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Mounded storage tank is to cover the storage tank with compacted soil on the ground to avoid steam cloud explosion, ensuring the
stability and safety of the storage tank. In view of the influence of large diameter and surface radian of the tank, slope stability of
mounded storage tank under different compaction coefficients has become the focus of research. In this paper, a series of
laboratory tests were carried out to obtain the physical and mechanical parameters of the soil samples collected from the
overburden of one specific engineering project. On this basis, Plaxis2D finite element software was used to establish a numerical
model of the horizontal tank with a diameter of 7.6 m and a length of 76 m and the mounded slope with a height of 16.25 m as the
research object. The effects of different compaction coefficients, slope angles, and overburden thicknesses on the slope stability of
the mounded storage tank are investigated. Results indicate that the slope stability coefficients increase with the increase of
compaction coefficient but decrease with the increase of slope angle and overburden thickness. Under the condition of the
compaction coefficient 0.75-0.95, slope angle 30°-60°, and overburden thickness 0.5-1.3 m, the sensitivity ranking on the slope
stability of mounded storage tank is: compaction coefficient, slope angle, and overburden thickness. The analysis results can
provide an important theoretical basis and technical support for the safety and stability evaluation of mounded horizontal tank

project.

1. Introduction

Hazardous chemical storage tanks are often used to store
flammable and explosive, toxic, and highly corrosive gases
or liquids, which are prone to fire, explosion, and other
major hazardous accidents, causing environmental pollution
and casualties. Therefore, it is very important to ensure the
safety and stability of hazardous chemical storage tanks.
Mounded storage tank is a new type of protection technology
for hazardous chemicals facilities conforming to the concept
of green environmental protection, energy conservation, and
carbon reduction in current chemical industries. It uses com-
pacted soil to cover the tank on the ground (Figure 1), form-
ing a protective layer around the tank to avoid steam cloud
explosions and protect the tank from damage by other dan-
gerous sources such as nearby heat sources, explosion shock

waves, and splashing objects, essentially playing the role of
safety protection for the storage tanks [1-3]. Given the
importance of hazardous chemicals storage tanks to people’s
safety, slope stability of mounded storage tank is the focus of
tank research. However, China’s mounded storage tank tech-
nology is still in its infancy, and there is no relevant specifi-
cation standard. Therefore, a study on the slope stability of
mounded storage tank was carried out in this paper.

The technology of mounded storage tank originated in
Germany and has been widely used in France, Japan, Taiwan,
China, South Africa, India, and other countries [4], but it is
still in its infancy in China. Jing-bo [5] analyzed that mounded
storage tank can improve storage safety, reduce construction
cost, save floor area, and reduce safety distance with sur-
rounding adjacent facilities when compared to above-ground
spherical tank; Mishael and Shenoi [6], Kumar and Kumar
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FiGure 1: Mounded storage tank: (a) entity side view; (b) entity top view; and (c) construction profile.

[7], Yogesh and Lakshmi [8], and Guo-qiang and Jin-xiang
[9] used finite element technology to simulate the stress anal-
ysis under design conditions, seismic conditions, and hydro-
static test conditions based on the EEMUA 190 international
guide [3]. The EEMUA 190 international guide states a mini-
mum compaction coefficient of 0.95 and a minimum over-
burden thickness of 0.5m. The slope stability of mounded
storage tank is the key for ensuring the intrinsic safety of
the tank. At present, most existing domestic research refers
to the stability analysis method of homogeneous soil to study
the mounded storage tank. Lichun et al. [10] analyzed the
slope stability under different slope angles and slope forms;
Peng et al. [11] compared the influence of soil elastic modulus
and internal friction angle on the sliding and cracking law of
mounded tank slope; Yuan et al. [12, 13] proposed that poly-
mer SH and glass fibers can increase the impact resistance of
soil, alkaline solution, and fibers to enhance the increase in
soil compression; Bai et al. [14] developed a granular thermo-
dynamic compression theory in view of the soil particle rear-
rangement; Linwan et al. [15] combined macro-, fine-, and
microscopic studies of compacted loess and found that an
increase in the compaction of filler can improve the strength
of the soil; Ze-ying [ 16] proposed an empirical formula for the
calculation of slope stability coefficient and investigated the
influence of internal friction angle, cohesion, soil weight, slope
height, and slope angle on slope stability coefficient. Existing
research mainly focused on the design and finite element
simulation of storage tanks under operation conditions. Few
studies have been reported on the slope stability of mounded
storage tanks under different compaction coefficients.

In this paper, based on laboratory tests, Plaxis2D soft-
ware is applied to simulate the slope stability of mounded
storage tanks under different compaction coefficients, slope

angles, and overburden thicknesses to provide a significant
theoretical basis and technical support for the safety and
stability of mounded storage tank project.

2. Physical and Mechanical Parameters of Soil

A Chinese group is proposing to perform the construction of
the world’s largest mounded horizontal tank in China to date,
with a length of 80.5m, a diameter of 7.7 m, and a volume of
3,300 m”. The total height is 16.25 m, and the total area of the
project is 12,000 m”. Taking this project as the engineering
background, soil samples were obtained on-site to conduct
geotechnical tests to measure the basic physical and mechani-
cal parameters.

2.1. Soil Parameters. The maximum dry density and the opti-
mum moisture content of the soil samples are measured by
compaction tests. The relationship curve between five differ-
ent moisture contents and dry densities is shown in Figure 2.
The vertical and horizontal coordinates corresponding to the
peak point of the curve are the maximum dry density and the
optimum moisture content of the soil. The maximum dry
density of the soil sample is 1.90 g/cm®, and the optimum
moisture content is 15.1%.

Particle size analysis of the undisturbed soil samples was
carried out using the screening method. The total weight of
the dried samples before the test was 500 g. The total weight
after sieving is 499.6 g, and the loss rate after sieving is 0.08%.
The result of the sieving test is presented in Table 1, and the
particle size distribution curve is shown in Figure 3.

2.2. Mechanical Parameters. Direct shear tests are commonly
used to measure the shear strength of soil samples at differ-
ent pressures. Soil samples with compaction coefficients of
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FiGUre 2: The relationship curve between soil moisture and dry
density.

TasLE 1: Sieving test results.

Sieve size Mass of retained soil ~ Percentage of passing
(mm) (& (%)

5 17.7 96.46

2 180.9 60.28

1 52.1 49.86

0.5 61.9 37.48

0.25 40.2 29.44

0.075 29 23.64

0 117.8 0.08

100 —<——

80 -

60 fb————

40

20 |-

Percentage content of particles smaller than a
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FiGURE 3: The particle size distribution curve.

0.75, 0.80, 0.85, 0.90, and 0.95 were prepared by controlling
the sample quality: The dry density of the sample was
obtained from the specified compaction coefficient, and the
measured maximum dry density and the required mass of
water and dry soil was calculated based on the fixed volume

of the container. The normal pressure applied during the test
is 100, 200, 300, and 400 kPa, respectively. The displacement
rate of the shear test is designated as 6 cycles/min. The results
of the direct shear tests are shown in Table 2.

The fitted curves of the direct shear tests under compac-
tion coefficients were obtained through linear regression
analysis. The internal friction angle, ¢ and the cohesion
force, ¢ were determined according to the slope and intercept
of the fitting line, as shown in Table 3.

3. Stability of Storage Tank Soil Slope

3.1. Numerical Model. Compared with other numerical sim-
ulation software, Plaxis2D is easy to operate in dealing with
slope stability analysis, having more stable calculation process
and credible simulation results. In this paper, a numerical
model is developed using finite element software Plaxis2D
to simulate the construction process of the mounded storage
tank. The impacts of different compaction coefficients, slope
angles, and overburden thicknesses on the slope stability of
the mounded storage tank are analyzed. To meet the require-
ments of numerical modeling and ensure that there is no
excessive deviation from the actual situation, the following
assumptions are proposed:

(1) The whole model is axisymmetric. To simplify the
calculation process, only the left mounded storage
tank is taken for numerical modeling and analysis;

(2) The foundation, the soil on the right side of the tank,
and the tank are all set as rigid materials, which do
not affect the strength of the surrounding soil since
they are not the focus of this study;

(3) Although moisture content and water infiltration can-
not be ignored [17], due to waterproofing treatment
on site, the influence of moisture content change on
slope stability is not considered. The soil is kept at the
optimal moisture content of 15.1%;

(4) According to the site construction steps, the phased
construction is divided into: excavation (gravity load-
ing), sand bed construction, soil construction, and
strength reduction method to calculate the slope sta-
bility coefficient.

The main parameters of the numerical simulation are
shown in Table 4.

The numerical model is established and the cells are
divided, as shown in Figure 4 (contains 1,217 generated units
and 9,461 nodes). Mohr—Coulomb material ontology model
is selected for the soil material in “Soils and Sections.” The
entire model takes the site mounded storage tank as a refer-
ence with a tank radius of 3.825 m and a height of 1.5 m from
the bottom of the tank to the foundation. The right side
of the tank is 1 m away from the rigid material boundary,
and the height of the sand bed is 3.412 m (the sand bed is at
120° of the tank). Horizontal displacement of the nodes on
both sides of the model is constrained, the displacement of
the bottom node is completely constrained, and the top node
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Shear strength (kPa)

Normal pressure (kPa) 0.75 0.80 0.85 0.90 0.90

Compaction Compaction Compaction Compaction Compaction
100 53.233 57.176 68.184 79.192 94.965
200 101.87 108.44 120.76 134.72 150.17
300 156.08 166.27 176.13 189.27 202.09
400 205.38 216.88 238.24 253.02 261.57

TasLE 3: Shear strength coefficient at different compaction.
Compaction coefficient 0.75 0.8 0.85 0.9 0.95
Cohesion force, ¢ (kPa) 1.47 2.95 9.44 20.04 39.26
Internal friction angle, ¢ (°) 27.04 28.23 29.48 29.94 28.88
TaBLE 4: Numerical simulation parameters.
0.75 0.80 0.85 0.90 0.95 .

Parameter Compaction Compaction Compaction Compaction Compaction Foundation Sand bed
Elastic modulus (GP) 30E3 30E3 30E3 30E3 40E3 200E9 40E3
Poisson’s ratio 0.35 0.35 0.35 0.35 0.35 0.3 0.35
Dry weight (kN/m?) 14.25 15.20 16.12 17.10 18.05 70 18.05
Saturation weight (kN/m”) 21.90 21.90 21.90 21.90 21.90 70 21.90
Cohesion force (kPa) 1.497 2.957 9.447 20.05 39.27 — 39.27
Internal friction angle (°) 27.05 28.23 29.49 29.94 28.89 — 28.89

Note. The dry weight is calculated from maximum dry weight and compaction; saturated weight, elastic modulus, Poisson’s ratio can be obtained according to

the assumptions of Section II and the common range of values; shear strength can be obtained from Section II.

Sand bed

FIGURE 4: Plaxis2D calculation model and cell division (unit: mm).

is unconstrained. During the numerical simulation, the
strength parameters of the slope are continually reduced
based on the Mohr—Coulomb criterion until converge to
determine the slope stability coefficient (through the final
step of phased construction, with safety selected for calcula-
tion type and displacement reset to 0). This numerical simu-
lation controls the compaction coefficient by changing the soil
parameters (physical parameter: heaviness and mechanical
parameter: shear strength). The slope angle is controlled by
changing the slope angle on the left side of the model and
keeping the right side unchanged. The overburden thickness
is controlled by changing the height of the soil layer, keeping
the length of the topsoil unchanged, and moving the slope to

the left, respectively. The effects of the three influencing fac-
tors on slope stability are analyzed.

3.2. Result Analysis. Plaxis2D uses the strength reduction
method to calculate the slope stability coefficient. The reduc-
tion processes of slope stability coefficients under different
compaction coefficients, slope angles, and overburden thick-
nesses are shown in Figures 5-9 (the simulation result of
stability coefficient <1 cannot be constructed) and the results
are shown in Tables 5-7.

As shown in Figure 10, the stability coefficient of the
whole tank slope is >1 when the slope angle is 30°. However,
according to GB50330-2013 Technical Code for Building
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FiGure 5: Reduction process of stability coefficient of overburden thickness 0.5 m: (a) broken angle 3°; (b) broken angle 45°% and (c) broken
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FiGure 6: Continued.
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FiGure 6: Reduction process of stability coefficient of overburden thickness 0.7 m: (a) broken angle 3°; (b) broken angle 45° and (c) broken

angle 60°.
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FiGure 7: Reduction process of stability coefficient of overburden thickness 0.9 m: (a) broken angle 3°; (b) broken angle 45°% and (c) broken

angle 60°.
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FiGure 9: Continued.
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FiGure 9: Reduction process of stability coefficient of overburden thickness 1.3 m: (a) broken angle 3° (b) broken angle 45°; and (c) broken
angle 60°.
TasLE 5: Slope angle 30° stability coefficient.
Slope stability coefficient (K)
Overburden thickness (m) 0.75 0.80 0.85 0.90 0.95
Compaction Compaction Compaction Compaction Compaction
0.5 1.074 1.247 1.724 2.323 3.174
0.7 1.064 1.221 1.702 2.303 3.126
0.9 1.053 1.229 1.695 2.268 3.074
1.1 1.09 1.246 1.705 2.272 3.071
1.3 1.081 1.242 1.694 2.256 3.024
TasLE 6: Slope angle 45° stability coefficient.
Slope stability coefficient (K)
Overburden thickness (m) 0.75 0.80 0.85 0.90 0.95
Compaction Compaction Compaction Compaction Compaction
0.5 <1 <1 1.231 1.772 2.513
0.7 <1 <1 1.213 1.758 2.501
0.9 <1 <1 1.194 1.724 2.455
1.1 <1 <1 1.198 1.721 2.445
1.3 <1 <1 1.188 1.692 2.399
TaBLE 7: Slope angle 60° stability coefficient.
Slope stability coefficient (K)
Overburden thickness (m) 0.75 0.80 0.85 0.90 0.95
Compaction Compaction Compaction Compaction Compaction
0.5 <1 <1 1.048 1.664 2.325
0.7 <1 <1 1.045 1.65 2.322
0.9 <1 <1 1 1.578 2.251
1.1 <1 <1 <1 1.528 2.191
1.3 <1 <1 <1 1.487 2.139
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3.5+

3.0
=
L
e
fu
§ 2.5
o
S 20 -
(]
oy
2
2 15 - )
= Slope stability coefficient Trend

is lower than 1
T T
0.75 0.80 0.85 0.90 0.95

Compaction coefficient

Overburden thickness 0.5

Overburden thickness 0.9

—o—
—o— Overburden thickness 0.7
——
—o—

Overburden thickness 1.1
—o— Overburden thickness 1.3

FiGUre 11: Slope stability coefficient with slope angle of 45°.

Slope Engineering, the slope stability coefficient is <1.25
when the compaction coefficient is 0.75 and 0.8, which can-
not meet the requirements of the slope stability coefficient of
Grade III safety level, and the slope needs to be reinforced.
The slope stability coefficient gradually increases with the
increase of the compaction coefficient, reaching 3.174 when
the overburden thickness is 0.5 m and the compaction coeffi-
cient is 0.95.

When the slope angle is 45°, as shown in Figure 11, the
slope stability coefficient is <1 when the compaction coeffi-
cient is 0.75 and 0.80, which is unstable. When the compac-
tion coefficient is 0.85, the slope stability coefficient is <1.25,
and the slope should be reinforced. The slope stability coefficient
gradually increases with compaction coefficient, and the maxi-
mum stability coefficient reaches 2.513 when the overburden
thickness is 0.5 m and the compaction coefficient is 0.95.
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When the slope angle is 60°, as shown in Figure 12, the
slope stability coefficient is <1 when the compaction coeffi-
cient is 0.75 and 0.80, which is unstable. When the compac-
tion coefficient is 0.85, the slope stability coefficient is <1.25,
and the slope should be reinforced. With the increase of
compaction coefficient, the slope stability coefficient gradu-
ally increases, and the maximum stability coefficient is 2.325
when the overburden thickness is 0.5 m and the compaction
coefficient is 0.95.

In summary, it can be seen that when the angle of the
slope is 30°, the compaction coefficient must reach 0.85 to
meet the construction requirements. When the slope angle is
45° and 60°, respectively, the compaction coefficient of the
slope must reach 0.9 to meet the construction requirements,
otherwise the slope should be reinforced. In addition, with
the increase of compaction coefficient, the soil is compacted,
the shear strength of the soil increases, and the slip resistance
of the sliding surface of the slope increases, resulting in the
increase of the slope stability coefficient. It can be inferred
from the data summarized in Tables 5-7 that as the slope
angle increases, the required slip resistance of the slope
increases, the slope stability decreases, and the slope stability
coefficient continues to decrease; as the overburden thickness
increases, the slope stability coefficient slowly decreases.
However, when the slope angle is at 30° and the compaction
coefficient is at 0.75-0.90, and when the slope angle is at 45°
and the compaction coefficient is at 0.85, an increase in the
stability coefficient occurs when the overburden thickness is
at 1.1 m. The possible causes are analyzed as follows:

The displacement cloud of the mounded storage tank
with a 30° slope angle and 0.7 m overburden thickness in
the calculation of the slope stability coefficient is shown in
Figure 13. Although the stability coefficient increases with

Advances in Civil Engineering

0.75 Compaction coefficient

0.80 Compaction coefficient

0.85 Compaction coefficient

0.90 Compaction coefficient

3

0.95 Compaction coefficient

FiGure 13: Displacement cloud for 30° slope angle and 0.7 m over-
burden thickness.

the increase in compaction coefficient, the landslide area is
also increasing, becoming more tangent to the tank. The
displacement cloud of the tank with a 30° slope angle and
0.85 compaction coefficient is shown in Figure 14, the land-
slide area remains essentially constant and tangent to the
tank. The increase in overburden thickness leads to a slight
upward movement of the sliding surface, which is no longer
tangent to the tank at the overburden thickness of 1.1 m,
improving the slope stability coefficient.

3.3. Sensitivity Analysis. The overburden thickness of 0.5 m,
slope angle of 30°, and compaction coefficient of 0.9 are
selected as the basis. The single-factor sensitivity analysis
method [18, 19] is applied to simulate the influence of
single-factor variation on slope stability while keeping other
influencing factors constant. The ratio of the stability factor F
and its relative change rate under different factors is calcu-
lated and compared as the sensitivity S of each factor, and the
larger the ratio represented the greater the influence of the
factor on the slope stability. The calculation formula is as
follows:
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0.5 m Overburden thickness

!

1.3 m Overburden thickness

Fiure 14: Displacement cloud for 30° slope angle and 0.85 com-
paction coefficient.

TaBLE 8: Sensitivity analysis results.

Influence factor |AF,/F| |[AX;/ X S;
Compaction coefficient 0.662 0.211 3.137
Slope angle 0.267 1 0.267
Covering soil thickness 0.047 1.6 0.029
5,= 1AB/EL )
|AX/Xi|

where X; is the influencing factor; F; is the stability coeffi-
cient; and §; is the sensitivity of each influencing factor. The
results of the sensitivity analysis are shown in Table 8:
When the compaction coefficient is 0.75-0.95, the slope
angle is 30°-60°, and the overburden thickness is 0.5-1.3 m,
the sensitivity of the factors influencing the slope stability of
the mounded storage tank in descending order is compaction
coefficient, slope angle, and overburden thickness.

4. Conclusions

In this paper, numerical simulation stability analysis of the
slope of the mounded storage tank was carried out using the
finite element software Plaxis2D based on the physical and
mechanical tests of the in-situ soil. The major conclusions
are as follows:

(1) To meet the construction requirements of the mounded
storage tank, when the slope angle is 30°, the compac-
tion coefficient should reach 0.85 or above. When the
slope angle of the storage tank is 45° and 60°, the com-
paction coefficient should reach 0.9 or above;
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(2) The slope stability coefficient increases with increas-
ing compaction coefficient, decreases with increasing
slope angle, and decreases with increasing overbur-
den thickness;

(3) The sensitivity of the factors influencing the slope
stability of the mounded storage tank in descending
order is compaction coefficient, slope angle, and over-
burden thickness.

The results of this paper can provide a theoretical basis
for the slope stability analysis and evaluation of mounded
storage tanks.
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