, the biggest increase of wind
buckling capacity is more than 40%, with a few exceptions.

Keywords: wind buckling capacity; harmonic settlement-induced imperfection; open-topped steel
tank; material nonlinearity; geometric nonlinearity

1. Introduction

The mechanical responses of various structures and components under environmental
loads were investigated [1–8]. The wind load and differential settlement are usually taken
into consideration for thin-walled structures, which may cause catastrophic failures, such
as the buckling of the oil steel tank [9–12]. Vertical open-topped steel tanks, which are
usually threatened by wind load and differential settlement, are widely used for oil storage
in industrial plants. They usually consist of a thin bottom plate, a cylindrical shell with
uniform or stepped thickness, and an open-top with a floating roof [13]. Considering the
development of the oil industry and the cost of the construction, more and more large-scale
open-topped oil storage tanks have been put into service in recent decades. With the usage
of large-scale open-topped oil storage tanks, the destruction of storage tanks is directly
related to serious economic losses and environmental problems.
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Wind-induced buckling of steel oil tanks is of great concern in areas where hurricanes
or typhoons may occur [14]. With finite element analysis (FEA) on the wind buckling of
cylindrical shells considering several various imperfection modes, Greiner and Derler [15]
reported that the stocky cylindric shells were sensitive to global eigenmode-shaped im-
perfections, while the longer cylinders were sensitive to local rectangular or ring shaped
imperfections. Portela and Godoy [16,17] investigated the buckling of open-topped and
roof-topped tanks due to wind load, in which the imperfection sensitivity was studied
through the geometrically nonlinear analyses (GNA). Based on reduced energy mode,
a reduced stiffness approach was used by Jaca et al. [18] to evaluate the lower bound
of buckling of open-topped cylindrical tanks under wind load. The results showed that
the buckling capacity obtained from the reduced stiffness approach constituted a lower
bound than that obtained numerically and experimentally. In addition, Jaca and Godoy [19]
performed FEA to study the moderate wind-induced damage of tanks during their construc-
tion. Considering the uniform thickness of the tank shell, Chen and Rotter [20] conducted
FEA on the buckling of anchor cylindrical shells under wind pressure covering various
tanks with different aspect ratios. Zhao and Lin [13] performed FEA on the buckling
of six common practical open-topped tanks with volumes of m3 to m3 and aspect ratios
(height-to-diameter) H/D < 1. It is worth noting that the internal pressure due to wind was
included in their study [13]. Chiang and Guzey [21] numerically investigated the buckling
behaviors of the open-top steel tanks under wind load with the additional internal pressure.
The results indicated that the additional internal pressure generated by the wind on an
open-top tank should not be neglected. It can be concluded that the open-topped steel tank
draws a lot of attention, and the FEA is a commonly used method to study the buckling
behavior under wind load.

The steel tanks are usually built on a relatively soft soil foundation, which makes
them susceptible to failure due to differential settlement [22]. For the open-topped steel
tanks, two key aspects should be considered, which are the strength limit state and the
serviceability limit state [22]. To ensure the safety and serviceability of the tank shell, many
researchers have investigated the effect of the settlement on the open-topped tank. Based on
the inextensional linear thin shell theory, Malik et al. [23] derived a formulation to calculate
a maximum allowable settlement by limiting the maximum allowable radial displacement.
Kamyab and Palmer [24] found the limitation of the inextensional-theory-based method to
the higher harmonic wave numbers and recommended a membrane and long wave solution
to solve the problem. To determine the strength limit state, Marr et al. [25] proposed a
different procedure for the allowable foundation settlement of a tank by combining the
DeBeer relationship and beam theory. Jonaidi and Ansourian [26] conducted FEA for tanks
with stepped thickness and found that the step thickness should be considered for wave
numbers between 5 and 10 for open-top tanks. Godoy and Sosa [27] studied the behavior of
tanks under localized settlement using FEA through linear analysis and GNA. The results
showed that the equilibrium path based on the GNA is different from that based on the
linear analysis. Gong and coworkers [28] also numerically studied the buckling behavior
of the open-topped tanks subjected to harmonic settlement. The results showed that the
critical harmonic settlement decreases more and more slightly with the increasing wave
number. Based on the FEA, Bohra and Guzey [22] formulate a new method to evaluate the
fitness of the tank under global settlement profiles, taking the effect of higher harmonics
into account for open-topped steel tanks. In addition, innovative experiments and theories
of the cylindrical shell are developing, such as the buckling analysis of the composite
cylindrical shells [28,29], local buckling of axially compressed cylindrical shells [30], and
the new methodology for the design of anisogrid composite lattice cylindrical shells [31].
In this study, we focus on the traditional oil steel tank.

Although steel tanks under a single load of settlement or wind pressure have been
widely studied in recent years [13,21,22,27,32–42], the study of the interaction of the two
key loads to the tank shell is rare. The harmonic settlement-induced imperfection has a
clear engineering background. Because most of the existing oil storage tanks in China
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are built on collapsible soil along the river and coastal areas, the foundation of the tanks
would produce differential settlements. More importantly, these areas are susceptible to
wind loads. Hence, there is a high possibility of risk that steel tanks suffer differential
settlement first and then undergo wind load. Moreover, the deformation of the tank shell
is highly related to the material and geometric nonlinear. Therefore, the superposition
principle for linear elastic analysis cannot be applied directly for the coupling of differential
settlement and wind load. In this study, the wind-induced buckling capacity of the steel
tank is investigated numerically with harmonic settlement-induced imperfection. We aim
to understand the interaction of the wind load and differential settlement for the large-scale
open-topped steel tank.

2. Computational Model
2.1. Steel Tank Prototype

The large-scale oil steel tanks, with a volume of no less than 100,000 m3, are widely
used in the petroleum industry [43]. In this study, a 100,000 m3 open-topped steel tank
with a floating roof (see Figure 1) is selected as an example to investigate the buckling
capacity subjected to wind pressure considering harmonic settlement-induced imperfection
(HSII). The tank consists of ten courses with a diameter of 80 m and a height of 21.88 m
(see Figure 1). Hence, the aspect ratio can be determined to be 0.274. The geometric and
material parameters for each course are listed in Table 1. It is noted that the tenth course is
constructed with angle iron, which strengthens the stiffness of the tank.
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Figure 1. The structure prototype of the steel tank: (a) steel tanks in practical engineering [13];
(b) illustration of bottom plate and shell course.
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Table 1. The geometry and materials of the 100,000 m3 tank.

Course Number
(From Bottom to Top)

Thickness
(mm)

Height
(mm) Material Yield Stress

(MPa)

1 32 2420 SPV490 490
2 28 2420 SPV490 490
3 24 2420 SPV490 490
4 20 2420 SPV490 490
5 16 2420 SPV490 490
6 12 2420 SPV490 490
7 12 2420 Q345R 345
8 12 2420 Q235B 235
9 12 2420 Q235B 235
10 10 100 Q235B (angle iron) 235

2.2. Analysis Procedure and Finite Element Model

The analysis procedure is divided into two main steps: (1) settlement-induced defor-
mation analysis of the tank shell under harmonic settlement; and (2) buckling analysis
of the tank shell under wind pressure with the HSII. Contrary to the traditional analysis
procedure of the wind load capacity, the harmonic settlement is preloaded before the wind
pressure in this study. The flowchart of the analysis procedure is shown in Figure 2. In the
first step, the main goal is to determine the interval of the harmonic settlement to produce
distinct-leveled imperfection. In the following step, the buckling analysis of the tank shell
with the HSII under wind pressure is investigated. More importantly, the effect of the wind
attack angle (WAA) is also considered in the second step.
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In the analysis procedure, the settlement is always decomposed into the harmonic
settlement. The limiting harmonic settlement for a given harmonic wave number is defined
to be the settlement value at which the tank failure takes place and the tank is not fit for use
in the current state. The failure criterion is of significance for the limiting settlement of steel
tanks. The existing criteria were proposed to determine the limiting settlement, such as
the total strain level criterion [25] and the plastic strain level criterion [44]. However, these
criteria may not be sufficiently safe, since it allows the material to go beyond yielding. To
ensure the sufficient safety of the steel tank under the harmonic settlement, a new failure
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criterion in which the maximum membrane stress level is limited to the yield stress of the
material was proposed by Bohra and Guzey [22]. The new maximum membrane yield
stress criterion is preferable because oil tanks may undergo possible further environmental
loadings, such as wind or earthquake. Hence, the new maximum membrane yield stress
criterion [22] is selected to determine the limiting harmonic settlement in this study. Based
on the new failure criterion, the Riks method is applied to capture the limiting harmonic
settlement, and the geometric and material nonlinear is considered.

With regard to the wind load, the pressure distribution specified by the EN 1993-4-1 [45]
is used to investigate the buckling behavior of the tank shell, and the wind profile is shown in
Figure 3. This is because the internal inward pressure should be considered [41] while the
steel tank is with an open-topped geometry. More importantly, the wind profile is appropriate
to the aspect ratio of the steel tank used in this study [13]. Under the wind pressure, a linear
bifurcation analysis (LBA) and a geometrically and materially nonlinear analysis (GMNA)
are conducted. The LBA provides the upper bound of stability carrying capacity, [45] while
the GMNA reflects the realistic buckling behavior of a tank shell. Moreover, Chiangand and
Guzey [21] reported that the maximum load increment of the post-buckling analysis is related
to the LBA-based buckling capacity. Hence, the LBA is conducted first to obtain a static elastic
estimation of the buckling capacity.
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Figure 3. Applied wind pressure coefficients for the 100,000 m3 steel tank.

The finite element analysis (FEA) of the 100,000 m3 steel tank is conducted in the
Abaqus 6.14. The material parameters are listed in Table 2. The true stress-strain relationship
can be evaluated using the method reported in reference [46]. Figure 4 shows the true
stress-strain curve for SPV490Q, Q345R, and Q235B.

Table 2. The parameters of the materials.

Material SPV490 [47] Q345R [48] Q235B [49]

Elastic material parameters E = 2× 105 MPa, ν = 0.3, ρ = 7800 kg/m3

Yield stress (MPa) 490 410 235
Ultimate stress (MPa) 610 600 450

The gravity is applied with the pinned boundary condition at the bottom of the tank
shell before the application of the harmonic settlement. However, the hydrostatic liquid
pressure is not considered because the pressure helps stabilize the tank [13,22]. For the
harmonic settlement-induced deformation analysis, the bottom of the tank in the vertical
direction is excited by the harmonic wave u = un cos(nθ), where u is settlement along the
bottom of the tank, un is amplitude of the nth harmonic settlement, θ is the circumferential
central angle, and n is harmonic wave number. Specifically, the AnalyticalField load
distribution in the Abaqus can be used to apply the harmonic settlement. Furthermore,
the translations in both the radial and the circumferential directions are constrained at the
bottom of the shell, and the rotation freedom is free [22,32]. The limiting settlements of the
steel tank are determined for harmonic wave numbers n = 2, 3, and 4 [22,32,34]. For the
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wind buckling analysis, the pinned boundary condition (Ux, Uy, Uz = 0, Rotx, Roty, Rotz
are free) is applied to the bottom of the FE model.
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Figure 4. True stress-strain curve for SPV490Q, Q345R, and Q235B.

In this study, the four nodes, doubly curved, quadrilateral shell element with reduced
integration and hourglass control, S4R, is used to discrete the steel tank. The mesh size is
about 200 mm, which is decided by a mesh convergence study. In the mesh convergence
study, the harmonic settlement is applied first and then the wind load is pressured. The
amplitudes of harmonic settlement are 500 mm, 300 mm, and 100 mm, corresponding to the
harmonic wave numbers n = 2, 3, and 4, respectively. The windward meridian is arranged
to go through the starting point (θ = 0

◦
) of the harmonic settlement. Figure 5 presents the

mesh size versus the normalized buckling capacity and the number of elements. It can be
observed that the mesh size of 200 mm is appropriate in terms of computational efficiency
and accuracy. A refined mesh with 4 elements is used for the angle iron to capture the
stress distribution more accurately. The finite element mesh of the steel tank is shown in
Figure 6.
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3. Validation of FE Model
3.1. Deformation of the Tank Shell under Pure Harmonic Settlement

The FE method introduced in Section 2 is the same as that used in reference [22].
To validate the FE model used in this study, the simulation of the TK-300 steel tank [22]
under the harmonic settlement is replicated. The mesh size for the TK-300 steel tank [22] is
controlled by the following equation [22]:

a = 0.5
√

Rt (1)

where a is the length of the shell element; R is the radius of the tank; and t is the thickness
of the thinnest shell course. This mesh size equation was decided after performing a mesh
convergence study [22]. In this section, the mesh size is about 200 mm for the discretization
of the TK-300 steel tank.

Figure 7 shows the comparison between the results of tank model TK-300 studied by
Bohra and Guzey [22] and by the authors. The curve plotted by Bohra and Guzey [22] is
higher than that by the authors in the heavy nonlinear region. The small gap is due to the
differences in material parameters. However, the limiting settlements are consistent with
each other. Hence, it can be concluded that the FE method used to determine the limiting
harmonic settlement in this study is appropriate.
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Figure 7. Comparison of results of the tank model TK-300 for settlement vs von Mises membrane
stress for different harmonic wave numbers: (a) n = 2; (b) n = 3; (c) n = 4.
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3.2. Buckling Capacity of Tank Shell under Pure Wind Pressure

For the sake of convenience, the reference pressure is specified as 1 kPa, which denotes
a wind velocity of 40.8 m/s at a height of 10 m [13]. The LBA-based wind buckling capacity
factor is denoted as λcl. The first and second wind buckling capacity factors λcl,1 and λcl,2

are listed in Table 3. Lin and Zhao [13] conducted the LBA of the same 100,000 m3 steel
tank, and the result is also presented in Table 3. More importantly, Figures 8 and 9a,b show
the deformations of the LBA. It is observed that the LAB results determined in this study
are consistent with the results yielded by Lin and Zhao [13]. Therefore, the method for LBA
in this study is appropriate.

Table 3. Buckling load factors obtained from LBA and GMNA.

Buckling Capacity Factors The Present Paper Lin and Zhao [13]

λcl,1 0.656 0.655
λcl,2 0.656 0.655
λcg 0.655 0.653
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Figure 8. Vertical buckling modes for the 100,000 m3 steel tank.
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Figure 9. Deformations of the LAB and the GNA for the 100,000 m3 steel tank.

To investigate the realistic buckling behavior for the 100,000 m3 steel tank, the geomet-
rically nonlinear analysis (GNA) using the Riks algorithm is conducted. The maximum load
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increment of the post-buckling analysis is determined to be less than 3% of λcl,1 according
to the maximum load increment criterion [41]. Table 3 lists the GNA-based wind buckling
capacity factor λcg. A geometrically nonlinear analysis (GNA) for the same steel tank was
also conducted by Lin and Zhao [13]. The comparison of GNA buckling deformations
at maximum load for the tank is presented in Figure 9c, and the geometrically nonlinear
equilibrium path for the tank is plotted in Figure 10. It is observed that the critical buckling
wind load, the equilibrium path and the deformation are extremely close to the Zhao’s
results. Hence, the GNA method used in this study is also appropriate.
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4. Wind Buckling Analysis of the Steel Tank with Harmonic
Settlement-Induced Imperfection
4.1. Deformation of the Tank Shell under Harmonic Settlement

According to the new maximum membrane yield stress criterion, the limiting stress
should be determined. The materials used in this study are SPV490, Q345R, and Q235B.
The material Q235B has the lowest nominal yield stress value at 235 MPa. Hence, the
limiting settlement value corresponds to the settlement at which the maximum membrane
stress in the steel tank reaches the yield stress of 235 MPa. Figure 11 plots the deformed
tank shells and settlement-von Mises membrane stress relationships for three harmonic
wave numbers. It is observed that the deformed tank shells are symmetric, and there are
four, six, and eight identical deformed tank segments at every 90

◦
, 60

◦
, and 45

◦
when the

harmonic wave numbers are 2, 3, and 4, respectively. In addition, it is found from Figure 11
that the relationships of settlement-von Mises membrane stress for the three harmonic
settlement loads are nonlinear, especially when n = 4. The singularity point in Figure 11f is
the elastic-plastic cut-off point of the Q235 steel in the simulation in this study. The limiting
settlements for harmonic wave numbers n = 2, 3, and 4 are listed in Table 4, where the
value of the limiting settlement decreases as the harmonic wave number increases.

Table 4. The settlement loads for three harmonic settlements.

Harmonic Wave Number

n = 2 (mm) n = 3 (mm) n = 4 (mm)

The limiting settlement 1006 668 208
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Figure 11. The contour of von Mises for the deformed tank shell and the settlement vs von Mises
membrane stress for different harmonic wave numbers: (a) and (b) for n = 2; (c) and (d) for n = 3;
(e) and (f) for n = 4.

4.2. Buckling Behavior of Steel Tank under Wind Pressure

As mentioned above, we focus on the wind buckling capacity of a large-scale open-
topped tank shell with HSII. The load procedure is prescribed in the following three steps:
(1) apply the gravity to the tank shell; (2) excite the harmonic settlements listed in Table 4
to produce geometric imperfections; and (3) apply the wind pressure to the deformed tank
shell until buckling occurs. The wind-induced buckling is usually within the elastic limits.
However, the deformation of a tank under settlement may go beyond yield, which depends
on the magnitude of the settlement to some extent (see Figure 11f). The wind buckling
analysis of a steel tank with harmonic settlement-induced imperfection is the second-order
analysis after the deformation within the settlement. Hence, the wind buckling analysis
may go beyond yield. As shown in Figure 12, the windward meridian is arranged to go
through the starting point (θ = 0

◦
) of the harmonic settlement and the wind attack angle

is the case of β = 0
◦
. The nonlinear equilibrium paths for three types of HSII are plotted

in Figure 13. Table 5 lists the buckling load factor λcig, where superscript cig denotes the
critical buckling wind load with the geometric imperfection using the GMNA. It can be
found that the ratio of λcig to λcg is less than 100%, which means that the HSIIs weaken the
wind load capacity of the tank shell.



Buildings 2022, 12, 1973 11 of 18

Buildings 2022, 12, x FOR PEER REVIEW  11  of  19 
 

Figure 11. The contour of von Mises for the deformed tank shell and the settlement vs von Mises 

membrane stress for different harmonic wave numbers: (a) and (b) for n = 2; (c) and (d) for n = 3; (e) 

and (f) for n = 4. 

Table 4. The settlement loads for three harmonic settlements. 

 
Harmonic Wave Number 

n = 2 (mm)  n = 3 (mm)  n = 4 (mm) 

The limiting settlement  1006  668  208 

4.2. Buckling Behavior of Steel Tank under Wind Pressure 

As mentioned above, we focus on the wind buckling capacity of a large‐scale open‐

topped tank shell with HSII. The load procedure is prescribed in the following three steps: 

(1) apply the gravity to the tank shell; (2) excite the harmonic settlements listed in Table 4 

to produce geometric imperfections; and (3) apply the wind pressure to the deformed tank 

shell until buckling occurs. The wind‐induced buckling is usually within the elastic limits. 

However,  the  deformation  of  a  tank  under  settlement may  go  beyond  yield, which 

depends on the magnitude of the settlement to some extent (see Figure 11f). The wind 

buckling analysis of a steel  tank with harmonic settlement‐induced  imperfection  is  the 

second‐order  analysis  after  the  deformation  within  the  settlement.  Hence,  the  wind 

buckling analysis may go beyond yield. As shown in Figure 12, the windward meridian 

is arranged to go through the starting point (θ 0°) of the harmonic settlement and the 

wind attack angle is the case of  β 0°. The nonlinear equilibrium paths for three types of 

HSII are plotted in Figure 13. Table 5 lists the buckling load factor  λ , where superscript 

cig  denotes  the  critical buckling wind  load with  the geometric  imperfection using  the 

GMNA. It can be found that the ratio of  λ   to  λ   is less than 100%, which means that 

the HSIIs weaken the wind load capacity of the tank shell. 

 

Figure 12. Illustration of the wind attack angle. 

 

Figure 13. Nonlinear equilibrium paths for the 100,000 m3 steel tank with HSII. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 2 4 6 8 10 12

L
PF

Arc length

n = 2
n = 3
n = 4

Figure 12. Illustration of the wind attack angle.
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Figure 13. Nonlinear equilibrium paths for the 100,000 m3 steel tank with HSII.

Table 5. Buckling load factors obtained from GMNA.

Harmonic Wave Number

n = 2 (mm) n = 3 (mm) n = 4 (mm)

λcig 0.481 0.245 0.271
λcig/λcg 73.4% 37.5% 41.3%

The deformed tank shells are shown in Figure 14. The normalized radial displacement
is defined to be the ratio of radial displacement to the radius of the tank. It can be observed
that the configurations of the tank shell are not significantly affected by the wind load
when compared to the numbers in Figure 11. To explore the effect of the wind load on the
harmonic settlement-induced deformation of the tank shell in detail, Figure 15 presents
the radial displacement of the tank shell. Figure 15a shows that the distribution of radial
displacement along the height of the tank shell at the windward meridian is linear when
wind pressure is not applied. However, the wind pressure affects the distribution of radial
displacement in a nonlinear way. Figure 15b indicates that the radial displacement region
affected by the wind pressure is concentrated near the windward meridian line. Thus, it
can be concluded that the wind pressure affected the configurations of the deformed tank
shell in a local region.
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5. Discussion of the HSII and the WAA for Wind Buckling Capacity

Different levels of harmonic settlement may cause different effects on the wind buck-
ling capacity in a nonlinear way. Hence, distinct-leveled imperfections of the tank shell
should be produced. The reasonable harmonic settlement interval is critical for the study to
produce imperfections. The Chinese design code [50] recommends that the radial deforma-
tion should not exceed 100 mm to make sure the movement of the floating roof. The limiting
harmonic settlements for serviceability of the floating roof of the steel tank analyzed in this
work are listed in Table 6. In combination with the limiting settlement for the failure of the
tank shell, the harmonic settlement interval (listed in Table 6) is formed from the harmonic
settlement, causing the unserviceability of the floating roof to that causing the failure of the
tank shell.

Table 6. The settlement load levels for three harmonic settlements.

Number of
Settlement Load

Property of the
Settlement Load

Harmonic Wave Number

n = 2 (mm) n = 3 (mm) n = 4 (mm)

No. 1
The limiting settlement

for serviceability of
floating roof

47 41 11

No. 2 Interpolation value 200 100 50
No. 3 Interpolation value 400 300 100
No. 4 Interpolation value 800 500 150

No. 5 The limiting settlement
for failure of a steel tank 1006 668 208

To determine the effect of wind attack angle (WAA) on the buckling capacity, the WAA
changes with π/12 radians, and the startup of the change is consistent with the starting
point (θ = 0

◦
) of the harmonic settlement. As mentioned in Section 4.1, the harmonic

settlement-induced deformations are symmetric. Hence, the region of change for the WAA
can be accepted with the quarter, one-sixth, and one-eighth of the tank shell along the
circumference when harmonic wave numbers n = 2, 3, and 4, respectively.

Figure 16 shows the amplitude of harmonic settlements versus buckling load factors
for the three types of harmonic settlements. It is observed that the effect of the HSII on
the wind buckling capacity is of complexity which contains two meanings. One is that
the effect of the HSII on the buckling capacity may be nonlinear for a given WAA (see
Figure 16b,c). The other one is that the effect of the HSII is coupled with the wind attack
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angle. This means that the effect of the HSII is related to the wind attack angle. For example,
for n = 2 (see Figure 16a), the buckling load factor decreases as the amplitude of harmonic
settlements increases when the WAA is lower than 45

◦
, and the opposite effect appears

when the WAA is higher than 45
◦
; for n = 3, the buckling capacity is strengthened while

the WAA is the case of β = 60
◦

(see Figure 16b), and the buckling capacity decreases as
the amplitude of harmonic settlement increases if the WAA is between cases of β = 0

◦
and

β = 45
◦

(see Figure 16b); for n = 4, the effect of the amplitude of harmonic settlement on
the buckling capacity is similar to that for n = 3, while the difference is that the buckling
capacity partly increases while the wind attack angle is the case of β = 45

◦
.
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Figure 17a–c show the relationships between the WAA and the buckling load factor
for the three types of harmonic settlements. It can be observed that the buckling capacity
generally increases as the WAA increases. Given that the case of β = 0

◦
is the basis,

when the harmonic settlement level is low, such as settlement load No.1 and No.2, the
biggest increase of wind buckling capacity is less than 20%, but with an exception; when
the harmonic settlement level is high, such as settlement load No.3, No.4, and No.5, the
biggest increase of wind buckling capacity is about 40%, with a few exceptions. If the
non-settlement wind buckling capacity is considered as the basis, the standard deviations
of relative error increase as the harmonic settlement level becomes higher (see Figure 17d).
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This indicates that the coupling of the harmonic settlement and the WAA is enhanced as
the harmonic settlement level increases.
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From Figures 16 and 17, a common finding is that the dangerous case corresponds
to the WAA in the case of β = 0

◦
, while the amplitude of the settlement is given. This is

because the harmonic settlement-induced deformation promotes the resistance of wind
load as the WAA increases. Hence, the case of the windward meridian encountering the
starting point of the harmonic settlement should be avoided.

6. Conclusions

The wind buckling capacity of an open-topped steel tank with harmonic-settlement-
induced imperfection was numerically studied. The prototype of the tank is a 100,000 m3

open-topped steel tank with a floating roof. The harmonic settlements (wave numbers
n = 2, 3, and 4) and the EN 1993-4-1 wind profile were used to carry out the finite element
analysis. The effects of the harmonic-settlement-induced imperfection and the wind attack
angle on the wind buckling capacity were discussed. The following main conclusions are
drawn:

(1) When the wind attack angle is the case of β = 0
◦
, which means that the windward

meridian is arranged to go through the starting point (θ = 0
◦
) of the harmonic

settlement, the wind load capacities (λcig) with HSIIs decrease to 73.4% (wave number
n = 2), 37.5% (wave number n = 3) and 41.3% (wave number n = 4) of the non-
settlement wind load capacity (λcg).

(2) The dangerous case corresponds to the wind attack angle in the case of β = 0
◦

while the amplitude of the settlement is given. The case of the windward meridian
encountering the starting point of the harmonic settlement should be avoided.

(3) The effect of the harmonic settlement-induced imperfection on the wind buckling
capacity is complex. One aspect is that the effect of the amplitude of the harmonic
settlement on the wind buckling capacity has a high likelihood of nonlinearity while
the wind attack angle is given. The other aspect is that the effect of the harmonic
settlement-induced imperfection on the wind buckling capacity is coupled with the
wind attack angle.

(4) The wind buckling capacity generally increases as the wind attack angle increases,
while the amplitude of the harmonic settlement is given. Given that the case of β = 0

◦

is the basis, when the harmonic settlement level is low, such as settlement load No.1
and No.2, the biggest increase of wind buckling capacity is less than 20% with an
exception; when the harmonic settlement level is high, such as settlement load No.3,
No.4 and No.5, the biggest increase of wind buckling capacity is more than 40%, with
a few exceptions.
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