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Abstract: This study developed a finite element model to address the issue of non-uniform settlement
in large crude oil storage tanks. The model consisted of four key components: the tank foundation,
bottom plate, wall plate, and large fillet welds. The Ramberg-Osgood model was used to describe
the material’s nonlinearity. Key factors such as the radius-to-thickness ratio, height-to-diameter
ratio, harmonic number, and amplitude were evaluated for their impact on the radial deformation
of the tank’s top wall. Two numerical models were developed—one accounting for the coupling
effect between the foundation and the tank bottom, and the other without it. The differences in
radial deformation between these models were analyzed, revealing that deformation was minimally
influenced by the radius-to-thickness ratio, but increased with higher height-to-diameter ratios and
harmonic amplitudes. At low liquid levels, radial deformation increased with harmonic number, but
at high levels, it decreased once the harmonic number exceeded four due to the decoupling of the
tank bottom from the foundation. The model considering foundation coupling exhibited less radial
deformation compared to the one neglecting it, particularly as the harmonic number and amplitude
increased. An improved evaluation method identified a critical range of harmonic amplitudes for a
100,000 m? tank, within which the coupling effect can be reasonably neglected, allowing deformation
to be calculated using the simpler model.

Keywords: foundation settlement; storage tank; finite element analysis; harmonic settlement;
improved evaluation method

1. Introduction

Large oil storage tanks are widely used due to their advantages such as cost-efficiency,
reduced land usage, and ease of management, making them important facilities for oil
storage and transportation [1-3]. These tanks are generally constructed on homogeneous
foundations with sufficient bearing capacity. However, various forms of foundation settle-
ment can occur due to factors such as hydraulic forces, seismic activity, wind loads, and
others [4-7]. Additionally, due to the nature of maritime oil trade, many of these tanks are
built in coastal areas, which are often characterized by soft soils with high moisture content,
significant compressibility, and low bearing capacity, exacerbating foundation settlement
issues [8-11]. Numerous studies on incidents involving storage tanks have demonstrated
that settlement and instability of oil tanks significantly impact their safe operation [12-18].
To minimize the impact of foundation settlement on the safe operation of storage tanks, fur-
ther analysis of the deformation behaviour of large storage tanks subjected to non-uniform
foundation settlement is necessary.

Scholars have conducted extensive research on the strength analysis of storage tanks
subjected to foundation settlement. M. Jonaidi et al. utilized numerical simulation meth-
ods to quantitatively study the deformation and stress distribution in large tanks with
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varying wall thicknesses under the influence of settlement displacement [19,20]. Sina
and Hossein conducted experimental research on localized settlement in tanks with both
constant and varying wall thicknesses [21]. Fan et al. analyzed in situ settlement data and
developed a settlement prediction model, using finite element methods to quantitatively
assess the influence of liquid levels on the buckling strength of storage tanks under settle-
ment displacement [22]. Chen et al. utilized a numerical simulation model to investigate
the buckling behaviour of tanks under axial compressive displacement loads, analyzing
the variation in critical buckling loads with liquid levels, height-to-diameter ratios, and
diameter-to-thickness ratios [23]. Suranga et al. constructed a theoretical analysis model to
explore the interaction between soil and the tank base, assuming the soil to be a linearly
elastic material. This model quantitatively studied the effects of base width, tank diameter,
and the stiffness ratio between the tank base and foundation soil on settlement using finite
element methods [24]. In earlier work, M. Jonaidi analyzed the impact of harmonic settle-
ment on tanks with uniform and varying wall thicknesses, revealing that the calculated
stress results aligned with experimental data [25]. Several scholars examined the variation
in maximum radial deformation of floating roof tank tops and maximum stress on tank
bottoms with a harmonic number and geometric parameters of the tank under harmonic
settlement through finite element analysis [26-29]. Harsh and Sukru considered the effects
of the first five harmonic components to evaluate accumulated damage factors, comparing
finite element results with those obtained using methods outlined in API 653. Their study
concluded that existing methods may not accurately capture the true deformation of tanks
under settlement [30].

Current research on the settlement of large storage tanks mainly focuses on harmonic
settlement and non-uniform settlement of tank walls. These studies propose relevant settle-
ment evaluation methods that offer reference value for the development and improvement
of related standards. However, it is evident that most existing studies on tank settlement
do not account for the interaction between the tank base and foundation. Instead, they
generally apply foundation settlement loads directly at the edges of the tank walls, ne-
glecting the coupled effects of soil deformation and the resulting changes in tank stress. In
reality, most of the large oil storage tanks are non-anchored, resting freely on reinforced
concrete ring beam foundations and relying on friction to maintain stability. Therefore,
there is a need for further numerical studies that examine the mechanical response of large
oil storage tanks under conditions of a non-uniform foundation settlement.

2. Finite Element Model
2.1. Geometric

Establishing a finite element model using ABAQUS2020. The geometric model of a
large crude oil storage tank includes a ring-wall foundation, tank wall, tank floor, and
large fillet weld at the joint between the tank wall and the floor. The wall thickness of the
storage tank is designed based on the principle of equal strength, with thickness gradually
decreasing from the bottom to the top along the height of the tank. For a 100,000 m® crude
oil storage tank, with a wall height of 21.8 m, variable wall thickness is modelled by setting
different shell section thicknesses. The radius of the tank floor is 40 m, and the height and
width of the large fillet weld are both set to 13 mm, as referenced in relevant literature. The
foundation is modelled using solid elements, with the ring wall of the foundation having
a width of 550 mm [31]. The composition and structure of the geometric model for the
storage tank and its foundation are shown in Figure 1.
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Figure 1. Geometric model of large storage tanks and their components.

2.2. Material

As the tank wall approaches the bottom plate, it bears increasing self-weight and
hydrostatic pressure, necessitating higher material strength. To meet these strength re-
quirements, 08MnNiVR steel is used for the bottom edge plate and from the first to the
seventh layer of wall plates. The eighth layer of wall plates is made of 16MnR steel, while
the ninth layer of wall plates and the middle plates are made of Q235-B steel [32]. The
model accounts for material nonlinearity by adopting the Ramberg-Osgood model. The
stress—strain relationship curves for these three materials are depicted in Figure 2. The

elastic moduli of the reinforced concrete wall and the sandy soil foundation are both set to
2 x 107 Pa.
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where ¢, represents the elastic strain at the material’s yield point, which is calculated

as ey = % ; 0y is the yield stress, MPa; E is the elastic modulus, with E = 206 GPa; « is the
hardening coefficient; and m is the power hardening exponent. The material parameters
for the storage tank are presented in Table 1.
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Figure 2. Stress—strain curve of the storage tank material.

Table 1. Material properties of the storage tank components.

Material Yield Strength/MPa  Hardening Exponent Power Hardening Exponent
08MnNiVR 490 0.84 15.76
16MnR 345 1.19 10

Q235-B 235 1.75 8.67
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2.3. Mesh

The tank wall plates and bottom plates, being typical thin-walled structures, are
meshed using 4-node shell elements [33]. The large fillet welds at the joints between the
tank wall plates and bottom plate, as well as the ring-wall foundation, are meshed using
8-node solid elements. The meshing result for the 100,000 m large crude oil storage tank is
shown in Figure 3. The numerical simulation model consists of 42,780 elements.

i

Large fillet weld -C3D8R

O

Tank wall -S4R
—
- .
b crude oil storage
e ank
e~
Tank bottom plate -S4R Foundation- C3D8R

Figure 3. Mesh division of the storage tank and its components.

2.4. Constraint Methods and Boundary Conditions
2.4.1. Model Constraint Methods

The numerical simulation model includes the tank wall plates, bottom plate, foun-
dation, and large fillet weld sections. Tie constraints are established between the contact
surfaces of the large fillet weld and the tank wall plates, as well as between the weld and
the bottom plate. The tank is a welded structure, tie constraints are applied between the
lower surface of the tank wall plates and the upper surface of the bottom plate. The storage
tank is usually directly located on the foundation, frictional contact is defined between
the lower surface of the tank bottom plate and the upper surface of the foundation, with a
friction coefficient of 0.2. A partial view of the tank’s large fillet weld structure is shown in
Figure 4.

S
o

Figure 4. Local structure of the large fillet weld in the storage tank.

2.4.2. Model Boundary Conditions

The initial operational loads on the tank include the self-weight of the tank body and
its accessories, as well as the hydrostatic pressure of the stored liquid. Gravitational loads
are applied to the entire model. The liquid pressure on the tank wall and bottom plate is
calculated using the following formula, gradually decreasing from the tank bottom towards
the tank top and forming a triangular distribution. This pressure is applied as uniformly
distributed loads to the tank wall and bottom plates. The boundary conditions of the model
are shown in Figure 5.

p = pg(H —h) 2)
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where p is the hydrostatic pressure, Pa; p represents the density of the stored liquid, kg/m?;
g is the gravitational acceleration, N/kg; H is the height of the liquid inside the tank, m;
and / is the axial distance from the tank bottom plate, m.

Figure 5. Initial boundary condition setup for the storage tank.

2.5. Verification of the Finite Element Model

The finite element model adopts an implicit solution analysis. A comparative analysis
is performed between actual stress test results and the finite element calculation results to
verify the accuracy of the finite element model. The relationship between the axial stress
on the outer wall of the tank and the tank height, under the combined effects of hydraulic
pressure and gravity, is illustrated in Figure 6. The figure shows the measured values of
axial and circumferential stresses at a water level of 19.76 m, the finite element calculation
results from the literature, and the numerical simulation results from the current model.
The variation trends of the curves are generally consistent, and the calculated values for the
maximum axial and circumferential stresses are closely aligned. This confirms the accuracy
of the finite element model in predicting tank settlement behaviour.
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Figure 6. Comparison of calculation results using multiple methods: (a) Axial stress; (b) Circumferen-
tial stress.

3. Numerical Analysis of Large Crude Oil Storage Tanks Under Non-Uniform
Ground Loads

3.1. Stress Response Analysis of Storage Tanks on Unsettled Foundations
3.1.1. Stress Response of Tank Wall Panels

Under the initial operational loads of gravity and hydraulic pressure, a large crude
oil storage tank undergoes deformations. Using the finite element simulation model of a
100,000 m? storage tank, the stress distribution in the tank wall at a liquid level of 19.76 m
is calculated and is presented in Figure 7. The computational contour plot shows that axial
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stress in the tank wall is primarily concentrated at the junction between the wall and the

bottom plate.
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Figure 7. Stress distribution on the tank wall before foundation settlement.

By analyzing the axial and circumferential stresses on both the inner and outer sides
of the tank wall at different heights (results shown in Figure 8), it can be observed that
the axial stresses on both sides exhibit a symmetrical distribution. Stress concentration
occurs at the junction between the tank wall and the bottom plate, which is attributed to
variations in wall thickness, leading to fluctuations in axial stress along the height of the
tank. Under hydraulic pressure, the circumferential stresses on both sides of the tank wall
are relatively similar in magnitude, with the circumferential stress at the large fillet weld
being comparatively lower. By calculating the variation in circumferential stress along the
tank’s height at different liquid levels, as shown in Figure 9, it is evident that the maximum
circumferential stress in the tank wall increases continuously as the liquid level rises.

25 25
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2 20 —e— Outer wall E 20 F —<— Outer wall
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o °
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510 g10f
g g
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2200 -100 0 100 200 -100 0 100 200 300
Axial stress (MPa) Circumferential stress (MPa)
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Figure 8. Relationship between wall stress and the height of the storage tank: (a) Axial stress;
(b) Circumferential stress.
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Figure 9. Variation of circumferential stress along the height at different liquid levels.

3.1.2. Stress Response of Tank Bottom Plates

Under the initial operational loads, radial stress dominates on the tank bottom plate,
while circumferential stresses remain relatively small. The maximum values of both radial
and circumferential stresses are concentrated in the large fillet weld area. The relationship
between radial and circumferential stresses on the tank bottom plate, as they vary along
the radius of the plate, is illustrated in Figure 10. The black curves represent the results
from finite element calculations, while the red curves represent the field-measured values.
Both data sets exhibit generally consistent variation trends and similar maximum values,
indicating that the use of frictional contact to model the interaction between the tank bottom
plate and the foundation is reasonable. This further validates the accuracy of the numerical
simulation model.

140
400 - . o ) R
—=— Finite element calculation N 120 - —«— Finite element calculation /’\\
- . < —e— Measured value /A
300 L Measured value § 100 + /
< 80 ‘
200 S 6ol
s 401
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a5 -20 | \
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Distance from center of tank bottom plate (m)

Distance from center of tank bottom plate (m)

(a) (b)

Figure 10. Stress variation curve in a storage tank bottom plate: (a) Radial stress of outer wall;
(b) Circumferential stress of outer wall.

3.2. Load Setting for the Tank Foundation Settlement

Based on the field settlement inspection and monitoring data, a Fourier series is used
to fit the measured discrete data of the tank foundation settlement into a form composed of
several harmonic components of different orders.
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where i represents the number of measurement points; N is the total number of measure-
ment points; n denotes the number of harmonics; 8 is the circumferential angle of the tank
bottom when unfolded; and u is the uniform settlement amount.

The tank settlement load is divided into a single harmonic settlement and an uneven
foundation settlement. The axial displacement of the outer edge nodes of the foundation
is calculated using the Fourier series expression. The boundary conditions for the tank
under a single harmonic settlement are depicted in Figure 11. The circumferential and
radial deformations of the nodes on the lower surface of the tank foundation are set to
zero. The axial displacement of the outer edge nodes is set according to the settlement
amount, represented by a combination of harmonics or a single harmonic using the Fourier
series. The axial displacement of the central node is defined as the average of the axial
displacements of the outer edge nodes, while the axial displacement of the remaining nodes
varies linearly along the radial direction.

Y

A
o
=
>
=
~
=
-

(b)

Figure 11. Boundary conditions setup for the storage tank under the single harmonic settlement:
(a) The entire model load condition; (b) distribution of settlement load on a tank floor.

3.3. Analysis of Factors Influencing the Mechanical Response of a Storage Tank
3.3.1. Diameter-to-Thickness Ratio

Under the same foundation settlement, changes in the geometric dimensions of the
tank body significantly affect its deformation response. Keeping the outer diameter of
the tank wall constant, the diameter-to-thickness ratio (D/T) is varied by adjusting the
thickness of the tank wall plates, while maintaining the same ratio between the thicknesses
of the various wall layers. This approach references the range of D/T values found in
relevant literature [34]. The specific calculation conditions and parameters are shown in
Table 2. Additionally, the influence of the liquid level on the deformation of the tank body
is analyzed.
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Table 2. Calculation conditions for different diameter-to-thickness ratios.

Operating Harmonic Harmonic Height-to- Diameter-to-
Parameters Amplitude/mm Number Diameter Ratio Thickness Ratio

500, 800, 1200,
1500, 1700, 2000

Liquid Level/m

Value 40 3 0.5 0,9.68,19.76

As shown in Figure 12, when the tank liquid level is 19.76 m, the radial deformation at
the top of the tank wall increases as the D/T increases. At different liquid levels, the radial
deformation at the trough position of the top of the tank wall remains almost unchanged
with increasing D/T, showing only millimetre-scale variations. Figure 13 indicates that
the liquid level has a relatively small impact on the radial deformation of the tank wall.
This suggests that for large tanks in normal service, changes in wall thickness have a minor
influence on the radial deformation of the tank under harmonic settlement.

0.6
) ——D/T=800
—_ o ——D/T=1200
é 0.5 —— D/T=1500
= ——D/T=1700
g 04 L s D/T=2000
i
=
S 03
G
=}
g o02f
E
é 0.1F
3
= 00r
2
<
~ -0.1
-0.2
1 1 1 1 1 1 1 1

500 50 100 150 200 250 300 350 400
A

Figure 12. Relationship between radial deformation of the tank wall and circumferential unfolding
angle under different diameter-to-thickness ratios.
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0.200

0.195

0.190 |

f=
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T

Radial deformation of tank wall (m)

0.180 1 1 1 1 1 1 1
800 1000 1200 1400 1600 1800 2000

Diameter—thickness ratio
Figure 13. Relationship between radial deformation of the tank wall and the diameter-to-thickness
ratio at different liquid levels.

3.3.2. Height-to-Diameter Ratio

The height-to-diameter ratio (H/D) of a tank is defined as the ratio of the tank’s height
to its outer diameter. As the tank’s height increases, the stiffness and stability of the tank
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under foundation settlement undergo significant changes. To investigate the deformation
response of tanks with different aspect ratios under a specific single harmonic settlement,
the outer diameter is fixed at 80 m. By adjusting the tank’s height and referencing the
range of aspect ratios found in the relevant literature [30], the deformation response of the
tank under different aspect ratios is calculated. The specific calculation conditions and
parameters are shown in Table 3.

Table 3. Calculation conditions for different height-to-diameter ratios.

Operating Harmonic Harmonic Height-to- Diameter-to- Liquid Level/m
Parameters Amplitude/mm Number Diameter Ratio Thickness Ratio 1
Value 40 3 0.5,08,1.0,1.5 2200 0,9.68,19.76

As shown in Figures 14 and 15, the radial deformation at the top of the tank wall
increases as the H/D increases. At different liquid levels, the radial deformation at the
top of the tank wall increases approximately linearly with the aspect ratio. This occurs
because, with a fixed tank diameter, as the tank height increases, stability decreases, making
the top of the tank wall more susceptible to deformation. The influence of the liquid
level on radial deformation at the top of the tank wall is relatively small, and from an
engineering perspective, it can be considered negligible. Under the same foundation
settlement, reducing the H/D appropriately can help decrease the deformation at the top
of the tank wall.

0.6

—=—H/D=0.5
—e—H/D=0.8
| —— H/D=1.0
—v—H/D=1.5

0.4

02

0.0 -

Radial deformation of tank wall (m)

_06 1 1 1 1 1 1 1 1
- 50 100 150 200 250 300 350 400

Circumferential expansion angle of tank wall (°)

w
(=]
(=]

Figure 14. Relationship between radial deformation of the tank wall and circumferential unfolding
angle under different height-to-diameter ratios.
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Figure 15. Relationship between radial deformation of the tank wall and the height-to-diameter ratio
at different liquid levels.
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3.3.3. Harmonic Number

The uneven settlement curve of the foundation can be decomposed into several single
harmonic settlements using the Fourier series. Harmonic settlements up to the sixth
harmonic, accurately reflect the true state of uneven foundation settlement. Specifically,
harmonic settlements with N = 0 and N = 1 represent overall uniform settlement and planar
tilt settlement of the tank, respectively. With the harmonic amplitude set at 40 mm, the
deformation response of the tank under different harmonic numbers and liquid levels is
calculated. The specific calculation conditions and parameters are shown in Table 4.

Table 4. Calculation conditions for different harmonic numbers.

Operating Harmonic Harmonic Height-to- Diameter-to- Liquid Level/m
Parameters Amplitude/mm Number Diameter Ratio Thickness Ratio 1
Value 40 2,3,4,5,6 0.5 2200 0,9.68,19.76

As illustrated in Figure 16, for different harmonic numbers, the radial deformation of
the tank wall exhibits a periodic symmetrical distribution around the circumference of the
tank, with the number of periods matching the harmonic number. Figure 17 demonstrates
that at low liquid levels, the maximum radial deformation of the tank wall increases
as the harmonic number increases. At this stage, the tank bottom plate remains fully
in contact with the foundation. As the harmonic number increases, the same vertical
displacement must occur over a smaller circumferential width, leading to progressively
greater deformation of the tank. However, when the tank is full, the deformation of the
tank body first increases and then decreases. This is because the liquid inside the tank
generates significant circumferential stress on the tank wall, which enhances the overall
stiffness of the tank, as illustrated by the contour plot in Figure 18. Consequently, when
the harmonic number exceeds four, the tank bottom plate separates from the foundation.
After this separation, an increase in the harmonic number results in more circumferential
support points for the tank, leading to a reduction in deformation.
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Figure 16. Relationship between radial deformation of the tank wall and circumferential unfolding
angle under different harmonic numbers.
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Figure 17. Relationship between radial deformation of the tank roof and harmonic numbers at
different liquid levels.

Figure 18. Schematic diagram of local separation between the tank bottom and foundation.

3.3.4. Harmonic Amplitude

Based on field test data of uneven tank foundation settlement, it is observed that low-
order harmonic components tend to have relatively large amplitudes, and the amplitudes
of individual harmonic settlements at various orders reflect the actual settlement pattern of
the tank to some extent. Harmonic amplitude has a significant impact on the deformation
response of the tank under a single harmonic settlement. With the harmonic number set
to three, the deformation response of the tank under different harmonic amplitudes and
liquid levels is calculated. The specific calculation conditions and parameters are shown in
Table 5.

Table 5. Calculation conditions for different harmonic amplitudes.

Operating Harmonic Harmonic Height-to- Diameter-to- Liquid Level/m
Parameters Amplitude/mm Number Diameter Ratio Thickness Ratio 1
Value 20, 40, 60, 80, 100 3 0.5 2200 0,9.68,19.76

As shown in Figure 19, the radial deformation at the top of the tank wall increases
as the harmonic amplitude increases. The radial deformation of the tank wall exhibits a
periodic symmetric distribution along the circumference of the tank. Figure 20 illustrates
that, with a harmonic number of three, the radial deformation of the tank wall at the trough
position increases linearly with the rise in harmonic amplitude. This is because, when the
harmonic number is three, there is no separation between the tank bottom plate and the
foundation, causing the tank wall to be more significantly affected by foundation settlement
as the harmonic amplitude increases. Regardless of the harmonic amplitude, the influence
of the liquid level on the radial deformation of the tank wall remains negligible.
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Figure 19. Relationship between radial deformation of the tank wall and its circumferential unfolding
angle under different harmonic amplitudes.
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Figure 20. Relationship between radial deformation of the tank wall and harmonic amplitude at
different liquid levels.

4. Improved Evaluation Method for Storage Tanks Subject to Uneven
Foundation Settlement

4.1. Influence of Foundation on the Nonlinear Response of Storage Tank Structures

As shown in Figure 21, the variation in uneven settlement around the tank perimeter
foundation is obtained from field test data. The radial deformation of the tank wall
is calculated for two numerical simulation models: one considering foundation—tank
interaction and the other neglecting it. As illustrated in Figure 22, the radial deformation
of the tank wall is smaller in the model considering foundation-tank interaction, due to
the separation between the foundation and the bottom plate, compared to the symmetrical
model that does not consider the foundation.

—e— differential settlement

o o o o
— — — )
~ =N 3 S
T T T T

(]

Measured ground settlement (m)

=4

—

35}
T

1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Circumferential expansion angle of the tank (°)

Figure 21. Measured uneven settlement values of tank foundation.
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Figure 22. Variability in model results.

The numerical simulation model for large crude oil storage tanks that considers
foundation—tank interaction exhibits multiple nonlinearities, making it inconsistent with
the principle of superposition. Consequently, the calculation results for single harmonic
settlement cannot be fully applied to the analysis of uneven foundation settlement. To
evaluate the influence of foundation—tank bottom plate interaction on single harmonic
settlement, the difference in radial deformation of the tank wall is analyzed between the
two numerical simulation models—one considering foundation—tank interaction and the
other not—across different harmonic numbers and amplitudes.

4.1.1. Influence of Harmonic Number on the Variability of Mechanical Response Results

With the harmonic amplitude set to 40 mm and the tank liquid level at 19.76 m, the
radial deformation of the tank wall is calculated for two numerical simulation models:
one considering the foundation—tank interaction and the other excluding it, across various
harmonic numbers. Relationship curves showing the differences in the calculation results
between the two models as a function of the circumferential angle along the tank wall are
plotted for different harmonic numbers. As shown in Figure 23, the difference in radial
deformation between the two models increases with the rise in harmonic numbers.

Tank wall radial deformation difference (m)
f=J
f=]
T

50 0 50 100 150 200 250 300 350 400

Circumferential expansion angle of tank wall (° )

Figure 23. Relationship between result differences and circumferential unfolding angle of the tank
wall under different harmonic numbers.

4.1.2. Influence of Harmonic Amplitude on the Variability of Mechanical Response Results

With the harmonic number set to three and the tank liquid level at 19.76 m, the
radial deformation of the tank wall is calculated for two numerical simulation models:
one considering the foundation—tank interaction and the other not considering it, across
different harmonic amplitudes. Relationship curves, showing the differences in calculation
results between the two models as a function of the circumferential angle along the tank
wall, are plotted for various harmonic amplitudes. As shown in Figure 24, the discrepancy
in radial deformation between the models increases as the harmonic amplitude rises.
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Figure 24. Relationship between differences in two numerical simulation results and circumferential
unfolding angle of the tank wall.

4.2. Research on Improvement Evaluation Method for Tank Deformation

To determine the error range within which the influence of the foundation on tank
wall deformation can be considered negligible under specific conditions of uneven ground
settlement, a critical harmonic amplitude is proposed for single-harmonic settlement. When
the harmonic settlement amplitude is less than this critical value, the error in tank wall
deformation caused by foundation influence is considered insignificant. Based on the
principle of superposition of tank deformation, the deformation response of tank walls
under uneven settlement loads from the foundation is analyzed using the computational
results of a single-harmonic settlement. This approach simplifies the process of analyzing
tank deformation responses under settlement loads, reducing computational complexity.

To calculate the Root Mean Square Error (RMSE) between the estimated and true values
of tank wall deformation under settlement from each harmonic component (N = 2 to 6), and
to identify the critical harmonic amplitude for the single-harmonic settlement, the following
specific calculation formulas are applied. The estimated value refers to the tank wall
deformation without considering the foundation influence for a given harmonic settlement,
while the true value represents the tank wall deformation when foundation coupling
is included under the same harmonic settlement. The detailed calculation formulas are
as follows:

N
RMSE = %Z(”i,tme - ui,estimatc)zr 4)
i=1
where N represents the number of test points; u; ;, denotes the true value of the tank
deformation at the i-th test location; and ; ossiqte denotes the estimated value of the tank
deformation at the i-th test location.

As shown in Figure 25, based on the numerical simulation model for the deformation
response of storage tanks under uneven settlement, relationship curves are plotted to illus-
trate how the error values between the approximately estimated radial and circumferential
deformations of the tank and the true deformation values vary with harmonic amplitudes.

The critical harmonic amplitude that satisfies the error requirements for the deforma-
tion of a storage tank wall under a single harmonic settlement is denoted as U_itjc;;- When
each harmonic settlement amplitude from the uneven foundation settlement displacement
curve, derived through Fourier series expansion, is less than its corresponding critical har-
monic amplitude Uj; oiticq1, the deformation of the storage tank wall can be approximately
estimated using the results from a model that excludes foundation effects. The specific
criterion is given by the following formula:

u; < ui,critical 1<i<n, (5)
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where n represents the harmonic number; U; denotes the amplitude of the i-th harmonic;
and U; .iticq1 represents the critical harmonic amplitude for the i-th harmonic.
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Figure 25. Relationship between deformation error of the tank wall and harmonic amplitude under
different harmonic numbers.

When setting the maximum error for the radial deformation Uy of the storage tank wall
due to neglecting foundation effects to 10%, and the maximum error for the circumferential
deformation U, to 1%, the critical harmonic amplitudes that meet these error requirements
for different harmonic numbers are shown in Figure 26.

(%)
=1

Critical amplitude (mm)
[
(=]

—_
=1

I Radial deformation
I Circumferential deformation

40

Harmonic number

Figure 26. Distribution of critical harmonic amplitudes for tank wall deformation within error limits.

5. Conclusions

Based on the numerical simulation model of large crude oil storage tanks, this study
quantitatively analyzes the influence of the tank wall’s D/T, H/D, harmonic number, and
harmonic amplitude on the radial deformation and axial stress of the tank wall. The
following conclusions are drawn:
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(1) By considering the coupling between foundation settlement and tank stress response
under real service conditions, a mechanical simulation model for deformation analysis
of large storage tanks subjected to uneven foundation settlement is established. The
axial stress distribution in the tank wall, induced by hydraulic pressure and gravity,
is calculated. The accuracy of the numerical simulation model is verified through a
comparative analysis with field test data.

(2) The radial deformation at the top of the tank wall is relatively less affected by the
D/T and liquid level. It increases approximately linearly with the H/D and harmonic
amplitude. Under low liquid level conditions, the radial deformation at the top of the
tank wall increases with the harmonic number. Under high liquid level conditions, the
radial deformation initially increases with harmonic number, but once the harmonic
number reaches a point where the bottom plate separates from the foundation, the
radial deformation decreases with further increases in harmonic number.

(3) The differences in the calculation results between tank numerical models that in-
clude or exclude foundation effects are analyzed, leading to an improved method
for evaluating tank deformation. By quantitatively analyzing the influence of the
harmonic number and amplitude on the mechanical response differences in the tank
wall, this study provides estimates of the deformation errors resulting from neglecting
foundation effects for harmonic numbers ranging from two to six and varying har-
monic amplitudes for 100,000 m? large storage tanks. Additionally, the critical range
of harmonic amplitudes that meet specific accuracy requirements for these errors
is given.

(4) This article only studied the mechanical response analysis of a 100,000 m? storage
tank under foundation settlement, and further research can be conducted on the engi-
neering application of different types of small crude oil storage tanks and improved
evaluation methods.
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