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A B S T R A C T

Hazardous chemical horizontal tanks are widely used owing to their reliable storage capacity. To guarantee the 
safety and concealment of horizontal tanks, overburden is used to achieve effective isolation from adjacent heat 
sources, explosive shock waves or other unexpected damage. However, due to the large diameter of the mounded 
horizontal tanks, the earth pressure caused by different slope angles has a significant impact on the safety and 
stability of the tanks, and the earth pressure distribution and loads are different from the existing theoretical 
calculations, limitations of the earth pressure calculation method exist. In this paper, the “cat-ear” model and the 
“parabolic” model were established on the basis of Marston’s theory, considering the factors of large diameter 
and different slopes. The model calculation results were compared and verified with the finite element results, 
and the parameter sensitivity analysis was carried out. The model can cover a variety of overburden heights and 
tank diameters in the case of earth pressure calculation, with high calculation accuracy and applicability, and can 
provide a reference for the structural design of overburden storage tanks and the formulation of specifications.

1. Introduction

Safety accidents caused by hazardous chemicals have occurred 
frequently and seriously in China [1]. Due to the characteristics of high 
pressure resistance, strong sealing and low cost, horizontal tanks are 
commonly used to store petrochemical fuels [2]. To meet the large 
number of storage needs and site constraints, storage tanks are usually 
centralized construction to form a large storage tank cluster, and haz
ardous chemicals have obvious heat-sensitive properties, once the 
rupture of its storage equipment is very easy to trigger a chain of ex
plosions in the tank area. Therefore, the mound storage horizontal tanks 
can be used to prevent and reduce the occurrence of such accidents by 
covering the surface of the horizontal tanks with soil to form a protective 
layer. In addition, the mound storage horizontal tanks have the advan
tages of beautifying the environment, reducing the footprint, narrowing 
the distance with the surrounding adjacent facilities, and camouflaging 
the surrounding area for safety [3,4], thus attracting attention in China. 
The mounded storage horizontal tanks need to account the complex 
tank-soil interaction on the stability, the most important of which is the 
earth pressure generated by the soil covered tank instability, so the 
calculation of earth pressure on the top of the tank at different slope 

angles is the basis for the structural design of mounded storage tanks.
The load calculations of mounded storage horizontal tanks are often 

based on the EEMUA 190 [5] international guidelines, but there is no 
research report on the reliability of this method in China. Considering 
that the mounded storage horizontal tanks and buried pipeline to have 
the same cylindrical structure, the research method and theory of the 
buried pipeline earth pressure are adopted as the research basis in this 
paper. The earth pressure theory was firstly proposed by Marston and 
Anderson [6], and then modified by Spangler [7] (as documented in 
American Water Works Association). This theory assumes that the ver
tical and horizontal deformation of the pipe are equal, the earth pressure 
at the top and bottom of the pipe is simplified to be uniformly distrib
uted, and the earth pressure at the side of the pipe is simplified to be 
parabolically distributed. However, the test proved that the earth pres
sure on the top of the pipe was not uniformly distributed, and the earth 
pressure in radial and tangential directions was approximately parabolic 
distribution [8], vertical earth pressure at the top of the pipe at low 
burial depth is mainly concentrated at the center of the pipe top, and 
becomes more and more obvious with the increase of the overburden 
height [9], while the vertical earth pressure at the top of the pipe at high 
burial depth is distributed in a “concave” shape [10,11]. And Zhou et al. 
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[12,13] carried out numerical simulation studies on buried steel pipe, 
and obtained that the vertical and horizontal earth pressure around the 
pipe was roughly parabolic distribution. Yu et al. [14] obtained the 
vertical earth pressure distribution law of large-diameter pipe through 
finite element results, and proposed that there is a soil “chest” load 
around the large-diameter pipeline, and the large diameter of the 
pipeline will lead to a change in the distribution of storage tanks. Wang 
[15] proposed that the pipeline stress distribution is highly dependent 
on the distance of the buried pipeline from the slope and the resultant 
pipe-soil interaction. Comparing the earth pressure study of buried 
pipelines [16], the effect of earth arch effect on tank earth pressure; the 
effect of large diameter on tank load distribution and the effect of slope 
angle on tank earth pressure and load distribution were not considered 
in the load calculation of the existing mounded storage horizontal tanks. 
Therefore, it is necessary to carry out research on the calculation of earth 
pressure at the top of tanks with different slope angles.

In summary, the existing earth pressure theory is unreasonable in 
terms of earth arch effect, large diameter and slope angle, leading to 
unreliable earth pressure calculation model and unreasonable tank 
design, which in turn increases the risk of tank damage and instability. 
Therefore, this paper establishes the “cat-ear” model and the “parabolic” 
model on the basis of Marston theory, and discusses the influence of 
overburden height and tank diameter on this model. The model can be 
well suited for the calculation of earth pressure of large-diameter 
mounded storage horizontal tanks under different slope angles, which 
can provide important theoretical basis and technical support for the 
mounded storage horizontal tanks earth pressure calculation. The re
sults of this study can ensure the safe and stable operation of deep un
derground energy storage projects.

2. Mounded storage horizontal tanks earth pressure model

2.1. Mounded storage horizontal tanks earth pressure model with angle 
= 90◦

The site tank project is oversized which will make monitoring 
inconvenient once construction is complete. Therefore, the earth pres
sure distribution on top of the tanks was analyzed using the numerical 
simulation results (Appendix A), which informed that the form of the 
earth pressure distribution was approximated as a cat-ear, and a new 
type of earth pressure calculation model was proposed based on this 
shape –the “cat-ear” model (Fig. 1).

The model adopts the shape of “horizontal line + parabola” to 
describe the earth pressure distribution of the mounded storage hori
zontal tanks: it is assumed that the vertical earth pressure is a certain 
value in the range from θ= 0◦ to θ= 30◦, and a parabolic distribution in 
the range from 30◦ to 90◦, and the vertical earth pressure is 0 at θ= 90◦; 

it is assumed that the lateral earth pressure as conforms to a parabolic 
distribution, the maximum value in the middle of the tank at θ = 90◦ and 
the minimum values at the top of the tank at θ = 0◦ and the bottom of the 
tank at θ = 180◦.

The right half of the model is used as an example to calculate pres
sure distribution since the earth pressure distribution in the “cat-ear” 
model is symmetrical about the vertical axis of the tank center (Fig. 2).

Let the vertical earth pressure equation q(x) is y1 = a1x2
1 + b1x1 + c1, 

in the x1–y1 coordinate system, when 0 ≤ x1 ≤ R/2, y1 = σ；when 
R/2 < x1 ≤ R, substituting the boundary conditions can be obtained: 

x1 =
R
2

(1) 

x1 = R, y1 = 0 (2) 

∫ R
2

0
σdx1 +

∫ R

R
2

(
a1x2

1 + b1x1 + c1
)
dx1 =

1
2

W (3) 

According to Marston theory, W is the vertical earth load per unit 
length of the tank cylinder structure and the calculation is given by the 
following equation: 

W = ξ Cc γ D2 (4) 

Cc = 1.4
H0

D
(5) 

ξ =
E
Ed

(δ
R

)3
(6) 

where Cc is the loading coefficient; ξ is the relative stiffness coefficient of 
the soil and the tank; γ is the heaviness of the soil; E is the elastic 
modulus of the tank; Ed is the elastic modulus of the soil; δ is the 
thickness of the tank wall; R is the radius of the tank.

Substitute into Eq. (3), get: 

a1 =
36σ − 67.2ξγH0

R2 , b1 =
100.8ξγH0 − 56σ

R
, c1 = 20σ − 33.6ξγH0 

Thus the equation of the parabolic segment of vertical earth pressure 
is: 

y1 =
36σ − 67.2ξγH0

R2 x2
1 +

100.8ξγH0 − 56σ
R

x1 +20σ − 33.6ξγH0 (7) 

Let the lateral earth pressure equation q(h)is y2 = a2x2
2 + c2, in the 

x2–y2 coordinate system, when − R ≤ x2 ≤ 0, substituting the boundary 
conditions can be obtained: 

x2 = 0, y2 = σh (8) 

Fig. 1. “Cat-ear” earth pressure model. Fig. 2. Model calculation diagram.
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x2 = − R, y2 = 0 (9) 

get: a2 = − σh
R2, c2 = σh.

The resulting parabolic equation for lateral earth pressure is: 

y2 = −
σh

R2x2
2 + σh (10) 

Marston’s theory [6] suggests that the soil above a cylindrical 
structure will form a soil column and will slip at the boundary with the 
adjacent soil, and that the width of the slipped soil column equals to the 
diameter of the structure. However, there are EEMUA 190 [5] interna
tional guidelines and a large number of scholars [17,18] who have found 
that the soil columns borne above the tanks are considered to be inverted 
conical with a slip surface that has a slip angle with the horizontal 
ground. Based on this, this section will derive the calculation method of 
soil load applicable to mounded storage tanks. The calculation model is 
shown in Fig. 3, in which the outer diameter of the storage tank is D, the 
radius is R, and the overburden height is H0.

The force state of the soil unit inside the upper part of the storage 
tank is given in the figure at the same time, with the self-weight of the 
soil unit W1, the height of the upper part of the unit from the surface of 
the soil layer as h. V and V+dV are the vertical forces at the top and the 
bottom of the soil unit, respectively, and N and S are the normal force 
and the shear force.

The weight of the soil unit is calculated as follows: 

W1 = γ
(

D+
2(H + R0 − h)

tan β

)

dh (11) 

Considering the equilibrium of the soil unit in the vertical direction, 
the following equations can be obtained: 

W1 = dV + 2N cos β+ 2S sin β (12) 

S is the sliding friction between the soil unit and the neighboring soil 
column; N is the lateral pressure of the neighboring soil column, which 
can be expressed as follows: 

N = σn
dh

sin β
(13) 

S = σn
dh

sin β
tan ϕ (14) 

where σn is the normal stress at the interface between the soil unit and 
the adjacent soil column; ϕ is internal friction angle.

The vertical force V is shown below: 

V = σv

(

D+
2(H + R − h)

tan β

)

(15) 

The vertical force increment dV is expressed below: 

dV =

(

D+
2(H0 + R − h)

tan β

)

dσv −
2σv

tan β
dh (16) 

Joint Eqs. (11–14) and (16) yield the following equation: 

γ =
dσv

dh
+

2λ
D tan β + 2(H + R − h)

σv (17) 

where the parameter λ is: 

λ = I(tan β tan ϕ+1) − 1 (18) 

I is defined as the effect coefficient: 

I =
σn

σv
(19) 

According to Marston theory, I is equal to the Rankine active earth 
pressure coefficient: 

I = tan2
(

45 −
ϕ
2

)

(20) 

Solve Eq. (17) and consider the boundary condition, get: 

σv =
γL

2(λ − 1)

(

1 −
2h
L

)[

1 −

(

1 −
2h
L

)λ− 1
]

(21) 

where the parameter L is: 

L = D tan β+2(H0 +R) (22) 

Fig. 3. “Marston inverted cone load” calculation model diagram.

Fig. 4. Load calculation diagram of “inverted cone + tank cavity”.

Fig. 5. Parabolic earth pressure model.
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σv can be obtained from the top of the tank above the vertical load 
generated by the soil. However, due to the large diameter of the tank, an 
annular layer of cavity soil is distributed around the outer perimeter of 
the tank, and its “tank cavity” load contribution must be considered 
(Fig. 4). Assuming that the tank cavity soil is completely acting on the 
tank, the formula is: 

σm = γ
(

7D2

12
−

1
2

π D2

4

)/

D = 0.1906γD (23) 

Due to the slippage between the soil and the tank and the position of 
the center of gravity of the soil, the soil pressure generated by the tank 
cavity load is not uniformly distributed, the maximum degree of action 
near the ends of the tank, near the top center of the tank when the role of 
the extent of the weakening. Therefore, for the characteristics of the 
tank’s large diameter, the proposed “inverted cone + tank cavity” 
loading calculation method, the calculation formula is as follows: 

σ =

{
σv + 0.1906γD sin θ (D > H)

σv (D ≤ H)
(24) 

When calculating the lateral earth pressure, σh is related to the 
“inverted cone + tank cavity” load: 

σh = K0 σ (25) 

2.2. Mounded storage tanks earth pressure model on with angle = 0–90◦

The earth pressure distribution on top of the tanks was analyzed 
using the numerical simulation results (Appendix B), which informed 
that the form of the earth pressure distribution was approximated as a 
“parabolic”, and a new type of earth pressure calculation model was 
proposed based on this shape –the “parabolic” model (Fig. 5).

The model will be the upper part of the tank earth pressure is set to 
the vertical axis of the tank center as the axis of symmetry, from the top 
of the mid-point to the ends of the range of the quadratic parabolic 
distribution, the center of the tank for a certain value of σb, in the tank at 
the end of the horizontal diameter of both ends of the value of 0.

Let the equation of vertical earth pressure is y3 = a3x3
2 + b3x3 + c3, 

in the x3–y3 coordinate system, when 0 ≤x3≤R, substituting the 
boundary conditions gives: 

x3 = 0, y3 = σb (26) 

x3 = R, y3 = 0 (27) 

∫ R

0
a3x2

3 + b3x3 + c3 =
1
2

W (28) 

Associatively Eqs. (26− 28), get: 

a3 =
3(σb − 2.8γH0)

R2 , b3 =
4(2.1γH0 − σb)

R
, c3 = σb.

Thus the equation for the vertical earth pressure on the side of the 
slope of mounded storage tanks is: 

y3 =
3(σb − 2.8γH0)

R2 x2
3 +

4(2.1γH0 − σb)

R
x3 + σb (29) 

The top of the slope will lose a part of the soil, and the load generated 
by this lost part of the soil is defined as the side slope reduction load. 
Combining with the conclusion of the EEMUA 190 international 
guideline, and considering the existence of a large volume of thoracic 
soil in the cavity of the large-diameter tanks, we proposed the soil load 
calculation model applicable to the side of the side slope of the mounded 
storage tanks (Fig. 6), in which the radius is R, and the overburden 
height is H0, the distance between the tanks and the distance between 
the tank and the start of the slope is L1, the length of the slope reduction 
load is L2, and the slope gradient is i. The relative positions of the 
Marston inverted cone load σv, the breastwork load σm, and the slope 

reduction load σi are also given in the figure.
As shown in Fig. 6, the distance L1 between the center of the tank and 

the slope, and the length of the bottom edge L2 of the slope to cut the 
triangular load are related to the overburden height H0 and the radius R: 

L1 + L2 =
1
3

H+R =
1
3
(H0 +R)+R (30) 

If L2 > 0, then i = 0 − 90◦.
Let the angle between the slope cut triangular load and the slope face 

of the slope be α. According to the law of triangles, the value of α is: 

α = 180◦ − 71.6◦ − i = 108.4◦ − i (31) 

The value of the slope-cutting triangle load is related to the area of 
the triangle and is calculated as shown in Eq. (32): 

σi = γ
(

2 ×

(
L2

2 sin α

)2

sin α sin β sin i
)/

R (32) 

From Marston theory, the lateral cutback load on the slope is given 
by: 

σb = σv +
1
2

σm − σi (33) 

3. Model validation and parameter sensitivity analysis

3.1. Model validation

To validate the applicability of the proposed “cat-ear” and “para
bolic” earth pressure models, the total pressure is obtained by synthe
sizing the vertical and lateral earth pressures, and the results of the “cat- 
ear” and “parabolic” models are compared with the results of the finite 
element analysis in terms of the overburden height and the diameter of 
the tank.

The results of the comparison between the “cat-ear” model and the 
finite element are shown in Fig. 7. It can be seen that the overall fit of the 
model to the finite element results reaches a maximum at the tank 
diameter of 5 m and the overburden height of 2 m. With the increase of 
the overburden height, the growth of earth pressure in the middle region 
of the model is gentle, and the influence of the tank cavity load is 
reduced. Tables 1 and 2 demonstrate the maximum and average earth 
pressure results, respectively. In terms of maximum earth pressure, 
calculations from the “cat-ear” model are 0.99–1.16 times those ob
tained from finite element analysis; in terms of average earth pressure, 
they are 1.03–1.09 times. Fig. 8 shows the corresponding comparison 
between the “parabolic” model and finite element analysis. It can be 
seen that with the increase of the overburden height, the location of the 

Fig. 6. Marston inverted cone + thoracic discounted load calculation 
model diagram.
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maximum earth pressure obtained tends to overlap. The values of earth 
pressure at the two ends of the horizontal diameter of the tank have a 
certain degree of disparity due to the increase in lateral pressure on the 
tank. This makes the earth pressure in the rising section of the “para
bolic” model less than the finite element results, and the fit is better in 
the falling section of the parabola. The maximum and average earth 
pressure results are shown in Tables 1 and 2. In terms of maximum 
value, the “parabolic” model produces results 0.95–1.22 times the finite 
element results; in terms of average earth pressure, it produces results 
0.84–1.11 times. In general, the “cat-ear” and “parabolic” earth pressure 
distribution models fit well with the finite element results and can 
basically cover the earth pressure calculations for tanks with low over
burden heights, high overburden heights and various diameters.

3.2. Sensitivity analysis

The earth pressure on the covered cylinder structure at the slope 
position is mainly related to the height of the covered soil, the slope, and 
the distance between the structure and the slope. Therefore, selects the 
above factors for sensitivity analysis. Taking the tank diameter D= 5 m, 
overburden height H= 2 m as the research object, the distribution of 
earth pressure on the top of the mounded storage tank with different 
slope angles i was analyzed and sensitivity analysis was carried out by 
changing D (5, 6, 7, 8 m) and H (0.5, 2, 4 m; 0.5, 1, 2, 3 m).

The distribution of earth pressure under each parameter is shown in 
Fig. 9. From Fig. 9a-b, the earth pressure of tanks with angle = 90◦ is 
distributed in a “concave” shape. The earth pressure on the top of the 

Fig. 7. Comparison of earth pressure for various tank diameters and overburden heights with angle = 90◦.

Table 1 
Comparison of maximum earth pressures for “cat-ear” and “parabolic” models 
with finite element results.

Typology Overburden 
heights (m)

Comparison of maximum earth pressure

Diameter 
5 m

Diameter 
6 m

Diameter 
7 m

Diameter 
8 m

“Cat-ear” 
model/ 
finite 
element 
results

0.5 1.05 1.10 1.13 1.16
2.0 1.01 1.08 1.11 1.12
4.0 0.99 1.05 1.09 1.09

“Parabolic” 
model/ 
finite 
element 
results

0.5 0.95 1.07 1.17 1.22
1.0 1.07 1.09 1.13 1.16
2.0 1.16 1.12 1.09 1.05
3.0 1.22 1.15 1.04 0.97

Table 2 
Comparison of average earth pressures for “cat-ear” and “parabolic” models with 
finite element results.

Typology Overburden 
heights (m)

Comparison of average earth pressure

Diameter 
5 m

Diameter 
6 m

Diameter 
7 m

Diameter 
8 m

“Cat-ear” 
model/ 
finite 
element 
results

0.5 1.04 1.06 1.04 1.08
2.0 1.03 1.08 1.07 1.03
4.0 1.04 1.09 1.04 1.03

“Parabolic” 
model/ 
finite 
element 
results

0.5 0.97 1.02 1.07 1.11
1.0 0.94 0.97 1.02 1.05
2.0 0.90 0.93 0.95 0.97
3.0 0.84 0.87 0.90 0.92
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Fig. 8. Comparison of earth pressure for various tank diameters and overburden heights with angle = 45◦.

Fig. 9. Parameter sensitivity analysis.
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tanks grows slowly in the center area (θ =0◦–30◦), and then it starts to 
increase dramatically in the range of 30◦–60◦, with the maximum value 
appearing at the position of θ about 60◦, followed by a gradual decrease. 
With the increase of overburden height, the overall earth pressure is 
upward trend, the maximum value reaches 130 kPa at a height of 4 m; 
with the increase of the tank diameter, the location of the maximum soil 
pressure value of the tank is gradually converging to the center of the 
tank, and the minimum earth pressure of the tank and the difference 
between the earth pressure value of the two ends of the tank increases, 
which is due to the fact that the bigger the diameter of the tank body, the 
larger the area of tank body contact with the soil, increasing the tank 
cavity load and the lateral pressure at the ends of the tank. Meanwhile, 
the larger the diameter of the tank, the greater the maximum difference 
in earth pressure values. As can be seen from Fig. 9c-d, the earth pressure 
of tanks with angle = 45◦ has an overall “parabolic” distribution. After 
increasing the height, the earth pressure of the tank on the side of the 
slope increases, but the growth rate is smaller than that of the non-slope 
side. The earth pressure of the tank on the side of the slope is reduced by 
the increase in tank diameter. This is due to the presence of a cavity load 
at the top of the tank on the side of the slope, where the earth pressure is 
less than the earth pressure on the non-slope side of the tank. An increase 
in tank diameter results in the tank being closer to the side of the slope, 
the tank cavity load decreases, and the tank earth pressure decreases.

4. Conclusions

With the continuous expansion of deep resource exploitation and 
underground space utilization, deep underground energy storage engi
neering, underground petroleum reserve engineering, and concealed 
hazardous chemical storage engineering have imposed higher demands 
on the safe design of covered structures. Large-diameter mounded hor
izontal tanks are an important structural form in such engineering sys
tems, and their earth pressure distribution is jointly affected by cover 
depth, tank diameter, and slope angle, showing significant large-diam
eter and slope effects. Therefore, the investigation of earth pressure 
calculation methods for large-diameter mounded tanks under different 
slope angles is of considerable engineering significance. Based on this, 
the main conclusions of this study are as follows: 

(1) A new type of earth pressure model comprising “cat-ear” model 
and “parabolic” model is proposed for mounded storage tanks 
with a diameter of not less than 5 m and an overburden height of 
more than 0.5 m. The load is calculated using the method of 
“inverted cone + tank cavity”.

(2) A parameter sensitivity analysis was performed for the model 
with tank diameter and overburden height. It was shown that the 
addition of overburden height increases the earth pressure, which 
increases slowly for slopes i = 0–90◦ compared to i = 90◦; the 
increase in tank diameter increases the earth pressure at i = 90◦

but the opposite is true at i = 0–90◦.
(3) In comparison with the finite element results in the appendix, the 

“cat-ear” model gives results 0.99–1.16 times the finite element 
results, and the “parabolic” model 0.95–1.22 times. The earth 

pressure distribution and size of the model can cover a variety of 
overburden height and tank diameter, with high calculation ac
curacy and good applicability, which can provide reference for 
the structural design of mounded storage tanks and the formu
lation of specifications.
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When conducting finite element calculations, the following as
sumptions exist:

(1) The influence of the redistribution of stress around the storage 
tank due to the change of the original equilibrium stress field 
caused by the compaction of backfill soil and the existence of the 
tank structure is ignored. The tank model is a regular cylindrical 
structure with end caps, and the influence of auxiliary structures 
such as the bottom channel is ignored.

(2) The upper part of the soil model is a free boundary and no 
additional loads are applied. Since the initial stress balance has 
been set, the effect of soil pressure on the storage tank after soil 
compaction is achieved by directly applying gravity loads during 
the simulation.

(3) Normal displacement constraints are applied to the left and right 
as well as the front and rear end faces of the soil model to simulate 
the normal displacement restrictions on the soil by adjacent soil.

Appendix A

Finite element calculation of earth pressure storage tanks with angle = 90◦

Tank-overburden ABAQUS finite element calculation model is shown in Fig. A.1. A three-dimensional model is adopted for the calculation. As the 
overburden tank structure is symmetric in the front and back direction, this paper uses 1/2 model symmetry analysis. Tank size and L/D ratio in 
accordance with EEMUA 190 international guidelines to determine the height of the overburden height H0, tank diameter D, length 8D, tank bottom 
from the bottom of the soil 0.5D, wall thickness of 50 mm, the head for the hemisphere, the soil model for the length of 5D, the width of 3D, the model 
of the bottom of the fixed constraints, front and rear and left and right end face of the displacement constraints along the normal direction, the top 
surface is free, fixed boundaries within 120◦ of the lower half of the tank to simulate the support of a sand bed. The tank is simulated by a curved four- 
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node thin-shell unit S4R, and the soil is simulated by a three-dimensional eight-node solid unit C3D8R. The modulus of elasticity of the tank material is 
206 GPa, Poisson's ratio is 0.28, density is 7850 kg/m3, and the plasticity parameters are modeled by triple folding line. The soil samples were taken 
from the in-situ soil at the construction site of a large domestic hazardous chemical mounded storage tank, whose composition is close to that of 
powdery clay. The initial parameters used in the model are shown in Table A.1.

In this paper, the classical M-C model is used for the finite element soil constitutive model. Considering the interaction between the storage tank 
and surrounding soil, surface-to-surface contact pairs are established between the tank outer wall and soil mass in the finite element model. The tank 
wall with higher stiffness is defined as the master surface, while the soil with lower stiffness is set as the slave surface. The Coulomb friction model is 
adopted to characterize the interfacial mechanical behavior of contact pairs. Finite sliding is selected as the contact slip formulation, and the penalty 
friction algorithm is utilized with a friction coefficient of 0.25. Gravity loads are applied directly to reproduce the earth pressure effect generated by 
compacted soil on the storage tank.

Fig. A.1. Finite element model.

Table A.1 
Material parameters of soil and storage tank.

Parameters Numerical value Parameters Numerical value

Tank Initial yield stress 345 MPa Soil density 1800 kg/m3

Tank Initial plastic strain ε0 0 Cohesion 15 kPa
Tank First yield stress σ1 439 MPa Internal friction angle 30◦

Tank First plastic strain ε1 0.0474 Soil deformation modulus 10 MPa
Tank Second yield stress σ2 582 MPa Soil poisson’s ratio 0.35
Tank Second plastic strain ε2 0.1377 Soil shear angle 0
Tank third yield stress σ3 625 MPa Tank third plastic strain ε3 0.18

Taking the mounded storage tanks with diameters D of 5, 6, 7 and 8 m as the research objects, the effects of overburden height and tank diameter 
on earth pressure are analyzed in depth. The finite element model interface is selected as the research section, and the earth pressure can be obtained 
from the contact pressure between the soil body and the tank wall obtained by finite element calculation. The overburden height H0 is taken as 0.5, 1, 
2, 3, 4 and 5 m.

Fig. A.2 illustrates the distribution of vertical earth pressure under tanks with various diameters and different overburden depths. It can be 
observed that the earth pressure on the crown of tanks with four different diameters exhibits an approximately concave distribution under various 
overburden depths. The minimum earth pressure occurs directly above the tank central apex rather than at the two ends along the horizontal diameter 
of the tank (hereinafter referred to as the tank ends). With the rise in overburden depth, the concave characteristic of earth pressure distribution at the 
tank center becomes more prominent, and the distribution curve gradually tends to be M-shaped. The earth pressure within the circumferential range 
of 30◦–90◦ presents an evident parabolic distribution. In addition, as the tank diameter increases, the position corresponding to the maximum earth 
pressure gradually shifts toward the tank center. Meanwhile, the difference between the minimum earth pressure at the tank crown and the earth 
pressure at the tank ends enlarges. This phenomenon can be attributed to the fact that a larger tank diameter leads to a larger contact area between the 
tank and surrounding soil, which further increases the load induced by the tank cavity. Consequently, the lateral earth pressure at the tank ends 
becomes higher. Furthermore, the disparity in the maximum earth pressure value grows with increasing tank diameter.  
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Fig. A.2. Earth pressure distribution for different diameters D and overburden heights H0.

Appendix B

Finite element calculation of earth pressure storage tanks with angle = 0–90◦

The tank-overburden-slope ABAQUS finite element calculation model is shown in Fig. B.1, and the 3D model is selected for the calculation and 
analyzed symmetrically using 1/2 model. Where Fig. B.1a represents the soil body of the slope, Fig. B.1b is the top view of the soil body at the position 
of the tank head, Fig. B.1c is the front view of the soil body, and Fig. B.1d is mounded storage tanks, and the relative position of the soil body is shown 
in the figure.

Fig. B.1. Finite element model.
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The slope and the top surface of the soil body are set as free boundaries, the bottom surface of the soil body is a fixed constraint, and the right side 
surface is set as a normal constraint. The specific dimensions of the model are shown in Fig. B.1. The parameters of soil and tank are consistent with 
Appendix A.

The storage tanks with diameters of 5, 6, 7 and 8 m were selected as the objects of study, and the overburden height H0 was set to 0.5, 1, 2 and 3 m. 
An in-depth analysis was conducted on the effects of overburden height and tank diameter on earth pressure.

Fig. B.2 presents the earth pressure distributions for tanks under different overburden heights and diameters. It can be observed that the magnitude 
and distribution pattern of earth pressure on the non-slope side (i.e., the right side of the tank in the simulation) are basically consistent with the results 
presented in Appendix A. This demonstrates that the influence of the slope on the non-slope side of the tank is extremely small and can be neglected. 
However, the earth pressure on the slope side (i.e., the left side of the tank in the simulation) changes significantly under the effect of the slope.

When the overburden height H0 = 0.5 m, the earth pressure on the slope side follows a parabolic distribution. Compared with the non-slope side, 
the region of parabolic earth pressure distribution on the slope side is closer to the centre of the tank top, as reflected by the position of the maximum 
earth pressure. As the tank diameter increases, the location of the maximum earth pressure on the slope side shifts toward the tank centre. This is 
attributed to the varying distance between the tank centre and the slope: a larger tank diameter corresponds to a thinner overlying soil layer on the 
slope side, which generates lower soil pressure. On the other hand, the non-slope side is subjected to full earth pressure. As the tank diameter increases, 
the contact area between the tank and soil expands, leading to higher earth pressure. With rising overburden height, the earth pressure on the slope 
side generally increases, but its growth rate is lower than that on the non-slope side.

Fig. B.2. Distribution of earth pressure in tanks with different overburden heights and tank diameters.

The maximum and average earth pressures on the slope side of the storage tank were compared to the non-slope side, as shown in Fig. B.3. 
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Fig. B.3. Comparison of earth pressure on the slope side and non-slope side of tanks with different overburden heights.

From Fig. B.3, it can be seen that the larger the diameter of the tank, the more uniform the distribution of earth pressure on the slope side compared 
to the non-slope side, and the reduction of the maximum and average values of earth pressure is more conducive to the force stability of the tank. After 
increasing the overburden height, the earth pressure on the slope side of the tank increases, but the growth is smaller than the non-slope side. In 
summary, the increase in the overburden height will increase the earth pressure on the slope side of the tank, while the increase in the tank diameter 
will reduce the earth pressure on the slope side.

Data availability statement

The data that has been used is confidential.
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