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Abstract: Q460GJ steel is a typical high strength and high-performance structural steel. The thermal 9 

creep test on two thicknesses (8 mm and 12 mm) of Q460GJ steel plates at elevated temperatures 10 

(400-800 oC) was carried out. The test results showed that the thermal creep strain increases with 11 

the increases of temperature and stress. When the temperature exceeds about 500 oC and the stress 12 

ratio is greater than about 0.55, the Q460GJ steel plate specimens has obvious creep deformations, 13 

so it is necessary to consider the thermal creep deformation of steel at elevated temperatures for 14 

steel structural design. The difference in plate thickness does not affect the creep properties of the 8 15 

mm and 12 mm Q460GJ steel plates at elevated temperatures. When the temperature is no more 16 

than 600 oC, the second stage creep strain rates of Q460 steel are obviously higher than that of 17 

Q460GJ steel while the stress levels are close. The Fields & Fields creep model is suitable for fitting 18 

the thermal creep strain-time curves for Q460GJ steel. The findings will contribute to providing 19 

theoretical support for design of high-performance steel engineering structures under fire. 20 
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1. Introduction 22 

The research and use of steel in building structures have been developing rapidly 23 

around the world. High-strength structural steel with yield strength standard value 24 

higher than 460MPa has been more and more applied [1-2]. High-strength steel has 25 

excellent mechanical properties and economic advantages. With the continuous 26 

improvement of steel manufacture process, through the precise control of trace 27 

elements in the steel, the strength, yield to strength ratio, ductility and other properties 28 

of structural steel are gradually improved [3-4]. For example, in 2023, Chinese standard 29 

"Steel Plate for Building Structure" (GB/T 19879) [5] was updated to standardize the 30 

production and application of high-performance steel, by adding ‘GJ’ after the original 31 

steel grade, such as Q345GJ, commonly known as ‘GJ steel’. Q460GJ steel is a typical 32 

high strength and high-performance structural steel and has been used in structures in 33 

recent ten years. 34 

Creep refers to the phenomenon that the plastic strain of steel increases slowly 35 

with time under the action of constant and continuous stress at a certain temperature. 36 

The strength degradation of steel at high temperature is serious, and the creep strain at 37 

high temperature is much higher than that at room temperature, and the creep 38 

deformation will also increase sharply [6-8]. At the same time, current research has 39 

found that thermal creep has a great impact on the fire response of steel structural 40 

members [9-10]. The typical thermal creep curve of steel is mainly divided into three 41 

stages, namely, the instantaneous creep stage (the creep strain rate is high, but the rate 42 

gradually decreases with time), the steady-state creep stage (when the creep rate reaches 43 
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the lowest value, it starts to remain constant, and then enters the steady-state creep stage) 44 

and the accelerated creep stage (with the increase of creep deformation, tiny cracks are 45 

generated between crystals, the creep rate gradually increases, and enters the 46 

accelerated creep stage). Finally, the steel fractures. In general, when the temperature 47 

is higher than 30% - 40% of the melting point of steel, obvious creep phenomenon will 48 

occur [11]. Ignoring the influence of thermal creep in structural calculation will lead to 49 

the result is not conservative, which will cause potential safety hazards.  50 

The thermal creep behaviors of different types of steels are significantly different 51 

due to different material compositions and manufacture processes [12-14]. Wang et al. 52 

[15] found that the thermal creep of Q355 cold formed steel was more sensitive. Brnic 53 

et al. [16] conducted an experimental study on the short-time creep behavior of S355 54 

structural steel and found it does not have creep resistance at high temperatures above 55 

500 oC. Wang et al. [17-18] conducted thermal creep test on high-strength steel and 56 

found that the total creep strain increased with the increase of temperature in the range 57 

of 450~600 oC. In the temperature range of 700~900 oC, the total creep strain was more 58 

than 45%, which was higher than the total creep strain at lower temperature. Li et al. 59 

[19] showed that under high temperature and high stress levels, the total amount of 60 

creep deformation of high-strength steel was large and the creep strain rate increased 61 

rapidly. Based on the current research review, many studies have shown that steel type, 62 

stress level and a wide range of temperature values have important effects on the creep 63 

response of structural steel [20-23]. For the simulation and theoretical calculation of 64 

steel structures at high temperature, many studies do not consider the influence of 65 
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thermal creep [24-27]. The mechanical properties of high-performance steel at high 66 

temperature are very different from those of high-strength steel, especially with better 67 

ductility at high temperature [28]. This may lead to a great difference from the high 68 

temperature creep of high-strength steel. However, at present, there are few studies on 69 

the creep properties of high-performance steel, and there is no comparative analysis 70 

with the thermal creep properties of high-performance steel, such as Q460GJ steel. 71 

There is no suitable creep model to describe the thermal creep behavior of high-72 

performance steel. In conclusion, it is necessary to carry out a comprehensive study on 73 

the thermal creep behavior of high-performance steel. 74 

In this paper, the creep properties of Q460GJ steel at elevated temperatures were 75 

studied, and the thermal creep strain-time curves at different temperatures and stress 76 

levels were obtained, and the thermal creep strain-time curves of Q460GJ steel were 77 

compared with that of Q460 steel and analyzed. The Fields & Fields model was selected 78 

to fit the thermal creep strain-time curves of Q460GJ steel at elevated temperatures, 79 

and the creep characteristics of Q460GJ steel at elevated temperatures were 80 

comprehensively characterized. The findings will contribute to providing theoretical 81 

support for design of high-performance steel engineering structures under fire.  82 

2. Mechanical properties of Q460GJ at elevated temperatures 83 

Mechanical properties of high-performance steel named Q460GJ steel and high-84 

strength steel named Q460 steel at elevated temperatures were cited from the relevant 85 

references [29-30] for comparison analyses and to design the following thermal creep 86 
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tests. Two thickness of Q460GJ steel plates were adopted (8mm thickness and 12 mm 87 

thickness), which were provided by HBIS Group Co., Ltd., P. R. China manufactured 88 

in accordance with Chinese standard GB/T 19879-2023 (Steel Plate for Building 89 

Structure) [5]. The mechanical properties of Q460GJ and Q460 steel at elevated 90 

temperatures are shown in Table 1. It can be concluded that the yield strength of 8 mm 91 

thickness Q460GJ steel plate (Q460GJ-8 mm) at elevated temperatures are almost the 92 

same with that of 12 mm thickness Q460GJ steel plate (Q460GJ-12 mm) at relevant 93 

elevated temperatures. The effect of plate thickness on the mechanical properties of 94 

Q460GJ steel can be ignored. Compared with the room temperature and elevated 95 

temperatures yield strength of Q460GJ steel, it can be found that the yield strength of 96 

Q460 steel were slightly higher.  97 

Figure 1 shows the reduction factors of Q460GJ steels [29] and Q460 steel [30] at 98 

elevated temperatures. By comparing the elastic modulus reduction factors at elevated 99 

temperatures, it is found that the elastic modulus reduction factors of Q460GJ steels 100 

steel were slightly higher than that of Q460 steel before 400 oC, and were lower than 101 

that of Q460 steel after 400 oC. By comparing the yield strength reduction factors at 102 

elevated temperatures, it is found that the yield strength reduction factors of Q460 steel 103 

were higher than that of Q460GJ steel. As shown in Figure 1 (c), it is found that ultimate 104 

strength reduction factors of Q460 steel were almost the same as that of Q460GJ steel. 105 
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Table 1 The yield strength (MPa) of Q460GJ and Q460 steel at elevated temperatures. 106 

Steels 20 oC 300 oC 400 oC 500 oC 600 oC 700 oC  800 oC 

Q460GJ-8 mm [29] 475 411 375 311 220 108 53 

Q460GJ-12 mm [29] 495 443 415 365 249 120 54 

Q460 [30] 503 575 518 430 367 182 89 
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(a) Elastic modulus                        (b) Yield strength                    (c) Tension strength 108 

Fig. 1. The reduction factors of Q460GJ [29] and Q460 steel [30]. 109 

3. Thermal creep tests for Q460GJ steels 110 

3.1 Materials and specimen 111 

The chemical compositions of Q460GJ steel and Q460 steel are shown in Table 2. 112 

Alloy element content determines the microstructure and macroscopic mechanical 113 

properties of steel material. The lower content of sulfur (S) and phosphorus (P) 114 

elements will be beneficial for improving the ductility and toughness of high-strength 115 

steel. Adding of Chromium (Cr), Nickel (Ni) and Molybdenum (Mo) can improve the 116 

strength of steel by improving the hardenability. Adding of vanadium (V) and 117 

aluminum (Al) can improve the strength and fracture toughness by refining the crystal 118 

structure of steel [31]. On the whole, the sulfur content is less than 0.015%, the 119 

phosphorus content is less than 0.025%, the carbon content is less than 0.20%. Sulfur 120 
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and phosphorus can increase the strength and hardness of steel, but significantly 121 

decrease ductility and toughness, and increase brittleness. Commonly, these changes in 122 

chemical composition have a significant impact on mechanical properties, but less 123 

impact on anticorrosion properties.  124 

Table 2 Chemical compositions of Q460GJ steel and Q460 steel.  125 

Steel 
Element (%) 

C Si Mn P S Al Cr Ni Cu Mo Nb V Ti CEV 

Q460GJ 0.150 0.320 1.540 0.010 0.0008 0.039 0.050 0.020 0.030 0.004 0.034 0.037 0.003 0.420 

Q460[30] 0.070 0.130 0.920 0.012 0.0030 - - 0.020 - - - - 0.064 0.246 

Specimen preparation process meets the requirements of the standards GB/T 2039-126 

2012 (ISO 204: 2023) [32] and GB/T228.2-2015 (ISO 6892-2:2011) [33]. The size of 127 

the specimen may have an impact on the results of high-temperature creep tests. 128 

Currently, due to the limitations of experimental instruments, the effect of specimen 129 

size has not been considered in this article. Figure 2 is the dimensions and actual photo 130 

of test specimen. Studs are designed in the middle of the test specimen to be used to fix 131 

the extensometer in the test, so the longitudinal distance between the studs is the gauge 132 

length. A hole with a diameter of 8 mm is designed at 22 mm from the end of the test 133 

specimen. In the test, the test specimen is fixed on the creep measurement with bolts, 134 

and the axial tension is applied to the test specimen. In the process of making the test 135 

specimen, it is necessary to ensure that the hole position is located on the longitudinal 136 

axis of the test piece, otherwise the stress distribution will be not uniform in the test, 137 

which will greatly affect the test results. The thermal creep test specimen is cut by Wire 138 

cut Electrical Discharge Machining (WEDM), and the accuracy of this cutting method 139 
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can reach 0.01 mm.  140 

 141 

Fig. 2. Dimensions and actual photo of test specimen (mm). 142 

Usually, the creep phenomenon of steel at low temperatures is not significant. 143 

Carbon steel with exceeding 300 oC heating and alloy steel with exceeding 400 oC 144 

heating will exhibit significant creep effects. The target elevated temperatures were 145 

selected as 400 oC, 500 oC, 600 oC, 700 oC and 800 oC, respectively. At each temperature, 146 

three tests considering different stress ratios (R) were conducted. Stress ratio was 147 

defined as the ratio of the pre-selected stress (σ) to the yield stress at elevated 148 

temperature (fy,T). Four stress ratios were designed (0.2, 0.3, 0.55, 0.8). The numbers of 149 

test specimens and corresponding test conditions are shown in Table 3. For example, 150 

the specimen number ‘GJ-8-600-0.3-1’ represents ‘Q460GJ steel - 8mm thickness plate 151 

- 600 oC - Stress ratio 0.3 - specimen 1’. Commonly, due to the relatively larger creep 152 

deformation values and good repeatability of thermal creep test [15], one single 153 

specimen was used for each test. Especially, for S-8-600R, S-8-700R, S-8-800R tests, 154 

two specimens were tested for checking the validity of test results. 155 

3.2 Thermal creep test setup and process 156 
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The thermal creep test was carried out using the GMT-D100 electronic high 157 

temperature creep measurement (Figure 3), which includes a temperature control 158 

module, a strain measurement module and a loading module. GB/T 2039-2012 [32] The 159 

N-type thermocouple was directly bound to the specimen to measure the temperature 160 

within the standard distance of the specimen and at the same time automatic 161 

temperature control was carried out, three-stage temperature control was designed. The 162 

three thermocouples were respectively installed in the upper, middle and lower areas of 163 

the specimen gauge length, and the temperature control accuracy is ± 1 oC. The heating 164 

processes at different elevated temperatures are shown in Figure 4. The heating rate of 165 

the thermoelectric furnace was 10 oC /min, and the specimen was heated to the designed 166 

temperature without load and then kept for 30 minutes. The creep strain of the specimen 167 

was measured after loading for eliminating the effect of thermal expansion strain. 168 

Table 3 Numbers of test specimens and corresponding test conditions. 169 

Test number T (oC) fy,T (MPa) Pre-selected stress σ (MPa) Stress ratio R (Failure mode) 

GJ-8-400 400 375.82 112.7/206.7/300.7 0.3(N)/0.55(N)/0.8(N) 

GJ-8-500 500 311.94 93.6/171.6/249.5  0.3(N)/0.55(N)/0.8(N) 

GJ-8-600 600 220.42 66.1/121.2/176.3 0.3(N)/0.55(N)/0.8(F) 

GJ-8-700 700 108.74 21.7/32.6/59.8 0.2(N)/0.3(N)/0.55(F) 

GJ-8-800 800 53.78 10.7/16.1/29.6 0.2(N)/0.3(N)/0.55(F) 

GJ-12-400 400 415.55 124.5/228.25/332.4 0.3(N)/0.55(N)/0.8(N) 

GJ-12-500 500 365.29 109.6/200.9/292.2 0.3(N)/0.55(N)/0.8(N) 

GJ-12-600 600 249.76 74.9/137.4/199.8 0.3(N)/0.55(N)/0.8(F) 

GJ-12-700 700 120.18 24.0/36.1/66.1 0.2(N)/0.3(N)/0.55(F) 

GJ-12-800 800 54.44 10.9/16.3/29.9 0.2(N)/0.3(N)/0.55(F) 

Note: F-fracture mode; N-without fracture mode. 170 
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When the specimen installation was completed, tension load was added to the 171 

specimen with a loading rate of 500 N/s until the target load was achieved. The loading 172 

rate of 500 N/s was used to ensure that the creep strain during loading could be 173 

minimized. After loading to the target load, the load and temperature were kept constant 174 

until the specimen fractured or the loading time exceeded 6h.  175 

 176 

Fig. 3. Tensile testing setup and measurement. 177 

0 100 200 300 400 500 600 700 800
0

200

400

600

800

 Upper area

 Middle area

 Lower area

T
em

p
er

at
u
re

 (
C

)

Time (min)

Heating

Keeping

 178 

Fig. 4. Heating process for tensile testing. 179 
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4. Thermal creep test results and discussions 180 

4.1 Failure modes of the specimen 181 

Typical specimen photos after thermal creep test are shown in Figure 5. At 400 oC, 182 

the surface of S-8-400R test specimen was almost intact and had metallic luster. At 500 183 

oC, part of the surface of S-8-500R test specimen was carbonized showing grayish black 184 

and the metallic luster faded. At 600 oC, 700 oC and 800 oC, the surfaces of S-8-600R, 185 

S-8-700R, S-8-800R were black and the metallic luster faded. At 400 oC and 500 oC, 186 

the creep deformation amounts of the S-8-400R and S-8-500R specimens were very 187 

small and there were no necking phenomena observed. At 600 oC, when the stress ratios 188 

were 0.3 and 0.55, the creep amounts of the S-8-600R test specimens were relatively 189 

small. But when the stress ratios were 0.8, the creep amount of the tested specimen was 190 

obvious, and the necking phenomenon occurred, and finally fracture occurred. At 700 191 

oC and 800 oC, when the stress ratios were 0.2 and 0.3, the creep amounts of the S-8-192 

700R and S-8-800R specimens were relatively small. But when the stress ratios were 193 

0.55, the creep amount of the tested specimen was obvious, and the necking 194 

phenomenon occurred, and finally fracture occurred.  195 
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 196 

Fig. 5. Typical specimen photos after thermal creep test. 197 

To sum up, when the temperature exceeds about 500 oC and the stress ratio is 198 

greater than about 0.55, the 8 mm thickness Q460GJ steel plate specimens has obvious 199 

creep deformations, so it is necessary to consider the creep deformation of steel at 200 

elevated temperatures for steel structural design.  201 

For 12 mm thickness Q460GJ steel plate specimens, the failure modes observed 202 

from creep tests are almost the same with that of 8 mm thickness Q460GJ steel plate 203 

specimens. It can be concluded that the thickness effect could be negligible for Q460GJ 204 

steel plates with thicknesses of 8 mm and 12 mm. 205 

4.2 Thermal creep strain–time curves 206 

Thermal creep strain-time curves of Q460GJ steel specimens at different 207 

temperatures are shown in Figure 6. As shown in Figure 6 (a) and (c), the thermal creep 208 

strain-time curves only showed the first and second creep stages, which shows that the 209 
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creep rate changed from fast to slow, and then tended to be stable. When the stress ratio 210 

was less than 0.55, the creep strain was within 1%; When the creep strain was 0.8, the 211 

creep strain increased slightly, within 5%. It can be seen that the thermal creep 212 

deformation of Q460GJ steel was not significant when the temperature was less than 213 

500 oC and the stress ratio is less than 0.8. As shown in Figure 6 (b) , (d) and (e), the 214 

thermal creep strain-time curves showed the first and second creep stages when the 215 

stress ratios were 0.3 and 0.55, but showed the second and third creep stages when the 216 

stress ratios were 0.8. When the stress ratio was less than or equal to 0.55, the creep 217 

strain was about 5%. The thermal creep strain-time curves of 12 mm Q460GJ plate 218 

specimens at 600 oC are shown in Figure 5 (f) and were almost the same with that of 8 219 

mm thickness Q460GJ steel plate specimens. As shown in Figure 6 (g) and (i), the creep 220 

strain-time curves showed the first and second creep stages when the stress ratios were 221 

0.2 and 0.3, but showed the second and third creep stages when the stress ratios were 222 

0.55. When the stress ratio was less than or equal to 0.3, the creep strain was about 20%. 223 

Under the stress ratio of 0.55, the failure of the specimens occurred at about 200 minutes. 224 

The thermal creep strain-time curves were almost the same with that of 8 mm thickness 225 

Q460GJ steel plate specimens. The thermal creep strain-time curves of 12 mm Q460GJ 226 

plate specimens at 700 oC and 800 oC are shown in Figure 6 (h) and (j) and were almost 227 

the same with that of 8 mm thickness Q460GJ steel plate specimens. 228 
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(a) 8 mm Q460GJ plate specimens at 400 oC     (b) 12 mm Q460GJ plate specimens at 400 oC 230 
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(c) 8 mm Q460GJ plate specimens at 500 oC     (d) 12 mm Q460GJ plate specimens at 500 oC 232 
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(e) 8 mm Q460GJ plate specimens at 600 oC     (f) 12 mm Q460GJ plate specimens at 600 oC 234 
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(g) 8 mm Q460GJ plate specimens at 700 oC     (h) 12 mm Q460GJ plate specimens at 700 oC 236 
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(i) 8 mm Q460GJ plate specimens at 800 oC     (j) 12 mm Q460GJ plate specimens at 800 oC 238 

Fig. 6. Thermal creep strain-time curves of Q460GJ steel specimens at different temperatures. 239 

Generally, the thermal creep strain-time curves of two specimens under the same 240 

testing conditions were very close as shown in Figure 6 (e), (g) and (i), and there was 241 

partial deviation under high stress ratio, but the creep trend was basically the same. 242 

These phenomena are basically consistent with the description as reference [19] 243 

indicated. It can also be concluded that the thickness effect could be negligible for 244 

Q460GJ steel plates with thicknesses of 8 mm and 12 mm. The typical thermal creep 245 

strain-time curve of Q460GJ steel includes the typical three stages (the instantaneous 246 

creep stage, the steady-state creep stage and the accelerated creep stage) before fracture. 247 

The thermal creep strain increases with the increases of temperature and stress ratio. 248 

4.3 Thermal creep rate curves 249 

The thermal creep rate in the steady-state creep stage, the second stage creep rate, 250 

is an important parameter to investigate the thermal creep performance of steel. 251 

According to the thermal creep strain-time curves, the thermal creep rate curves of 252 

Q460GJ steel at different temperatures are shown in Figure 7-11. The thermal creep 253 

rate curves and creep stage demarcation at of 8 mm and 12 mm Q460GJ plate specimens 254 
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at 400 oC are shown in Figure 7. All creep rate curves include transient creep stage (Ⅰ) 255 

and steady-state creep stage (Ⅱ). At 400 oC, the creep stage demarcation times were 256 

about 65 min. The thermal creep rate curves and creep stage demarcation at of 8 mm 257 

and 12 mm Q460GJ plate specimens at 500 oC are shown in Figure 8. All creep rate 258 

curves include transient creep stage (Ⅰ) and steady-state creep stage (Ⅱ). At 500 oC, the 259 

creep stage demarcation times of stage (Ⅰ) and (Ⅱ) were about 70 min.  260 
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(c) 8mm, R=0.55                    (d) 12mm, R=0.55 264 

0 100 200 300 400

0.0

0.1

0.2

0.3

0.4

0.5

0.6

T=75 min

R=0.8

 Creep strain

 Creep rate

Time (min)

C
re

ep
 s

tr
ai

n
 (

%
)

ⅡⅠ

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

C
re

ep
 r

at
e 

(m
in

-1
)

0 100 200 300 400
0.0

0.4

0.8

1.2

R=0.8

 Creep strain

 Creep rate

Time (min)

C
re

ep
 s

tr
ai

n
 (

%
)

ⅡⅠ

0.00

0.01

0.02

0.03

T=65 min

C
re

ep
 r

at
e 

(m
in

-1
)

 265 

(e) 8mm, R=0.8                    (f) 12mm, R=0.8 266 



 

17 

Fig. 7. Thermal creep strain rate curves and creep stage demarcation at 400 oC. 267 
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(a) 8 mm, R=0.3                    (b) 12 mm, R=0.3 269 
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(c) 8 mm, R=0.55                    (d) 12 mm, R=0.55 271 
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(e) 8 mm, R=0.8                    (f) 12 mm, R=0.8 273 

Fig. 8. Thermal creep strain rate curves and creep stage demarcation at 500 oC. 274 

The thermal creep rate curves and creep stage demarcation at of 8 mm and 12 mm 275 

Q460GJ plate specimens at 600 oC are shown in Figure 9. When the stress ratios are 276 

0.3 and 0.55, the creep rate curves include transient creep stage (Ⅰ) and steady-state 277 

creep stage (Ⅱ). When the stress ratio is 0.8, the creep rate curves include transient creep 278 

stage (Ⅰ), steady-state creep stage (Ⅱ) and the accelerated creep stage (Ⅲ). At 600 oC, 279 

the creep stage demarcation times of stage (Ⅰ) and (Ⅱ) were about 30 min.  280 
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(a) 8 mm, R=0.3                    (b) 12 mm, R=0.3 282 
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(c) 8 mm, R=0.55                    (d) 12 mm, R=0.55 284 
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(e) 8 mm, R=0.8                    (f) 12 mm, R=0.8 286 

Fig. 9. Thermal creep strain rate curves and creep stage demarcation at 600 oC. 287 

The thermal creep rate curves and creep stage demarcation at of 8 mm and 12 mm 288 

Q460GJ plate specimens at 700 oC are shown in Figure 10. When the stress ratios are 289 

0.2 and 0.3, the creep rate curves include transient creep stage (Ⅰ) and steady-state creep 290 

stage (Ⅱ). When the stress ratio is 0.55 and 0.8, the creep rate curves include transient 291 

creep stage (Ⅰ), steady-state creep stage (Ⅱ) and the accelerated creep stage (Ⅲ). At 700 292 

oC, the creep stage demarcation times of stage (Ⅰ) and (Ⅱ) were about 20 min.  293 
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(a) 8 mm, R=0.2                    (b) 12 mm, R=0.2 295 
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(c) 8 mm, R=0.3                    (d) 12 mm, R=0.3 297 
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(e) 8 mm, R=0.55                    (f) 12 mm, R=0.55 299 

Fig. 10. Thermal creep strain rate curves and creep stage demarcation at 700 oC. 300 

The thermal creep rate curves and creep stage demarcation at of 8 mm and 12 mm 301 

Q460GJ plate specimens at 800 oC are shown in Figure 11. When the stress ratios are 302 

0.2 and 0.3, the creep rate curves include transient creep stage (Ⅰ) and steady-state creep 303 

stage (Ⅱ). When the stress ratio is 0.55 and 0.8, the creep rate curves include transient 304 

creep stage (Ⅰ), steady-state creep stage (Ⅱ) and the accelerated creep stage (Ⅲ). At 800 305 

oC, the creep stage demarcation times of stage (Ⅰ) and (Ⅱ) were about 20 min. 306 
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(a) 8 mm, R=0.2                    (b) 12 mm, R=0.2 308 
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(c) 8 mm, R=0.3                    (d) 12 mm, R=0.3 310 
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(e) 8 mm, R=0.55                    (f) 12 mm, R=0.55 312 

Fig. 11. Thermal creep strain rate curves and creep stage demarcation at 800 oC. 313 

It can be found that the third stage of thermal creep strain-time curve will appear 314 

rapidly when the temperature and stress ratio are higher. For 12 mm thickness Q460GJ 315 

steel plate, the thermal creep rate curves observed from creep tests were almost the 316 

same with that of 8 mm thickness Q460GJ steel plate specimens. There was no obvious 317 
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thickness effect observed for Q460GJ steel plates with thicknesses of 8 mm and 12 mm. 318 

By selecting the thermal creep strain rate data of steady-state creep stage for linear 319 

fitting, the slope of the fitting line was the chosen as the average value of the second 320 

stage creep strain rate. The second stage creep strain rates of 8 mm Q460GJ steel at 321 

elevated temperatures (min−1) are shown in Table 4. The second stage creep strain rates 322 

of 12 mm Q460GJ steel at elevated temperatures (min−1) are shown in Table 5. Under 323 

the same stress ratio, the thermal creep strain rate increases with the increase of 324 

temperature. At the same temperature, the thermal creep strain rate increases with the 325 

increase of stress ratio. There was little difference between the thermal creep strain rate 326 

values of 8 mm Q460GJ steel and 12 mm Q460GJ steel at elevated temperatures within 327 

600 oC. It can be found that the thermal creep strain rate at each stress ratio is relatively 328 

small within 500 oC. When the stress ratio is above 0.3 and the temperature is above 329 

700 oC, the thermal creep strain rate increases rapidly. The temperature and stress ratio 330 

have a great influence on the thermal creep strain rate of Q460GJ steel. Within the 331 

testing conditions set in this paper, the variation range of the thermal creep strain rate 332 

is 3.07E-05 (min−1) to 0.288 (min−1). The loading accuracy of the instrument in this 333 

article was 0.5 %. When the strain is small, as shown in Figure 8-11, there are some 334 

oscillations of the experimental results. The oscillations of the experimental results 335 

were relatively obvious. This might be caused by loading fluctuations. Based on the 336 

thermal creep strain time curves, thermal creep strain rate curves and creep stage 337 

degradation, the difference for thickness influence on thermal creep property could be 338 

ignored, this might be caused by the less than 5% difference for thickness influence on 339 
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thermal mechanical property [29].  340 

Table 4 The second stage creep strain rate of 8mm Q460GJ steel at elevated temperatures (min−1). 341 

Stress ratio R 400 oC 500 oC 600 oC 700 oC 800 oC 

0.2 - - - 2.15E-03 2.83E-02 

0.3 3.54E-04 2.13E-04 7.18E-04 1.23E-02 4.29E-02 

0.55 3.43E-04 5.64E-04 5.24E-03 8.04E-02 0.177 

0.8 3.54E-04 2.26E-03 0.164 - - 

Table 5 The second stage creep strain rate of 12mm Q460GJ steel at elevated temperatures (min−1). 342 

Stress ratio R 400 oC 500 oC 600 oC 700 oC  800 oC 

0.2 - - - 1.40E-02 2.31E-02 

0.3 3.07E-05 3.92E-04 2.24E-03 5.17E-02 5.94E-02 

0.55 1.77E-04 3.51E-04 1.49E-02 0.141 0.226 

0.8 6.26E-04 1.14E-02 0.288 - - 

5. Discussion on thermal creep of Q460GJ and Q460 steel 343 

The thermal creep test results of Q460GJ steel in this paper were compared with 344 

those of Q460 high-strength steel in reference [30] The thermal creep strain-time curves 345 

comparisons of Q460GJ steel and Q460 steel are shown in Figure 12. Figure 12(a) 346 

shows the creep strain-time curves of Q460GJ steel and Q460 steel at 400 oC. While 347 

the stress levels were close, the second stage creep strain rates of Q460GJ steel were 348 

lower than that of Q460 steel. Figure 12 (b) and (c) show the creep strain-time curves 349 

of Q460GJ steel and Q460 steel at 500 oC and 600 oC. While the stress levels were close, 350 

the second stage creep strain rates of Q460 steel were obviously higher than that of 351 

Q460GJ steel. Figure 12 (d) and (e) show the creep strain-time curves of Q460GJ steel 352 

and Q460 steel at 700 oC and 800 oC. While the stress levels were close, there were no 353 
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obvious difference between the second stage creep strain rates of Q460 steel and 354 

Q460GJ steel. Generally, the thermal creep strain-time curves of the two kinds of steels 355 

were similar, the creep strain increased with the increase of temperature, and the order 356 

of magnitude of the creep strain was basically the same. When the temperature was no 357 

more than 600 oC, the second stage creep strain rates of Q460 steel were obviously 358 

higher than that of Q460GJ steel while the stress levels were close. At 700 oC and 800 359 

oC, there were no obvious difference between the second stage creep strain rates of 360 

Q460 steel and Q460GJ steel while the stress levels were close. Under the same 361 

conditions, the second stage creep strain rates of Q460GJ steel were obviously lower 362 

than that of Q460 steel, and it will be safer for Q460GJ steel structure under elevated 363 

temperatures within 600 oC than Q460 steel.  364 
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(a) Creep strain-time curves at 400 oC 366 
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(b) Creep strain-time curves at 500 oC       (c) Creep strain-time curves at 600 oC 368 
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(d) Creep strain-time curves at 700 oC       (e) Creep strain-time curves at 800 oC 370 

Fig. 12. Thermal creep strain-time curves comparison of Q460GJ steel and Q460 steel. 371 

6. Thermal creep strain-time curve model 372 

In order to describe the thermal creep behavior of materials, a lot of research on 373 

creep constitutive model has been carried out. Many scholars have established different 374 

creep constitutive models based on the creep tensile test results. The most commonly 375 

used creep models are Harmathy model [34], Fields & Fields model [35] and Kodur 376 

model [36]. In this paper, the Fields & Fields creep model is used, which gives the 377 

relationship between creep strain, time and stress in power function form as shown in 378 

equation (1). The Fields & Fields creep model widely used in fire engineering is concise 379 

and has few parameters. The model can be directly applied to the finite element 380 

software ABAQUS analysis after first-order derivation. The creep rate (dε/dt) can be 381 

calculated as equation (2). 382 

ccr bat =  (1) 

where εcr is the creep strain (%), t is the time (min), σ is the stress (MPa), a and b are 383 

dimensionless parameters.  384 

1/ b cd dt abt −=  (2) 
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where dε/dt is the creep rate (% / min).  385 

The Fields & Fields creep model fitting results for Q460GJ steel creep strain-time 386 

curves are shown in Figure 13. At 400 oC, it can be seen that when the applied stress 387 

increased from 113 MPa to 332.4 MPa, the creep strain increased with the increase of 388 

stress, and the fitting degree of the Fields & Fields creep was good. At 500 oC, it can be 389 

seen that when the applied stress increased from 93.6 MPa to 292 MPa, the creep strain 390 

increased with the increase of stress, and the fitting degree of the Fields & Fields creep 391 

was good. At 600 oC, it can be seen that when the applied stress increased from 66.1 392 

MPa to 199.8 MPa, the creep strain increased with the increase of stress, and the fitting 393 

degree of the Fields & Fields creep was good. At 700 oC, it can be seen that when the 394 

applied stress increased from 21.7 MPa to 66.1 MPa, the creep strain increased with the 395 

increase of stress, and the fitting degree of the Fields & Fields creep was good. At 800 
396 

oC, it can be seen that when the applied stress increased from 10.7 MPa to 29.9 MPa, 397 

the creep strain increased with the increase of stress, and the fitting degree of the Fields 398 

& Fields creep was good. The parameters of the Fields & Fields creep model fitting for 399 

Q460GJ steel are shown in Table 6. The statistical mean absolute errors between the 400 

experimental curves and model curves under different temperatures were calculated as 401 

shown in Table 6. The model formulations fit slightly poorly for low temperature creep 402 

test results, but fit well for high temperature creep test. At temperatures of 400 oC and 403 

500 oC, the effectiveness of the model simulation is slightly lower, which may be due 404 

to the relatively smaller creep deformation. The relationship between temperatures (T) 405 

and the parameters of the Fields & Fields creep model fitting for Q460GJ steel are 406 

shown as equations (3-5). To sum up, The Fields & Fields creep model is suitable for 407 
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fitting the thermal creep strain-time curves for Q460GJ steel, and equations (3-5) can 408 

be used to calculate the model parameters at different temperatures. 409 
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(c) Fields & Fields creep model at 600 oC 413 

0 100 200 300 400 500
0

10

20

30

40

50

24.0MPa

21.7MPa

32.6MPa

36.1MPa

59.8MPa

66.1MPa
 Test

 Model

C
re

ep
 s

tr
ai

n
 (

%
)

Time (min)

0 100 200 300 400 500
0

10

20

30

40

50

10.9MPa

 Test

 Model

16.3MPa

29.6MPa

29.9MPa

16.1MPa

10.7MPa

C
re

ep
 s

tr
ai

n
 (

%
)

Time (min)  414 

(d) Fields & Fields creep model at 700 oC  (e) Fields & Fields creep model at 800 oC 415 
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Fig. 13. The Fields & Fields creep model fittings for Q460GJ steel creep strain-time curves 416 

Table 6 Parameters of the Fields & Fields creep model fitting for Q460GJ steel 417 

Temperature 

(oC) 
a log(a) b c COD(R2) 

Mean Absolute 

Error (%) 

400 3.31E-04 -3.48 0.87 1.26 0.975  0.073 

500 8.64E-04 -3.06 0.18 1.19 0.986  0.076 

600 2.34E-10 -9.63 0.52 4.23 0.998  0.240 

700 6.22E-11 -10.21 1.60 4.49 0.994  0.683 

800 6.80E-06 -5.17 1.19 2.86 0.992  0.867 
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7. Conclusions 421 

The present study was designed to study the creep properties of Q460GJ steel at 422 

elevated temperatures. The thermal creep strain-time curves of Q460GJ steel were 423 

compared with that of Q460 steel and analyzed. The Fields & Fields model was selected 424 

to fit the thermal creep strain-time curves of Q460GJ steel at elevated temperatures, 425 

and the creep characteristics of Q460GJ steel were comprehensively characterized. 426 

Based on the above works, the following major findings were revealed.  427 

(1) When the temperature exceeds about 500 oC and the stress ratio is greater than 428 

about 0.55, the Q460GJ steel plate specimens have obvious creep deformations, so it is 429 
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necessary to consider the thermal creep deformation of steel at elevated temperatures 430 

for steel structural design. Generally, for Q460GJ and Q460 steels, the creep strain 431 

increased with the increase of temperature, and the order of magnitude of the creep 432 

strain was basically the same. The difference in plate thickness does not affect the creep 433 

properties of the 8 mm and 12 mm Q460GJ steel plates at elevated temperatures. 434 

(2) The typical high temperature creep stress-train curve of Q460GJ steel includes 435 

the typical three stages before fracture. The thermal creep strain increases with the 436 

increases of temperature and stress ratio. Under the same test conditions, the thermal 437 

creep strain rates of Q460GJ steel were obviously lower than that of Q460 steel, and it 438 

will be safer for Q460GJ steel structure under elevated temperatures within 600 oC than 439 

Q460 steel. At 700 oC and 800 oC, there were no obvious difference between the second 440 

stage creep strain rates of Q460 steel and Q460GJ steel while the stress levels were 441 

close. 442 

(3) The creep strain rate at each stress ratio is relatively small within 500 oC. When 443 

the stress ratio is above 0.3 and the temperature is above 700 oC, the creep strain rate 444 

increases rapidly. The temperature and stress ratio have a great influence on the thermal 445 

creep strain rate of Q460GJ steel. Within the testing conditions set in this paper, the 446 

variation range of the thermal creep strain rate is 3.07E-05 (min−1) to 0.288 (min−1). 447 

(4) The Fields & Fields creep model is suitable for fitting the thermal creep strain-448 

time curves for Q460GJ steel by using the proposed parameters at different 449 

temperatures. Further revealing the influence of the microstructure and composition of 450 

the Q460GJ steel on the thermal creep properties is the further recommended work that 451 
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is ongoing to be carried out. 452 
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