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ReseaRch on the non-UnifoRm tempeRatURe field distRibUtion of Q355b steel  
foR GRain stoRaGe UndeR fiRe conditions

To reveal the distribution characteristics of the non-uniform temperature field of structural steel under fire conditions, Q355B 
steel for grain storage was taken as the research object. a multi-channel temperature detection instrument was used to monitor the 
temperature distribution of Q355B test plate in real time under gas fire, and the distribution characteristics of the non-uniform tem-
perature field of the steel were studied under different heat inputs. The results showed that the temperature changes within 600 mm 
from the flame point were significant, while the temperature changes beyond 600 mm were not sensitive. The peak temperature 
Tmax and the heating rate vr at the fire source points of each test plate increased linearly with the increase of heat input Q at the fire 
source. With the increase of distance d, the variation trend of the time tmax for each test plate to reach the peak temperature in the 
rolling direction, was the same. as d increased, tmax gradually increased and tended to stabilize. The average cooling rates vd1 and 
vd2 of each test plate decreased with the increase of d. The temperature distribution patterns of each test plate were the same. The 
Tmax-d curve of each test plate followed the Boltzmann function distribution, the Q-∆T followed a linear relationship, and the Q-d0 
followed an exponential function relationship. By combining the three, a non-uniform distribution model of Tmax-Q temperature 
field under gas fire was obtained.
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1. introduction

With the continuous advancement of China’s moderniza-
tion, the use of low-carbon structural steel in various fields, 
such as machinery, ships, civil engineering, and agriculture, has 
been steadily increasing. however, the mechanical performance 
requirements of steel structures are becoming higher due to the 
increasing requirements for large-scale, long-life, and high-load 
service. Despite this, the service environment of steel structures 
is becoming increasingly complex, leading to a growing risk 
of fire, and the high-temperature environment caused by fires 
inevitably affects the mechanical performance of steel struc-
tures [1-6]. Therefore, it is of great research value to reveal the 
distribution characteristics of the non-uniform temperature field 
during fires, to evaluate the service safety performance of steel 
structures after a fire.

in terms of the distribution characteristics of fire tem-
perature fields, many researchers have conducted research on 
building fires [7-14], tunnel fires [15-22], and structural steel 
fires  [23-25]. in the field of building fires, Li simulated the tem-

perature distribution patterns in long and narrow spaces, as well 
as in the horizontal and vertical directions, and found that along 
the direction of the narrow confined space, the temperature first 
increases and then decreases, while in the transverse direction, 
the temperature in the middle is higher than that on the sides 
[10]. in the field of tunnel fires, Jia conducted experiments on 
different fire source sizes and distances and found that the lon-
gitudinal temperature distribution of the tunnel ceiling follows 
the Forsythe exponential decay law [19]. in terms of structural 
steel fires, Fischer compared the structural response of steel frame 
building to standard fire exposure and travel fire exposure, and 
found that gravity columns were the first structural element to 
fail [23]. Charlier proposed an analytical model based on the con-
cept of virtual solid flame, and compared the steel temperatures 
measured in the travel fire test of the steel frame building with 
the analytical temperatures. The model can take into account both 
representation of fire spread and steel temperature [24]. Xia found 
that the coupling of computational fluid dynamics with finite 
element analysis using temperatures through adiabatic surfaces 
is a universal method capable of capturing member temperatures 
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in different experiments [25]. Ren considered the temperature 
gradients on the member length of the steel structure exposed 
to local fire, studied the resistance of the uprights under local 
fire, and established the finite element model of the cold-formed 
steel storage rack uprights [26]. Researchers have discussed the 
thermal conduction [27], temperature response characteristics 
[28], and steel emissivity at high temperatures [29], but there 
is a relatively little research on the non-uniform temperature 
field distribution characteristics of structural steel during fires. 
Therefore, it is of great research value to study the non-uniform 
temperature field distribution of structural steel for revealing the 
deterioration mechanism of its mechanical properties.

To reveal the distribution characteristics of the non-uniform 
temperature field of structural steel during a fire, the paper takes 
Q355B structural steel for grain storage as the research object 
and investigates the non-uniform temperature field characteris-
tics of steel during a fire. it provides data support for revealing 
the formation mechanism of mechanical properties change of 
steel structure after fire and realizing the sustainable utilization 
of steel structure after fire. 

2. experiment preparation and method  
for determining the heat input

2.1. materials and test specimens

This work focuses on four pieces of Q355B steel plate 
with dimensions of 1500 mm (length)×210 mm (width)×6 mm 
(thickness) in the rolling direction. The chemical compositions 
of the material is shown in TaBLe 1.

TaBLe 1

Chemical composition of Q355B steel (%)

c si mn p s cr ni cu
0.16 0.14 0.66 0.016 0.009 0.04 0.02 0.03

2.2. method for conducting the fire simulation test

in order to reveal the distribution characteristics of the post-
fire non-uniform temperature field of Q355B steel, Firstly, a gas 
stove is used to simulate the fire environment of structural steel. 
Secondly, a multi-channel temperature detection instrument is 
used to monitor the temperature changes of the steel during the 
gas fire. Thirdly, the temperature changes at various temperature 
measurement points on the steel plate were analyzed to reveal the 
non-uniform temperature field distribution characteristics of the 
steel plate under different heat. Finally, based on the distribution 
characteristics of the temperature field, a non-uniform tempera-
ture field distribution model for Q355B steel plate under gas fire 
is constructed, providing the theoretical support for revealing 
the degradation mechanism of the mechanical performance of 
structural steel during a fire.

gas-fire tests were conducted on four specimens #1, #2, 
#3, and #4, as given in Fig. 1. The test process consists of two 
stages: heating for 20 minutes and then natural cooling. The 
tests were conducted in a windless indoor environment, and the 
heat input Q of the specimen was controlled by adjusting the gas 
stove’s air inlet valve. The temperature variation of each speci-
men was measured in the rolling direction using a multi-channel 
thermometer. nine temperature measurement points were evenly 
distributed along the rolling direction of the specimen, with 
distances from the flame center at 0, 160, 320, 480, 640, 800, 
960, 1120, and 1280 mm, as shown in Fig. 2.

Fig. 1. The fire test results for each test plate

Fig. 2. The distribution of fire sources and temperature measurement 
points (unit: mm)

2.3. method for determining the heat input Q

The heat input Q per minute to the temperature measuring 
point #1 at the heat source is determined using:

 Q = CρVν (1)

Where C represents the specific heat capacity of the steel plate 
in J/(kg·℃); ρ represents the density of the steel plate in kg·m3; 
v is the average temperature rise rate at the measuring point of 
the heat source within 20 minutes in ℃·min–1; V represents the 
volume at the measuring point of the heat source in m3.

according to gB 51249-2017, the specific heat capacity C 
of the test plate is taken as 600 J/(kg·℃) [30]; the density ρ is 
taken as 7850 kg·m3; the average heating rate v is determined by 
T20min on the temperature change curve at the heat source. The 
volume V is calculated based on the diameter of the thermocou-
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ple probe (1 mm) and the thickness of the steel plate (6 mm), 
resulting in a value of 4.71×10–9 m3. 

The results for the peak temperature Tmax, time required to 
reach the peak temperature tmax, temperature at the heat source 
after 20 minutes T20min, average temperature rise rate v, and heat 
input Q, for the fire source points of each test plate, are shown 
in TaBLe 2. 

TaBLe 2

Results of the relevant parameters for the heat input Q per minute 
for the fire source points of each test plate

parameter name #1 plate # 2 plate #3 plate #4 plate
Tmax (℃) 697.72 321.68 249.33 234.78
tmax (min) 20.10 20.37 20.55 20.42
T20min (℃) 696.53 319.18 247.47 233.71

v (℃·min–1) 34.83 15.96 12.37 11.69
Q (J·min–1) 0.77 0.35 0.27 0.26

3. temperature test results and analysis

3.1. the temperature-time curves of different 
measurement points

The temperature measurement results for test plates #1, #2, 
#3, and #4 are shown in Fig. 3.

From Fig. 3, it can be observed that the temperature distri-
bution pattern along the rolling direction is the same for the four 
test boards. Regardless of different heat inputs, the temperature 
variation patterns at each measurement point are consistent, fol-
lowing a sequence of “rapid increase → gradual increase → rapid 
decrease → gradual decrease → stabilization”. During the entire 
process, when Q is 0.77 J·min⁻¹, the Tmax at the fire source point 
is the highest. When Q is 0.35, 0.27, and 0.26 J·min⁻¹, the Tmax 
at the fire source point is lower than the Tmax at measurement 
point 2. Combined with Figure 1, it can be observed that when 
Q is less than 0.35 J·min–1, the flame size increases sharply, 
the fire source point is heated by the flame center and the #2 
temperature measurement point is heated by the outer flame. 
The outer flame is a part with sufficient oxygen, which burns 
more completely and generates more heat, so the temperature 
is higher. in contrast, the inner flame is usually located in the 
center of the flame, and the temperature is relatively low due to 
insufficient oxygen supply. 

3.2. the peak temperature Tmax at the temperature 
measurement point

The statistical results of the peak temperatures at each 
measurement point on the four test boards are shown in Fig. 4.

From Fig. 4, it can be observed that the peak temperature 
variation pattern along the rolling direction is the same for the 

Fig. 3. The temperature-time relationship curves of 9 temperature measuring points on each test plate, (a) #1 plate – 0.77 J·min–1; (b) #2 plate – 
0.35 J·min–1; (c) #3 plate – 0.27 J·min–1; (d) #4 plate – 0.26 J·min–1
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four test plates. They all undergo a temperature change process 
of “gradual decrease → rapid decrease → stabilization”. When 
within 600 mm of the fire source point, the temperature of the 
steel plate rises significantly; when beyond 600 mm from the 
fire source point, the temperature increase of the steel plate is 
not obvious and tends to stabilize. This is because the tempera-
ture at the heating end is higher than that at the cold end during 
the heating process of the steel plate, resulting in a temperature 
gradient. The heat is transferred from the high temperature 
zone to the low temperature zone, which makes the cold end 
gradually warm up. The reason for the lower peak temperature 
beyond 600 mm from the fire source point is that the steel plate 
has not reached thermal equilibrium by the end of the heating 
phase before entering the cooling phase.

3.3. Results of the time required for the temperature 
measurement point to reach the peak temperature tmax

The statistical results of the time taken for each measure-
ment point on the four test plates to reach the peak temperature 
are shown in Fig. 5.

From Fig. 5, it can be observed that the variation trend 
of tmax along the rolling direction is the same for the four test 
plates as the distance d increases. as d increases, tmax gradually 
increases and tends to stabilize. The tmax values for measurement 
points # 1 to #3 on each test plates are almost the same, with 

slightly longer insulation duration, ranging between 20 minutes 
and 21 minutes. Compared to the insulation duration, the tmax 
values for measurement points #4 to #6 significantly increase, 
with the magnitude of increase positively correlated with heat 
input Q. The plate #4 has the smallest increase of about 26.9% 
and the plate #1 has the largest increase of 91.0%; From the 
6th measurement point onwards, the tmax of each temperature 
measurement point tends to be stable.

4. analysis of the changing characteristics of non-uniform 
temperature field under different heat inputs

To reveal the characteristics of the non-uniform tempera-
ture field variation of steel plates during gas fire incidents, the 
average rate of temperature change for each temperature point 
during the heating and cooling stages was statistically analyzed.

4.1. analysis of temperature field changes  
during the heating stage

The statistical results of the average heating rate vr for each 
temperature point during the heating stage of the four steel plates 
are shown in Fig. 6.

From Fig. 6, it can be observed that the average heating 
rate vr for each plate during the heating stage decreases as the 

Fig. 4. Statistical results of peak temperature at different temperature measuring points on each test plate, (a) #1 plate – 0.77 J·min–1; (b) #2 plate 
– 0.35 J·min–1; (c) #3 plate – 0.27 J·min–1; (d) #4 plate – 0.26 J·min–1
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Fig. 5. Statistical results of the time required for each temperature measurement point to reach the peak temperature, (a) #1 plate – 0.77 J·min–1; 
(b) #2 plate – 0.35 J·min–1; (c) #3 plate – 0.27 J·min–1; (d) #4 plate – 0.26 J·min–1

Fig. 6. shows the average rate of temperature increase for each test plate, (a) #1 plate – 0.77 J·min–1; (b) #2 plate – 0.35 J·min–1; (c) #3 plate – 
0.27 J·min–1; (d) #4 plate – 0.26 J·min–1
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Fig. 7. The rate of temperature decrease during the slow cooling phase for each test plate, (a) #1 plate – 0.77 J·min–1 – fast; (b) #1 plate – 0.77 J·min–1 
– slow; (c) #2 plate – 0.35 J·min–1 – fast; (d) #2 plate – 0.35 J·min–1 – slow; (e) #3 plate – 0.27 J·min–1 – fast; (f) #3 plate – 0.27 J·min–1 – slow; 
(g) #4 plate – 0.26 J·min–1 – fast; (h) #4 plate – 0.26 J·min–1 – slow
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distance d increases. according to Section 3.1, this is due to the 
fact that during the heating process of the steel plate, the tem-
perature at the heating end is higher than that at the cold end, 
which creates a temperature gradient that causes vr to decrease 
as d increases.

The larger the heat input Q, the higher the vr at the fire source. 
When Q is equal to 0.77 J·min–1, 0.35 J·min–1, 0.27 J·min–1, 
and 0.26 J·min–1, the heating rate vr at the fire source for each 
plate is 34.83℃·min–1, 15.96℃·min–1, 12.37℃·min–1, and 
11.69℃·min–1, respectively. This is consistent with the relation-
ship between Q and vr in Formula (1). 

4.2. analysis of temperature field variation  
characteristics in cooling stage

Considering that the cooling stage of the fire incident can 
be divided into rapid cooling and slow cooling processes, the 
statistical results of the average cooling rates vd1 and vd2 for each 
temperature measurement point of the four test plates during 
these two processes are shown in Fig. 7.

From Fig. 7, it can be observed that the average cooling 
rates vd1 and vd2 for each test plate decrease as the distance d 
increases. During the rapid cooling stage, when Q is equal to 
0.77 J·min–1, 0.35 J·min–1, 0.27 J·min–1, and 0.26 J·min–1, the 
maximum cooling rates are 22.88℃·min–1, 14.06℃·min–1, 
7.54℃·min–1, and 8.50℃·min–1, respectively. During the 

slow cooling stage, the maximum cooling rates do not exceed 
5℃·min–1 for all test boards.

5. the non-uniform temperature distribution pattern of 
peak temperature

5.1. the distribution pattern of peak temperature 
for Q355b steel plate under gas fire conditions

To reveal the non-uniform distribution pattern of the tempera-
ture field of Q355B steel plate under thermal gas fires, a statistical 
method is adopted to analyze the peak temperatures at each tem-
perature measurement point on each plate. Considering that the 
temperature field distribution patterns on all plates are the same 
and follow the Boltzmann function (Formula (2)), the Boltzmann 
function is used to fit the peak temperatures at each measure-
ment point on each plate. The fitting results are shown in Fig. 8.
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where Ti – initial temperature, in ℃; Tf – final temperature, in ℃; 
d – distance from the center of the fire source, in mm; d0 – dis-

tance at which T equal 
2

i fT T
 in mm; c – distance constant, in 

mm; T – peak temperature, in ℃.

Fig. 8. The distribution patterns of peak temperatures for each test plate under different heat inputs, (a) #1 plate – 0.77 J·min–1; (b) #2 plate – 
0.35 J·min–1; (c) #3 plate – 0.27 J·min–1; (d) #4 plate – 0.26 J·min–1
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TaBLe 3 presents the fitting results of the five parameters 
Ti, Tf, Ti -Tf (∆T), d0, and c in Fig. 8. among these parameters, 
Ti, ∆T and d0 have a significant impact on the peak temperature 
Tmax, while Tf and c have a smaller influence on Tmax. To elu-
cidate the relationship between the peak temperature Tmax and 
the heat input Q, an analysis was conducted of the relationship 
between Q and the five fitting parameters.

TaBLe 3

The statistical results of characteristic parameters  
for gas fire tests on each test plate

test plate number #1 #2 #3 #4
Ti / ℃ 740.91 386.00 262.19 256.98
Tf / ℃ 28.46 33.52 35.02 35.34

∆T = Ti -Tf 712.45 352.48 227.17 221.64
d0 / mm 226.83 372.32 413.61 438.47
c / mm 80.93 64.48 64.02 40.32

5.2. the non-uniform distribution model of peak 
temperature for Q355b steel plate under gas  

fire condition

The relationship between heat input Q and the characteristic 
parameters referring to ∆T, d0, c and Tf given in TaBLe 3 are 
shown in Fig 9.

From Fig. 9, it can be observed that Q shows a linear 
relationship with ∆T, while Q exhibits an exponential function 
relationship with d0. Since there is not much variation in Tf and 
c of different heat inputs Q, the average values of Tf and c for 
each test plate can be taken as the general results for the distribu-
tion model of the peak temperature Tmax.

By combining TaBLe 3 and Formula (2), the linear re-
lationship between ∆T and Q, and the exponential relationship 
between d0 and Q, one can derive a non-uniform distribution 
model for the peak temperature Tmax in a gas fire. This model 
can be represented by:
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in eq. (3): Tmax – peak temperature, in ℃; d – distance from 
the fire source point, in mm; ∆T – difference between the initial 
temperature Ti and the final temperature Tf , in ℃; d0 – distance 

at which T equals 
2

i fT T
 in mm.

To validate the reliability of Formula (3), experimental 
values of Tmax at fire source points #1 to #4 are taken, and ex-

Fig. 9. The relationship between heat input and the characteristic parameters of the experiment, (a) heat input Q-ΔT (b) heat input Q -d0; (c) 
heat input Q -c; (d) heat input Q -Tf
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periments were conducted on four test plates. The comparison 
between the experimentally obtained Tmax values at the fire 
source points and the calculated values using Formula (3) is 
shown in Fig. 10.

Fig. 10. Tmax error correction

From Fig. 10, it can be observed that the Tmax values calcu-
lated using Formula (3) are consistently higher than the experi-
mental values, with an average overestimation of 8.64%. in order 
to further improve the accuracy of Tmax calculation, a correction 
is applied to Formula (3) by introducing a modification factor 
of 0.91. The modified result can be seen in Formula (4). accord-
ing to Fig. 10, the average deviation is –0.7%.
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6. conclusions

The paper investigates the temperature distribution charac-
teristics of grain storage steel during the fire incidents, revealing 
the temperature distribution features of the grain storage steel in 
fires. The main conclusions are as follows:
(1) The temperature changes significantly within a distance 

of 600 mm from the flame point. Tmax gradually decreases 
as the distance from the fire source increases. The tem-
perature changes beyond 600 mm are not sensitive. The 
peak temperature Tmax at each test plate’s fire source point 
linearly increases with the increase of heat input Q at the  
fire source.

(2) With the increase of distance d, the change trend of tmax 
in the rolling direction is the same for each test plate. 
as d increases, tmax gradually increases and tends to 
stabilize. The #4 plate has the smallest increase, approxi-
mately 26.9%, while the #1 plate has the largest increase, 
reaching 91.0%. Starting from the 6th temperature measu-

rement point, tmax tends to stabilize for each measure- 
ment point.

(3) During the heating stage, the average heating rate vr of each 
plate decreases with the increase of d. The larger the Q, the 
greater the vr at the fire source. The heating rate vr at each 
plate’s fire source point linearly increases with the increase 
of the heat input Q at the fire source.

(4) The average cooling rates vd1 and vd2 of each test plate de-
crease with the increase of d. The maximum cooling rates 
of each test plate in the rapid cooling stage range from 8.50 
to 22.88℃·min–1. in the slow cooling stage, the maximum 
cooling rates do not exceed 5℃·min–1.
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