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Abstract: Previous studies on the post-fire mechanical properties of steel were 9 

conducted with unstressed state, without considering the influence of pre-stress which 10 

subjected to structures in reality. In this article, the post-fire residual mechanical 11 

properties of Q460GJ steel under different pre-tensile stresses were studied. The stress-12 

strain curve, elastic modulus, yield strength, ultimate strength and fracture elongation 13 

of Q460GJ steel after different elevated temperatures heating are analyzed in detail. 14 

The experimental results are compared with that of Q460 steel and S460 steel in the 15 

existing literatures. At last, the predictive equations of post-fire mechanical properties 16 

of Q460GJ steel under different pre-tensile stresses are established. Q460GJ steel still 17 

maintains good ductility after elevated temperature heating, which increases the 18 

possibility of reuse of Q460GJ steel element after fire. The Q460GJ steel has better 19 

post-fire ductility than that of Q460 and S460 steels. The predictive equations for the 20 

post-fire residual mechanical properties for Q460GJ steel under different pre-tensile 21 
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stresses were proposed. The variation coefficients of yield strength for Q460GJ steel 22 

under different pre-tensile stresses after 20 min different elevated temperatures heating 23 

were within 0.065. The findings should have a great significance to providing 24 

theoretical support for design of reusing or restoring steel building after fire.  25 

Keywords: Q460GJ steel; Post-fire; Mechanical properties; Stress–strain curve; Reduction factor 26 

1. Introduction 27 

Comparing with traditional concrete building, steel building with applying steel 28 

plates or steel sections has the following advanced properties such as light weight, good 29 

ductility and better seismic resistance [1-4]. And because the steel components can be 30 

manufactured in factory and installed on site while building steel structure, the steel 31 

building construction period can be greatly reduced. With long-term consideration, the 32 

reusability of steel material can greatly reduce construction waste and make steel 33 

building more environmentally friendly [5-8]. Therefore, it is widely adopted by 34 

countries around the world and applied in industrial and civil constructions [9-11]. With 35 

the continuous improvement of steel manufacture technologies, the control of trace 36 

elements in steel production is becoming more and more accurate. Therefore, the 37 

mechanical properties of constructional steel, such as yield to strength ratio and 38 

ductility could be becoming more and more excellent. The emergence of high-39 

performance structural steel is the inevitable trend of the modern construction industry 40 

development [12-14]. High-performance steel has the advantages of high strength and 41 

good ductility, which has a good engineering application prospect. Although steel 42 

structures have widely recognized advantages such as light weight, good seismic 43 
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performance and convenient construction, the relatively weak fire resistance of steel 44 

structures has still been considered as a major safety hazard [15-18].  45 

The elevated temperature caused by fire changes the microstructure of steel, thus 46 

changing its mechanical properties. Structural fire safety is one of the key factors in the 47 

design of high-rise buildings. Through reasonable fire protection design, the steel 48 

structure can withstand fire or elevated temperature for more than 90 minutes without 49 

obvious fire resistance loss, so fire or elevated temperature does not always lead to the 50 

collapse of the steel structure [19-21]. However, the steel structure after fire will 51 

generate residual force and deformation again in the cooling stage and after cooling, 52 

which may lead to the insecurity of the structure. In order to reuse or restore the steel 53 

building after fire, it is necessary to further evaluate the reliability of steel structures 54 

after fire based on the post-fire residual mechanical properties of steel [22-24]. 55 

Therefore, the study of post-fire residual mechanical properties of steel has become one 56 

of the research hotspots in the field of civil engineering, especially the study of post-57 

fire residual mechanical properties of high-performance steel. 58 

In order to accurately evaluate the residual performance of steel structure after fire, 59 

it is necessary to accurately understand the influence of elevated temperature and 60 

cooling process on the mechanical properties of steel after fire [25-27]. In recent years, 61 

the researches on mechanical properties of structural steel after fire have been 62 

increasing continuously. Qiang et al. [28, 29] conducted tensile tests on high-strength 63 

S460, S690 and S960 steels after fire exposure. The test results showed that when the 64 

temperature was lower than 600 oC, the mechanical properties of the steels after fire 65 
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were less affected, while the properties of different grade steels after fire were greatly 66 

different. Lee et al. [30] conducted post-fire tensile tests of A992 steel with the elevated 67 

temperature range of 200 oC ~1000 oC with water cooling and air cooling modes, and 68 

found that, with air cooling mode, the yield strength did not significantly reduce until 69 

the elevated temperature exceeded 700 oC. However, with water cooling mode, the 70 

yield strength increased and the fracture toughness decreased. Wang et al. [31] studied 71 

the mechanical properties of Q460 after fire, and proved that different elevated 72 

temperatures and cooling modes have effects on the stress-strain curve, yield strength, 73 

tensile strength and fracture elongation of Q460 steel. Zhou et al. [32] compared the 74 

mechanical properties of Q690 high-strength steel plates with different thicknesses (10 75 

mm and 20 mm) after fire exposure, and found that the mechanical properties 76 

deteriorated seriously when the elevated temperatures were higher than 700 oC. Huang 77 

et al. [33] conducted post-fire tensile tests for Q690 high-strength steel specimens at 78 

three pre-tensile stress ratios of 0.30, 0.55 and 0.80. The experimental results showed 79 

that the pre-tensile stress during heating and cooling improved the yield strength and 80 

ultimate strength of Q690 steel after fire. However, when the exposure temperature 81 

reached 800 oC, the pre-tensile stress has a decreasing effect on the residual strength of 82 

Q690 steel after fire. In general, the current research objects were mainly focused on 83 

high-strength steel. At the same time, the effect of pre-tensile stress on post-fire residual 84 

mechanical properties is the main research direction. 85 

2. Research significance 86 

Without reliable mechanical properties of high-performance steel after fire, the 87 
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performance evaluation of high-performance steel structure after fire is unreliable [34-88 

36]. As an important basis for evaluating the performance of steel structures after fire, 89 

it is of great significance to study the material performance of steel after fire [37-39]. 90 

At present, there is a lack of evaluation on the mechanical properties of high-91 

performance steel after fire, especially with pre-tensile stress. For example, in 2023, 92 

Chinese standard "Steel Plates for Building Structures" (GB/T 19879) [40]was updated 93 

to standardize the production and application of high-performance steel, with adding 94 

GJ after the original steel grade, such as Q345GJ, commonly known as "GJ steel". GJ 95 

steel plate is defined as a high-performance steel plate specially produced for high-rise 96 

civil building steel structures. In this article, the post-fire residual mechanical properties 97 

of Q460GJ steel with two kinds of plate thickness (8 mm and 12 mm) under different 98 

pre-tensile stresses are studied. The stress-strain curve, elastic modulus, yield strength, 99 

ultimate strength and fracture elongation of Q460GJ steel after different elevated 100 

temperatures heating are analyzed in detail. The experimental results are compared with 101 

that of Q460 steel and S460 steel in the existing literatures. At last, the predictive 102 

equations of post-fire mechanical properties of Q460GJ steel under different pre-tensile 103 

stresses are established. At the same time, the variation coefficient of yield strength of 104 

Q460GJ steel under different pre-tensile stresses after different elevated temperatures 105 

heating is analyzed based on the Weibull’s probability distribution theory. These 106 

analyses are used to clarify the uniformity change of Q460GJ steel under different pre-107 

tensile stresses after different elevated temperatures heating. The findings should have 108 

a great significance to providing theoretical support for design of reusing or restoring 109 
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the steel building after fire, and have guiding significance for design, manufacturing, 110 

and application of high-performance steel. 111 

3. Post-fire residual mechanical properties test 112 

3.1 Materials and specimen 113 

The commercial normalized Q460GJ steel plates manufactured according to the 114 

Chinese standard GB/T 19879-2023 (Steel plate for building structure) [40] were 115 

chosen. Table 1 shows the chemical compositions of the tested Q460GJ steel and the 116 

cited Q460 and S460 steels. The 8 mm thickness and 12 mm thickness Q460GJ steel 117 

plates were used. The tested specimen was made from the Q460GJ steel plate by wire-118 

electrode cutting with the preparation process meets the requirements of the standards 119 

GB/T 228.1-2010(ISO 6892-1:2011) [41] and GB/T228.2-2015(ISO 6892-2:2011)[42]. 120 

The use of round bar specimens was to maintain the uniformity of specimen dimensions. 121 

Figure 1 shows the dimensions and photo image of tested specimen. 122 
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Table 1 Chemical compositions of Q460GJ steel, Q460 steel and S460 steel.  123 

Steel 
Element (wt%) 

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[31] 0.070 0.130 0.920 0.012 0.0030 - - 0.020 - - - - 0.064 0.246 

S460[28] 0.172 0.483 1.500 0.012 0.005 0.037 0.020 0.018 - - 0.046 0.087 0.002 0.447 

 124 

 125 

Fig. 1. Dimensions and photo image of tested specimen (mm). 126 

3.2 Heating at elevated temperature with pre-tensile  127 

Figure 2 shows the post-fire residual mechanical properties test procedure. The 128 

tested specimen was first processed on the electronic high temperature tension 129 

measurement, preloaded with a certain tensile stress, then heated to the target 130 

temperature, maintained for a period of time, and then naturally cooled to room 131 

temperature. The numbers of test specimens and corresponding test conditions are 132 

shown in Table 2. The pre-tensile stress was kept through the heating stage and the 133 

cooling stage. The pre-tensile stress ratio (γ) was defined as the ratio of the pre-tensile 134 

stress (σ) to the yield stress at elevated temperature (fy,T). Four stress ratios were 135 

designed (0, 0.3, 0.55, 0.8). The yield stresses at elevated temperature of Q460GJ steel 136 

plates were tested according to the standards GB/T 228.1-2010 (ISO 6892-1:2011) and 137 
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GB/T228.2-2015 (ISO 6892-2:2011) and supplied by the Q460GJ steel manufacture. 138 

The elevated temperatures chosen were 300 oC,400 oC, 500 oC, 600 oC, 700 oC, 800 oC 139 

and 900 oC, respectively. For 8 mm thickness Q460GJ steel plate, there were 56 140 

specimens totally (2 specimens for each temperature 300, 400, 500, 600, 700, 800 and 141 

900 oC and each pre-tensile stress 0, 0.3, 0.55 and 0.8). Similarly, for 12 mm thickness 142 

Q460GJ steel plate, there were 56 specimens totally. The maximum test force of the 143 

electronic high temperature tension measurement (GWT 2105) is 100 kN and the 144 

relative error of test force indication is ≤ 0.5%. The high-temperature furnace was a 145 

split type atmospheric furnace. The operating temperature ranges from 200 oC to 1100 146 

oC and the temperature fluctuation was within 3 oC.  147 
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Table 2 Numbers of test specimens and corresponding test conditions. 148 

Test number T (oC) fy,T (MPa) Pre-tensile stress σ (MPa) Stress ratio γ 

GJ-8-300 300 411.86 0/123.6/226.5/329.5 0/0.3/0.55/0.8 

GJ -8-400 400 375.82 0/112.7/206.7/300.7 0/0.3/0.55/0.8 

GJ -8-500 500 311.94 0/93.6/171.6/249.5  0/0.3/0.55/0.8 

GJ -8-600 600 220.42 0/66.1/121.2/176.3 0/0.3/0.55/0.8 

GJ -8-700 700 108.74 0/32.6/59.8/87.0 0/0.3/0.55/0.8 

GJ -8-800 800 53.78 0/16.1/29.6/43.0 0/0.3/0.55/0.8 

GJ -8-900 900 38.43 0/11.5/21.1/30.7 0/0.3/0.55/0.8 

GJ -12-300 300 443.13 0/132.9/243.7/354.5 0/0.3/0.55/0.8 

GJ -12-400 400 415.55 0/124.5/228.25/332.4 0/0.3/0.55/0.8 

GJ -12-500 500 365.29 0/109.6/200.9/292.2 0/0.3/0.55/0.8 

GJ -12-600 600 249.76 0/74.9/137.4/199.8 0/0.3/0.55/0.8 

GJ -12-700 700 120.18 0/36.1/66.1/96.1 0/0.3/0.55/0.8 

GJ -12-800 800 54.44 0/16.3/29.9/43.6 0/0.3/0.55/0.8 

GJ -12-900 900 35.38 0/10.6/19.5/28.3 0/0.3/0.55/0.8 

 149 

Fig. 2. Post-fire residual mechanical properties test procedure.  150 



 

10 

3.3 Tensile testing setup 151 

The tensile test after heating at elevated temperature was carried out using the 152 

electronic universal testing machine (E43.504) as shown in Figure 2. The maximum 153 

load force of the electronic universal testing machine (E43.504) is 50 kN, and the 154 

controllable test speed is 500 mm/min~0.001 mm/min. The displacement extensometer 155 

was a ceramic rod extensometer, model 3448-025M-050, with a gauge length of 25.00 156 

mm and a measurement accuracy of 0.001 mm. The loading system could apply 157 

constant stress through servo motor and driver(Test force control stability ± 0.2%) to 158 

ensure stress stability during the testing process. The numbers of test specimens and 159 

corresponding test conditions are shown in Table 2. For example, the specimen number 160 

‘GJ-8-300-0.3-1’ represents ‘Q460GJ steel - 8mm thickness plate - 300 oC - pre-tensile 161 

stress ratio 0.3 - specimen 1’. Two specimens were tested for each tensile test to ensure 162 

the reliability of the test results and the two tested yield strength (fyT) values were used 163 

for error estimations. If the error exceeds 5%, the third one was tested, using the average 164 

of the two acceptable test results as the representative value [33]. 165 

 According to the stress-strain curve determined, four mechanical properties 166 

including yield strength, ultimate strength, elastic modulus and apparent fracture 167 

elongation were investigated. The elastic modulus was calculated by the slope of the 168 

elastic section of the stress-strain curve. The yield strength was the lower boundary of 169 

the yield platform. The ultimate strength was taken as the maximum value in the stress-170 

strain curve. The elongation after fracture was measured according to the provisions of 171 

the standard GB/T 228.1 – 2010 (Tensile testing of metallic materials. Part 1: Room 172 
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temperature test method)[41]. The specific method was to firmly stick the fractured 173 

parts of the specimen together, ensure that its axis was in the same straight line, and test 174 

the gauge distance of the broken sample. The accuracy of vernier caliper used in 175 

measurement was 0.01 mm, and the measurement error of elongation was 0.01%. The 176 

elongation after fracture is obtained by the following equation (1): 177 𝜀 = (𝐿u − 𝐿0)/𝐿0 × 100                       (1) 178 

where ε is fracture elongation strain (%), Lu is the gauge length after fracture (mm), L0 179 

is the gauge length (40 mm).  180 

4. Post-fire tensile test results and discussions 181 

4.1 Stress–strain (σ-ε) curves 182 

The stress-strain curves of Q460GJ steel after different elevated temperatures 183 

heating are analyzed in the following. Figure 3 shows the post-fire tensile σ-ε curves of 184 

Q460GJ steel specimens. The results of two test specimens in each test group were 185 

similar after all temperatures heating. The pre-tensile stresses had no obvious effects on 186 

the stress-strain curves of Q460GJ steel plate specimens. Only when the pre-tensile 187 

stress ratio was 0.8, the yield strengths of the tested specimens were a little bite higher 188 

than the others.  189 
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(a) GJ-8-300 specimens after 300 oC heating.  (b) GJ-12-300 specimens after 300 oC heating. 191 
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(c) GJ-8-400 specimens after 400 oC heating.  (d) GJ-12-400 specimens after 400 oC heating. 193 
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(e) GJ-8-500 specimens after 500 oC heating.  (f) GJ-12-500 specimens after 500 oC heating. 195 
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(g) GJ-8-600 specimens after 600 oC heating.  (h) GJ-12-600 specimens after 600 oC heating. 197 
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(i) GJ-8-700 specimens after 700 oC heating.  (j) GJ-12-700 specimens after 700 oC heating. 199 
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(k) GJ-8-800 specimens after 800 oC heating.  (l) GJ-12-800 specimens after 800 oC heating. 201 
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(m) GJ-8-900 specimens after 900 oC heating.  (n) GJ-12-900 specimens after 900 oC heating. 203 

Fig. 3. Post-fire tensile σ-ε curves of Q460GJ steel specimens. 204 

The stress-strain curves of all the specimens showed a relatively obvious yield 205 

stage, and the heating temperature has little effect on the trend of the stress-strain curves 206 

of the tested specimens. When the heating temperatures were lower than 700 oC, the 207 

stress-strain curves were basically not affected by the heating temperatures. When the 208 

heating temperatures exceeded 700 oC, the ultimate stresses decreased significantly 209 

with the increase of temperature, while the deformation capacity increased. That the 210 

stress-strain curves of two types of Q460GJ steel plates with different thicknesses at all 211 

testing conditions were quite similar. The pre-tensile stresses had no obvious effects on 212 

the stress-strain curves of Q460GJ steel plate specimens, except for when the pre-tensile 213 

stress ratio was 0.8. The residual elastic modulus, yield strength, ultimate strength and 214 

fracture elongation of Q460GJ steel after different elevated temperatures heating are 215 

analyzed in the following. 216 

4.2 Elastic modulus (ET) reduction factor 217 

The elastic modulus (ET) average was calculated based on the tested average 218 
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results of 8 mm thickness Q460GJ steel plate and 12 mm thickness Q460GJ steel plate. 219 

Table 3 shows the post-fire elastic modulus reduction factors (ET/E20) with different 220 

pre-tensile ratios. The elastic modulus of Q460GJ steel plates were cited from the 221 

reference [43] as 230.490 GPa for 8 mm thickness Q460GJ steel plate and 205.180 GPa 222 

for 12 mm thickness Q460GJ steel plate. Then the post-fire elastic modulus reduction 223 

factors (ET/E20) of Q460GJ steel plates specimens were calculated and shown in Figure 224 

4. It can be found that the elastic modulus of the two kinds of Q460GJ steel plates after 225 

elevated temperature heating remained relatively unchanged below 800 oC, and the 226 

fluctuation range was within 10%. While the elevated temperature was 400 oC and pre-227 

tensile ratio was 0.3, the reduction coefficient was a little bit higher, this might be 228 

caused by experimental error. When the elevated temperature reached 900 oC, the elastic 229 

modulus decreased slightly when the applied stress ratio is within 0.55, but it decreased 230 

by about 30% when the stress ratio was 0.8. This indicates that the Q460GJ steel will 231 

lose part of its stiffness when exposed to 20 min 900 oC elevated temperature and with 232 

a high pre-tensile stress ratio at the same time.  233 
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Fig. 4. The post-fire elastic modulus reduction factors (ET/E20) of Q460GJ steel plates. 235 
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Table 3 The post-fire elastic modulus reduction factors (ET/E20) with different pre-tensile ratios. 236 

Steel plates number 
ET/E20 

γ = 0 γ = 0.3 γ = 0.55 γ = 0.8 

GJ-20 1.000 - - - 

GJ-300 0.977 0.912 0.970 0.990 

GJ-400 1.012 1.027 0.977 1.005 

GJ-500 1.061 1.054 1.000 1.004 

GJ-600 0.976 0.982 1.014 0.972 

GJ-700 0.994 1.030 1.043 0.990 

GJ-800 0.988 0.983 0.928 0.880 

GJ-900 0.974 0.938 0.947 0.678 

4.3 Yield strength (fyT) reduction factor 237 

The yield strength (fyT) average was calculated based on the tested average results 238 

of 8 mm thickness Q460GJ steel plate and 12 mm thickness Q460GJ steel plate. Table 239 

4 shows the post-fire yield strength reduction factors with different pre-tensile ratios. 240 

The yield strengths (fy20) of Q460GJ steel plates were cited from the reference [43] as 241 

475.6 MPa for 8 mm thickness Q460GJ steel plate and 495.7 MPa for 12 mm thickness 242 

Q460GJ steel plate. Then the post-fire yield strength reduction factors (fyT/ fy20) of 243 

Q460GJ steel plates specimens were calculated and shown in Figure 5. It can be found 244 

that the yield strengths of the two kinds of Q460GJ steel plates after elevated 245 

temperature heating remained relatively unchanged below 700 oC. When the elevated 246 

temperature reached 700 oC, the yield strength decreased significantly by more than 247 

20%. The yield strength degraded seriously when exposed to 900 oC elevated 248 

temperature. By comparing the yield strengths with different pre-tensile stress ratios, it 249 
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was found that when the heating elevated temperatures were 600 oC and below, the pre-250 

tensile stress ratio has little effect on the yield strength. When the heating elevated 251 

temperatures were above 700 oC, the yield strength decreased gradually with the 252 

increase of pre-tensile stress ratio, especially when the pre-tensile stress ratios were 253 

above 0.55. 254 

Table 4 The post-fire yield strength reduction factors with different pre-tensile ratios. 255 

Steel plates number 
fyT /fy20 

γ = 0 γ = 0.3 γ = 0.55 γ = 0.8 

GJ-20 1.000 - - - 

GJ-300 1.069 1.057 1.071 1.107 

GJ-400 1.072 1.081 1.102 1.138 

GJ-500 1.073 1.094 1.091 1.121 

GJ-600 1.096 1.080 1.093 1.086 

GJ-700 1.005 1.012 0.999 0.953 

GJ-800 0.852 0.860 0.830 0.813 

GJ-900 0.796 0.774 0.758 0.749 
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Fig. 5. The post-fire yield strength reduction factors (fyT/ fy20) of Q460GJ steel plates. 257 

The yield strength increased slightly when the heating elevated temperatures were 258 
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within 300 oC to 600 oC, which might be due to the change of microstructure of Q460GJ 259 

steel caused by elevated temperature heating and cooling. Based on this study, the yield 260 

strength of Q460GJ steel did not lose when the heating elevated temperature was below 261 

700 oC and the applied pre-tensile stress ratio was within 0.8. It may be concluded that, 262 

if Q460GJ steel member is exposed to fire temperature below 700 oC for no more than 263 

20 minutes, it can be reused after fire. 264 

4.4 Ultimate strength (fuT) reduction factor 265 

The ultimate strength (fuT) average was calculated based on the tested average 266 

results of 8 mm thickness Q460GJ steel plate and 12 mm thickness Q460GJ steel plate. 267 

Table 5 shows the post-fire ultimate strength reduction factors with different pre-tensile 268 

ratios. The ultimate strengths (fu20) of Q460GJ steel plates were cited from the reference 269 

[43] as 663 MPa for 8 mm thickness Q460GJ steel plate and 681.1 MPa for 12 mm 270 

thickness Q460GJ steel plate. Then the post-fire ultimate strength reduction factors (fuT/ 271 

fu20) of Q460GJ steel plates specimens were calculated and shown in Figure 6. It can be 272 

found that the ultimate strengths of the two kinds of Q460GJ steel plates after elevated 273 

temperature heating remained relatively unchanged below 600 oC. When the elevated 274 

temperature reached 800 oC, the ultimate strength decreased significantly by more than 275 

10%. The ultimate strength of Q460GJ steel degraded seriously when exposed to 900 276 

oC elevated temperature. By comparing the ultimate strengths with different pre-tensile 277 

stress ratios, it was found that when the heating elevated temperatures were 600 oC and 278 

below, the pre-tensile stress ratio has little effect on the ultimate strength. When the 279 
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heating elevated temperatures were above 600 oC, the ultimate strength decreased 280 

gradually with the increase of pre-tensile stress ratio, especially when the pre-tensile 281 

stress ratios were above 0.55. The change trend of ultimate strength after elevated 282 

temperature heating and cooling was consistent with that of yield strength for Q460GJ 283 

steel. 284 

Table 5 The post-fire ultimate strength reduction factors with different pre-tensile ratios. 285 

Steel plates number 
fuT/fu20  

γ = 0 γ = 0.3 γ = 0.55 γ = 0.8 

GJ-20 1.000 - - - 

GJ-300 1.012 1.008 1.018 1.012 

GJ-400 1.005 1.007 1.008 1.006 

GJ-500 0.986 0.993 0.985 0.985 

GJ-600 0.991 0.991 0.982 0.973 

GJ-700 0.897 0.902 0.897 0.862 

GJ-800 0.839 0.836 0.820 0.782 

GJ-900 0.788 0.795 0.780 0.763 
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Fig. 6. The post-fire ultimate strength reduction factors (fuT/ fu20) of Q460GJ steel plates. 287 
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4.5 Ultimate elongation (εT) reduction factor 288 

The ultimate elongation (εT) average was calculated based on the tested average 289 

results of 8 mm thickness Q460GJ steel plate and 12 mm thickness Q460GJ steel plate. 290 

Table 6 shows the of post-fire ultimate elongation reduction factors with different pre-291 

tensile ratios. The ultimate elongations (ε20) of Q460GJ steel plates were cited from the 292 

reference [43] as 26.76% for 8 mm thickness Q460GJ steel plate and 23.94% for 12 293 

mm thickness Q460GJ steel plate. Then the post-fire ultimate elongation reduction 294 

factors (εT/ ε20) of Q460GJ steel plates specimens were calculated and shown in Figure 295 

7. The ultimate elongation increased with the increase of heating temperature. By 296 

comparing the ultimate elongations with different pre-tensile stress ratios, it was found 297 

that pre-tensile stress ratio did not have obvious effect on the ultimate elongation. The 298 

specimens after elevated temperature heating and cooling showed higher ductility than 299 

those without elevated temperature heating and cooling. Q460GJ steel still maintains 300 

good ductility after elevated temperature heating, which increases the possibility of 301 

reuse of Q460GJ steel element after fire. 302 
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Fig. 7. The post-fire ultimate strength reduction factors (εT/ ε20) of Q460GJ steel plates. 304 
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Table 6 The of post-fire ultimate elongation reduction factors with different pre-tensile ratios. 305 

Steel plates number 
εT/ε20 

γ = 0 γ = 0.3 γ = 0.55 γ = 0.8 

GJ-20 1.000 - - - 

GJ-300 1.049 1.113 1.073 1.091 

GJ-400 1.051 1.106 1.105 1.104 

GJ-500 1.059 1.085 1.149 1.098 

GJ-600 1.048 1.058 1.060 1.136 

GJ-700 1.075 1.134 1.117 1.180 

GJ-800 1.231 1.262 1.279 1.204 

GJ-900 1.257 1.314 1.272 1.305 

 306 

4.6 Apparent failure modes 307 

Figure 8 shows the apparent failure modes of the tensile specimens after elevated 308 

temperature heating and cooling. The typical fracture site side view photos of 309 

specimens after testing are shown in Figure 9. It can be seen that each specimen 310 

exhibited ductile and necking failure. With the increase of the heating elevated 311 

temperature, the length of the Q460GJ steel specimen at failure increased, so the 312 

ductility was better. It can be seen from the photos that the apparent color of the 313 

specimens gradually turns black with the increase of the heating temperature, indicating 314 

that the oxidation degree gradually increases. With 400 oC heating elevated temperature, 315 

the blue brittleness phenomenon was observed. With higher heating elevated 316 

temperature, the oxidation on the surface of the steel specimen is more severe. This 317 

causes the different color of the specimen surfaces formed at heating elevated 318 

temperatures. This surface color changing could be potentially used as a useful indicator 319 
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of fire temperature. 320 
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(a) After 20 min 300 oC heating. 322 
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 323 

(b) After 20 min 400 oC heating. 324 
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(c) After 20 min 500 oC heating. 326 
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γ = 0 γ = 0.3 γ = 0.55 γ = 0.8 γ = 0 γ = 0.3 γ = 0.55 γ = 0.8

GJ-8-600 GJ-12-600

1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

 327 

(d) After 20 min 600 oC heating. 328 
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 329 

(e) After 20 min 700 oC heating. 330 
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 331 

(f) After 20 min 800 oC heating. 332 
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γ = 0 γ = 0.3 γ = 0.55 γ = 0.8 γ = 0 γ = 0.3 γ = 0.55 γ = 0.8
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 333 

(g) After 20 min 900 oC heating. 334 

Fig. 8. Apparent failure modes of specimens after testing. 335 

 336 

Fig. 9. Typical fracture site side view photos of specimens after testing. 337 

5. Comparison with Q460 and S460 steels 338 

Because the chemical composition and microstructure of different steels are 339 

different, the heating temperature and cooling mode may have different effects on the 340 

mechanical properties of different steels after heating and cooling. Figure 10 shows the 341 

comparison of the post-fire residual mechanical properties of Q460GJ steel and referred 342 

Q460 [31] and S460 [28] steels. The elastic modulus reduction factors are shown in 343 

Figure 10 (a). It can be found that Q460GJ steel had the same trend as Q460 and S460 344 
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steels, which was basically not affected by the heating elevated temperature, except for 345 

above 800 oC, the elastic modulus reduction factors decreased significantly. The yield 346 

strength reduction factors are shown in Figure 10 (b). It can be found that Q460GJ steel 347 

had the same trend of yield strength reduction factor as Q460 steel. The yield strength 348 

reduction factors of Q460 steel after elevated temperature heating and cooling were 349 

higher than that of S460 steel when the heating temperatures were within 700 oC, and 350 

lower than that of S460 steel when the heating temperatures were above 700 oC. The 351 

ultimate strength reduction factors are shown in Figure 10 (c). It can be found that We 352 

found that Q460GJ steel and Q460 and S460 steels had similar overall trends. However, 353 

when the heating temperatures were above 700 oC, the yield strength reduction factors 354 

of Q460GJ steel after elevated temperature heating and cooling were obviously lower 355 

than that of Q460 and S460 steels. The ultimate elongation reduction factors are shown 356 

in Figure 10 (d). On the whole, the ultimate elongation reduction factors of Q460GJ 357 

steel after elevated temperature heating and cooling were greater than that of Q460 steel. 358 

Especially within 700 oC, the ultimate elongation reduction factors of Q460 steel were 359 

all less than 1.0. Therefore, to sum up, Q460GJ steel has better ductility after elevated 360 

temperature heating and cooling than that of Q460 steel. 361 
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(a) Elastic modulus reduction factors.          (b) Yield strength reduction factors. 363 
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(c) Ultimate strength reduction factors.        (d) Ultimate elongation reduction factors. 365 

Fig. 10. Comparison of Q460GJ steel and referred Q460 and S460 steels. 366 

6. Predictive equations for residual mechanical properties 367 

Based on the above experimental results, it can be found that the residual 368 

mechanical properties of Q460GJ steel after elevated temperature heating and cooling 369 

were different with that of Q460 steel and S460 steel. It is necessary to establish the 370 

predictive equations for the residual mechanical properties for Q460GJ steel after 371 

elevated temperature heating and cooling under different pre-tensile stresses. The tested 372 

results also showed that the effect of plate thickness on the mechanical properties of 373 

Q460GJ steel could be ignored. Therefore, a set of unified prediction equations for the 374 

reduction factors of mechanical properties of two kinds of plate thickness are proposed 375 

as the followings. 376 

6.1 Elastic modulus reduction factor 377 

Experimental results in section 4.2 showed that the elastic modulus of Q460GJ 378 
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steel had little change after elevated temperature heating and cooling, and it was 379 

reduced only at the pre-tensile stress ratio of 0.8. Therefore, in this paper the predictive 380 

equation of the elastic modulus reduction factors after elevated temperatures heating 381 

and cooling under the stress ratio of 0.8 was proposed only, and the predictive equation 382 

was shown as equation (2) and the predictive equation fitting with experimental results 383 

was shown in Figure 11(a).  384 
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6.2 Yield strength reduction factor 386 

The tested results in section 4.3 show that although the yield strength of Q460GJ 387 

steel after elevated temperature heating and cooling had little change when the elevated 388 

temperatures were within 700 oC, the yield strength of Q460GJ steel had a significant 389 

reduction above 700 oC, and the reduction degree of yield strength was different under 390 

different pre-tensile stress ratios. The predictive equation of the yield strength reduction 391 

factors after elevated temperatures heating and cooling under different pre-tensile stress 392 

ratios was proposed, and the predictive equation was shown as equation (3) and the 393 

predictive equation fitting with experimental results was shown in Figure 11(b). 394 
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6.3 Ultimate strength reduction factor 396 

The tested results in section 4.4 show that although the ultimate strength of 397 
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Q460GJ steel after elevated temperature heating and cooling had little change when the 398 

elevated temperatures were within 700 oC, the ultimate strength of Q460GJ steel had a 399 

significant reduction above 700 oC, and the reduction degree of ultimate strength was 400 

different under different pre-tensile stress ratios. The predictive equation of the ultimate 401 

strength reduction factors after elevated temperatures heating and cooling under 402 

different pre-tensile stress ratios was proposed, and the predictive equation was shown 403 

as equation (4) and the predictive equation fitting with experimental results was shown 404 

in Figure 11(c). 405 
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6.4 Ultimate elongation reduction factor 407 

The predictive equation of the ultimate elongation reduction factors after elevated 408 

temperatures heating and cooling under different pre-tensile stress ratios was proposed, 409 

and the predictive equation was shown as equation (5) and the predictive equation 410 

fitting with experimental results was shown in Figure 11(d). In this article, three main 411 

pre-tensile stress ratios of 0.30, 0.55 and 0.80 were designed and the scope of tensile 412 

stress ratios basically covers the actual engineering situation. Linear interpolation 413 

method could be used to determine the retention of mechanical properties with other 414 

stress ratios. 415 
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(a) Elastic modulus equation fitting.        (b) Yield strength equations fitting. 418 

0 200 400 600 800 1000
0.7

0.8

0.9

1.0

1.1

f u
T
/f

u
2
0

Temperature (oC)

 γ=0       F  R2=0.97

 γ=0.3    F  R2=0.96

 γ=0.55  F  R2=0.97

 γ=0.8    F  R2=0.95

0 200 400 600 800 1000
0.6

0.8

1.0

1.2

1.4

ε T
/ε 2

0

Temperature (oC)

 γ=0         F R2=0.92    

 γ=0.3      F R2=0.93

 γ=0.55    F R2=0.81

 γ=0.8      F R2=0.98

 419 

(c) Ultimate strength equations fitting.        (d) Ultimate elongation equations fitting. 420 

Fig. 11. Fittings of the predictive equations for the residual mechanical properties. 421 

7. Variation coefficient of yield strength of Q460GJ steel  422 

Since there are few references on the detailed specifications of mechanical 423 

parameters at elevated temperatures for Q460GJ steel in current design specifications, 424 

it is necessary to carry out a reliability analysis of yield strength of Q460GJ steel 425 

obtained with the test results. The frequency distribution histograms of fyT for Q460GJ 426 
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steels after 20 min different elevated temperatures heating are shown in Figure 12. 427 

According to the AISI-S100 (2020) standard (Section K2.1.1) [44], the results of 428 

statistical analysis of yield strength are shown in Table 7. Table 7 shows the standard 429 

values of yield strength (fyT) for the tested Q460GJ steel under different pre-tensile 430 

stresses after 20 min different elevated temperatures heating, which is determined by 431 

the 5% quantile of the Weibull’s probability distribution. The standard value μfyT, 432 

standard deviation σfyT and variation coefficient δfyT of the yield strength for Q460GJ 433 

steel are shown in Table 7, which shows that based on the current sample conditions, 434 

the values of variation coefficient δfyT are reasonable ranged from 0.032 to 0.051, 435 

indicating that the standard values μfyT can provide a reference for the further reliability 436 

analysis of Q460GJ steel at the component level. The variation coefficient δfyT of the 437 

yield strength for Q460GJ steel at about 700 oC is slightly larger (0.051), mainly 438 

because the mechanical properties of steel change rapidly at about 700 oC. 439 

To sum up, the statistical analysis method (Weibull’s probability distribution) was 440 

used to study the uniformity for Q460GJ steel under different pre-tensile stresses after 441 

different elevated temperatures heating. The results showed that the different pre-tensile 442 

stresses and different elevated temperatures heating did not affect the uniformity of steel 443 

yield strength. These experimental results demonstrate that uniform temperature and 444 

stress changes do not affect the uniformity of the material commonly. The variation 445 

coefficients δfyT of the yield strength for Q460GJ steel under different pre-tensile 446 

stresses after 20 min different elevated temperatures heating were within 0.065. The 447 

experimental results provide scientific support for the re-use determination of under 448 
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different pre-tensile stresses after different elevated temperatures heating. 449 
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(a) After 20 min 300 oC heating.      (b) After 20 min 400 oC heating.      451 
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(c) After 20 min 500 oC heating.      (d) After 20 min 600 oC heating.       453 
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(e) After 20 min 700 oC heating. (f) After 20 min 800 oC heating. (g) After 20 min 900 oC heating. 455 

Fig. 12. Frequency distribution histogram of fyT for Q460GJ steel after 20 min heating. 456 
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Table 7 The results of statistical analysis of fyT for Q460GJ steel after 20 min heating. 457 

T (oC) 
Statistical parameters 

μfyT σfyT δfyT 

300 510.731 16.353 0.032 

400 520.855 21.568 0.041 

500 519.642 17.837 0.034 

600 517.716 21.408 0.041 

700 471.328 24.003 0.051 

800 398.943 18.633 0.047 

900 365.068 16.605 0.045 

8. Conclusions 458 

In this article, the post-fire residual mechanical properties of Q460GJ steel with 459 

two kinds of plate thickness (8 mm and 12 mm) under different pre-tensile stresses were 460 

studied. Based on the experimental results and calculation analyses, the following 461 

major findings are revealed.  462 

(1) The stress-strain curves of two types of Q460GJ steel plates with different 463 

thicknesses at all testing conditions were quite similar. The difference in plate thickness 464 

does not affect the residual mechanical properties of the 8mm and 12mm Q460GJ steel 465 

plates. The pre-tensile stresses had no obvious effects on the stress-strain curves of 466 

Q460GJ steel plate specimens after 20 min elevated temperature heating, except for 467 

when the pre-tensile stress ratio was 0.8. 468 

(2) The Q460GJ steel will lose part of its stiffness when exposed to 900 oC elevated 469 

temperature and with a high pre-tensile stress ratio at the same time. The yield strength 470 

of Q460GJ steel did not lose when the heating elevated temperature was below 700 oC 471 
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and the applied pre-tensile stress ratio was within 0.8. When the heating elevated 472 

temperatures were 600 oC and below, the pre-tensile stress ratio has little effect on the 473 

yield strength. When the heating elevated temperatures were above 600 oC, the ultimate 474 

strength decreased gradually with the increase of pre-tensile stress ratio, especially 475 

when the pre-tensile stress ratios were above 0.55. Q460GJ steel still maintains good 476 

ductility after elevated temperature heating, which increases the possibility of reuse of 477 

Q460GJ steel element after fire. 478 

(3) The residual mechanical properties of Q460GJ steel after elevated temperature 479 

heating and cooling were different with that of Q460 steel and S460 steel. The Q460GJ 480 

steel has better ductility after elevated temperature heating and cooling than that of 481 

Q460 and S460 steels.  482 

(4) The predictive equations for the residual mechanical properties for Q460GJ 483 

steel after elevated temperature heating and cooling under different pre-tensile stresses 484 

were proposed and were in good agreement with the experimental results of this study. 485 

The different pre-tensile stresses and different elevated temperatures heating did not 486 

affect the uniformity of steel yield strength. The findings should have a great 487 

significance to providing theoretical support for design of reusing or restoring the steel 488 

building after fire.  489 
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