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Finite element analysis of underground
large-diameter concrete cylinder under
temperature load based on ABAQUS

Abstract: With the increasing demand for storage capacity, the diameter of silos has also been continuously
increased. For this kind of large-diameter concrete cylinder, the temperature load has a great-influence, .especially
the cylinder structure located underground, and the stress characteristics are more complicated under the influence
of earth pressure and gradient temperature. This paper mainly adopts the finite element analysis method and
utilizes the finite element analysis software ABAQUS to study the temperature stress distribution and deformation
of underground large-diameter concrete cylinders under the conditions of increased and decreased temperature
loads. In the temperature-displacement coupling analysis, temperature:changes were simulated by applying
temperature boundary conditions, and the displacement and stress_nephograms: were obtained, providing a
reference for the design of underground large-diameter concrete cylinder structures.
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1 Introduction

The impact of temperature variations on:the structure of large-diameter concrete cylinders is
significant. Kong et al. [1] studied the temperature stresses caused by solar radiation temperature
differences, seasonal temperature differences, and internal and external temperature differences in
large-diameter reinforced concrete silos, and provided the magnitude and calculation methods that
should be considered in design. Xia et al. [2] conducted a finite element analysis on giant
reinforced concrete coal storage silos under ambient temperature conditions and found that the
impact on the hoop stress of the silo when the external environment cools down is greater than
when it heats up. Using. the finite element analysis software ANSYS, Moran J M et al. [3-4]
conducted a computational analysis of the stress distribution in silo structures subjected to
temperaturedifferences. The results of this analysis indicate that when the temperature difference
between thetinterior and exterior of the silo exceeds 20°C, the structural internal forces within the
silo significantly increase. Zhang [5] utilized the ANSY'S finite element analysis software to apply
temperature loads to both full and empty steel silos, and conducted computational analyses on
them. Under temperature loads, due to the significant constraints imposed on the structure, the
resulting temperature stresses are considerable. Therefore, in the structural design of both full and
empty silos, the effect of temperature cannot be neglected and must be fully considered.Guo [6],
through field tests conducted on coal storage silos in severely cold regions, studied and analyzed
the evolution of stress in silos under conditions of temperature rise and fall. Comprehensive
comparisons were made of the stress patterns of the structure under different temperature effects,
and the temperature-stress response relationship of the silo was summarized. By analyzing the
hydration heat generated during the construction period of mass concrete and comparing it with
actual measurement data, the design of silo structures was optimized.Zhao et al. [7] conducted
field measurements of the temperature distribution in concrete silos under solar radiation. They



established a finite element model and analyzed the influence of meteorological parameters, silo
size, and reference temperature on the temperature effects of the silo. The results showed that the
temperature gradient exhibits obvious nonlinearity along the wall thickness direction. For silos
with a thickness greater than 30 cm, the steady-state method overestimates the temperature effect,
and it is recommended to consider the temperature effect of large silos using a nonlinear
temperature gradient. Khalifa et al. [8] evaluated the impact of thermal loads on the design of silo
walls in terms of applied forces and stresses, finding that nonlinear analysis is more accurate than
linear analysis. The research results on hoop stresses exhibited different patterns with temperature
differences, silo radii, and insignificant silo wall thicknesses. Peng et al. [9], relying on a circular
prestressed reinforced concrete coal storage silo of a 2x660 MW coal-fired power plant in Inner
Mongolia, simulated the mechanical characteristics of the silo structure under storage load,
temperature effects, and prestress loads, providing assistance for design work. Bai-et al. [10]
studied the strength, peak strain, and failure characteristics of concrete under_four.temperature
gradients. The damage mechanism of concrete was further revealed through acoustic emission
ring-down counts and b-values. The results showed that as the temperature increases, the concrete
strength rapidly decreases and the peak strain increases. As the temperature gradient increases, the
failure characteristics of concrete gradually shift from brittleness to=ductility: Wang et al. [11]
introduced the research results on the cracking behavior of early-age mass concrete in large-
diameter pipelines during the construction period and monitored the temperature and strain of the
concrete. The study found that a diameter-to-margin”ratio_or diameter-to-spacing ratio not
exceeding 1/3 is sufficient to prevent additional cracking risks.in concrete due to the presence of
the pipeline. Zhangabay et al. [12] presented-experimental research results on the working
characteristics of prestressed shells considering. theimpact of temperature loads on the initial
structural state. As the temperature load. on:the structure increases, the tension level of the
prestressed structure decreases. Marek<[13].pointed out that horizontal and vertical cracks caused
by temperature, pressure from stored materials, live loads, and other factors reduce the carrying
capacity of silo walls, thereby reducing reliability. Lydia et al. [14] proposed through numerical
simulation that temperature-loads are the main cause of crack formation, and temperature transfer
through the wall thickness is-nenlinear. Song, Guo, Yang, Ma, and others [15-19] studied the
temperature effects onsteel silos-and analyzed the temperature field of steel silos, concluding that
the temperature field of the silo wall is uniformly distributed along the silo wall axis and varies
trigonometrically.across the cross-section. They also suggested that the temperature effect caused
by solar radiation cannot be ignored in design. Zhang [20] found that the largest impact among
temperature, [oads"is the internal and external temperature difference. The larger the temperature
difference;. the greater the displacement and stress. He also suggested increasing hoop
reinforcement in the silo wall to ensure structural safety.

In accordance with the Chinese "Design Standard for Reinforced Concrete Silos" (GB 50077-
2017), this paper presents the formula for calculating the horizontal lateral pressure induced by
wall contraction due to temperature variations. Additionally, it stipulates a method for computing
temperature-induced effects when the internal and external temperature difference is less than
100°C: "For silos with diameters ranging from 12 to 30 meters, when accurate calculations of
temperature effects are unobtainable and practical experience is lacking, the temperature effect is
calculated as 6% to 8% of the maximum hoop tension from the stored material load. For diameters
exceeding 30 meters, the calculation of temperature stress follows Articles 4.3.1 to 4.3.10 of the
standard." Among these, Article 4.3 specifies that the calculated results of temperature stress in
reinforced concrete silos should be multiplied by a stiffness reduction coefficient. When the



seasonal temperature differences between the interior and exterior surfaces of the silo or
cylindrical wall are the same, the formula for calculating the temperature force pc (kN/m) per unit
area at the mid-plane of the wall is as follows:
Pe = @, AT - E - h#(1)

where o is the linear expansion coefficient of the silo wall or cylindrical wall; Eis the elastic
modulus of the silo wall or cylindrical wall; his the thickness of the silo wall or cylindrical wall.

The formula for calculating the thermal gradient due to unbalanced temperature fields in the
inner and outer walls of a silo is as follows:

Ts — T,
Tp = =3 Ra#(2)
1 b h, 1
R,=—+—+—+—#(3
0 a }.1 }.2 ak ()

whereTp is the temperature gradient resulting from heat conduction; Rois theytotal ‘thermal
resistance; R, is the thermal resistance of the n-th segment; aand oy are the heat, absorption and
heat dissipation conduction coefficients; 1; and A.are the thermal conduction coefficients of the
stored material and the silo wall.

The formulas for calculating the maximum hoop stress oy, and:the maximum vertical stress
ozmax PEr unit area on the inner and outer surfaces of a silo wall or cylindrical wall are as follows:
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whereis poisson 's ratio of materials.

23D finite element analysis

2.1 Model construction

The calculation software employed is.the internationally leading general-purpose finite
element analysis software, ABAQUS.

The overall cylindrical coordinate system ORTZ conforms to the right-hand rule: it is
stipulated that the vertical direction”pointing upwards is taken as the positive direction of the Z-
axis, with R and T representing the radial and tangential directions of the structure, respectively.
The origin of the'coordinate axes is located at the center of the circle where the vertical coordinate
is 0. The concrete.cylinder has a height of 60m, a baseplate thickness of 5m, an inner diameter of
29m, and.a wall'thickness of 0.5m, and is poured with C40 concrete.

To. mitigate the impact of disturbances in the surrounding soil, the soil scope is defined as
follows: a‘circle with a radius of 40m in both horizontal directions and vertically extending to an
elevation of -120 meters. The displacements in the X, Y, and Z directions of the bottom soil are
constrained, while the displacements in the X and Y directions of the lateral soil are constrained.
The ground soil surface is a free surface and is not constrained. Both the foundation and the
concrete structure are discretized into three-dimensional solid elements, and a finite element
model is established according to the actual design dimensions. The calculation does not consider
the displacement caused by the self-weight of the soil; instead, the initial stress conditions are
applied as structural loads on the corresponding nodes and elements to balance the displacement
resulting from the soil's self-weight and retain its initial stress.

The concrete structures are discretized into hexahedral eight-node three-dimensional solid
elements, using a temperature-displacement coupling analysis step with element type C3D8RT,
totaling 170950 elements and 180036 nodes. Figure 1 illustrates the constructed overall model,



and Figure 2 depicts the concrete cylinder model. The parameters for the foundation and concrete
materials are listed in Table 1.

Fig.10verall model Fig.2 Cancrete cylinder model

Table 1 Material properties

Material Density Young's Poisson's Coefficient of linear Thermal Specific heat
type modulus  Ratio expansilon conductivity capacity
(kg/m3) E (Pa) v ac(07) Ac@(m-s-10))  Cc(I(kg-11))
Foundation 2500 1.000x10" 0.230 - - 750
C40concrete 2500 3.250x10"°  0.167 1.0x10-5 2.94 960

2.2Working condition and load

The working conditions and Toad classifications are as follows:

(1) Temperature increase; Self-weight + Temperature load (heating).

(2) Temperature decrease: Self-weight + Temperature load (cooling).

The simulation is conducted using Steady-state coupled temp-displacement, with the self-
weight referring-to the weight of the concrete cylinder itself. For the temperature load, the initial
temperature«js set at 25°C. Below a depth of 10 meters from the ground surface, the soil
temperature is essentially constant, assumed to be 25°C. When the temperature increases, a
temperature boundary condition of 35°C is applied to the top of the cylinder; conversely, when the
temperature decreases, a temperature boundary condition of 15°C is set at the top of the cylinder.

3Numerical simulation results

3.1 Temperature increase

As shown in Figure 3, the temperature field of the concrete cylinder during temperature
increase is depicted. Figure 4 presents the stress contour plot of the concrete cylinder. The
influence of temperature rise load on the concrete cylinder is relatively small. Under the action of
temperature rise load, the concrete cylinder is mainly subjected to compressive stress, and the
stresses in all directions meet the concrete strength requirements. Figure 5 illustrates the stress-



elevation curve on the outer surface of the cylinder wall.
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(c)Vertical stress

Fig.3 Temperature field of concrete cylinder under temperature increase (unit: °C)
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Fig.4 Stress of concrete cylinder under temperature increase (unit: Pa)
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Fig.5Stress-elevation curve of concrete cylinder wall under temperature increase(unit: Pa)

3.2 Temperature decrease

As shown in Figure 6, the temperature field of the concrete cylinder during temperature
decrease is depicted. Figure 7 presents the stress contour plot of the concrete cylinder. The
temperature drop load has a significant impact on the concrete cylinder, particularly in the region
between elevations of 0 and -3 meters, where the hoop tensile stress in the cylinder wall exceeds
the standard axial tensile strength of the concrete, peaking at 2.75 MPa, which requires special
attention. Figure 8 illustrates the stress-elevation-Curve on the outer surface of the cylinder wall.
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Fig.6 Temperature field of concrete cylinder under temperature decrease (unit: °C)
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Fig.7 Stress of concrete cylinder under temperature decrease.(unit: Pa)
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Fig.8Stress-elevation curve of concrete cylinder wall under temperature decrease (unit: Pa)

4Conclusion

In this paper, a thorough investigation into the temperature stress distribution and
deformation of a large-diameter underground concrete cylinder subjected to temperature loads is
conducted using the finite element analysis (FEA) method and the advanced FEA software
ABAQUS. During the research process, an accurate three-dimensional finite element model is
constructed, considering the interaction between the concrete cylinder and the surrounding soil,
and reasonable temperature boundary conditions are applied to simulate changes in temperature
loads.

(1) The research results indicate that under temperature increase conditions, the concrete
cylinder is mainly subjected to compressive stress, and the stresses in all directions meet the
concrete strength requirements. In contrast, the impact of temperature decrease conditions on the
concrete cylinder is more significant, particularly in the region of the cylinder wall between



elevations of 0 and -3 meters, where the hoop tensile stress exceeds the standard axial tensile
strength of the concrete, peaking at 2.75 MPa. This finding highlights the need to pay special
attention to the issue of hoop tensile stress concentration that may arise during temperature
decrease in the design of large-diameter underground concrete cylinders and to adopt
corresponding engineering measures to enhance the tensile capacity of this area, such as
increasing the hoop reinforcement of the wall.

(2) Furthermore, by comparing the stress contour plots and stress-elevation curves under
temperature increase and decrease conditions, it can be observed that temperature loads have a
significant impact on the stress distribution and deformation of the concrete cylinder. Therefore, in
the structural design and construction of large-diameter underground concrete cylinders, the effect
of temperature loads must be fully considered to ensure the safety and stability of the structure.

In summary, the research in this paper not only provides in-depth insights and understanding
into the mechanical characteristics of large-diameter underground concrete cylinders.subjected to
temperature loads but also offers valuable references and guidance for the design and construction
of such structures. In future research, we can further explore more accurate temperature load
simulation methods and more efficient finite element analysis tools'to further improve the
scientificity and accuracy of the structural design and construction of:large-diameter underground
concrete cylinders.
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