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A B S T R A C T   

Fire-induced domino effect is one of the main threats to hazardous material storage tanks, and many attempts 
have been conducted to assess the vulnerability of storage tanks exposed to fire to evaluate domino effect risk. 
However, past research ignored the influence of wind load on the thermal buckling behavior of storage tanks 
exposed to fire, which may underestimate the risk of exposed tanks. This paper thus conducts a numerical 
simulation of the thermal buckling behavior of steel vertical dome storage tanks under the synergistic effect of 
static wind loads and thermal effects. The effects of wind parameters and heat radiation parameters on the 
thermal post-buckling behavior and the time to failure (ttf) of storage tanks are investigated to analyze the 
synergistic effects of fire and wind loads. By comparing the circumferential and meridional stresses before and 
after the thermal post-buckling stage, it is found that under the disturbing effect of the positive wind pressure 
load, the thermal post-buckling of the tanks on downwind occurs earlier and more severe. Besides, the effects of 
wind angle, fire location height, and diameter on buckling damage were investigated. The comparative analysis 
of different scenarios shows that the tanks in the windy scenario are more prone to thermal post-buckling, and 
the deformation is intensified, with an increased likelihood of failure.   

1. Introduction 

The process industry plays an important role in sustaining daily life 
and promoting global economic development by supporting fuels, 
chemical products, and raw materials. With the expansion of the product 
demand of the process industry, many storage tanks are located together 
for storing hazardous materials such as gasoline, liquid natural gas 
(LNG), and benzene (Paltrinieri et al., 2009). Once a fire occurs at a 
storage tank, domino effects may be triggered due to the heat radiation 
induced by the primary fire and the vulnerability of storage tanks 
exposed to fire, resulting in the overall losses being more severe than the 
primary event (Landucci et al., 2009; Reniers and Cozzani, 2013; Chen 
et al., 2020). 

Fire is the most common accident scenario in domino effect acci-
dents, responsible for 52.4% of domino effects in the process industry 

(Darbra et al., 2010; He et al., 2022). Fire-induced domino effects always 
occurred in oil storage tank farms, such as the ITC company fire accident 
in 2019, in Houston, the US (Chen et al., 2020; Lan et al., 2022). In 
domino effects, there are complex escalation mechanisms or in-
terdependencies that are challenging to risk management (Necci et al., 
2015; Jiang et al., 2019; Ding et al., 2021; Li et al., 2023b; Chen et al., 
2021). In storage tank farms, most fires initially originate in one tank, 
and then heat is transferred to the surrounding area through thermal 
radiation. Fire may damage the surrounding facilities in a short time 
(time to failure), leading to a secondary fire or explosion (Landucci et al., 
2009; Zhang et al., 2019; Li et al., 2023a; Malik et al., 2023). Compared 
to the windless situation, the flame is tilted by the wind, and the tem-
perature rise of the tank located downwind is accelerated, resulting in a 
shorter failure time. In the case of strong thermal radiation and thermal 
shock, a storage tank, as a typical thin-walled structure, is highly likely 
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to collapse due to local buckling, thus triggering a chain accident and 
causing the escalation and expansion of the fire (Godoy, 2016; Chen 
et al., 2020; Dong et al., 2020). Therefore, many attempts have been 
made to investigate the thermal buckling of storage tanks to predict the 
time to failure (ttf) which is a key parameter for risk assessment of 
domino effects (Landucci et al., 2009). 

Studies on the thermal buckling of storage tanks exposed to heat 
radiation have been conducted in recent decades. Liu (2011) studied the 
thermal buckling mechanism of storage tanks inspired by the Buncefield 
oil depot fire accident and presented a simplified temperature field 
distribution model of the tanks exposed to fire. Subsequently, a corre-
lation between the spread of tank fires and the thermodynamics of 
storage tanks was developed (Reniers and Cozzani, 2013). Batista-Abreu 
and Godoy (2013) studied the thermal buckling behavior of 
open-topped storage tanks and demonstrated that the geometry of the 
tanks will undergo abrupt changes to balance the internal stress changes 
during warming, and the empty tanks are the lower limit of their 
structural stability. Pantousa (2018) conducted a numerical study on the 
thermal buckling of empty storage tanks under multiple pool fire sce-
narios. The results show that the critical time when the tank fails in-
creases with increasing burning tanks. Pantousa et al. (2018) 
investigated the thermal buckling behavior of unstiffened and stiffened 
fixed-roof tanks under non-uniform heating and demonstrated that 
using a horizontal ring stiffening method can enhance the inherent fire 
resistance of tanks. Li et al. (2019) studied the thermal buckling 
behavior of storage tanks under different environmental scenarios by 
considering the pulsation effect of flames. Besides, they also investigated 
the thermal buckling behavior of tanks under the combined effects of 
debris impact and thermal radiation and discussed the effect of com-
bined loads on the failure mode of tanks (Li et al., 2021). Jaca et al. 
(2021) demonstrated differences in the equilibrium paths of thermal 
post-buckling in tanks due to differences in their temperatures at 
different wind speeds. These studies show that storage tanks located in 
high-temperature environments undergo thermal buckling due to the 
combined effect of their boundary condition constraints and 
non-uniform thermal expansion. The thermal buckling behavior de-
pends on the temperature field distribution and load distribution of the 
storage tank. 

Flames are influenced by environmental factors and exhibit different 
combustion characteristics; thus, past research also considers the effects 
of environmental factors on the temperature field distribution of sur-
rounding objects. Previous studies show that solid flame models can 
appropriately represent the flame properties of storage tanks in different 
environments by comparing the model results with experiments (Man-
sour, 2012; Santos and Landesmann, 2014; Espinosa et al., 2019). In a 
solid two-layer flame model, the flame can be divided into a region with 
a bright flame at the bottom and a dark flame region with thick smoke at 
the top. Each part has a different thermal radiation capacity and height 
(Drysdale, 2011). In windless conditions, the flame is a vertical cylinder, 
and when subjected to wind, the cross-sectional shape of the flame 
changes to an ellipse, and the column is tilted (Mudan, 1984). For tank 
farms where petrochemicals are stored, the model is applicable for all 
fuel types. In addition, it has the advantage of being a simple model, less 
computationally intensive, and more effective in measuring thermal 
radiation from distant targets compared to computational fluid dy-
namics models (Rew et al., 1997). 

Besides thermal buckling, many studies also consider the bucking of 
storage tanks caused by wind since the windward side of the tank is 
subjected to positive pressure, and the rest of the tank is subjected to 
negative pressure. Considering wind loads alone, the difference in the 
wind load between the windward and leeward sides of the tank and the 
possibility of buckling increases with increasing wind speed (Godoy, 
2016). For the wind pressure distribution law on the surface of the ob-
ject, the corresponding functional expressions are obtained mainly by 
wind tunnel tests on similar models, followed by numerical fitting of the 
test data. Godoy (2007) demonstrated that the extent to which wind 

buckling of tanks occurs is related to their filling state. Maraveas et al. 
(2015) numerically evaluated the wind buckling of open tanks based on 
the wind pressure distribution expression in different design codes and 
found deficiencies in the current design codes. The buckling behavior of 
storage tanks is controlled by the positive pressure on the windward 
side, while the wind pressure in other areas has almost no influence 
(Zhao and Lin, 2014). Numerical studies indicate that fixed-top tanks 
have a stronger resistance to wind buckling than open tanks (Portela and 
Godoy, 2005a, 2005b; Uematsu et al., 2018). 

In a coupled wind-fire scenario, a tank located not only has an altered 
rate of warming but also be subjected to non-uniform wind loads. 
However, past studies did not consider the additional wind loads on the 
storage tanks. Therefore, when the wind speed increases to a certain 
level, under the synergistic effects of wind load and flame, the thermal 
buckling behavior of the storage tank may change, leading to changes in 
the time to failure. The neglect of wind load in thermal buckling may 
underestimate the domino effect risk, resulting in unreasonable safety 
management and unpredicted losses. Besides, the difference in tank 
heights between the fire source tank and the exposed tank is not 
considered in past failure studies. Therefore, this study conducts a nu-
merical study to analyze the thermal buckling behavior of storage tanks 
under the synergistic effects of wind and fire, considering the influence 
of tank heights. In the numerical model, the temperature distribution of 
vertical domed storage tanks under different wind speeds is first studied 
based on a solid flame model to get the variation law of wind speed and 
temperature. Then, the critical buckling load factor is obtained by 
applying wind load to the tank based on the wind pressure distribution 
law function. Besides, the thermal buckling behavior of the tank under 
different wind parameters is studied to analyze the stress redistribution 
when thermal post-buckling occurs. Finally, the effects of different wind 
angles, fire source tank heights, and diameters on the thermal post- 
buckling behavior of storage tanks are investigated to support the pre-
diction of tank failure and the calculation of ttf, risk assessment of the 
domino effect triggered by fire, and the inherent design of storage tank 
areas. 

2. Numerical modeling 

Buckling damage analysis of storage tanks under the synergistic ef-
fect of fire and wind loads requires heat radiation modeling, wind load 
modeling, and bucking modeling. Both the temperature field obtained in 
the heat radiation modeling and the wind loads obtained in wind load 
modeling are used in the buckling analysis. The finite element analysis 
software Abaqus is adopted to implement buckling analysis since it has 
powerful nonlinear solving capability and can obtain the coupling 
analysis of different physical fields. The buckling analysis of storage 
tanks under the synergistic effect of wind and fire involves not only 
thermal coupling but also nonlinear deformation, therefore, Abaqus is 
used to carry out the numerical study. 

2.1. Heat radiation modeling 

In fire modeling in thermal buckling studies of storage tanks, the 
source of the fire at the top of a storage tank is called the source tank, 
and the flame of the fire transfers heat in all directions through heat 
radiation. The target tank is the adjacent storage tank exposed to heat 
radiation. The main parameters describing the geometric characteristics 
of the flame are the cross-sectional shape, the flame diameter Df (D’f), 
the flame length Lf and the flame tilt angle φ, as shown in Fig. 1. 

In the absence of wind, the flame diameter Df is equal to the diameter 
of the source tank. Wind causes the flame to move laterally at a certain 
distance, resulting in the cross-sectional shape becoming an elliptical 
tangent to the circle, and the long axis is recorded as D’f. The flame 
length Lf can be calculated based on Eqs. (1) and (2) (Thomas, 1963) in 
the windless and windy states, respectively. 

C. Chen et al.                                                                                                                                                                                                                                    
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Lf= 42Df ⋅(m∗)
0.61 (1)  

Lf= 55Df ⋅ (m∗)
2/3⋅(u∗)

− 0.21 (2)  

where Lf is the overall length of the flame (m), Df is the flame diameter 
(m), and u* is the non-dimensional wind speed. m* is the non- 
dimensional mass burning rate of the fuel, and it can be obtained by 
using Eqs. (3) and (4) (Hurley et al., 2015): 

m∗ =mb

/[
ρ ⋅

(
gDf

)0.5
]

(3)  

mb =mmax
(
1 − e− kβDf

)
(4)  

Where g is the acceleration due to gravity (m/s2), ρ is the air density (kg/ 
m3), mb is the mass combustion rate of the fuel (kg/m2s), mmax is the 
maximum combustion rate of the fuel (kg/m2s), and kβ is the fuel 
experience coefficient. For gasoline fuel, mmax = 0.055 kg/m2s, kβ = 2.1. 

The length of the bright flame region can be calculated according to 
Eq. (5) (Espinosa et al., 2019): 

L1= 11.404(m∗)
1.13

(u∗)
0.179

(
Nc

NH

)− 2.49

Df (5)  

where L1 is the length of the bright flame part of the flame (m), the total 
length of the bright flame and the dark flame is represented by Lf. NC and 
NH are the number of carbon and hydrogen atoms in the fuel. 

According to the study on fire hazards (Beyler, 2016), the flame 
inclination angle φ is related to u* and can be calculated using Eqs. (6) 
and (7) as follows: 

u∗ =
u∞

(
Df

gmb
ρ

)1/3 (6)  

cos φ=

⎧
⎪⎨

⎪⎩

1̅̅
̅̅̅

u∗
√ ,u∗≥ 1

1, u∗< 1
(7)  

where φ is the deflection angle of the flame (◦), and u∞ is the free field 
wind speed (m/s). The cross-sectional shape of the flame changes when 
it moves under the effect of wind. The long axis D’f can be calculated 
according to Eq. (8). Fr is the non-dimensional Froude number which is 
related to u∞, as shown in Eq. (9) (Hurley et al., 2015). 

D′
f= 1.5Df ⋅Fr

0.069 (8)  

Fr =
u∞

2

gDf
(9) 

For gasoline, the maximum experimental emitted power Emax ranges 
from 120 to 170 kW/m2 in the bright flame region and about 20 kW/m2 

in the dark flame Esoot (Espinosa et al., 2019). However, with increasing 
the flame diameter, the glowing area of the flame decreases, the flame 
surface becomes mostly covered with smoke, and the glowing area be-
comes blurred (Muñoz et al., 2007). When D = 20 m, the entire flame 
surface will be covered with smoke, and the average emitted power by 
the flame is approximately equal to the power emitted by the smoke 
(Muñoz et al., 2007). 

In the statistics of flame heat radiation for various types of fuels and 
pool fire sizes, the overall thermal radiation power of the flame is 
150–220 kW/m2 when the diameter of the liquid hydrocarbon type pool 
fire is 20 m (Mudan, 1984). However, the use of an overall average 
emitted power to express the radiative power of the flame would result 
in a small emitted power in local areas (Beyler, 2016). Therefore, for the 
solid double-layer flame model with gasoline as fuel, the average 
emitted power Eav-max in the bright flame region considers the effect of 
smoke and is calculated from Eq. (10): 

Eav− max =Emax Exp
(
− 0.12Df

)
+ Esoot

[
1 − Exp

(
− 0.12Df

)]
(10)  

where the emitted power of the bright flame Emax = 140 kW/m2 and the 
dark flame Esoot = 20 kW/m2. The correlation between the equivalent 
temperature of each region of the flame surface and the average emitted 
power Eav (Santos and Landesmann, 2014) is shown in Eq. (11) (Santos 
and Landesmann, 2014): 

Tfe =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εσT4

a + Eavτ
εσ

4

√

(11)  

where Tfe (◦C) represents the equivalent temperature of the flame sur-
face, Eav is equal to Eav-max for the bright flame, and Esoot for the dark 
flame. ε is the emissivity of the flame and takes the value of 1. σ is the 
Stefan-Boltzmann constant (5.67 × 10− 8W/m2/K4). τ is the atmospheric 
transmittance, calculated by Eq. (12) (Santos and Landesmann, 2014): 

τ=

⎧
⎨

⎩

0.976(d)− 0.06
, d< 5m

1.029(d)− 0.09
, 5 ≤d≤ 55m

1.159(d)− 0.12
, d> 55m

(12) 

Fig. 2(a–b) shows the simplified model of the target tank and the top 
view of the model considering the wind direction. The distance between 
the two tanks is d, and the wind angle γ is the angle between the wind 
direction and the line connecting the centers of the two tanks. The target 
tank is selected according to the actual engineering requirements (API, 
2007; (GB50341, 2014)), with a diameter of 20 m and a tank height of 
17.82 m. The wall thickness t of each course is shown in Table 1, and the 
three-dimensional model is shown in Fig. 2. Besides, the diameter of the 
source tank is denoted as D, which is identical to the diameter of the 
target tank, and the height is denoted as H. 

The average convective heat transfer coefficient hc(W /m2 ⋅K) on the 
external surface of the target tank can be calculated according to Rebec 
et al. (2014): 

hc =NuKa/L∗ (13)  

where Nu is the Nusselt number, Ka is the thermal conductivity of air (W/ 
m⋅K), and L* is the characteristic length (m). For laminar flow and 
turbulent flow, the Nusselt number can be calculated by Eqs. (14) and 
(15), respectively (Rebec et al., 2014). 

Nu= 0.664Re
1
2Pr

1
3 (14)  

Nu =
(

0.037Re
4
5− 871

)
Pr

1
3 (15)  

where Pr is the Prandtl number, equal to 0.72 for air in laminar and 
turbulent conditions; Re is the Reynolds number, calculated by Eq. (16): 

Fig. 1. Wind-affected flame model.  
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Re= u∞L∗/v (16)  

where ν is the kinematic viscosity of air (m2/s). If Re < 105, it is regarded 
as laminar flow, and the wind speed is turbulent except for the free field 
wind speed u∞ = 0. For no wind condition, u∞ = 0.1 m/s is taken into the 
calculation. 

To consider the lower limit of structural stability of the storage tank, 
the target tank in this paper is an empty tank, which is the worst case for 
its structural stability under heat radiation effects or wind loads (Liu, 
2011; Maraveas et al., 2015; Pantousa et al., 2018). Moreover, in 
exothermic combustion, only the surface layer of fuel is involved, and 
the temperature change of the fuel at the depth is not obvious (Li et al., 
2021). It is assumed that the initial temperature of the source tank and 
the environment are identical, and the value is taken as 20 ◦C. 

The material of the tank is Q345, the emissivity of the outer surface is 
0.8, and the emissivity of the inner surface is 0.3. The physical- 
mechanical properties of Q345 are a function of temperature (Li et al., 
2019). Table 2 lists the constant pressure specific heat cp, thermal con-
ductivity k, coefficient of thermal expansion α, modulus of elasticity E, 

and Poisson’s ratio μ of Q345 at different temperatures T. The 
stress-strain curve of the material at high temperatures can be obtained 
in the literature (Li et al., 2021). Besides, the density of 7850 kg/m3 does 
not change with temperature. 

The finite element model of the tank and flame in the 5 m/s wind 
speed scenario is shown in Fig. 3. In the thermal radiation analysis stage, 
transient thermal analysis was used to solve the temperature field dis-
tribution of the target tank. The models are all built using shell units, and 
the selected unit type is DS4, which is a four-node heat transfer quad-
rilateral shell with a wide range of applications (Liu, 2011). 
Grid-independent validation is required to ensure the accuracy of the 
computational results and the effective allocation of computational re-
sources. In this paper, there is experimental analysis, when the number 
of meshes is 22398, it can ensure the accuracy of the calculation. Among 
them, the number of meshing of the target tank in the circumferential 
direction is 128, and the number of axial directions of the tank is 76. 

2.2. Wind load modeling 

The flame is tilted under the influence of the wind, the radiation 
capacity of the flame and the heat dissipation coefficient of the airflow 
depend on the wind, and the temperature field distribution of the target 
tank is also changed with the wind. The heat radiation modeling in 
Section 2.1 is only used to solve the temperature field distribution, 
ignoring the role of the wind load on the tank, and only considering the 
wind to make the flame skewed (from Eq. (7) to calculate the degree of 
flame tilt). The wind load modeling in this section is applied in the 

Fig. 2. Simplified model of storage tank.  

Table 1 
Structural parameters of the target tank (Hu, 2016).  

Name Thickness (mm) Height (m) 

1st shell course 13 1.78 
2nd shell course 12 1.78 
3rd shell course 11 1.78 
4th shell course 10 1.78 
5th shell course 9 1.78 
6th shell course 7 1.78 
7th to 9th shell course 6 1.78 
10th shell course 6 1.8 
Dome 5 –  

Table 2 
Thermo-physical properties of Q345 (Dong and Yuan, 2000).  

T (◦C) cp (J/kg/K) k (W/m/K) α × 106 (1/◦C) E (GPa) μ 

20 460 53.2 – 206 0.3 
100 481 51.1 8.31 201 
200 523 47.7 10.99 189 
300 557 44 12.31 181 
400 607 39.6 13.22 172 
500 673 36 13.71 162 
600 – – 13.94 152  Fig. 3. Meshing of finite element models.  

C. Chen et al.                                                                                                                                                                                                                                    
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thermal buckling analysis. 
The wind load is divided into static wind load and pulsating wind 

load, which belongs to the variable load of the building structure load. 
For buildings with a height not exceeding 30 m and a height-to-width 
ratio not greater than 3/2, the effect of pulsating wind can be ignored 
(GB50009, 2012). Therefore, the wind load on the storage tank in this 
paper is regarded as a static wind load, and the expression for the wind 
pressure amplitude is as follows (GB50009, 2012): 
{

wk = βzμsμzw0

w0 = u2
∞/1.6

(17)  

where wk is the wind pressure amplitude (Pa); βz is the wind vibration 
coefficient at a height of Z (m) from the ground, taken as 1 in this paper. 
μs and μz denote the wind load shape coefficient and wind pressure 
height variation coefficient, respectively. w0 is the basic wind pressure 
(Pa), which should be selected once every 100 years (Lin et al., 2010; 
GB/T 20368, 2006). 

The circumferential and vertical wind pressure distribution of the 
tank are variables. The wind pressure in the vertical direction can be 
calculated based on Eq. (17), and the distribution of vertical wind 
pressure and the wind pressure in the area of the tank dome is shown in 
Fig. 4. Among them, the distribution of vertical wind pressure is related 
to the height and topography, mainly involving μs and μz. For terrain 
features of class B, μz can be calculated by Eq. (18) (Jin and Zhao, 2012; 
GB50009, 2012): 

μz =

⎧
⎪⎪⎨

⎪⎪⎩

1, Z≤ 10m
1.1 × 10− 6Z3− 2.7×10− 4Z2+0.028Z+0.76, 10 <Z≤ 100m
1.7 × 10− 8Z3− 1.7×10− 5Z2+0.0086Z+1.3, 100 <Z≤ 350m
2.91,Z> 350m

(18) 

The wind pressure distribution in the tank dome area is calculated 
according to Eq. (19): 

μs= − cos2 φ (19) 

In the study of circumferential wind pressure distribution of cylin-
drical buildings, the Fourier series is commonly used to carry out cal-
culations, as shown in Eq. (20) (Maraveas et al., 2015). 

P= λ
∑7

i=0
ci cos(iθ) (20)  

where P is the wind pressure (Pa); λ is the load amplification factor; θ is 
the angle along the circumferential direction; ci is the Fourier 

coefficient. Eq. (20) is widely used in the study of wind buckling of 
cylindrical thin-walled storage tanks. The values of ci given by (Rish and 
FOURIER, 1967) and ACI-ASCE are adopted in this study. Besides, 
concerning the body shape coefficients for the circumferential distri-
bution of cylindrical buildings, this study uses a series of discrete values 
for different angles (ACI-ASCE Committee 334, 1976; GB50009, 2012). 

A comparison of different values of coefficients is shown in Fig. 4. It 
can be found that the wind load is symmetrically distributed over the 
storage tank. Although the change trends of the three curves are iden-
tical, it will be safer to adopt the criteria in the load specification. 
Therefore, this paper calculates the circumferential wind load body 
shape coefficient of the storage tank through data fitting of discrete 
values. 

Based on the above wind load model, the amplitude of the wind load 
on each region of the storage tank in a windy environment can be 
calculated. The thermal buckling stage is a generic static analysis step 
and the cell type of the model is the S4R shell cell (Li et al., 2021). The 
S4R is a general-purpose shell unit type that utilizes a reduced inte-
gration method and includes hourglass mode control for stable perfor-
mance. Then gravity and wind loads are applied to the tank as a whole, 
where the application of wind loads is obtained by creating a column 
coordinate system in Abaqus to set up the revolving field. As shown in 
Fig. 5, the purple arrows represent wind loads and the yellow arrows 
represent gravity. 

2.3. Buckling modeling 

Riks is an effective method for calculating the post-buckling state 
when the tank is loaded by only external forces. However, when thermal 
effects are involved, Riks is proven to be no longer reliable, and the 
artificial damping method (ADM) is considered the best method to solve 
the thermal buckling problem of storage tanks (Liu, 2011; Pantousa and 
Godoy, 2019). ADM can capture the thermal post-buckling state of the 
storage tank and has been used and validated by many authors (Batis-
ta-Abreu and Godoy, 2013; Uematsu et al., 2018). When considering the 
total external load P and internal force Q of the structure in ADM, 
artificial damping force FD is also introduced to establish a balance of the 
three, as shown in the following formula: 

P − Q − FD= 0 (21)  

FD = c × M∗ × v (22)  

Fig. 4. Comparison of body shape coefficients.  Fig. 5. Load-displacement curve under wind load.  

C. Chen et al.                                                                                                                                                                                                                                    



Journal of Loss Prevention in the Process Industries 87 (2024) 105208

6

where M* is the artificial mass matrix of unit density, υ is the velocity 
vector of the node, and c is the damping ratio. The damping ratio c is the 
ratio of the viscous damping dissipation energy (ALLSD) to the total 
strain energy (ALLIE). 

When the model is stabilized, the viscous damping dissipation energy 
is negligible compared to the total strain energy of the structural system 
and the additional damping (FD) does not affect the structural perfor-
mance. If the local region of the structure becomes unstable, the local 
velocity increases and some of the strain energy released is dissipated by 
the applied damping (FD) to help the structure pass through the local 
instability without terminating due to convergence difficulties (Liu, 
2011). In Abaqus, the damping ratio c can be automatically updated 
based on the convergence conditions and the input initial dissipated 
energy fraction (default 0.0002). 

An experimental analysis is required to determine the input value of 
the initial dissipated energy fraction. With decreasing the input value, 
the critical buckling temperature of the tank will eventually converge to 
a stable value (Godoy and Batista-Abreu, 2012; Pantousa, 2018). In 
terms of different studied scenarios in this paper, it is determined 
through experimental analysis. The critical buckling temperature con-
verges when the input value of the initial dissipated energy fraction is in 
the interval of 5 × 10− 8 to 5 × 10− 9. 

3. Modeling results 

On the windward side, the storage tank is subject to positive pres-
sure, and the rest of the surface is subject to negative pressure. The loads 
of the tank are non-uniformly distributed. Cases of buckling of empty or 
low-filled storage tanks subjected to external non-uniform wind loads 
occur from time to time. The type of buckling of storage tanks needs to 
be explored before carrying out a numerical study on the thermal 
buckling behavior of storage tanks in wind-fire coupling. 

3.1. Buckling analysis under wind load 

Based on the description in Section 2.2, a maximum wind speed of 
25 m/s can be taken for Chengdu, China, and then the wind load is 
applied to the storage tank. Based on the nonlinear large deformation 
theory, the classical buckling mode is introduced as the initial defect and 
then the Riks method is used to analyze the buckling of the tank under 
the wind load alone to obtain the wind load scaling factor LPFw, and the 
whole process of wind buckling response (Maraveas et al., 2015). Taking 
the maximum deformation point of the tank as a reference, the 
load-displacement curves of radial displacement U1 and LPFw at this 
point are shown in Fig. 5, Um is the maximum deformation of the tank. 

For better visualization, the scale factor of the view in the text is 
chosen to be 10. According to the load-displacement curve, the defor-
mation of the tank at full loading (LPFw = 1) and critical buckling (LPFw 
= 5.6), it is known that LPFw tends to linearly increase until the wind 
load increases to point A (LPFw = 5.6). After point A, U1 increases 
rapidly, the buckling instability of the storage tank occurs, and the 
maximum deformation occurs in the windward area. When LPFw = 5.6, 
it corresponds to wind speed u∞ = 59.2 m/s and wind class Wc = 17, a 
hurricane. The wind speed in Chengdu is almost impossible to reach this 
level, so the type of buckling of the tanks in this paper belongs to thermal 
buckling and it is no need to consider the buckling condition under the 
effect of wind load alone. 

3.2. Buckling analysis of wind-fire synergies 

The analysis in Section 3.1 shows that only thermal effects cause the 
buckling of the tanks studied in this paper. The wind load only affects 
the degree of deformation of the tank and the ttf. To better compare the 
effect of wind loads on the thermal buckling behavior of storage tanks, 
the shielding effect of wind loads by adjacent buildings and facilities is 
ignored in the subsequent elements of the study, i.e., extreme conditions 

are considered. 
The whole process of the thermal buckling phenomenon for storage 

tanks can be divided into two stages: in the thermal pre-buckling stage, 
linear thermal expansion occurs in the target tank; as the warming 
process continues, the variability of the temperature between regions is 
revealed; due to the non-uniform confined thermal expansion and the 
degradation of the mechanical properties of the material, the target tank 
undergoes thermal post-buckling, with folds appearing in the weak part 
of the tank, followed by a large non-linear deformation. 

Fig. 6 plots the evolution of the damping ratio with time for a sce-
nario with a wind speed of 25 m/s, with and without wind load (W25) 
applied, and Tend denotes the 3600th s of the target tank warming pro-
cess. When thermal post-buckling has not occurred, the viscous damping 
dissipation energy accounts for a very small proportion of the total strain 
energy, and the damping ratio tends to zero. With the continuation of 
the heating process, the difference in thermal expansion of different 
parts of the tank increases, and the damping ratio rapidly increases near 
ttf, which predicts the appearance of thermal post-buckling. 

At the onset of the thermal post-buckling stage, the upper region of 
the tank is transformed from an initial state of thermal expansion to the 
appearance of folds, and then the fold deformation is rapidly trans-
formed into a concave deformation within a short time. The damping 
ratio tends to decrease in the interval from ttf to Tend, indicating that the 
tank achieves a relatively stable equilibrium of the structure. 

It is worth noting that during the thermal post-buckling phase, the 
structural behavior of the tank is unstable and undergoes different stages 
of buckling. The first thermal post-buckling time of the tank is consid-
ered as the time to failure ttf, and the corresponding temperature is 
denoted as the critical buckling temperature TL. Comparing W25 and 
NW25, the thermal post-buckling behavior occurs 85 s earlier after 
applying the wind load to each region of the tank. The earlier occurrence 
of the thermal post-buckling behavior of the tank predicts the decrease 
of ttf and the decrease of the structural stability. In the same time in-
terval, due to the early reduction of structural stability, the possibility of 
subsequent reoccurrence of buckling increases, and the deformation and 
load-carrying performance of the tank will further deteriorate. 

4. Parameter analysis 

4.1. Effects of wind speeds 

Taking the source tank height H = 20 m and the spacing d = 20 m, 
the thermal buckling behavior of the target tank under different wind 
speeds is investigated using the developed numerical model. The results 

Fig. 6. Evolution of the damping ratio over time.  
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show a significant difference in the temperature distribution in each 
region of the tank under different wind speeds. The tank can be divided 
into a high-temperature region facing the flame and a low-temperature 
region at the back. With the increase in wind speed, the hot areas 
gradually converge towards the tank dome. As the flame tilt increases, 
the hot area at the tank dome also expands along the top edge and slowly 
around. 

The temperature distribution in the various regions of the tank 
considerably varies and can be divided into a high-temperature region 
facing the flame and a low-temperature region at the back. As the wind 
speed increases, the high-temperature region gradually converges to-
wards the top region of the tank. The high-temperature region at the top 
of the tank also slowly expands along the top edge to the surrounding 
area due to the increasing inclination of the flame. In the initial stage of a 
fire, the heating rate of the tank is directly proportional to the wind 
speed. However, when the wind speed further increases, the convective 
heat dissipation of air begins to gradually dominate and the warming 
rate decreases. The maximum temperature (TH) of the target tank first 
increases and then decreases in different wind speed scenarios because 
the convective heat dissipation coefficient increases with the increase in 
wind speed. 

The non-uniform thermal expansion under boundary condition 
constraints is an important reason for the thermal post-buckling of 
storage tanks. When the flame is tilted to different degrees, the heating 
rate of the storage tank increases significantly. Compared with the no- 
wind scenario, the wind-affected storage tank can reach the thermal 
stabilization state earlier, so the TL and TH show the same change trend 
under different wind speeds, and the difference between them is small. 
Therefore, wind load has little effect on TL while mainly has an impact 
on ttf. 

4.1.1. Stress redistributions at buckling 
The variation of ttf in different wind speed scenarios is shown in 

Fig. 7. Due to the effect of wind on the rate of warming, the presence of 
wind causes a significant decrease in ttf compared to the scenario with 
zero wind speed. Considering the effect of wind load, there is a differ-
ence in ttf at the same wind speed, and this difference increases with the 
increase of wind speed. Besides, the point of maximum deformation of 
the tank is located in the windward positive pressure zone. The path 
through this point along the circumferential direction of the tank is 
recorded as path 1, and the path along the meridional direction from the 
bottom to the tank dome is recorded as path 2. 

In the case where wind loads are not considered, there is variability 
in the distribution of temperature on the surface of the tank, resulting in 
uneven thermal expansion of the tank wall. Besides, constraints from the 
tank dome, the bottom of the tank, and the cryogenic zone generate 

bending moments at the top and bottom of the tank, so thermal post- 
buckling first occurs at the upper part of the tank wall in which the 
wall thickness is weak. 

The comparison of Fig. 8(a–c) at the time ttf shows that when the 
wind load is applied on path 1, the radial displacement undulates more 
drastically and the degree of folds increases, making the alternating 
changes of circumferential and meridional stresses more frequent. The 
results demonstrate that even if wind loads are not considered, the tank 
is subject to its constraints and non-uniform thermal expansion in the 
region can generate folds. When wind load is considered, this area in the 
windward pressure zone can only affect but not change the form of 
deformation on a large scale, so the degree of folding increases. At the 
time Tend, the tank is subject to thermal post-buckling and the inward 
depression becomes the dominant deformation feature. Besides, the 
circumferential and meridional stresses increase due to the increase in 
the degree of depression deformation when the wind load is applied. 

As shown in Fig. 8(d–f), it can be known that the meridional stress on 
path 2 is smaller at the time ttf than that of the wind load when it is not 
applied. This is because the thermal expansion of the tank is reduced 
after being subjected to wind load. The inward depression deformation 
occurs in advance due to the imminent thermal post-buckling at this 
time and the disturbance of wind load in some areas of the tank. In terms 
of the trend of the radial displacement of the tank, the radial displace-
ment to the outside decreases by applying the wind load. Combined with 
Fig. 6, it can be seen that the degree of fold deformation increases from 
the bottom up along the tank. As mentioned before, the degree of 
creasing increases with the wind, so the circumferential stress along 
path 2 increases with wind loads. 

At the time Tend of path 2, the tank is subjected to thermal post- 
buckling, and the depression formed inward becomes the most domi-
nant deformation feature of the tank. After being subjected to wind load, 
the degree of inward depression deformation increases, so the amplitude 
of circumferential and meridional stresses increases. The degree of 
deformation of the tank dome bulging outward increases again at this 
time, and the degree of deformation is more significant by applying the 
wind load. Therefore, for the tank with applied wind load, the degree of 
depression deformation near the upper part region of the tank wall is 
reduced, so the circumferential stress amplitude decreases. In the 
meridional direction, the constraint from the tank dome in this region is 
again weakened, and the amplitude of the meridional stress is reduced. 

In path 2, three different regions can be divided: the tank dome, the 
equal wall thickness region in layers 7 to 10, and the lower non-uniform 
wall thickness region. There are abrupt changes in stress amplitude at 
both the wall thickness and the intersection of the regions, with the most 
pronounced changes in the meridional stress, as shown in the section of 
the approximate horizontal line segment in Fig. 8(e–f). Besides, at the 

Fig. 7. Fire resistance time at different wind speeds.  
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intersection of the tank dome and the tank, the tank dome acts as a re-
straint to the tank, providing sufficient stiffness so that there is a sig-
nificant abrupt change in circumferential meridional stresses here. 

4.1.2. Effects of wind speed on thermal post-buckling 
Based on the discussion of paths 1 and 2, it is clear that wind loads 

can exacerbate the degree of thermal post-buckling effects on the tank. 
The wall thickness can restrain the deformation of the tank wall to a 
certain extent. The vertical coordinate Um/t indicates the deformation 
magnitude of the tank, expressed as the ratio of the maximum defor-
mation of the tank Um to the corresponding wall thickness t. Pw0 in-
dicates the basic wind pressure w0 on the windward side, NW indicates 
no wind load, and W indicates wind load. 

Fig. 9 shows that the difference in temperature distribution is more 

pronounced since the wind tilts the flame and the deformation of the 
tank is more significant with wind. However, the tilting of the flame 
causes the high-temperature region to be mainly concentrated in the 
tank dome. The thermal expansion of the tank dome is more significant 
than that in the absence of wind. 

With the increase of wind speed, the hot area at the tank dome 
gradually moves backward, the restraint effect of the tank dome on the 
upper part of the tank wall is reduced, and then the bending moment at 
the top and bottom of the tank is weakened. As a result, the tank 
deformation weakens with increasing wind speed. Considering the wind 
load, the depression deformation of the tank increases for the same wind 
speed scenario. Although the expansion of the tank dome outward also 
increases, the wind load has a more significant effect on the disturbance 
of the tank wall. Therefore, the deformation of the tank subject to 
thermal post-buckling is the same as the trend when wind load is not 
considered, except that the degree of deformation produced by the effect 
of thermal post-buckling of the tank is more severe when wind load is 
considered. 

The above analysis shows that the effect of wind-fire coupling on the 
thermal post-buckling behavior of storage tanks should be considered in 
coastal areas or strong wind situations, especially if the pool fire is 
located at ground level, where the tanks will be fully exposed to the wind 
loads. When the tank farm is located in a coastal or strong wind-prone 
area, it is necessary to be alert to the early onset of the thermal post- 
buckling behavior of the tanks. The excessive reduction of ttf and the 
increase in the deformation are very likely to induce earlier collapse of 
the tanks, which may lead to a domino effect. 

4.2. Effects of wind angle 

The effect of the wind on the flame may either bring the flame closer 
to the target tank or move it away from the target tank. Therefore, 
Taking the wind speed u∞ = 20 m/s and the spacing d = 20 m, the 
thermal buckling under different wind angles is investigated. The tem-
perature distribution and deformation pattern of the target tank for 

Fig. 8. Parameter variations for different paths.  

Fig. 9. Deformation of storage tank at different wind speeds.  
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some of the wind angle takes are shown in Fig. 10. 
The high-temperature region of the flame shifts from the tank to the 

tank dome as the γ decreases and the temperature changes from an 
asymmetric to a symmetric distribution. The rapid increase in TH means 
an increase in both the overall temperature and the possibility of ther-
mal post-buckling. 

When γ ≥ 60 ◦C, the tank does not undergo thermal post-buckling, 
only thermal expansion. Accompanied by the reduction of γ after the 
target tank undergoes thermal post-buckling, the deformation style 
changes due to the change in the temperature field distribution but the 
region covered by the concave deformation expands to some extent. 

Fig. 11 shows the variation of parameters related to thermal post- 
buckling after the change of wind angle. TL and ttf are not recorded 
for the interval of wind angle where no thermal post-buckling phe-
nomenon occurred (γ ≥ 60◦). In the interval of the value of the wind 
angle γ where the thermal post-buckling of the target tank occurs, the 
wind angle γ is negatively correlated with the critical buckling tem-
perature TL, and positively with e ttf and the amplitude of buckling (Um/ 
t). 

When the tank undergoes thermal post-buckling behavior, the sta-
bility of the structure is reduced and the overall deformation amplitude 
is intensified due to the abrupt change in geometry. As shown in Fig. 11 
(b), the wind angle γ is negatively correlated with the deformation 
amplitude (Um/t) of the storage tank during the pre-thermal buckling 
stage (60◦ ≤ γ ≤ 90◦) of the target tank; however, the wind angle γ is 
positively correlated with the deformation amplitude when the thermal 
post-buckling phenomenon occurs. For the target tank located in the 
non-downwind location, although the overall heating rate is reduced, it 
is also necessary to prevent the appearance of the thermal post-buckling 
phenomenon to avoid non-linear deformation of the target tank. 

4.3. Effects of tank height 

Oil storage tanks always consist of different storage tanks with 
different diameters, heights, and fuels. The height of the tank top fire 
depends on the height of the storage tanks. As a result, it is needed to 
consider the role of tank height in the failure of tanks exposed to fire. 
The wind speed u∞ = 20 m/s and spacing d = 20 m is taken as the windy 
scenario (denoted by W20 in the subsequent illustrations). The wind 
speed u∞ = 0 m/s and spacing d = 20 m are taken as the windless sce-
nario (denoted by W0 in the subsequent illustrations). The thermal 
buckling behavior of the target tanks in different source tank heights and 
scenarios is explored. 

Fig. 12 presents the temperature distribution and deformation style 
of the target tank at different source tank heights and in the scene. As the 
height of the source tank increases, the TH gradually decreases and the 
temperature field is always symmetrically distributed. Besides, due to 
the change in the temperature field distribution, there is a difference in 
the degree of thermal expansion in each region of the target tank and a 
change in the deformation pattern. 

Considering that there is an interference between the solid flame 
model and the target tank when the value of the source tank height in 
the windy scenario is small, the values of the source tank height in 
different scenarios are not identical. In the thermal buckling process, 
when the height of the source tank changes, the parameters related to 
the thermal post-buckling of the target tank in different scenarios are 
shown in Fig. 13. Due to the increase in the height of the flame position, 
the distance between the target tank and the flame increases, and the 
non-uniform thermal expansion rate of the tank decreases. TH and TL 
show a decreasing trend while ttf shows an increasing trend, indicating 
that the thermal post-buckling is delayed, the structural stability of the 
tank is maintained for a longer time, and Um/t decreases. Besides, the 
presence of wind significantly increases the rate of warming, the rate of 
thermal expansion in each region of the target tank increases, and the 

Fig. 10. Temperature and deformation distribution under different wind angles.  
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degree of non-uniform thermal expansion is intensified, so the TL shows 
an opposite trend in the two scenarios. 

At the same source tank height, ttf in the windy scenario appears to 
be significantly lower while Um/t is significantly higher, i.e., the 
magnitude of tank deformation increased. In addition, in the sample 
with H = 24 m, the thermal post-buckling of the target tank occurs only 
in the windy scenario, but not in the windless scenario. Therefore, when 
the tank is subjected to wind-fire coupling, it is more prone to thermal 
post-buckling. 

4.4. Effects of tank diameter 

In the early stages of tank design, the layout is varied and idealized 
but subject to the needs of the actual production and site size con-
straints, and the diameter of adjacent tanks may not be consistent. The 
pool fire diameter is positively correlated with the source tank diameter. 
When the source tank diameter becomes larger, the target tank receives 

more heat per unit time and the temperature field distribution also 
changes. This sub-section explores the effect of source tank diameter on 
the thermal buckling behavior of storage tanks in different scenarios. 

As shown in Fig. 14, with increasing the diameter of the source tank, 
the heating rate becomes larger, the TH rises, and the high-temperature 
region of the target tank expands to both sides. In different scenarios, the 
temperature field is symmetrically distributed, but the distribution style 
of the high-temperature region is not the same. Besides, during thermal 
buckling, when the diameter of the source tank changes, the tempera-
ture field distribution of the target tank changes, and its deformation 
style is different. 

The parameters associated with thermal post-buckling are shown in 
Fig. 15. When the source tank diameter D increases, the non-uniform 
thermal expansion rate of the target tank accelerates, and thermal 
post-buckling is more likely to occur, corresponding to a decrease in ttf. 
Although ttf is negatively correlated with the source tank diameter, due 
to the significant increase in the heating rate, TL and TH still tend to 

Fig. 11. Parameter changes in thermal post-buckling under different wind angles.  

Fig. 12. Temperature and deformation distribution under different flame heights.  
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increase, and both are positively correlated with the source tank 
diameter. 

The results show that when the thermal post-buckling stage occurs, 
the deformation amplitude increases with increasing the source tank 
diameter. Comparing the samples taken with D = 16 m, the target tanks 
only undergo thermal post-buckling in the windy scenario; in the rest of 
the pool fire diameter samples taken in the windy scenario, the defor-
mation amplitude of the tanks increases significantly, and the ttf de-
creases significantly. Pool fires caused by large storage tanks should be 
extinguished first to prevent thermal post-buckling of the surrounding 
tanks and to avoid induced collapses. 

5. Conclusions 

This paper researches the coupled effects of thermal loads and wind 
loads on the buckling behavior of storage tanks via a numerical simu-
lation. This study can be used to determine the time to failure of tanks 

exposed to fire, avoiding underestimating the risk of domino effects and 
supporting the inherent design and safety barrier management of stor-
age tank areas. According to this study, the following conclusions are 
drawn: 

(1) Thermal post-buckling plays a pivotal role in the failure of stor-
age tanks exposed to coupled effects of fire and wind loads. In the 
thermal post-buckling stage, the weak region of the tank appears 
nonlinear deformation, geometry changes abruptly, and the 
stress shows fluctuating changes, resulting in the reduction of the 
structural stability and the weakening of the load-carrying 
capacity.  

(2) At the downwind location, under the positive pressure of the 
wind, the thermal expansion of the frontal high-temperature re-
gion of the storage tank is weakened, and inward concave 
deformation occurs, contributing to the premature thermal post- 
buckling of the storage tank. The tank deformation increases 

Fig. 13. Parameter changes in thermal post-buckling under different flame heights.  

Fig. 14. Temperature and deformation distribution under different tank diameters.  
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when wind loads are applied. Tanks are more likely to show post- 
thermal buckling in the windy scenario and the ttf is greatly 
reduced and the deformation is intensified.  

(3) Risk assessment and loss prevention in tank farms must take into 
account the effects of the coupled effects of fire and wind loads to 
avoid potentially catastrophic consequences, especially for tank 
storage areas that are susceptible to strong winds or coastal areas.  

(4) The thermal buckling studied in this study is triggered by the non- 
uniform thermal expansion and non-uniform wind loads of thin- 
walled structures. In the future, this study can be extended to 
model the thermal buckling of other thin-walled vessels. Besides, 
the performance of tanks with fireproof coatings and the sce-
narios with multiple tanks can also be investigated by applying 
the developed numerical model. As a result, the most critical 
tanks in the domino effect chain can be identified for guiding the 
inherent design of storage tank areas and safety barrier 
allocation. 
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Glossary 

D: the diameter of the source tank (m) 
Df: the flame diameter (m) 
D’f: the long axis of the elliptical cross-section of the flame (m) 
H: the height of the source tank (m) 
Lf: the flame length (m) 
L*: the characteristic length (m) 
Fr: the Froude number 
FD: the artificial damping force 
L1: the length of the bright flame part of the flame (m) 
m*: the non-dimensional mass burning rate of the fuel 
mb: the mass combustion rate of the fuel (kg/m2s) 
kβ: the fuel experience coefficient 
g: the acceleration of gravity (m/s2) 
d: the distance between the two tanks (m) 
Re: the Reynolds number 
wk: the wind pressure amplitude (Pa) 
M*: the artificial mass matrix of unit density 
Nu: the Nusselt number 
ci: the Fourier coefficient 
Pr: the Prandtl number 
Um: the maximum deformation of the tank (mm) 
U1: the radial displacement (mm) 
Z: the height from the ground (m) 
Ka: he thermal conductivity of air (W/m⋅K) 

Greek symbols 
θ: the angle along the circumferential direction (◦) 
φ: the flame tilt angle (◦) 
γ: the wind angle (◦) 
ε: the emissivity of the flame 
σ: the Stefan-Boltzmann constant 
τ: the atmospheric transmittance 
λ: the load amplification factor 
k: thermal conductivity (W/m/K) 
α: coefficient of thermal expansion 
Nc: the number of carbon atoms in the fuel 
NH: the number of hydrogen atoms in the fuel 
Tfe: the equivalent temperature of the flame surface (◦C) 
T: Temperatures (◦C) 
TH: the maximum temperature (◦C) 
TL: the critical buckling temperature (◦C) 
Tend: the 3600th s of the warming process 
Eav: the average emitted power (kW/m2) 
Eav-max: the average emission power of bright flames (kW/m2) 
Emax: the maximum real firing power of the bright flame (kW/m2) 
Esoot: the maximum firing power of the dark flame (kW/m2) 
Pc: the circumferential wind pressure (Pa) 
P: the total external load 
Q: the internal force 
ttf: the refractory time (s) 
w0: the basic wind pressure (Pa) 
cp: the constant pressure specific heat (J/kg/K) 
E: modulus of elasticity (GPa) 
c: the damping ratio 
t: the tank wall thickness (mm) 
Pw0: the basic wind pressure on the windward side (Pa) 
Wc: the wind class 
hc: the average convective heat transfer coefficient (W/m2⋅K) 
μz: the wind pressure height variation coefficient 
ρ: the air density (kg/m3) 
u*: the dimensionless wind speed 
u∞: the free field wind speed (m/s) 
βz: the wind vibration coefficient 
μs: the wind load shape coefficient 
υ: the velocity vector of the node 
ν: the kinematic viscosity of air (m2/s) 
μ: Poisson’s ratio 
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