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Abstract: Horizontal storage tanks are integral to the petrochemical industry but pose significant
risks during earthquakes, potentially causing severe secondary disasters. Current seismic designs
predominantly assume rigid tank walls, which can lead to an underestimation of seismic responses.
This study introduces a novel analysis method for assessing the dynamic response of flexible-walled
horizontal storage tanks. By separating the liquid velocity potential into convective and impulsive
components and integrating these with beam vibration theory, we developed a simplified mechanical
model. A parameter analysis and dynamic response research were conducted using numerical
methods. Results indicate that flexible tank walls amplify seismic responses, including liquid
dynamic pressure peaks, base shear, and overturning bending moments, compared to rigid walls.
Additionally, the impact of flexible walls is more pronounced in tanks with larger radii, aspect ratios,
diameter–thickness ratios, and H/R ratios. These findings highlight the necessity for revised seismic
design approaches that consider wall flexibility to enhance the safety and resilience of horizontal
storage tanks.

Keywords: horizontal storage tank; flexible tank wall; simplified mechanical model; parameter
analysis; seismic response

1. Introduction

Storage tanks are essential in the petrochemical industry for storing flammable and
explosive materials. Ensuring the integrity of these tanks during strong earthquakes is
crucial, as damage can lead to severe secondary disasters, including explosions and fires.
Consequently, research into the dynamic response and seismic design of storage tanks
has garnered significant attention [1,2]. Traditionally, seismic design has relied on the
assumption that tank walls are rigid, simplifying the interactions between tank structures
and seismic forces, and facilitating straightforward engineering solutions [3,4]. However,
failures observed during seismic events have exposed the limitations of this approach,
sparking a shift towards more realistic modeling techniques [5].

The rigid wall assumption has been favored for its simplicity and conservative safety
margins. However, this simplification often neglects the potential for dynamic interactions
between the tank walls and the stored fluid during earthquakes [6]. This oversight has been
highlighted by Lyu et al., who identified discrepancies between observed tank failures and
predictions made under rigid wall assumptions [7]. These findings indicate a critical need
for more accurate modeling approaches that consider the flexibility of tank walls [1,8].
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Internationally, the reliance on rigid wall assumptions varies significantly, influenced
by local seismic activity and engineering practices. Regions with stringent seismic regu-
lations have gradually shifted towards incorporating the behaviors of more flexible wall
structures into their design standards. This shift is less pronounced in regions with infre-
quent seismic activities or where economic constraints prioritize cost-effective solutions [9].
Güler et al. analyzed historical data from tank failures during earthquakes, suggesting that
rigid wall models often fail to predict actual failure modes [10]. Gabbianelli et al. demon-
strated how rigid wall assumptions might underestimate stress concentrations at critical
points in the tank structure. Meanwhile, researchers have provided statistical evidence of
the superior performance of designs that consider wall flexibility [11]. Merino et al. have
advocated for a reevaluation of design practices that rely solely on rigid wall models [12].

Recognizing the significance of wall flexibility, recent research has shifted from tra-
ditional rigid assumptions to more accurately represent the dynamic behavior of flexible
walls under seismic forces. This transition is crucial for developing more resilient seismic
design strategies [13]. The study of dynamic responses has become increasingly sophis-
ticated, with advancements in simulation technologies and materials science enhancing
our understanding of the interaction between flexible walls and contained fluids during
seismic events [14]. High-resolution modeling techniques have significantly improved our
comprehension of the dynamic behavior of flexible walls, particularly their interaction
with contained fluids [15]. Recent contributions from researchers have been pivotal in this
area, employing computational fluid dynamics (CFDs) [16] and finite element analysis
(FEA) [17–20] to simulate the behavior of tank walls, providing insights that challenge and
expand upon conventional design practices.

Several recent articles have significantly advanced the field by addressing different
aspects of tank wall flexibility and dynamic responses. Lee et al. demonstrated through their
simulations how variable wall stiffness impacts the seismic stress distribution across the
tank structure, offering design insights that could lead to more tailored and effective seismic
design approaches [21]. Hashemi et al. provided a comprehensive evaluation of several
retrofitting techniques designed to enhance wall flexibility, comparing their effectiveness
in realistic seismic scenarios [22]. Tsipianitis et al. analyzed the long-term performance
of flexible-wall tanks under sequential seismic events, proposing modifications to design
standards that account for cumulative damage [23]. Lee et al. explored the potential of
using advanced polymeric materials to increase the damping characteristics of tank walls,
reducing the likelihood of catastrophic failures during high-magnitude earthquakes [24].

In recent years, there has been a significant shift in the seismic design of horizontal
storage tanks. Research by Spritzer et al. has increasingly focused on the dynamic interplay
between fluid-structure interactions and the flexibility of tank walls under seismic loading.
This shift has been driven by catastrophic failures observed in previous seismic events,
which highlighted the limitations of traditional design models [25]. Studies by Hernandez-
Hernandez et al. have employed advanced simulation technologies to better capture the
complex behaviors of tank systems during earthquakes. These studies indicate that designs
incorporating flexible walls can mitigate the adverse effects of dynamic seismic forces,
leading to safer storage solutions. This manuscript reviews key research from both domestic
and international sources, reflecting a global concern for improved seismic safety standards.
Recent efforts have aimed to align seismic design standards with these new findings. For
instance, Huang et al. proposed a method for analyzing the seismic response of storage
tanks under an uneven foundation settlement, highlighting the combined effects of seismic
loads and foundational issues [26]. In regions with stringent seismic safety regulations,
Verma et al. compare the seismic design of elevated water tanks using Indian and European
standards, analyzing key design parameters under different seismic conditions [27].

Several recent articles have significantly advanced the understanding of seismic design
for storage tanks. Researchers have investigated the impact of using low-modulus materials
on the seismic behavior of tank walls, demonstrating a substantial reduction in stress con-
centrations, which are crucial for maintaining structural integrity during earthquakes [28].
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Additionally, there has been advocacy for a paradigm shift in national design standards
based on comprehensive analyses of stress and deformation in tank walls under seismic
loads [29]. Experimental tests on new composite materials have shown improvements in
the flexibility and crack resistance of tanks, providing valuable insights into the application
of these materials in real-world scenarios [30]. The shift in seismic design practices for
horizontal storage tanks is not merely a technical evolution but also a response to the
urgent need for safer energy and chemical storage solutions worldwide. By adopting more
flexible design paradigms, the engineering community can better protect these critical
infrastructures from seismic threats.

This paper proposes a theoretical analysis method to calculate the dynamic response
of flexible tank walls in horizontal storage tanks. Based on potential fluid theory, this
method separates the liquid velocity potential into convective and impulsive components,
combining them with beam vibration theory to construct a simplified mechanical model.
An example analysis of ground motion response is provided, contributing to the evolving
field by offering a practical and innovative approach to seismic tank design.

2. Analysis Method
2.1. Fundamental Assumptions

The fluid–tank coordinate system shown in Figure 1 is established. The liquid is
assumed to be an ideal fluid that is non-rotating, non-sticky, and incompressible. Under the
action of an earthquake, the dynamic pressure of a liquid can be divided into an impulsive
component (Pi = −ρ

∂φi
∂t ) and a convective component (Pc = −ρ

∂φc
∂t ), where φi is the

impulsive velocity potential and φc is the convective sloshing velocity potential, both of
which conform to the Laplace equation, as shown in Equation (1).

∇2Φ = ∇2 φi(r, θ, z) +∇2 φc(r, θ, z) = 0 (1)
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Figure 1. Horizontal tank schematic.

Because the bottom of the saddle is usually bolted, it can be regarded as a hinge. Under
the action of a lateral earthquake, the horizontal storage tank can be regarded as a simply-
supported beam with extensions, as shown in Figure 2, where A = 2

3 Hd + L′; xg(t) is lateral
ground motion; x0(t) is the displacement of the storage tank considering the deformation of
the support structure (saddle); and u(z, t) is the deformation of the tank wall.
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2.2. Impulsive Velocity Potential

The impulsive velocity potential should conform to specific boundary conditions, such
as Equations (2)–(4).

∂φr

∂r

∣∣∣∣
r=R

=
[ .
xg(t) +

.
x0(t) + u(z, t)

]
sin θ (2)

∂φi
∂z

∣∣∣∣
z=0

= 0 (3)

∂φi
∂z

∣∣∣∣
z=2A+L

= 0 (4)

The separation of variables method is used to solve the Laplace equation in the cylin-
drical coordinate system. According to the boundary condition in Equation (2), the general
expression of the impulsive velocity potential can be obtained, as shown in Equation (5).

φi = r
[ .
xg(t) +

.
x0(t)

]
sin θ +

.
q(t)I1(

√
µr)(A1 sin(

√
µz) + A2 cos(

√
µz)) sin θ (5)

where I1 is the Bessel function of virtual quantum. Equation (5) is brought into Equations (3)
and (4), respectively, to obtain the values of the undetermined coefficients A1, µ, as shown
in Equation (6).

A1 = 0,
√

µ =
nπ

2A + L
, n = 0, 1, 2, 3, 4, . . . . (6)

Superimposing all the characteristic solutions, the expression of the impulsive velocity
potential is further expressed as follows:

φi = r
[ .
xg(t) +

.
x0(t)

]
sin θ + ZT .

q (7)

In Equation (7),
.
q =

{ .
q(t)En sin θ I1

( nπ
2A+L r

)}
n×1, Z =

{
cos
( nπ

2A+L z
)}

n×1, where En
is the undetermined coefficient with subscript n.

According to Equation (2),
ZT .

y =
.
u(z, t)sin θ (8)

where
.
y = ∂

.
q

∂r

∣∣∣
r=R

. The separation variable method is used to separate
.
u(z, t) into two

independent components related to t and z, as shown in Equation (9).
According to the beam vibration theory, the vibration mode function of the simply-

supported beam with extensions in Figure 2 is as follows:

.
u(t, z) =

.
f (t)ψ(z) (9)
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ψ(z) =
∞

∑
i=1

[
ϕi(z) +

m

∑
j=1

γij

]
(10)

where ϕi(z) = sinhβiz + sin βiz − Ci(cosh βiz + cos βiz), γij = Rij[sinhβi(z − zj)−
sin βi(z − zj)]h(z − zj), Ci =

sinhβA+sin βA
cosh βA+cos βA and βi and Rij are constants related to A and L,

corresponding to the i-th mode. h
(
z − zj

)
is the Heaviside function, defined as h

(
z − zj

)
={

1 z ≥ zj
0 z < zj

, m is the number of simply-supported beams. In this article, m = 2, z1 = A,

z2 = A + L.
Multiply both sides of Equation (9) by the harmonic matrix Z and integrate over the

range of [0, 2A + L]. Because ZT is a diagonal matrix, n independent equations can be
obtained: ∫ 2A+L

0

.
q(t)En

nπ

2A + L
I′1

(
nπ

2A + L
R
)

cos2
(

nπ

2A + L
z
)

dz

=
∫ 2A+L

0

.
f (t)Ψ(z)cos

(
nπ

2A + L
z
)

dz

(11)

According to Equation (11), the undetermined coefficient En can be obtained. Further-
more, the expression of the impulsive component velocity potential can be obtained, as
shown in Equation (12).

φi = r
[ .
xg(t) +

.
x0(t)

]
sin θ +

.
f (t)

∞

∑
n=0

kn sin θ cos
(

nπ

2A + L
z
)

(12)

where kn =
∫ 2A+L

0 Ψ(z)cos( nπ
2A+L z)dz I1( nπ

2A+L r)
nπ

2A+L I′1(
nπ

2A+L R)
∫ 2A+L

0 cos2( nπ
2A+L z)dz

.

We take a micro segment perpendicular to the x-axis for force analysis, as shown in
Figure 3.
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According to the balance principle and ignoring higher-order components, the balance
equations shown in Equations (13) and (14) can be obtained.

∂Q
∂z

dz − F = 0 (13)

∂M
∂z

dz − Q = 0 (14)

where Q is the shear force, M is the bending moment, and F is the inertial force and pressure.

F = ρt At

(
∂2(u + x0 + xg

)
∂t2

)
dz + 2ρl

∫ π

θ

∂ϕ(R, θ, z, t)
∂t

R sin θ dzdθ (15)

where ρt is the tank wall density, At is the tank wall cross-sectional area, ρl is the liquid
density, and R is the tank radius.
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According to the mechanics of materials, the relationship between a bending moment
and deformation can be obtained, as shown in Equation (16).

M = EI
∂2u
∂z2 (16)

where E is the elastic modulus of the tank wall and I is the moment of inertia of the tank
wall section.

According to Equations (13)–(16),

EI
∂4u
∂z4 + ρt At

∂2u
∂t2 + 2ρl

∫ π

θ

∂ϕ(R, θ, z, t)
∂t

R sin θ dθ = 0 (17)

Equation (17) can be regarded as the governing equation of the forced vibration motion
of the beam. According to the orthogonality of the mode shapes, we multiply both sides of
the equation by the i-th mode shape function and integrate them over the range [0, 2A + L]
to obtain the motion control equation of the i-th mode shape. In general, only the first-order
vibration mode is considered, as shown in Equation (18).

mψ

Mb

..
f (t) +

Kψ

Mb
f (t) = − ..

xg(t)−
..
x0(t)−

ml
Mb

..
xc(t) (18)

where

mψ =
∫ 2A+L

0

[
ρt Atψ1

2(z) +
(

π − θ +
sin(2θ)

2

)
Rρlψ1(z)

∞

∑
n=0

kn cos
(

nπ

2A + L
z
)]

dz (19)

kψ =
∫ 2A+L

0
EI

....
ψ(z)ψ1(z)dz (20)

Mb =

[(
π − θ +

sin(2θ)

2

)
R2ρl + Atρt

]∫ 2A+L

0
ψ1(z)dzml = 2Rρ

∫ π

θ
φs sin θ dθ

∫ 2A+L

0
ψ1(z)dz (21)

Simplifying Equation (18) further,

..
xi(t) + ωi

2xi(t) = − ..
xg(t)−

..
x0(t)−

ml
Ml

..
xc(t) (22)

ωi
2 =

kψ

mψ
(23)

Where mψ

Mb
f (t) = xi(t), and ωi is the first-order natural frequency of the impulsive

component.
According to the above derivation, the expression of the impulsive velocity potential is:

φi = r
[ .
xg(t) +

.
x0(t)

]
sin θ +

.
x(t)

Mb
mψ

∞

∑
n=0

kn sin θ cos
(

nπ

2A + L
z
)

(24)

2.3. Convective Sloshing Velocity Potential

According to the separation variable method and the boundary conditions, it is easy to
discover that the sloshing of the liquid in the horizontal storage tank under lateral seismic
excitation is a two-dimensional problem that is independent of z. By solving the Laplace
equation in the polar coordinate system, the expression of the convective sloshing velocity
potential can be obtained, as shown in Equation (25).

φs = NT
.
f (25)

where N = {rnsin(nθ)}n×1, f = { fn(t)}n×1.
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Similarly, the convection sloshing velocity potential needs to meet some specific
boundary conditions, as shown in Equations (26) and (27). S1 represents the liquid–solid
coupling surface, and S2 represents the free liquid surface. H is the distance from the liquid
level to the bottom of the tank.

∂φs

∂r

∣∣∣∣
r=R

= 0, atS1 (26)

∂2 φs

∂t2 + g
∂φs

∂y
= −∂2 φr

∂t2 − ∂2 φi
∂t2 − g

∂φi
∂y

atS2, r =
H − R
cos θ

(27)

Through coordinate transformation,

∂φ

∂y
= cos θ

∂φ

∂r
− sin θ

r
∂φ

∂θ
(28)

Substituting Equation (25) into Equation (26), we multiply the harmonic matrix N(r=R)
on both sides of the equation, and integrate in the S1, as shown in Equation (29).∫

S1

NNTfds = 0 (29)

Substituting Equations (24), (25) and (28) into Equation (27), we multiply the harmonic
matrix N(r= H−R

cosθ ) on both sides of the equation, and integrate in the S2, as shown in Equation (30).

∫
S2

NNT
..
fds +

∫
S2

NNT
s fds = −

∫
S2

N
(

∂2 φr

∂t2 +
∂2 φi
∂t2 + g

∂φi
∂y

)
ds (30)

The generalized motion control equation can be obtained by adding Equations (29)
and (30), as shown in Equation (31).

M
..
f + Kf = −

∫
S2

N
(

∂2 φr

∂t2 +
∂2 φi
∂t2 + g

∂φi
∂y

)
ds (31)

where
M =

∫
S2

NNTds, K =
∫

S2

NNT
s ds +

∫
S1

NNTds (32)

respectively, generalized mass and stiffness matrix of order n. Equation (31) can be decou-
pled into n independent motion equations according to the mode superposition method.

mi
..
qi(t) + kiqi(t) = −

( ..
xg(t)−

..
x0(t)

)
− δi = 1, 2, 3, . . . .n (33)

where δ =

∫
S2

ψT
i N
(

∂2 φi
∂t2

+g ∂φi
∂y

)
ds

µi
, mi =

ψT
i MΨi

µi
, ki =

ψT
i KΨi
µi

, µi = ψT
i χ, f = ∑m

i=1 Ψi qi.

The i-th mode Ψi and sloshing frequency ωi
2 =

ψT
i KΨi

ψT
i MΨi

can be obtained according to

Equation (34). In general, only considering the first-order sloshing mode, the calculation
accuracy can be satisfied [31]. (

K − ω2
nM
)

ψn = 0 (34)

The expression for sloshing velocity potential can be deduced according to Equation (33).

φs(r, θ, t) = λ
.
xc(t) (35)

where xc(t) = m1q1(t), λ = ψ1
TN

m1
.

∂2 φs

∂t2 + g
∂φs

∂y
= −∂2 φr

∂t2 − ∂2 φi
∂t2 − g

∂φi
∂y
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2.4. Simplified Mechanical Model
2.4.1. Liquid Dynamic Pressure

According to fluid dynamics, the dynamic pressure acting on the tank wall can be
expressed as Equation (36):

P = ρl

(
∂(φi + φs)

∂t
|r=R

)
(36)

The shear force acting on the saddle due to the dynamic pressure of the liquid can be
obtained by integrating P over the surface area S1, as shown in Equation (37).

Ql(t) = −
∫

S1
P sinθ ds

= −ML
( ..

xg(t) +
..
x0(t)

)
− mi

..
xi(t)− mc

..
xc(t)

(37)

where ML is the total mass of the liquid, mi is the additional component due to the defor-
mation of the tank wall, and mc is the sloshing component. The calculation formulas are
shown in Equations (38)–(40), where α = π − θ + sin(2θ)

2 .

ML = αR2(2A + L)ρl (38)

mi =
Mb
mψ

αR
∫ 2A+L

0

∞

∑
n=0

kn cos
(

nπ

2A + L
z
)

dz (39)

mc = 2(2A + L)Rρl

∫ π

θ1

ψ1
TN

m1
sinθ dθ (40)

Because the liquid sloshing period is longer, and the liquid–solid coupling natural
vibration frequency is shorter, they can be regarded as two independent mass points, and
Equation (41) is transformed into the following expression:

Ql(t) = −mr
..
X0 − mi

..
Xi − mc

..
Xc (41)

where mr = ML − mi − mc,
..
X0 =

..
xg(t) +

..
x0(t),

..
Xi =

( ..
xg(t) +

..
x0(t) +

..
xi(t)

)
,

..
Xc =( ..

xg(t) +
..
x0(t) +

..
xc(t)

)
.

Similarly, the bending moment acting on the saddle due to the dynamic pressure of
the liquid can be obtained, as shown in Equation (42).

Ml(t) = −
∫

S1

P(cosθ + R + h) sinθ ds = −mrh0
..
X0 − mihi

..
Xi − mchc

..
Xc (42)

where
h0 = R + h − υ + ϑ

mr
(43)

hi = R + h − υ

mi
(44)

hc = R + h +
ϑ

mc
(45)

where υ = 2ρR3(2A + L)sin3θ; ϑ = 2ρR2L
∫ π

θ
ψ1

TN
m1

sinθ cosθ dθ; h is the height of the saddle.

2.4.2. Tank Wall Inertia Force

Under the action of ground motion, the effect of tank wall inertia force on the ground
motion response cannot be ignored. According to the above derivation, the inertial force of
the tank wall is as follows:

Qt(t) =
∫ 2A+L

0
ρt At

(
∂2(u + x0 + xg

)
∂t2

)
dz (46)
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A simplification of Equation (41) can be obtained:

Qt(t) = mt1
..
Xi + mt2

..
X0 (47)

where mt2 = mt − mt1, the equivalent height is R + h.
According to Equations (41), (42) and (47), the simplified mechanical model that

considers the effect of a flexible tank wall can be constructed under lateral seismic excitation,
as shown in Figure 4.

Processes 2024, 12, x FOR PEER REVIEW 9 of 19 
 

 

ℎ௜ = 𝑅 + ℎ − 𝜐𝑚௜ (32)

ℎ௖ = 𝑅 + ℎ + 𝜗𝑚௖ (33)

where 𝜐 = 2𝜌𝑅ଷ(2𝐴 + 𝐿) 𝑠𝑖𝑛ଷ 𝜃 ; 𝜗 = 2𝜌𝑅ଶ𝐿 ׬ 𝝍భ೅𝑵௠భ 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 𝑑𝜃గఏ  ; h is the height of the 
saddle. 

2.4.2. Tank Wall Inertia Force 
Under the action of ground motion, the effect of tank wall inertia force on the ground 

motion response cannot be ignored. According to the above derivation, the inertial force 
of the tank wall is as follows: 𝑄௧(𝑡) = න 𝜌௧𝐴௧ ቆ𝜕ଶ൫𝑢 + 𝑥଴ + 𝑥௚൯𝜕𝑡ଶ ቇ 𝑑 𝑧ଶ஺ା௅

଴  (34)

A simplification of Equation (41) can be obtained: 𝑄௧(𝑡) = 𝑚௧ଵ𝑋ሷ௜ + 𝑚௧ଶ𝑋ሷ଴ (35)

where 𝑚௧ଶ = 𝑚௧ − 𝑚௧ଵ, the equivalent height is R + h. 
According to Equations (41), (42), and (47), the simplified mechanical model that con-

siders the effect of a flexible tank wall can be constructed under lateral seismic excitation, 
as shown in Figure 4. 

 
Figure 4. Simplified mechanical model that considers the effect of flexibility. 

Where 𝑚௜௧ = 𝑚௜ + 𝑚௧ଵ ; ℎ௜௧ = ௠೔௛೔ା௠೟భ(௛ାோ)௠೔೟  ; 𝑚௥௧ = 𝑚௥ + 𝑚௧ଶ  ℎ௥௧ = ௠ೝ௛బା௠೟మ(௛ାோ)௠ೝ೟  ; 𝑘௖ = 𝜔௖ଶ𝑚௖, 𝑐௖ = 2𝜉௖𝜔௖𝑚௖ , 𝜉௖  is the damping ratio of liquid sloshing; 𝑘௜ = 𝜔௜ଶ𝑚௜௧, 𝑐௜ =2𝜉௜𝜔௜𝑚௜௧, 𝜉௜ is the liquid–solid coupling damping ratio. According to the Hamilton prin-
ciple, the equations of motion in the simplified mechanical model can be derived as shown 
in Equation (48). 𝑴𝒙ሷ + 𝑪𝒙ሶ + 𝒌𝒙 = 𝑴𝑰𝑥௚ (36)

  

kc, cc

ki, cihc

hrt

mc

mit

xg(t)

mrt

k0, c0

hit

xc(t)

xi(t)

xr(t)

Figure 4. Simplified mechanical model that considers the effect of flexibility.

Where mit = mi + mt1; hit =
mihi+mt1(h+R)

mit
; mrt = mr + mt2 hrt =

mrh0+mt2(h+R)
mrt

; kc =

ω2
c mc, cc = 2ξcωcmc, ξc is the damping ratio of liquid sloshing; ki = ω2

i mit, ci = 2ξiωimit,
ξi is the liquid–solid coupling damping ratio. According to the Hamilton principle, the
equations of motion in the simplified mechanical model can be derived as shown in
Equation (48).

M
..
x + C

.
x + kx = MIxg (48)

3. Validation

The following two methods were used to prove the correctness of the proposed
simplified mechanical model. First of all, the theoretical basis of the simplified mechanical
model is the potential flow theory, which is the most commonly used basic theory to deal
with the dynamic response of the fluid–structure coupling of the storage tank. Therefore,
the theoretical basis and presupposition of the simplified mechanical model proposed in
this paper are reliable.

Then, reference to the experimental results of horizontal storage tank research in the
published literature [32] enabled the calculation results of the simplified mechanical model
proposed in this paper to be compared to further verify the correctness of the theoretical
model.

The parameters of the simplified mechanical model were adjusted to the parameters
of the storage tank research in the literature, and three seismic excitations of El Centro,
Taft, and CPC reported in the literature were used. This study’s calculated results were
compared with the results of the shaking table test that were reported in the literature, as
shown in Figure 5 and Table 1.
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Table 1. Comparison of peak acceleration along the tank axis.

Seismic
Excitation Comparison Item Measuring Point

El Centro

Analytical solutions
(m/s2) 2.207 2.308 2.342 2.308 2.208

Test results (m/s2) 2.157 2.237 2.390 2.316 2.274
Error (%) 2.27 3.08 −2.05 −0.35 −2.99

Taft

Analytical solutions
(m/s2) 2.076 2.252 2.311 2.252 2.076

Test results (m/s2) 2.164 2.237 2.302 2.164 2.015
Error (%) −4.23 0.67 0.39 3.91 2.94

CPC

Analytical solutions
(m/s2) 3.034 3.152 3.192 3.152 3.034

Test results (m/s2) 3.194 3.109 3.206 3.177 2.879
Error (%) −5.27 1.36 −0.44 −0.79 5.11

As is shown in Figure 5, the acceleration peak near the head was smaller, and it was
larger near the center of the storage tank. The distribution of closing acceleration was
consistent with the calculation results of the simplified mechanical model, as shown in
Table 1, and the maximum difference between them was about 5%. The correctness of the
simplified mechanical model proposed in this paper was further verified.
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4. Simplified Mechanical Model Parameter Analysis

Figure 6 shows the effect of the radius R of the storage tank, the length–diameter ra-
tio (2A + L)/R, and the diameter–thickness ratio R/t on sit(srt), at the design fill rate 89%
(H ≈ 1.5R), where sit and srt represent mit

ML+mt
and mrt

ML+mt
, respectively, and t is the wall

thickness. In general, A ≈ 0.83R [33].
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It can be seen from Figure 5 that as the aspect ratio increased, sit and srt showed
monotonously increasing and monotonously decreasing distribution, respectively. At the
same time, it can be observed that the larger the radius of the storage tank, the greater
the mass proportion of mrt, and the smaller the mass proportion of mit. In addition,
the diameter–thickness ratio of the storage tank had little effect on srt, but sit showed a
decreasing trend as R/t increased.

Based on the above inference, when the proportion of the additional mass mrt is large,
the impact of the flexible tank wall on the seismic response is more significant. Therefore, it
can be deduced that a greater aspect ratio results in a more pronounced effect of the flexible
tank wall on the seismic response.

Figure 7 shows the effect of the radius R of the storage tank, the length–diameter ratio
(2A + L)/R, and the diameter–thickness ratio R/t on the natural frequency of the impulsive
component f = ωi

2π at the design filling factor 80% (H ≈ 1.5R). It can be seen that as the
radius R, aspect ratio, and diameter–thickness ratio increased, f showed a monotonously
decreasing distribution. From the data shown in Figure 7, it is evident that the smaller f ,
the natural frequency, the closer it is to the characteristic frequency range of ground motion,
resulting in a more severe seismic response. Therefore, when the radius, aspect ratio, and
diameter–thickness ratio of the horizontal storage tank are larger, the impact of the flexible
tank wall on the seismic response is more pronounced.

Figure 8 shows the effect of the H/R (the ratio of liquid height to radius) on sit(srt), at
R/t = 120. It can be seen from Figure 8 that sit and H/R have an inverse relationship. With
the increase in H/R, srt increased first and then decreased. There is an inflection point at
H/R ≈ 0.6. Figure 9 shows the effect of the H/R on f = ωi

2π at R/t = 120. As H/R increased,
the natural frequency of the impulsive component gradually decreased, and the greater the
influence of the flexible tank wall was.
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According to the inference in Section 2.3 and the references [31,34], sc =
mc
ML

(the ratio
of convective sloshing equivalent mass to total liquid mass) and the sloshing frequency ωc
are the relevant quantities of x = H

R . Therefore, it can be fitted to a general formula for x by
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polynomial fitting. Figures 10 and 11 show the distribution of sc and µ with H/R changes

and the corresponding polynomial fitting formula, where ωc = µ
√

g
R .
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5. Case Analysis

We selected an atmospheric fuel horizontal storage tank as the research object. The
storage medium was gasoline, the density was ρl = 739 kg/m3, and the filling factor 0.8
(H ≈ 1.5R). The elastic modulus of the tank wall was E = 2.1 × 1011 N/m2, and the density
was ρt = 7850kg/m3. The specific parameters of the horizontal storage tank are shown in
Table 2.

According to the data in the table, it can be calculated that fi = ωi
2π = 18.97 Hz,

sit = 0.3563, srt = 0.3837, sc = 0.3150, and fc =
ωc
2π = 0.56 Hz.

Three different earthquake ground motions were used:

a. El-Centro (EW), Imperial Valley, California, 18 May 1940; duration: 53.46 s;
b. Taft (NS), Kern County, California, 21 July 1952; duration: 54.36 s;
c. CPC-TOPANGA CANYON BLVD., Canoga Park, California, 17 January 1994; dura-

tion: 55.58 s.
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Table 2. Horizontal tank geometry parameters.

Parts Structural Parameters Size/mm

Oval head
Head depth 790

Head wall thickness 12

Tank body
Length 1460

Inside diameter 3000
Wall thickness 12

Saddle

Distance from the center of the saddle to the tangent of the head 800
Width 360
Height 250

Saddle wrap angle 120º

The acceleration peak value of all the seismic waves was adjusted to 0.2 g (PGA = 0.2 g).
Figure 12 shows the response spectra of the ground motion records.
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Figure 12. Target spectrum and response spectra of the ground motion records.

Figure 13 shows the distribution of the dynamic pressure peak of the liquid acting on
the tank wall along the length of the tank under the action of El-Centro waves. Where P is
the total dynamic pressure, Pir is the dynamic pressure of the impulsive component. As
can be seen from Figure 13, the dynamic pressure near the saddle was small, while at the
middle and both ends of the storage tank it was large. The seismic design of the flexible
tank wall of the horizontal storage tank should check the strength of the middle of the
storage tank and the connection between the cylinder and the head.

Figure 14 shows the dynamic pressure peak distribution along the liquid height under
the action of the El-Centro wave. It can be seen from Figure 14 that the peak value of the
liquid dynamic pressure of the flexible tank wall (4.84 kPa, middle of the tank; −5.12 kPa,
end of the tank) was much larger than the rigid tank wall (1.47 kPa). Considering the effect
of the flexible tank wall, the dynamic pressure peak was amplified approximately 3.0 to
3.5 times compared with the rigid tank wall.

Figures 15 and 16 show the time–history curves of the base shear and bending moments
under the action of El-Centro waves. Table 3 presents the peak values of the base shear
and the bending moment under the influence of three different seismic waves. As seen in
Figures 15 and 16, the flexible tank wall amplified the dynamic response of low-frequency
convective sloshing. Table 3 further illustrates that, under the action of the three seismic
waves, the flexible tank wall significantly increased the dynamic response of both the base
shear and the overturning bending moment compared to the rigid tank wall.
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Table 3. Peak seismic response.

Seismic Response Analysis Method El-Centro Taft CPC

Shear force (kN)
Flexible 163.0 152.1 159.6

Rigid 111.2 124.7 137.1
Error (%) −46.58 −21.97 −16.48

Bending moment (kN·m)
Flexible 222.4 219.7 226.1

Rigid 163.7 189.3 204.5
Error (%) −35.86 −16.06 −10.56

6. Conclusions

This paper proposed a theoretical analysis method that calculated the dynamic re-
sponse of flexible tank walls in horizontal storage tanks. Based on potential fluid theory,
this method divided the liquid velocity potential into convective and impulsive compo-
nents, combined with beam vibration theory to construct a simplified mechanical model.
The following conclusions were obtained through the analysis of examples:

(1) The influence of a flexible tank wall’s effect on the seismic response of a horizontal
tank is closely related to the radius, aspect ratio, diameter–thickness ratio, and H/R
of the tank. The larger these parameters are, the more obvious the effect is.

(2) Considering the flexible tank wall, the liquid dynamic pressure peak appears in the
middle of the storage tank and at the connection between the cylinder and the head.

(3) Compared with a rigid tank wall, a flexible tank wall has an amplification effect on
the seismic response of the liquid dynamic pressure peak, base shear, and overturning
bending moment.
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