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ABSTRACT: As a key storage facility, the structural safety of large oil tanks is directly related to the stable operation of
the energy system. The static pressure caused by the change of liquid level is one of the main loads in the service process
of storage tanks, which determines the structural deformation and damage risk. To explore the structural deformation
properties under the change of liquid levels and provide a theoretical basis for the prevention and control of damage risk,
this paper systematically analyzes the mechanical response of storage tanks under the pressures induced by different
liquid levels based on the shell theory. Combined with the finite element software COMSOL, the radial displacement
and stress-strain distribution under different liquid levels are simulated to verify the accuracy and effectiveness of the
proposed theoretical model. The increase in liquid level and radius aggravates the radial deformation and makes the
risk point move up, while the increase in wall thickness can effectively reduce the deformation response. Suggestions
on the monitoring zone and damage risk prevention measures have also been given to instruct the safe operation of oil
tanks. The research provides theoretical support for the optimization design of storage tank structures, the construction
of advanced structural health monitoring system and the prevention and control of damage risk.

KEYWORDS: Tank structure; shell theory; deformation characteristics; damage prevention measure; structural
optimization design

1 Introduction

As a crucial storage facility, the structural safety of large oil storage tanks is directly related to the
stable operation of energy systems. In the practical service process, the storage tank is often subjected to the
superposition of liquid static pressure, wind load, earthquake and other external conditions, which can easily
cause structural damage [1-3]. Therefore, it is of great engineering value and practical significance to study
the deformation and damage laws of storage tanks under various loading conditions, in terms of structural
optimization design, service safety assessment, and reasonable layout of sensor-based monitoring systems.

The current investigation on resistance characteristics of storage tank structures mainly depends on
the finite element numerical simulation method [4,5]. Extensive studies have focused on predictions of
sloshing frequency, convective mass, hydrodynamic pressure profiles through both theoretical and numerical
approaches for smooth circular or rectangular tanks [6], and energy dissipation devices in reducing seismic
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response [7]. A series of fragility analyses has been conducted on spherical and horizontal-cylindrical tanks,
drawing upon both finite element simulations and observational data with the objective of quantifying
damage probabilities under varying seismic intensities [8]. The uplift mechanism of unanchored tanks
under strong lateral loads has also been explored, revealing marked differences in stress and deformation
distribution compared to anchored tanks, which leads to the development of dedicated analytical models for
seismic performance assessment [9]. The blast resistance of thin-walled cylindrical tanks, LNG containment
systems, and oil storage tanks has been numerically evaluated, with the influence of blast intensity, wall
thickness, boundary constraints, and liquid level on structural behavior discussed [10,11]. Plastic buckling
under high-intensity impulsive pressures has demonstrated that shell thickness is the primary parameter
governing the onset of plastic buckling, while shell height and diameter have only marginal effects for squat
tanks [12]. For in-service performance under internal pressure, the finite element method (FEM) has been
employed to assess stress distribution and buckling stability of oil tanks under conditions of full and partial
filling [13]. Numerical investigations have identified susceptibility to buckling depressions and weld cracking
for tanks with partition plates, and structural optimization measures have been proposed to improve the
rigidity and safety [14]. The impact of anchorage design on seismic buckling capacity has been nonlinearly
simulated, highlighting discrepancies between design code predictions (e.g., API-650 and NZSEE) and actual
behavior, particularly for slender tanks [15]. From a manufacturing perspective, welding residual stresses
are a critical factor in maintaining structural integrity, T-joint welds in large storage tanks are subject to
high circumferential residual stresses and attributed to structural discontinuities and multi-layer welding,
parametric studies on local post-weld heat treatment (PWHT) have demonstrated an effective method to
reduce residual stresses and avoid large thermal deformations [16].

The deformation and vibration characteristics of the tank structure can be studied by circular cylindrical
shell theory. Based on the Sanders-Koiter theory, Pellicano proposed a mixed double method combining
harmonic function and Chebyshev polynomial, and systematically analyzed the linear and nonlinear
vibration behavior of circular cylindrical shells under different boundary conditions [17]. Based on various
nonlinear thin shell theories, including Amabili-Reddy higher order shear deformation theory and Donnell’s
nonlinear shallow-shell theory, Amabili systematically studied the large-amplitude response of cylindrical
shells under hollow and liquid filled conditions by using Galerkin method, arclength and pseudo-arclength
continuation methods to analyze the bifurcation, softening-type non-linearity, and modal coupling [18-20].
Lee and Kwak derived the dynamic model of free vibration of a circular cylindrical shell based on various shell
theories, and simplified the mass and stiffness matrix by using the eigenfunctions of a uniform beam [21].
Based on Mindlin’s shell theory and potential flow theory, Ji et al. established a vibration model of thick
cylindrical shells filled with liquid [22]. Wang et al. evaluated the accuracy of three shell theories (Donnell,
Sanders, and FSDST) in predicting the critical buckling strain of single-walled carbon nanotubes based on
molecular dynamics simulation [23]. Based on the modified strain gradient theory and the modified coupled
stress theory, Zeighampour and Tadi Beni developed a cylindrical thin shell model considering the size effect,
shear deformation and moment of inertia for the free vibration analysis [24,25]. Asadi et al. established the
motion equation of doubly curved deep thick composite shell, and verified that the two shell theories based
on Rath-Reddy and Qatu have high accuracy and are suitable for the modeling and analysis of thick shell
structures [26]. An et al. proposed the double finite integral transform method, which realized the analytical
solution of the deflection of non-Lévy-type cylindrical shells without free edges [27]. Rotter and Sadowski
established the axisymmetric linear bending theory of orthotropic thin cylindrical shells suitable for arbitrary
axial load distribution [28]. Based on the shell theory, Sowinski analyzed the stress and deformation of the
connection of cylindrical pressure vessels, which indicates that the membrane theory is only applicable to the
spherical crown head in the case of an extremely thin wall [29]. Han et al. systematically analyzed the buckling
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behavior of sandwich cylindrical shells under external pressure and provided a multi-scale modeling basis
for the stability analysis of sandwich shell structures [30].

Although the above research results have enriched the theoretical system of circular cylindrical shells,
there are still the following deficiencies in the practical application of storage tanks: the existing finite element
model is fine, but the calculation cost is high, and there is a lack of systematic comparative analysis of
theoretical and numerical methods, which limits the wide application of theoretical guidance. At present, the
research on the structure of storage tanks at home and abroad mostly focuses on the basic theoretical research
of circular cylindrical shells, and lacks a system model that effectively combines the geometric characteristics
of storage tanks, the complexity of working conditions, and the theory of circular cylindrical shells. It is
difficult to meet the needs of practical engineering for accurate prediction and safety assessment of storage
tank structure response.

In view of the above shortcomings, based on the classical thin shell theory, this paper deduces the
theory of non-moment circular cylindrical shell and the theory of bending cylindrical shell, considering
boundary constraints to describe the structural mechanical behavior of oil storage tanks under liquid level
static pressure. Combined with COMSOL finite element simulation, the system compares the applicability
and accuracy of the theoretical model. Finally, based on the bending theory, the influence of key structural
parameters such as tank liquid level, tank radius, wall thickness, and tank height on the maximum radial
displacement and its distribution position is analyzed, which aims to provide theoretical support and
practical reference for tank structure design optimization, health monitoring system construction, and
damage risk prevention and control.

2 Theoretical Derivation of Cylindrical Shell
2.1 Derivation of Non-Moment Theory

According to the theory of plate and shell in elastic mechanics, the classical model of thin shell without
moment theory is adopted. It is assumed that the two ends of the structure are free, the influence of the
bending moment is ignored, and the hydraulic load is linearly distributed along the shell. Before the analysis,
the following assumption has been made: (1) The normal strain perpendicular to the mid-plane direction can
be ignored. (2) The normal line of the middle plane is kept as a straight line, and the right angle between the
normal line of the middle plane and its vertical line segment remains unchanged, that is, the shear strain in the
two directions is zero. (3) The normal stress (i.e., extrusion stress) on the section parallel to the middle plane
is much smaller than the normal stress on the vertical plane, so its influence on the strain can be ignored. (4)
Both the body force and the surface force can be transformed into the load acting on the middle surface.

The equilibrium equation of the non-moment theory of cylindrical shells is established:

dF; 0Fzg B

oz "o T4270
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Among them, gz, q¢ and g, are the components of the load on the cylindrical shell in the axial,
circumferential and normal directions, respectively, Fz, Fg and Fy = Fy, are the axial tensile pressure,
circumferential tensile pressure and the offset force, respectively, and R is the distance between the middle
surface of the cylindrical shell and the central axis, as shown in Fig. 1.



1414 Struct Durab Health Monit. 2025;19(6)

Figure 1: Theoretical model of cylindrical shell structure

The physical equation of the cylindrical shell is as follows:

Eé
F; = 2 (ez +veg)
Eé
Fg = (8@ +VSZ) (2)
1-12
Fo - Fo - Eé
zo = oz = 2(1+v))/ze

where E is the elastic modulus of the material, § is the wall thickness, v is the Poisson’s ratio of the material,
ez and ¢y are the positive strain of each point in the middle plane corresponding to the z and 6 directions,
respectively, and yzg is the shear strain of each point in the middle plane corresponding to the z and
0 directions.

Then, the axial stress 0, hoop stress gy and shear stress 7,4 of the cylindrical shell are

Fy
%=
Fy
Og = F (3)
Fzq
Tze = Toz = T

The geometric equation of the cylindrical shell is as follows:

-
279z
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Among them, uy, ug and u, are the displacements of each point on the middle surface along z, 6 and r
directions, respectively.
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Through Formula (2), we can obtain:
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Formulas (4) and (5) are combined to obtain the elastic equation of the cylindrical shell as follows:
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Let the height of the cylindrical shell be L, the load on the cylindrical shell is:

qz=0
qs =0 (7)
ar = pg (h-2)
where h is the liquid level height, z = 0 is located at the lower end of the cylindrical shell, when 0 < z < h,
this formula is used, when z > h, g, = 0.

The circumferential tension is obtained from the third formula in the equilibrium Eq. (1).
Fg = Rq, = pgR (h - 2) (8)

According to the second formula in Eq. (1), 0Fz¢/dz = 0, i.e., Fzo = f (0), is obtained due to gg = 0.
Since the upper end is free, i.e., (Fzg),_; = 0, visible Fzg = f (0) = 0.

According to the first formula in Eq. (1), 0Fz/dz = 0 is obtained, that is, F; = f; (0). Because the upper
end is free, that is, (Fz),_; =0,s0 F; = f (0) = 0.

Therefore, only the circumferential tensile force is left in the internal force. According to Eq. (3), the
axial stress o, hoop stress oy and shear stress 7,9 can be obtained:

UZ:%:O

Fo _pgR(h-2z)
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At the same time, according to Formula (5),

~vFg  —vpgR(h-z2)

€z =

ES ES
. o Fo _pgR(h-2) (10)
" Es ES
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The middle surface displacement is obtained from the first formula in the elastic Eq. (6).

duz _ vFp  vpgR(h-2z)
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0z Eé Eé ()
Integrate z, and the lower end has a boundary condition (u) ,—0 = 0, then
vpgR ( z )
S |l 12
Uz Eo > z (12)

Eq. (12) is combined with the third equation in Eq. (6) to obtain duy/dz = 0, that is, ug = f, (6). Due to
the boundary condition (1) ,_, = 0, we get

ug=f,(0)=0 (13)

Combining Eq. (13) with the second formula in Eq. (6), we get

- FoR _ pgR* (h - z)

. 14
Eé Eé (14)
The rotation angle 6, of the middle surface is
du,  pgR?
0, = =— 15
' dz ES 1>)

2.2 Derivation of Bending Theory

In the above momentless theory, the bending moment of the cylindrical shell is ignored, which is only
applicable to the area below the liquid level and far away from the boundary constraint. In order to overcome
the limitations of the model in the calculation of the structural boundary response and the region above the
liquid level, the bending cylindrical shell theory, considering the bending stifftness and boundary conditions,
is further introduced. The model used in this section and Section 2.1 is based on the same cylindrical shell
micro-element, as shown in Fig. 1. Both adopt the thin-walled axisymmetric assumption, but there are
significant differences in boundary condition processing and mechanical response modeling.

Specifically, the bending theory assumes that the upper end is free and the lower end is fixed, which can
systematically consider the influence of the boundary effect on the overall response. In order to calculate the
response of the whole model range, the shell is divided into upper and lower sections according to the liquid
level height. The lower section is subjected to hydrostatic pressure. Although the upper section is not directly
loaded, the overall response is affected by structural continuity. In the process of solving, the continuity
condition that the displacement and internal force are equal at the segmentation and the boundary condition
that the upper end is free and the lower end is fixed are used, and MATLAB is used to assist the solution.
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The internal force expression of the bending cylindrical shell is as follows:

F;=0
Eé
F = —ur (16)
7R
Fz9=Fg7 =0

The equilibrium differential equation of bending cylindrical shell is as follows:

d*‘u, E§ qr
+——u, = L
dz* R2D D

17)

Among them, D = E§°/ [12 (1 - yz)] is the bending stiffness of the cylindrical shell, and all the internal
forces can be obtained by calculating u,.

In order to simplify the solution, a constant with dimension L™ is introduced.

1= (L )”4 _ [M]W (18)

4R’D R2§?
And the dimension of the coordinate £ is introduced to replace z:
=1z (19)

Then the differential Eq. (17) is transformed into

d*u, 4R?
du, = —-q, 20
g T ps (20)
The answer is in the following form
u, = Asin &sinh & + Bsin £ cosh & + Ccos Esinh &+ DcosEcosh &+ u,* (21)

where u,* is the particular solution of the equation. Since there is liquid in only part of the height range of
the cylindrical shell, the solution of the equation should be a piecewise function. For the hydraulic action
region, the equation has a special solution. Because of g, = pg (h — £/1), then the special solution can be set
to

._R §
Uy _ﬁpg(h_X) (22)

For the region without hydraulic action, there is no special solution. Therefore, the general solution
form of the equation is

{ u;; = Aysin Esinh & + By sin Ecosh & + Cycos Esinh &+ Dy cosécosh &+ u,*,  (0< &< Ah) (23)

U,y = A, sin Esinh &€ + B, sin € cosh & + C, cos Esinh & + D, cos € cosh &, (Ah<E<AL)
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Because the upper end of the cylinder is free and the lower end is fixed, the boundary condition is

durl
r n = O’ _— = 0
(1/{ 1)E—O ( dg )5:()

dzurz d3ur2
q2 =0, 95 =0
& Jen & Jen

The radial displacement, rotation angle, bending moment and shear force at the segment ( = Ah) are
the same, so the continuity condition is

() ecan = (W) ecan > (dggrl)leh - (dclfgz)g:)m

(dzurl) B (dzurz) (d3url) B (d3u,2)
dé E=Lh dé E:)Lh’ d& E=)h dég? E=\h

The radial displacement, hoop stress-strain and axial stress-strain can be solved by combin-
ing Eqgs. (3), (5), (16) and (23)-(25).

(24)

(25)

3 Numerical Method

Based on the COMSOL software, the finite element model of the tank is established. The tank wall height
is 19.35 m, the inner diameter is 46 m, the wall thickness is 38 mm, and the thickness of the tank bottom
is 24 mm. The bottom of the tank is provided with a concrete cap with a radius of 23.12 m and a height of
3 m, as shown in Fig. 2a. The model grid is divided by the sweeping method, and the division effect is shown
in Fig. 2b. The liquid density is set to 1000 kg/m’, and three liquid level heights are selected for analysis:
half oil level 8.925 m (Condition 1), liquid level 16.5 m (Condition 2), and full oil level 17.85 m (Condition
3). The hydrostatic pressure increases linearly with depth, and the corresponding load distribution is shown
in Fig. 3a—c. The material of the tank is Q235B steel, and the material of the cap is C30 concrete. The relevant
material parameters, such as density, elastic modulus, and Poisson’s ratio, are selected according to the current
standards, as shown in Table 1. The boundary condition is set to the fixed constraint of the tank bottom.
Because the structural response is consistent at the same height, a line along the vertical direction of the tank
wall is selected to extract the radial displacement, hoop stress and strain data as the basis for comparative
analysis under different working conditions.

23m L
1
=
w)
o i
3
T 1T :
& ]
A
23.12m 1

= (@) ®)

Figure 2: Cylindrical shell finite element model: (a) Cylindrical shell model; (b) Cylindrical shell grid division
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Figure 3: Different liquid level loading conditions: (a) Condition 1; (b) Condition 2; (¢) Condition 3

Table 1: Material parameters of cylindrical shell model

Material Density p (kg/m®) Young’s modulus E (MPa) Poisson ratio v

Q235B 7850 200,000 0.26
C30 2300 30,000 0.2

4 Results

4.1 Analysis on Numerical Results

Under the action of working condition 1, the radial displacement, hoop stress and hoop strain of the
whole cylindrical shell are shown in Fig. 4. Fig. 4a shows that the maximum displacement of the cylindrical
shell is about 5 mm, which is not located at the bottom of the tank, but near the bottom. This is because the
bottom of the tank is constrained by the concrete cap, and its displacement gradually decreases to zero. The
displacement of the area above the liquid level is zero due to no external load. Fig. 4b shows that the hoop
stress distribution is highly consistent with the displacement curve, and the hoop stress is about 45 MPa at
the maximum radial displacement. Fig. 4c shows that the hoop strain is tensile strain in the whole process,
and its distribution is highly consistent with the displacement curve. The hoop strain is about 210 pe at
the maximum displacement, and then gradually decreases to zero near the bottom of the tank due to the
constraint effect. In summary, it can be seen that under the action of hydraulic pressure, the maximum radial
displacement corresponds to the maximum hoop stress and strain.

Displacement (mm) Hoop Stress (Pa) Hoop Strain (pg)

200
180
160
1140
120
1100
80
60
40

(@) ) 1 © u

Figure 4: Contour diagram of simulation results of cylindrical shell under the action of liquid level in working
condition 1: (a) Radial displacement; (b) Hoop stress; (¢) Hoop strain

Under the action of working condition 2, the radial displacement, hoop stress and hoop strain are shown
in Fig. 5, and the law is highly consistent with that of working condition 1. Fig. 5a indicates that the maximum
radial displacement of the cylindrical shell is about 10 mm. Fig. 5b shows that the hoop stress distribution is
highly consistent with the displacement curve, and the hoop stress is about 90 MPa at the maximum radial
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displacement. Fig. 5¢ shows that the hoop strain is tensile strain and reaches about 450 pe at the maximum
displacement. Since then, due to the constraint of the bottom cap of the tank, the strain gradually decreased
to zero.

Displacement (mm) Hoop Stress (Pa) Hoop Strain (yi€)
x107

=

(b) 2 (c) 50

(a)

S — D W s Lo 9 %O

Figure5: Contour diagram of simulation results of cylindrical shell under the action of liquid level in working condition
2: (a) Radial displacement; (b) Hoop stress; (c) Hoop strain

Under the action of working condition 3, the radial displacement, hoop stress and hoop strain are shown
in Fig. 6, and the law is highly consistent with that of working condition 1. It can be seen from Fig. 6a that
the radial displacement of the cylindrical shell changes linearly along the height, and the maximum radial
displacement is about 10 mm. Fig. 6b shows that the hoop stress distribution is highly consistent with the
displacement curve, and the hoop stress is about 100 MPa at the maximum radial displacement. Fig. 6¢ shows
that the hoop strain is tensile strain, and reaches about 475 pe at the maximum displacement. Since then,
due to the constraint of the bottom cap of the tank, the strain gradually decreased to zero.

Displacement (mm) Hoop Stress (Pa) Hoop Strain ()

(a) (b) 02 © 50

Figure 6: Contour diagram of simulation results of cylindrical shell under the action of liquid level in working
condition 3: (a) Radial displacement (b) Hoop stress (c) Hoop strain

In summary, the distribution of radial displacement, hoop stress and hoop strain of the cylindrical
shell shows a high degree of consistency under the three working conditions. The trend of hoop stress
and hoop strain is highly consistent with the radial displacement curve, reflecting the linear relationship
between the three. Due to the restraint of the tank bottom cap, the radial displacement and hoop stress
and strain gradually decay at the bottom. Because there is no external hydraulic action in the area above
the liquid level, the displacement and hoop stress and strain are zero. The main differences under different
working conditions are reflected in the numerical value. With the increase of liquid level, the maximum
radial displacement, hoop stress and hoop strain increase significantly.

4.2 Comparison between Theoretical and Simulation Solutions

Because the liquid level has little effect on the axial stress and strain, the results of the theoretical solution
in this direction are basically close to zero. Therefore, this section selects radial displacement and hoop stress
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and strain as the main comparison content, and compares and analyzes the difference and coincidence degree
between the theoretical solution and the finite element simulation results.

4.2.1 Comparative Analysis on Theoretical and Simulation Solutions of the Non-Moment Cylindrical Shell
(1) Radial displacement

In the process of theoretical derivation, the non-moment theory usually ignores the influence of bending
moment on the cylindrical shell, and assumes that the structural response above the liquid level is zero, so
the radial displacement of this region is zero in the calculation. This treatment makes the application scope of
the non-moment theory mainly concentrated in the pressure area below the liquid level. As shown in Fig. 7,
in most areas below the liquid level, the radial displacement obtained by the non-moment theory is highly
consistent with the finite element simulation results in some areas, and both show an approximately linear
trend with depth. It shows that the non-moment theory still has good applicability in positions far away from
the influence of boundary conditions. However, in the region near the bottom of the tank, there is a significant
difference between the theoretical solution and the simulation solution. The finite element simulation results
show that due to the strong boundary constraint between the bottom and the cap, the radial displacement
of the side wall near the bottom of the tank gradually decreases and eventually approaches zero. The non-
moment theory fails to consider this actual boundary condition, resulting in the radial displacement solution
continuing to maintain linear growth and not showing a decreasing trend. This difference clearly reflects the
limitations of the non-moment theory in the calculation of the response of the boundary region. Especially
in the case of boundary constraints in the actual structure, its simplified hypothesis will lead to a certain
degree of error accumulation.

20 T T T 20 T v T 20 T T T
9 Analytic solution 9 Analytic solution l{q_ui_d_lc_\'gl_La ___________ 9 _Analytic solution _
Simulation solution [Liquidlevel \ = — S_in_m_la_li(_m_s(_;ln_ui_m_n Y, Simulation solution
Y, X
15 15 Y 15
Ry,
— —_ ‘\‘l“i P %
g g g R
= < Ry < X
) 10- Liquid level o) 10 %y =) 1o *qq
7 s~ S \l 3
= = N =
W,
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X, 5 X
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W X
3 ')a' "0‘
@) %o (b) 9 © 9,
0 ) ° . " \ he') 0 " )
2 0 4 6 -4 0 4 8 1 5 0 5 10 15
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Figure 7: The comparison between the non-moment theoretical solution and the simulation solution of the radial dis-
placement of the cylindrical shell under different liquid level loading: (a) Condition 1; (b) Condition 2; (¢) Condition 3

(2) Hoop stress

As shown in Fig. 8, in the area below the liquid level, the hoop stress also shows a linear growth
trend along the depth, and in most areas, the theoretical solution is in good agreement with the finite
element simulation results. This further verifies that the non-moment theory still has certain accuracy
and practicability in some areas of the compressed cylindrical shell. However, with the increase in depth,
especially near the bottom of the tank, the gap between the two gradually widened. The simulation results
show that the trend of hoop stress deviates to a certain extent in the area near the bottom constraint, which
is obviously lower than the calculated value non-moment theory. This phenomenon is highly consistent
with the deviation of radial displacement. The fundamental reason is that the non-moment theory does not
consider the connection relationship between the bottom of the tank and the cap, and ignores the constraint
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effect of the boundary stiffness on the local stress distribution. It can be seen that the non-moment theory
cannot provide accurate stress prediction near the region of structural boundary constraints. If the theoretical
results are fully relied on in engineering applications, it may lead to misjudgment of local stress assessment.

20 T T T 20 T T T 20 T

T T
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Figure 8: The comparison between the non-moment theoretical solution and the simulation solution of the hoop stress
of the cylindrical shell under different liquid level loading: (a) Condition 1; (b) Condition 2; (¢) Condition 3

(3) Hoop strain

As shown in Fig. 9, the distribution trend of hoop strain is highly consistent with that of hoop stress,
and it shows a linear increase with depth in the area below the liquid level. In most areas of the liquid action,
the theoretical solution is basically consistent with the finite element simulation results, indicating that the
prediction ability of the non-moment theory in this range is still reliable. However, in the area near the
bottom, the strain in the simulation results gradually decreases, and the theoretical solution still extends
in a linear growth trend, forming a certain deviation. Since strain is a direct reflection of the constitutive
relationship between stress and material, its distribution is essentially dominated by stress distribution, so the
deviation of strain in the boundary region is closely related to the error of stress distribution. Therefore, the
accuracy of the calculation of the hoop strain is limited by whether the boundary conditions are considered,
which further illustrates the limitations of the non-moment theory in the calculation of the response near
the boundary.
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Figure 9: The comparison between the non-moment theoretical solution and the simulation solution of the hoop strain
of the cylindrical shell under different liquid level loading: (a) Condition 1; (b) Condition 2; (c) Condition 3

In summary, it can be seen that under the same liquid level, the trends of radial displacement, hoop
stress, and hoop strain are basically the same. According to the above theoretical analysis, there is a linear
relationship between the three variables, so they show consistency in the trend, but there are still differences
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in the numerical size. The non-moment theory can accurately fit the finite element simulation results in most
areas below the liquid level, showing good theoretical applicability. However, in the area close to the bottom of
the tank, because the theory ignores the bottom boundary constraints, there is a significant deviation between
the predicted value and the simulated value, which cannot effectively reflect the actual situation of structural
deformation. This limitation may bring some security risks in engineering practice. When designing the
structure, designers often focus on the bottom area of the tank, but fail to pay attention to the stress state of
the area with large radial displacement. This neglect may lead to blind spots in safety assessment and reduce
the comprehensiveness and accuracy of structural design. Therefore, it is particularly necessary to introduce
a more perfect bending cylindrical shell theory to supplement the deficiency of the non-moment theory in
the treatment of boundary effect and the calculation of the response above the liquid level, so as to realize a
more comprehensive and accurate analysis of the stress characteristics of the tank structure.

4.2.2 Comparative Analysis on Theoretical and Simulation Solutions of the Shell with the Bending Effect
Considered

(1) Radial displacement

As shown in Fig. 10, compared with the above non-moment theory, the fitting accuracy of the bending
theory solution and the finite element simulation results in the whole height range of the tank is significantly
improved, especially in the response near the bottom of the tank. Specifically, the bending theory can
consider the influence of the bottom boundary constraint on the structural deformation. The theoretical
solution shows that the radial displacement gradually decreases and approaches zero when it is close to the
bottom of the tank, which is highly consistent with the simulation results and better reflects the constraint
effect of the bottom of the structure. This advantage significantly makes up for the solution error caused
by the non-moment theory when ignoring the boundary conditions, and improves the applicability and
credibility of the theoretical analysis in practical engineering applications. In addition, the bending theory
can also calculate the radial displacement of the region above the liquid level, showing a deformation trend
that is highly consistent with the finite element simulation. It overcomes the limitation that the non-moment
theory cannot be solved in this region, and realizes the accurate description of the deformation behavior of
the tank in the full height range.
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Figure 10: The comparison between the bending theoretical solution and the simulation solution of the radial displace-
ment of the cylindrical shell under different liquid level loading: (a) Condition 1; (b) Condition 2; (c) Condition 3

(2) Hoop stress

As shown in Fig. 11, compared with the above non-moment theory, the distribution trend of hoop stress
calculated by the bending theory along the tank height is highly consistent with the finite element simulation
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results in the whole height range. Whether the linear enhancement of the compression zone below the liquid
level or the decrease of the stress near the bottom boundary, the theoretical solution can accurately fit the
stress distribution characteristics revealed by the finite element simulation. Especially in the region near
the boundary, the bending theory can reasonably reflect the boundary effect, which is significantly better
than the idealized result of the linear growth of hoop stress in the non-moment theory. This phenomenon
shows that the bending theory fully considers the key factors such as structural bending stiffness, boundary
constraints, and continuity conditions in the modeling process, and has stronger theoretical versatility and
practical problem adaptability.

T
9 Analytic solution 9 Analytic solution Liquid level 9 _Analytic solution

Simulation solution

Simulation solution

Simulation solution Liquid level

B 4 15+ B

1
Height (m)
1
Height (m)
5

(©)

oy (MPa)

oy (MPa) o4 (MPa)

(a) (b) (©

Figure 11: The comparison between the bending theoretical solution and the simulation solution of the hoop stress of
the cylindrical shell under different liquid level loading: (a) Condition 1; (b) Condition 2; (¢) Condition 3

(3) Hoop strain

Since the hoop strain and stress are closely related in the cylindrical shell structure, its distribution trend
is mainly dominated by the stress state and the elastic constitutive relationship of the material, so its variation
law is consistent with the hoop stress, and it shows good theoretical and simulation fitting effect in each
region, as shown in Fig. 12. Based on this, the hoop strain part is no longer described.
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Figure 12: The comparison between the bending theoretical solution and the simulation solution of the hoop strain of
the cylindrical shell under different liquid level loading: (a) Condition 1; (b) Condition 2; (c) Condition 3

In summary;, it can be seen that under the same liquid level, the trend of radial displacement, hoop stress
and hoop strain is basically consistent with the results of the non-moment theory. This is because whether the
bending theory or the non-moment theory is used, there is a linear relationship between the three variables,
and then the trend is consistent, but with some differences in the numerical size. The bending cylindrical shell
theory shows a significant advantage over the non-moment theory in analyzing the deformation and stress
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distribution of the tank structure. Its biggest advantage is that it can systematically consider the boundary
constraint effect of the tank bottom and the structural response of the area above the liquid level, effectively
break through the limitation of the non-moment theory to simplify the calculation area, and realize the
accurate solution of the full height range response of the tank. In the constraint region near the bottom of the
tank, the bending theory can not only accurately predict the attenuation trend of radial displacement, but also
reasonably reflect the stress reduction characteristics of the region, which is highly consistent with the finite
element simulation results. In the free wall section near the liquid level and above, the theory can also provide
effective deformation prediction, filling the gap that the non-moment theory cannot calculate in this area.
Therefore, in the response analysis of the tank structure affected by the change of liquid level, the bending
cylindrical shell theory can be used as a more rigorous and reliable theoretical basis. It is obviously superior
to the non-moment theory in terms of prediction accuracy, application range and engineering practice value,
which provides a solid theoretical support for the optimal design and safety assessment of the tank structure.

4.3 Analysis on the Influence of Liquid Level Change

Fig. 13 is the contrast curve of the bending theory solution of the radial displacement of the cylindrical
shell structure under different liquid levels. The radial displacement of each working condition in the region
above the liquid level is basically close to zero, indicating that the region is not affected by the static pressure
of the liquid, and the structural deformation is very small. In the area below the liquid level, the radial
displacement gradually increases with the increase of liquid depth, showing a good linear trend. This is
because, as the depth increases, the liquid static pressure increases linearly, which in turn causes the radial
deformation of the shell structure to increase linearly. In the area near the bottom of the tank, because the
fixed constraint of the bottom of the tank limits the free deformation ability of the structure at the bottom,
the three curves all show a significant attenuation trend and eventually approach zero. In addition, due to
the different height of the liquid level, the range and size of the static pressure of the liquid are different,
which leads to a change in the maximum radial displacement. Among them, Condition 3 has the highest
liquid level and the largest static pressure, so its radial displacement response is also the most significant ;
the maximum radial displacement of Condition 2 and Condition 1 decreases in turn.
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Figure 13: Comparison of bending theoretical solutions of radial displacement of cylindrical shell under different
working conditions

Under the premise that the radius, wall thickness, tank height, concrete pile cap size and boundary
conditions remain unchanged, only the liquid level height of the storage tank is changed. A total of 9 different
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liquid levels are set from 1 to 17 m, and the step size is 2 m. The size of the maximum radial displacement and
its height position are calculated. As shown in Fig. 14a, with the increase of liquid level height, the maximum
radial displacement basically shows a linear growth trend. This trend is mainly due to the linear growth of
hydrostatic pressure with liquid level. In the process of increasing the liquid level, the compression area of
the side wall continues to expand, resulting in a linear increase in the external pressure load borne by the
whole structure. Because the stiffness of the tank structure is relatively stable in the medium deformation
range, the response is approximately linear, so the maximum radial displacement increases linearly with the
liquid level in the range of liquid level variation.
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Figure 14: Fitting curves of each variable under different liquid levels: (a) Fitting curve of maximum radial displace-
ment; (b) Fitting curve of maximum radial displacement height

From Fig. 14b, it can also be observed that with the increase of liquid level height, the height of the
maximum radial displacement shows a slow upward trend in the form of exponential function, and tends to
be stable after approaching 2 m height. This phenomenon shows that the potential weak area and damage
risk position of the tank structure gradually shift upward with the rise of the liquid level, but tend to be
stable within a certain height range. The formation of this trend is mainly because the increase in the liquid
level makes the range of hydrostatic pressure expand upward, and the stress area of the tank wall increases,
which causes the corresponding upward movement of the displacement peak position. However, since the
lower structure is always in a strong boundary constraint, and the overall structural stiffness distribution
does not change, when the liquid level rises to a certain height, the influence of pressure increment on the
displacement position gradually weakens, resulting in the maximum displacement point tends to be stable
near the fixed height.

4.4 Influence of Structural Parameters on the Radial Displacement of Storage Tank

Studying the influence of the structural parameters of the storage tank on the maximum radial displace-
ment and its height is an important basis for ensuring structural safety and optimal design. The maximum
radial displacement reflects the key deformation area of the tank under load, which often corresponds to
the potential risk location. Its size and height are directly affected by the structural parameters such as tank
height, diameter and wall thickness. By analyzing the influence of these parameters on the deformation
characteristics, it is helpful to accurately identify the weak areas of the structure, guide the reasonable design,
improve the bearing capacity and safety redundancy of the structure, and avoid the potential safety hazards
caused by design errors. Therefore, the control variable method is used to analyze the influence of storage
tank parameters.



Struct Durab Health Monit. 2025;19(6) 1427

4.4.1 Influence Analysis of Tank Radius

Under the premise that the liquid level height remains full of oil, wall thickness, tank height, concrete
pile cap size and boundary conditions remain unchanged, only the radius of the tank is changed, and 14
different radii are set from 10 to 23 m, with a step size of 1 m. Fig. 15a is the fitting curve of the theoretical
solution of the maximum radial displacement under different radii. The results show that with the increase
of radius, the maximum radial displacement shows a power function growth trend. This phenomenon has a
certain deviation from the conventional engineering cognition on the surface, that is, when the liquid level is
constant, the hydrostatic pressure distribution is constant, and the structural response is basically the same.
The reason is that although the constant liquid level means that the hydrostatic pressure distribution per unit
area is unchanged, the increase of the tank radius significantly expands the compression area, which in turn
increases the total liquid pressure borne by the structure, and the overall bending stiffness of the side wall
decreases, resulting in a more obvious radial displacement of the tank under the same working conditions.
The expansion of the load range and the weakening of the structural stiffness are superimposed on each
other, resulting in a nonlinear amplification effect of the radial displacement.
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Figure 15: The fitting curves of each variable under different radii: (a) Fitting curve of maximum radial displacement;
(b) Fitting curve of maximum radial displacement height

It can also be observed from Fig. 15b that as the radius increases, the height of the maximum radial
displacement also shows a slow upward trend in the form of a power function. This shows that the potential
weak area and damage risk position of the tank structure are gradually shifting upward with the increase
in the tank size. The reason for this phenomenon is that with the increase of radius, the bending stiffness
of the middle and upper parts of the tank decreases more significantly, while the area near the bottom still
has high stability because it is close to the rigid constraints, such as concrete caps, so the maximum radial
displacement gradually moves away from the bottom constraint area and shifts upward.

4.4.2 Analysis on the Influence of Storage Tank Height

Under the premise that the liquid level height remains full oil state, wall thickness, radius, concrete
pile cap size and boundary conditions are unchanged, only the tank height is changed, and 13 different
tank heights are set from 18 to 24 m, with a step length of 0.5 m. As shown in Fig. 16a, with the increase
of tank height, the maximum radial displacement is basically unchanged, and the change range is very

small; at the same time, it can be seen from Fig. 16b that the height of the maximum displacement has not
changed significantly.
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Figure 16: Fitting curves of each variable under different tank heights: (a) Fitting curve of maximum radial displace-
ment; (b) Fitting curve of maximum radial displacement height

This phenomenon is mainly due to the fact that when the liquid level is fixed, the hydrostatic pressure
only acts on the area below the liquid level, and the increase of the tank height only extends the free section
above the liquid level, which has a limited influence on the stress and deformation area of the structure.
The compression area and boundary constraint conditions remain unchanged, resulting in the structural
response and the maximum deformation position remaining stable.

4.4.3 Analysis on the Influence of Tank Wall Thickness

Under the premise that the liquid level height remains full of oil, the radius, the tank height, the size
of the concrete cap and the boundary conditions remain unchanged, only the wall thickness of the tank is
changed, and a total of 14 different wall thicknesses are set from 15 to 28 mm, with a step size of I mm. As
shown in Fig. 17a, with the increase of wall thickness, the maximum radial displacement shows a decreasing
trend in the form of a power function. This trend is mainly due to the fact that the increase in wall thickness
significantly improves the structural stiffness of the side wall of the storage tank, so that its resistance to
deformation under the same hydrostatic pressure is enhanced. Since the radial deformation of the thin-
walled cylindrical shell is sensitive to the wall thickness, a smaller thickness corresponds to a lower stiffness,
resulting in a larger displacement. After the wall thickness increases, the structural stiffness is nonlinearly
enhanced, resulting in a rapid decrease in radial displacement, showing a power function decline.

It can also be observed from Fig. 17b that with the increase of wall thickness, the height of the maximum
radial displacement shows a slow upward trend in the form of a power function. This indicates that the
potential weak area and possible damage risk location of the tank structure are gradually shifting upward
with the increase in wall thickness. The reason for this phenomenon is that with the increase in wall thickness,
the overall stiffness of the side wall is significantly improved, especially in the area near the bottom of the
tank. Due to the constraint near the boundary of the pile cap, the stiftness is higher, the enhancement effect
is more significant, and the deformation of the lower region is suppressed. The middle and upper regions are
far away from the bottom constraint, and the constraint effect is relatively weak. The displacement inhibition
caused by the increase in stiffness is not as obvious as that of the lower part. Therefore, the extreme position
of radial deformation moves up slowly, showing an upward trend in the peak height of displacement.
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Figure 17: Fitting curves of each variable under different wall thicknesses: (a) Fitting curve of maximum radial
displacement; (b) Fitting curve of maximum radial displacement height

5 Discussion

Relevant research shows that the strain field reconstruction method combined with fiber bragg gratings
(FBG) sensing information can realize high-precision identification of structural response [31], and the
damage identification based on the change of measured parameters is also significant [32,33]. Therefore,
the sensor layout strategy of key measuring points is required, which can provide theoretical support for

the construction and optimization of the structural health monitoring system, and finally decrease the
damage risk.

5.1 Suggestions on the Layout of Key Measuring Points

According to the above analysis, the position of the maximum radial displacement of the tank structure
increases slowly in the form of an exponential function with the increase of the liquid level height, and tends
to be stable after approaching the height of about 2 m from the bottom of the tank, as shown in Fig. 14b. It is
suggested that the measuring points of the structural health monitoring system should be arranged from the
bottom of the tank wall to a height of 2 m. As shown in the red area of Fig. 18, this area is prone to structural
deformation and stress concentration. It is necessary to focus on monitoring key response parameters such

as radial displacement, hoop stress and hoop strain to achieve accurate identification and early warning of
potential risks.

17.35m

3m 2m

Concrete supporting platform

Figure 18: Key measuring area in structural health monitoring system of the oil tank
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5.2 Suggestions on Injury Risk Prevention and Control

To ensure the service safety of the storage tank structure, the following prevention and control
suggestions are put forward:

(1)  The bottom area is a high-risk area for the liquid level response of the tank structure. It is suggested
that structural strengthening measures such as local thickening, setting stiffeners, or external steel shell
cladding should be adopted in the design stage to enhance local stability and bearing capacity.

(2) Increasing the thickness of the tank wall or reducing the diameter of the tank can effectively improve
the overall stiffness of the shell, thereby significantly inhibiting the radial displacement and reducing
the risk of local deformation. Therefore, for the storage tank structure with relatively small wall
thickness or large diameter, the measurement points are arranged more strictly in accordance with
the above monitoring and prevention and control scheme to ensure the structural safety and stability
during its service.

6 Conclusion

To construct an efficient structural health monitoring system of oil tanks, the deformation characteris-
tics of circular cylindrical shell structures under the action of different liquid levels have been explored by
theoretical analysis and numerical simulation. The main conclusions are as follows:

(1)  The shell theory with bending effect considered has higher accuracy and applicability than the non-
moment shell theory, especially considering the boundary constraints of the tank bottom and the
structural response above the liquid level. The theoretical results are highly consistent with the
simulated, which can be used as a reliable basis for understanding the structural behavior of oil tanks.

(2)  The increase in liquid level significantly increases the static pressure of the tank, resulting in a linear
increase in the maximum radial displacement, and the position of the maximum displacement point
moves up slowly. This area may become a potential damage area under high liquid level conditions,
which should be the key monitoring zone in a structural health monitoring system.

(3)  The growth of the tank radius decreases the structural stiffness, resulting in a significant increase in the
maximum radial displacement, and the position of the risk point shifts upward. The increase of tank
wall thickness can significantly enhance the structural stiffness, significantly reduce the displacement
response, and also promote the upward shift of the risk point position. The change of tank height has
little effect on the radial response under the premise of constant liquid level.

(4) To effectively identify and prevent the key risk areas of the storage tank during service and improve the
practicability and accuracy of the structural health monitoring system, the layout scheme of measuring
points and the suggestions for structural damage prevention and control are put forward. The research
shows that the height from the bottom of the tank wall to about 2 m is the concentration area of
displacement and stress. Sensors should be deployed to monitor the structural parameters. At the same
time, by appropriately increasing the wall thickness, controlling the diameter and strengthening the
local structure, the deformation risk can be further reduced, and the structural safety of the storage
tank and the effectiveness of the monitoring system can be improved.
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