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Chapter 1. Introduction 

1.1 Research background 

In recent years, a new concept referred to as a sustainable and resilient society has become 

increasingly significant. In the field of civil engineering, the reuse of steel structure after fire 

accidents is an important topic; the research on which, however, is still in the early stages. In Japan, 

according to the Recommendations for the Diagnosis and Repair Methods of Fire-damaged 

Buildings [1.1], the reuse of steel structures after fire is based on empirical judgment, because there 

is insufficient scientific data on it. As a result, it is very difficult to judge whether the steel structures 

could be reused and how to reuse them after fire. Especially, in Japan, not only the basic structural 

capacity (useable, strength, and beauty) but also the seismic-resistance capacity needs to be 

considered when a steel structure is reused after fire. Therefore, it is more important to judge whether 

a steel structure could be reused after fire based on the scientific data of its structural capacity after 

fire.        

 In this research, the reusabilities of the cold-formed steel square hollow section column, which is 

generally used in the steel structures, was investigated. Fig.1.1 shows a steel building, and Fig.1.2 

shows the details of a steel-structure column. As shown in Fig.1.2, both the steel welded connections 

and the cold-formed steel square hollow section constitute the column. To comprehensively study 

the reusability of a steel-structure column after fire, both the welded connections and cold-formed 

steel square hollow section column need to be considered, on the basis of a comprehensive 

experimental investigation of the column after fire, including the material properties of both welded 

connections and cold-formed steel square hollow section members as well as the post-fire 

mechanical properties of the cold-formed steel square hollow section column. In the view of material 

properties, a Charpy impact test was employed to study the fracture performance, on the contrary, 

for mechanical properties, a coupon tensile test, an axially loaded compressive test and a stub-

column test were employed. Furthermore, a residual displacement prediction equation of the cold-

formed steel square hollow section column after fire based on the structural mechanics was proposed, 

considering the safety of fire damage diagnosis and repair work for reuse. 
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Figure 1.1 A steel structure and its column 

 

Figure 1.2 Composition of a steel structure column 

 

1.2 Studies and the previous researches  

1.2.1 Charpy impact test on steel welded connections after fire 

Many welded connections in steel buildings have exhibited brittle fractures at the welded connections 

after brittle cracks are developed during severe earthquakes, such as the Kobe earthquake in 1995 and 

Northridge Earthquake in 1994 [1.2-1.4]. When cold-formed steel square hollow section column was reused 

as the seismic-resistance members after fire, it needs to study the reusabilities of both the steel welded 

connections and cold-formed steel square hollow section. Much work has been conducted to examine the 

post-fire mechanical behavior of steel members. Nikolaou et al. [1.5] investigated the mechanical properties 

of 500MPa class weldable steel after heating. This research suggests that the fracture toughness and 

mechanical properties of steel members might be altered after fire. Azhari et al. [1.6] studied the post-fire 

properties of the UHSS (grade 1200), HSS (grade 800) and MS (grade 350) steel, and indicated that their 
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tensile strength would be altered by the maximum heating temperature and cooling rate. Additionally, 

Hirohata et al. [1.7] investigated the Charpy impact energy of steel members in bridges cooled after fire. 

The test specimens were heated to 600 and 900 ºC, and cooled by quenching with water and leaving at the 

ambient temperature, respectively. After this, a Charpy impact test was carried out at the ambient 

temperature and it was reported that the quenched specimens possessed a very low Charpy impact energy. 

In addition, Koufu et al. [1.8, 1.9] investigated the Charpy impact energy of three steel grades: Japan 

Industrial Standard (JIS) SN400B (standard value of yield point at the ambient temperature, Fy = 235 MPa 

and tensile strength at the ambient temperature, Fu = 400 MPa), JIS SA440B (Fy = 400 MPa and Fu = 590 

MPa), and JIS SN490B (Fy = 325 MPa and Fu = 590 MPa). The specimens were heated to 500 and 800 ºC, 

then cooled by quenching with water. Charpy impact tests conducted on these specimens under 60, 0, −30, 

and −60 ºC. These results showed that the quenched specimens had a lower Charpy impact energy compared 

to the untreated specimens. However, the post-fire fracture performance of steel welded connections after 

the heating and cooling processes has not been investigated.  

Furthermore, in fire resistance, it is assumed that brittle fractures are not developed in steel members and 

their connections when subjected to fire because the fracture toughness increase with the temperature. The 

capacity of steel welded connections at elevated temperature is studied in many works, such as [1.10-1.12]. 

On the other hand, according to the previous experimental research on real-scale steel welded connections 

at elevated temperature, it has been reported that brittle fractures occur in the heat-affected zones of beam-

to-column welded connections when they were heated to 400 ºC [1.13]. In addition, steel exhibits a "blue 

brittleness phenomenon" under the temperature range of 100–300 ºC, and the total elongation under this 

range is smaller than that at the ambient temperature [1.14]. Therefore, the possibility of brittle fractures 

must be investigated for steel members at relatively low fire temperature, including the blue brittleness 

temperature. The possibility of brittle fracture in steel members and welded connections is verified in some 

studies such as [1.15-1.17]. However, the grades of the steel in the abovementioned research are not the 

generally steel used as structural members of steel buildings and the welded connections subjected to fire 

are also not considered in these studies. Therefore, except for the brittleness fracture capacities investigation 

for the steel welded connections after fire, it also needs to measure the brittleness fracture capacities of the 

steel welded connections at elevated temperature.   

In Chapter 2, three specimens were quarried out for the steel welded connections, they a base metal, 

welding materials, and heat-affected zone. To investigate the fracture properties of the steel welded 

connections after fire, specimens were treated by quenching with water and air-cooling in a furnace, and a 

Charpy impact test was conducted at the ambient temperature and a low temperature below 0 ºC. 

Furthermore, the fracture properties of steel welded connections at elevated temperatures, including the 

blue brittleness temperature, were also investigated by the Charpy impact test; because there is no data of 

the Charpy impact energies of the steel welded connection member at elevated temperature.   
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1.2.2 Charpy impact test on cold-formed steel square hollow section after fire 

Cold-formed steel hollow section members are widely applied to steel buildings because they have many 

advantages, such as cost efficiency, high strength, and high torsional stiffness and strength [1.18]. However, 

owing to the cold-formed manufacturing process, including the roll-forming, seam welding, and sizing in 

an ambient temperature environment, large residual stresses and plastic strains remain in the cross sections 

[1.19]. Considering the reusability of cold-formed steel square hollow section used as a seismic-resistance 

member, it is also very important to verify the possibility of brittle fractures after fire, because steel square 

hollow section column subjected to the strong plastic processing during cold-formed manufacturing. 

However, there is no existing study investigating the possibility.  

Many studies have also been conducted on the material properties of cold-formed steel hollow section 

members at elevated temperatures, such as [1.20-1.22]. However, the possibility of a brittle fracture must 

also be investigated on a steel member at a relatively low fire temperatures, including the blue brittleness 

temperature. 

In Chapter 3, the fracture energy of the cold-formed steel square hollow section during and after fires 

has been experimentally investigated through a Charpy V-notch impact test. Regarding the previous 

research on Charpy V-notch impact tests without taking into account a fire effect, Li et al. [1.23, 1.24] 

performed Charpy V-notch impact tests on Q420 grade steel (Chinese standard GB50017-2017 [1.25]) at 

both sub-zero and ambient temperatures. Sun et al. [1.26] performed Charpy V-notch impact tests on cold-

formed hollow section members at a low temperature. Száraz et al. [1.27] performed a Charpy V-notch 

impact test on SA508-III (ASME standard [1.28]) and MA956 ODS steels, which is widely used in nuclear 

plants. For the Charpy impact test on cold-formed steel square hollow section, Charpy V-notch impact 

specimens were cut-out from the flat part (FP) and corner part (CP) of the cold-formed steel hollow cross 

section. Furthermore, the fracture energy after fire was investigated at both the ambient temperature and a 

low temperature below 0 ºC for specimens treated through water quenching and air cooling respectively. 

 

1.2.3 Post-fire mechanical properties and buckling strength of cold-formed steel square hollow 

section columns 

The Charpy impact fracture properties of steel welded connections and steel square hollow section 

columns after fire are studied in Chapters 2 and 3. However, the Charpy impact fracture properties are the 

performance of steel used as a material, while for the reuse of steel structure, more investigation is needed 

on the performance of steel used as a structural member. When a steel building suffers from a fire, some 

protected steel members might be heated to 100–400 °C, the lower and upper limits of which correspond 

to the low- and medium-temperature, respectively, at post-flashover fire conditions. It is well known that 

both the strength of steel members does not change significantly in low- and medium-temperature regions. 

However, according to previous research [1.29,1.30], the post-fire mechanical properties will change when 

steel members are cooled from the above temperature. Although steel members may not exhibit obvious 
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deformation in their exterior after low- and medium-temperature heating, their residual mechanical 

properties may be altered. For some steel members without fireproofing materials, the temperatures at post-

flashover fire conditions may exceed 600 °C (high-temperature regions). Owing to the strength degradation 

of steel members at high-temperatures, severe damage (plastic deformation) may be observed in these 

members after fire. When considering the reuse of steel structures, these members must be replaced with 

new ones. Therefore, to ensure the safety of the repair work, it is crucial to examine the residual strength at 

the post-fire stage. Some studies have been conducted on the post-fire mechanical properties of cold-formed 

steel members. Huang et al. [1.31] and Kesawan et al. [1.32] evaluated the post-fire mechanical behaviours 

of cold-formed ferritic stainless steel and steel hollow sections. The specimens were heated to high 

temperatures and cooled through an air-cooling process. They performed coupon tensile tests at the ambient 

temperature and confirmed that the specimens had sufficient residual strength for reuse after fire. However, 

these studies are focused on the post-fire material properties of cold-formed steel members, but the stability 

of cold-formed steel columns after fire has been examined in few studies. Okabe. et al. [1.33] performed 

stub-column compression tests after the heating and cooling processes and reported the elasto-plastic 

behaviours and load-bearing capacities. The stub-columns were heated to 400-700°C, and cooled in the 

furnace. According to their results, the yield strength of the stub-column that were heated to 400°C 

presented the similar or larger value than the untreated specimen, but it decreased with the heating 

temperature increased. However, they focused only on the local buckling behaviours of cold-formed steel 

columns, and the mechanical properties, local buckling, or flexural buckling at the post-fire stage have not 

been comprehensively examined in any study. 

Therefore, the mechanical properties as well as flexural and local buckling strength of Japan Industrial 

Standard (JIS) STKR400 steel columns are reported in experimental studies in Chapter 4, which are widely 

used in Japan, after the heating and cooling processes. Three types of tests were conducted: coupon tensile 

test, axially loaded compressive test, and stub-column test. Furthermore, the flexural buckling strengths 

were calculated based on the Eurocode design equations [1.34,1.35], and the validity was examined from 

the test results. For the local buckling strength, the design equations of both Eurocode [1.34,1.35] and 

AS/NZS 4600:2005 [1.36] were verified. 

 

1.2.4 Prediction equations of the residual displacement of the cold-formed steel square hollow 

section column after fire 

 According to the Recommendations for the Diagnosis and Repair Methods of Fire-damaged Buildings 

[1.1], when columns of a steel structure were reused after fire, the residual drift angle of column needs to 

be checked. Three limited values of the residual drift angle were suggested, namely 1/200 (A rank in the 

temporary risk evaluation), 1/700 (the tolerance limit of accuracy inspection standard), and 1/1000 (the 

tolerance limit of management standard), for which the residual drift angle is calculated through the 

equation of 𝛿𝑟/ℎ where 𝛿𝑟 is the residual displacement of the column after fire, h is the height of the 
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column. However, when a steel structure suffers a fire, the displacement of the columns or beams need to 

be measured during the fire diagnosis. According to the recommendation, a steel column could be reused 

after repair work if the residual drift angle is lower than 1/200; however, while it exceeds 1/200, it is 

considered to be very dangerous for reusing. To measure the residual drift angle or to repair the building, 

skilled workers need to enter the building, which makes these skilled workers in danger because the residual 

structure properties are unknown.  

In Chapter 5, a simple prediction equation of the residual displacement of the cold-formed steel square 

hollow section columns after fire is proposed to calculate the residual displacement for a column after fire 

based on its structural mechanics. The calculation result is compared with the FEM analysis, which 

simulated a whole process in a 1-storey steel frame in case that subjected to heating and the cooling process 

in the fire and fire extinguishing proceed. The accuracy of the FEM analysis was confirmed in the previous 

research [1.37].    
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1.3 Organization of thesis  
This thesis is organized into six Chapters. A brief description of the content of each Chapter is listed 

as follow:  

In Chapter 2, the result of a Charpy impact test on steel welded connections at low- and ambient-

temperature as well as high-temperature, including the blue brittleness temperature range (100-300) ºC, is 

reported. Then, the Charpy impact test result of steel welded connections after heating and cooling 

treatment (water-cooling and furnace-cooling) is also investigated at ambient temperature. Furthermore, 

the Vickers hardness and microstructure observation were conducted to confirmed the microstructural 

change in steel members after the heating and cooling treatment. 

In Chapter 3, Charpy impact test result of cold-formed steel square hollow sections at low- and ambient-

temperature as well as high-temperature, including the blue brittleness temperature range (100-300) ºC, is 

reported. Then, the Charpy impact test result of the above steel after the heating and cooling treatment 

(water-cooling, furnace-cooling, and air-cooling) is also investigated at ambient temperature. Furthermore, 

the Vickers hardness and microstructure observation were conducted to confirmed the microstructural 

changes in the steel members after the heating and cooling treatment. 

In Chapter 4, the mechanical properties as well as flexural and local buckling strength of cold-formed 

steel square hollow sections after heating and cooling treatment (water-cooling and furnace-cooling) were 

measured at ambient-temperature though three types of tests, which included coupon tensile tests, axially 

loaded compressive tests, and stub-column tests. Furthermore, the flexural and local buckling strength 

was examined and calculated based on the existing design equations, and the validity was examined based 

on the test results. 

In Chapter 5, a prediction equation of the residual displacement of cold-formed steel columns after fire 

is proposed. Three kinds of models, namely a basic model, a model subjected to axial load and a model 

considering the local buckling were used to simulate the whole proceeding for the buildings suffer to fire 

and then cooled by fire extinguishing, and the residual displacement of these three kinds of models was 

obtained through a FEM analysis. The FEM analysis result of these models was compared to the 

calculation results of the prediction equation, so as to examine the validity of the prediction equation.      

In Chapter 6, the research is summarized. Conclusions from the study are stated and directions for 

further research are suggested. 
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Chapter 2. Impact fracture energy of steel welded 

connections after fire 

2.1 Introduction 
In this Chapter, the result of a Charpy impact test on steel welded connections at low- and ambient-

temperature as well as high-temperature, including the blue brittleness temperature range (100-300) ºC, is 

reported. Then, the Charpy impact test result of steel welded connections after heating and cooling 

treatment (water-cooling and furnace-cooling) is also investigated at ambient temperature. Furthermore, 

the Vickers hardness and microstructure observation were conducted to confirmed the microstructural 

change in steel members after the heating and cooling treatment. 

 

 

2.2 Charpy impact test 
Charpy impact tests is a standardized high strain-rate test to investigate the absorbed energy for a metal 

material during fracture. This absorbed energy is a measure of a given material’s notch toughness and acts 

as a tool to study temperature-dependent ductile-brittle transition. In this Chapter, Charpy impact tests 

results of steel welded connections (JIS SN400B and YGW-11) has been reported, and previous research 

[2.1] which is regarding the Charpy impact value of JIS SN400B steel, JIS SN490B steel, and JIS SA440B 

steel is investigated, and compared the result in the previous study with the result in this research.    

Fig. 2.2.1 shows the Charpy impact test machine used in the test, the maximum capacity of the Charpy 

impact machines used in this study is 300J. Fig. 2.2.2 is the mechanical of the Charpy impact energies 

measured by the Charpy impact machine. In principle, a Charpy impact value of the specimens is calculated 

from the following equation (Eq. 2.2.1): 

𝐸 = 𝑚𝑔ℎ1 − 𝑚𝑔ℎ2                              (2.2.1) 

                        

𝑚: mass of the hammer in Figure 2.2.2 

ℎ1: height of the hammer in Figure 2.2.2 before the Charpy impact test. 

ℎ2: height of the hammer in Figure 2.2.2 after the Charpy impact test. 

However, during the Charpy impact test, the impact energy can be calculated from the rotated angles, 

which were read from the angle dial using the following equation (Eq. 2.2): 

𝐸 = 𝑚 × 𝑔 × 𝑙 × (𝑐𝑜𝑠𝛼 − 𝑐𝑜𝑠
3𝜋

2
)                       (2.2.2) 

              

𝑙: distance from rotation axis to the pendulum edge centre. 

𝛼: measuring angle on the dial after the Charpy impact test. 
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Figure 2.2.1 Charpy impact test machine 

 

Figure 2.2.2 Calculate mechanical of the Charpy impact test machine 

 

2.3 Charpy impact test of steel welded connections in and after 

fire 
According to the previous research [2.2], steel exhibits a "blue brittleness phenomenon" under the 

temperature range of 100–300 ºC, and the total elongation under this range is smaller than that under the 

ambient temperature. Therefore, besides the impact fracture properties of the steel welded connections after 

fire, the possibility of the brittle fracture must also be investigated for theses member at relatively low fire 

temperatures, including the blue brittleness temperature during the fire.  

 

 

Angle dial 

Hammer 

Specimen 

Pointer ℎ1 

ℎ2   
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2.3.1 Basic configuration of specimens 

 The steel welded connection specimen is welded by full-penetration weld, the base and welded metal 

is JIS SN400B and JIS YGW-11 grades steel respectively. The design yield point of the JIS SN400B is 235 

MPa and the design tensile strength is 400 MPa in an ambient-temperature environment, and JIS YGW11 

is a conventional welding steel wire developed for JIS SN400B. The chemical components based on the 

mill sheets (quality assurance documents published by the steelmaking industry) are shown in Table 2.3.1. 

 

Table 2.3.1 Chemical components 

Chemical (mass %) 

  C Si Mn P S Ni Mo Cu Ti+Zr 

SN400B 0.12 0.2 0.64 0.011 0.004 0.02 0.01   

YGW-11 0.06 0.77 1.6 0.014 0.011   0.3 0.24 

 

Standard Charpy impact specimens, which were quarried from steel base metal (BM), weld metal (WM) 

and heat affected zone (HAZ) parts, were prepared, as shown in Fig. 2.3.1. The BM and WM specimens 

were used to investigate the JIS SN400B steel plate and the weld metal manufactured from the JIS YGW11 

steel wire, respectively. HAZ is the base metal adjacent to the weld metal, which subjected to the heat 

history during the welding process. Fig. 2.3.2 shows the Charpy impact test specimens, and the dimensions 

of the specimens were 10 × 10 × 55 mm. 

  

 

Figure 2.3.1 Steel welded connections specimens 

Base metal Weld metal  

Welded connection  

 

(a) Base Metal  

(BM) 

(b) Weld Metal  

(WM) 

(c) Heat Affected Zone  

(HAZ) 



14 

 

 

 

Figure 2.3.2 Charpy impact test specimens 

 

2.3.2 Electric furnace and dummy specimens 

As shown in 2.3.3, IDK-S cylindrical electric furnace (the inside diameter: 250 mm. the height: 500 mm) 

were used to heat the specimens. The heating rate of the electric furnace is 10 ºC/min. A dummy specimens 

attached to a thermocouple were prepared to make sure the accuracy of the temperature for the test 

specimens as shown in Fig.2.3.4. 

 

Figure 2.3.3 A cylindrical electric furnace 
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Figure 2.3.4 Dummy test specimens for temperature measurement of the Charpy impact test at 

elevated temperature.  

 

2.3.3 Charpy impact test at High- and low-temperature 

 To investigate the Charpy impact energies under the blue brittleness temperatures, the Charpy impact 

test at elevated temperature test was conducted at 0, 100, 200, 300, 400, 500, and 600 ºC. And low-

temperature Charpy impact tests were conducted at −20, −40 and −70 ºC to observe clear brittle fractures. 

The high temperature tests above 100 ºC were heated by the cylindrical electric furnace in Fig. 2.3.3, test 

at 0 ºC is cooled by a freezing mixture of water and ice; the Charpy impact test at low-temperature (under 

-20 ºC) were cooled using the freezing mixture of ethanol and dry ice. For each temperature, three 

specimens were prepared for the Charpy impact test, both the average value of the Charpy impact energies 

and the standard deviation of the Charpy impact energies of these specimens were calculated.   

Charpy impact test machine was set at a room temperature environment to conduct the Charpy impact 

tests. For the high-temperature test, specimens were heated by the electric furnace to temperature 20-50 ºC 

higher than the target temperature, and soaked the specimen in these temperatures for 30 min to ensure the 
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all the specimens had the uniform temperatures. Then these specimens were removed from the furnace and 

set to the Charpy impact test machine to be examined their impact fracture energies at the high-temperature. 

The reason of heating the specimens to the temperatures higher than the target temperatures is because the 

temperature of these specimen rapidly decreased after the removal from the electric furnace. Fig. 2.3.5 

shows the elapsed time and specimen temperature relationships. In Fig 2.3.5, the solid lines labelled 

“dummy specimen temperature” indicate the relationship between the temperature variation of the dummy 

specimens and the elapsed time after the dummy specimens were removed from the furnace. For all the 

specimens above 300 ºC, the elapsed time of the specimens from the removal until the hammer of the 

machine stroked on these specimens were measured using a stop watch. The vertical broken line was the 

maximum elapsed time (three specimens were conducted the Charpy impact temperature, the maximum 

elapsed time is the maximum duration time of the specimen from take out of the furnace to Charpy impact 

test). It was verified that the Charpy impact tests of these specimens were conducted above the target test 

temperatures. On the other hand, for 100 and 200 ºC tests, the elapsed times was not measured, because the 

temperature decreased very slowly. 
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Figure 2.3.5 Elapsed time and specimen temperature relationships  
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2.3.4 Charpy impact test at ambient-temperature after fire on the specimens 

According to some previous studies, it is well known that both the strength and ductile properties of steel 

materials after fire might change in comparison with the original values. Therefore, considering the reuse 

of the weld connection member after fire, it is very important to investigate the Charpy impact fracture 

energies of these specimens after cooling down from fire. When an unprotected steel column was subjected 

to fire, it is considered that some part in the member might expose under a very high temperature exceed 

600 ºC. To evaluate the fracture properties of these member, the specimens were heated to 600, 700, 800, 

or 900 ºC using the electric furnace simultaneously. When the specimens reached to the target temperature, 

specimens were soaked for 30 min. After heating, two cases of the temperature changing were considered. 

They are quenching with water (water cooling) and retaining in the furnace with the temperature gradually 

decrease after heating (furnace cooling, slower than the air cooling). In water cooling tests the specimens 

were removed from the furnace and placed in a vessel containing a large quantity of water (the water volume 

is approximately, 15.4 L ); water cooling replicated a critical situation that the specimen temperature 

significantly reduces owing to the fire-extinguishing. Furnace cooling simulated the situation where the 

member temperature gradually decreases after the fire. Fig. 2.3.6 shows the specimens temperature at 

cooling process. From Fig. 2.3.6, the cooling rate of water cooling was calculated at approximately 80 ºC/s. 

This is a much higher than the real cooling rate generally assumed at the fire-extinguishing situation (for 

example, in the case of the spray water extinguishing is approximately 1.7 ºC/s in the case of the water 

spray rate is 20L/min). This situation was used to replicate the critical situation with regard to the fracture-

toughness change during the cooling process. In contrast, for the furnace-cooled specimens, the cooling 

rate was approximately 0.042 ºC/s.  

Charpy impact tests of the specimens after heating and cooling treatment were conducted at 0, −20, and 

−40 ºC. For each testing temperature, three specimens were used. Except for the test under −20 ºC in which 

two specimens were used, due to a shortage in the number of prepared specimens. 
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Figure 2.3.6 Specimen temperature at cooling process  

 

2.4 Experimental result of steel welded connection 
Before the Charpy impact test results, the coupon tensile test at high-temperature in JIS SN400B steel 

used in this research is reported. The reason of conduct the coupon tensile test at high-temperature is to 

confirm the effect of the blue brittleness phenomenon on the specimens at high-temperature. Fig.2.4.1 

shows the detail of the coupon test specimens, the dimension of the coupon tensile test specimens is based 

on the JIS Z2201:1998[2.3]. Then, the test results of the Charpy impact test for the steel welded connection 

materials at the ambient and high-temperature, the results of the Charpy impact test for the specimens after 

the heating and cooling treatment are reported. Furthermore, considering the microstructure transition of 

the steel by the cooling process after the fire, the Vickers Hardness and the Microstructure Observation 

were also conducted on the specimens after the heating and cooling treatment. 
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Figure 2.4.1 Coupon test specimen 

 

2.4.1 High-temperature coupon test on JIS SN400B steel 

For the high-temperature coupon test on JIS SN400B steel, nine specimens in totals were prepared, and 

coupon test were conducted at 20, 100, 200, 300, 400, 600, 700, and 800 ºC respectively. For the high-

temperature test, the specimens were heated to each target temperature and remained in these temperatures 

for one hour before loading to make sure the whole specimen possessed the uniform temperature. A constant 

strain rate of 0.3%/min were used for the loading. Fig.2.4.2 shows the engineering stress and engineering 

strain relationships of the specimens at ambient and high-temperatures. Fig.2.4.3 shows the relationships 

between the fracture elongation and the test temperature. Fig.2.4.4 shows the strength reduction of the 0.2% 

offset yield strength, the stress when the strain is 1.0% and 2.0%, and the tensile strength, at a function of 

temperature. In general, the strength at the stress ε equal to1.0% is considered in the estimation of the load 

bearing capacity of steel members in Japanese fire-resistant designs. 

As shown in Figs.2.4.3 and 2.4.4, the elongations at break at 100-300 ºC are lower than the elongation 

at the ambient temperature, and the tensile strength at these temperatures are larger than the ambient 

temperature, because of the blue brittleness phenomenon. When temperature exceeded 400 ºC, the fracture 

elongation increased with the temperature. However, the tensile strength decreased with the increasing 

temperature. It is because, when the steel was heated to high-temperature, the ductile capacity increased 

and the strength decreased.     
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Figure 2.4.2 Stress-strain relationships at ambient and elevated temperature 

 

 

 

Figure 2.4.3 Fracture elongation at high-temperature 
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Fig.2.4.4 Strength reduction at high-temperature 

 

2.4.2 Charpy impact test at High- and low-temperature 

Table 2.4.1 lists the test result of the Charpy impact energies of the specimens at low- and high-

temperatures. The value is the average of three specimens at each test temperature, and the value in 

parentheses indicates the standard deviation of the test result. Fig.2.4.5 shows the curve of the values in 

Table 2.4.1. Figs 2.4.6-2.4.8 show the fracture surface of the specimens after the Charpy impact tests. 

As shown in Fig. 2.4.5, the Charpy impact energies at -70 ºC were lower than 20J. At -40 and -20 ºC, 

both the BM and HAZ specimens exhibit a higher value than 100 J, but WM specimens possess the Charpy 

impact energies lower than 50J. According to Fig 2.4.6, BM, WM, and HAZ specimens at -70 ºC broken 

into two pieces and exhibit a typical brittle surface with chevron patterns. For the test at -40 and -20 ºC, 

except for the WM specimens, both BM and HAZ specimens exhibit a ductile-brittle fracture surface (a 

combination of brittle and ductile surface). 

At 0 ºC, both BM and HAZ specimens had a high Charpy impact energy, larger than 200J. According 

to Fig.2.4.7, both BM and HAZ specimens exhibit a ductile surface with dimple patterns and WM specimen 

exhibits the ductile-brittle fracture surface. JIS SN400B steel is required a high seismic-resistance 

performance in steel member; therefore, it has a higher Charpy impact energy than 27J to avoid brittle 

fractures during severe earthquakes. This test result confirms that the SN400B specimens used in this study 

satisfy the design requirements. For the WM specimen, generally, the welded connection is more brittle 

than the base metal, according to the test result, Charpy impact energy of WM specimens is 66J, higher 

than 27J required in the design.  

For the test result of the specimens at blue-brittleness phenomenon temperatures region (100–300 ºC), 

as shown in Fig.2.4.8, all the specimens exhibit the typical ductile fracture surface. According to Fig.2.4.5, 
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the Charpy impact energies decreased at 100 ºC, due to the effect of blue-brittleness phenomenon. However, 

the minimum energy was still higher than 170 J. The maximum Charpy impact energy, which exceeded 250 

J was observed at 200 ºC in all the specimens. According to Fig. 2.4.3, the fracture elongations from 100 to 

300 ºC were smaller than that at the ambient temperature; however, this did not affect the Charpy impact 

energies.  

In the tests above 300 ºC (high-temperature), the Charpy impact energies of the BM, WM, and HAZ 

specimens gradually decreased with increase in the temperature. It is because the yield point and tensile 

strength gradually decreased at elevated temperature. However, as shown in Fig 2.4.8, the specimens at 

high-temperature exhibited clear ductile fracture surface. Furthermore, as shown in Fig.2.4.3, the fracture 

elongation significantly increased at high-temperature. Therefore, it can be concluded the brittle fracture 

could hardly occur at high-temperature. 

 

 

 

 

 

 

 

 

 

 

 

Table 2.4.1 Charpy impact test result at high-temperature 

Temperature 

(ºC) 

Charpy impact energies (J) 

BM WM HAZ   

-70 14.9 (3.6) 11.4 (0.8) 15.8 (4.5) 

Ave. 

(S.D.) 

-40 136 (76.4) 13.3 (1.0) 163.3 (26.8) 

-20 173.8 (27.2) 18.3 (4.1) 205.9 (38.8) 

0 234.8 (18.7) 66.1 (11.5) 223.2 (6.3) 

100 171.5 (109.2) 208.9 (7.3) 229.1 (6.4) 

200 267.2 (3.1) 287.3 (14.7) 293.4 (6.2) 

300 247.2 (5.1) 278.8 (2.6) 261.7 (8.4) 

400 167.8 (5.1) 155.4 (8.7) 175.1 (9.9) 

500 116.7 (5.1) 114.3 (4.0) 126.2 (5.1) 

600 152.3 (18.7) 112.2 (3.0) 175.3 (10.4) 
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Fig.2.4.5 Experimental results of the Charpy impact test at high temperature 
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Fig.2.4.6 Fracture surface of specimen at subzero temperature 

 

 

Fig.2.4.7 Fracture surface of Specimen at 0 ºC 
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Fig.2.4.8 Fracture surface of specimen at high-temperature 

 

2.4.3 Charpy impact test results at ambient temperature after heating and cooling processes 

Table 2.4.2 lists the average value and standard deviation of the test result of the Charpy impact energies 

of the specimens after heating and cooling process at 0 ºC. Average values very close to 300 J (the maximum 

Charpy impact energy of the Charpy impact machine) are the experimental results when the measured 

energies reached the maximum capacity of the test machine. For these sufficiently large values, the standard 

deviations were not listed. Fig.2.4.9 shows the relationship between the Charpy impact energies and the 

heating temperature listed in Table 2.4.2. Figs 2.4.10 and 2.4.11 show the fracture surface of the water- and 

furnace-cooled specimens after the Charpy impact tests, respectively. 

 According to Fig.2.4.9, for the specimens that were heated to 600 ºC, both water- and furnace-cooled 

specimens possess lager Charpy impact energies in comparison with the untreated specimens. Refer to 

Figs.2.4.10 and 2.4.11, typical ductile surfaces were observed on the BM and HAZ specimen after 600 ºC 

heating, and ductile-brittle surfaces were observed on the WM specimens after 600 ºC heating.    

 For the water-cooled specimens that were heated to 700 and 800 ºC, the Charpy impact energies were 

lower than the untreated specimens. However, except for the water-cooled WM specimens that were heated 

to 700 ºC, all the values are larger than 27J. As shown in Fig.2.4.10, except for the ductile-brittle fracture 

surface of the water-cooled HAZ specimen that was heated to 700 ºC, all the specimens exhibit the brittle 

fracture surface. On the other hand, for the furnace-cooled specimens that were heated to 700 and 800 ºC. 

both the BM and HAZ specimens exhibit the high energies reality close to 300J, and the WM exhibit larger 

impact energies than the untreated specimen. In Fig.2.4.11, these specimens exhibit the ductile fracture 

surface. 

 Furthermore, for the water-cooled specimens that were heated to 900 ºC, the Charpy impact energies 

recovered to a higher value than those specimens that were heated to 700-800 ºC, and clear ductile surface 

were observed. For the furnace-cooled specimen that were heated to 900 ºC, the Charpy impact energies 

are still larger than 150 J, and those specimens also exhibit the ductile fracture surfaces. 

 Conclusively, quenching during the water-cooling process significantly reduced the Charpy impact 

energies of the specimens heated to 700 and 800 ºC, and clear brittle fractures were observed in these 

specimens; conversely, those heated to 900 ºC recovered and developed ductile-brittle fractures. 
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Table 2.4.2 Charpy impact test result at 0 ºC 

Test Temperature 0 ºC 

Cooling Process Furnace-Cooling Water-Cooling 

specimens 
BM  WM HAZ BM WM HAZ 

Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) 

untreated J 234.8 (18.7) 66.1 (11.5) 223.2 (6.3) 234.8 (18.7) 66.1 (11.5) 223.2 (6.3) 

600 ºC treated J 299.6 (-) 117.7 (41.2) 298.3 (-) 243.4 (4.9) 118.7 (24.2) 233.3 (10.8) 

700 ºC treated J 299.6 (-) 99.7 (45.3) 299.6 (-) 43.8 (24.6) 24.2 (6.3) 158.6 (2.9) 

800 ºC treated J 241.1 (21.1) 173.3 (35.5) 224.9 (9.3) 48.7 (13.4) 32.8 (4.8) 49.1 (15.7) 

900 ºC treated J 218.6 (23.4) 253 (53.5) 172 (9.9) 207.8 (80.7) 101.9 (11.8) 192.6 (8.4) 

 

 

 

Fig.2.4.9 Experiment results of Charpy impact test at 0 ºC after heating and cooling process 
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Fig.2.4.10 Fracture surface of water-cooled specimens at 0 ºC 
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Fig.2.4.11 Fracture surface of furnace-cooled specimens at 0 ºC 

 

 

2.4.4 Charpy impact test results at −20 and −40 ºC after heating and cooling processes 

  Charpy impact test for the specimens after heating and cooling process was also conducted at the test 

temperatures of −20 and −40 ºC. Figs. 2.4.12 and 2.4.13 show the results at −20 and −40 ºC which listed in 

Tables 2.4.3 and 2.4.4, respectively. 

 Figs. 2.4.12 and 2.4.13 show a similar to the curves of the test conducted at 0 ºC (Fig. 2.4.9). The 
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energies of water-cooled specimens that were heated to 700 and 800 ºC decreased significantly. On the 

other hand, the Charpy impact energy of the water-cooled specimens heated to 900 ºC recovered and 

developed ductile fractures. Furthermore, in the case of furnace-cooled BM and HAZ specimens, the 

Charpy impact energies did not decrease, except for the test at −40 ºC (Fig.2.4.13); the furnace-cooled WM 

specimens exhibited higher impact energies than the untreated specimen. 

Table 2.4.3 Charpy impact test result at -20 ºC 

Test Temperature -20 ºC 

Cooling Process Furnace-Cooling Water-Cooling 

Spcimens 
BM  WM HAZ BM WM HAZ 

Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) 

Untreated J 173.8 (27.2) 18.3 (4.1) 205.9 (38.8) 173.8 (11.2) 18.3 (5.1) 205.9 (38.8) 

600 ºC treated J 299.8 (-) 62.6 (70.8) 270.1 (14.2) 190.2 (20.7) 18.7 (5.3) 226.4 (48.9) 

700 ºC treated  J 299.7 (-) 19.1 (3.6) 206.4 (132.2) 13.2 (1.8) 13.4 (4.1) 33.4 (24.5) 

800 ºC treated J 208.1 (50.7) 22.7 (10.7) 195.9 (5.3) 20.4 (0.6) 27.3 (9.2) 23.1 (8.2) 

900 ºC treated J 208.4 (24.6) 172.4 (20.2) 148.3 (3.3) 241.8 (16.6) 77.5 (1.5) 180 (4.7) 

 

Table 2.4.4 Charpy impact test result at -40 ºC 

Test Temperature -40 ºC 

Cooling Process Furnace-Cooling Water-Cooling 

Spcimens 
BM  WM HAZ BM WM HAZ 

Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) 

Untreated J 136.1 (76.4) 13.3 (1.0) 163.4 (26.8) 136.1 (76.4) 13.3 (1.0) 163.4 (26.8) 

600 ºC treated J 144.2 (25.2) 9 (0.7) 159.6 (15.7) 143 (20.7) 10 (5.3) 188.1 (48.9) 

700 ºC treated  J 21.1 (2.8) 13.1 (1.1) 195 (1.7) 11.6 (1.8) 11.3 (4.1) 13.2 (24.5) 

800 ºC treated J 40.8 (1.0) 48 (3.1) 79.2 (2.1) 14.4 (0.6) 16.4 (9.2) 17.4 (8.2) 

900 ºC treated J 29.9 (24.9) 100.6 (20.2) 16.5 (3.3) 194 (16.6) 48.6 (1.5) 139.2 (4.7) 
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Fig.2.4.12 Experiment results of Charpy impact test at -20 ºC after heating and cooling process 

 

 

Fig.2.4.13 Experiment results of Charpy impact test at -40 ºC after heating and cooling process 

 

2.4.5 Vickers Hardness test and microstructure observation 

To investigate what caused the Charpy impact energy reduction, Vickers Hardness test and microstructure 

observation for the specimens have been conducted. Vickers hardness is a metal hardness measure test that 

easily evaluates the strength of the steel. In this test, specimens including the following five cases: the 

specimens (BM, WM, and HAZ) without heating and cooling process, the water-cooled specimens (BM, 

WM, and HAZ) after 800 ºC heating, the water-cooled specimens (BM, WM, and HAZ) after 900 ºC heating, 

the furnace-cooled specimens (BM, WM, and HAZ) after 800 ºC heating, the furnace-cooled specimens 

(WM) after 900 ºC heating, were measured. The Vickers Hardness at five points immediately under the of 

the specimens was measured with a 500 g Vickers indenter (HV0.5 [2.4]), and their average values are 
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shown in Figure 2.4.14. The tensile strength is approximately three times larger than the Vickers hardness 

values. 

As shown in Fig.2.4.14, water-cooled specimens exhibit a larger Vickers Hardness, and furnace-cooled 

specimens exhibit similar or a little lower value than the untreated specimens. In other words, the tensile 

strength of the water-cooled specimens increased, and those of furnace-cooled specimens decreased. It is 

because the mechanical properties change owing to the quenching effect by the water, and it predicted the 

microstructure change of the specimens after the heating and cooling process. 

 

Fig.2.4.14 Vickers Hardness test result 

 

2.4.6 Microstructure observation 

To confirm the microstructure transition of the specimens after the heating and cooling process, 

microstructure observation was also conducted using Light Microscope (LM) and Scanning Electric 

Microscope (SEM). Figs. 2.4.15-2.4.17 show those results. 

a) Microstructure observation of the BM specimens 

As shown in Fig.2.4.15, JIS SN400B grade mild steel is produced by controlled rolling and cooling 

process during manufacture, and the untreated specimens exhibit a microstructure consists of ferrite and 

pearlite microstructures (F+P microstructures). Refer to the Charpy impact energies shown in Fig.2.4.5, 

JIS SN400B steel has high fracture toughness. As a result, the untreated BM specimens exhibited ductile 

fracture surface. Besides, furnace-cooled BM specimens also exhibit the similar F+P microstructures, for 

this reason, their Charpy impact energies are similar to that of the untreated specimens. 

 The water-cooled BM specimen heated to 800 and 900 ºC exhibited segregated plural microstructures 

of ferrite, bainite, and martensitic and clear martensitic microstructures, respectively. This difference is 

occurred because the specimens were imperfectly quenched from the two-phase temperature (800 ºC 

heating) and perfectly quenched from the austenitic single-phase temperature (900 ºC heating). As a 
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result, water-cooled specimens that were heated to  800 ºC exhibited low Charpy impact energy, while 

the latter specimens exhibit higher Charpy impact energy than the former one. As shown in Fig.2.4.14, 

the Vickers Hardness values increased after water cooling from 900 ºC because of the martensitic 

microstructure. 

 

 

Fig.2.4.15 Steel microstructure of BM specimens 

 

b) Microstructure observation of the WM and HAZ specimens 

As shown in Fig.2.4.16 and 2.4.17, the crystal grains of WM specimen without heating were coarser in 

comparison with that of the BM specimens, owing to the larger heat input and the faster cooling rate 

during the welding process. Therefore, the untreated WM specimen exhibit lower Charpy impact value 

in comparison with that of the untreated BM specimen. As for the furnace-cooled WM specimen, the 

crystal grains are tidy because of the slow cooling rate in the furnace cooling process. As a result, the 
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Charpy impact energies of these specimens are higher than the untreated WM specimen. As for the 

microstructure of water-cooled WM specimen, they had coarse plural mixed microstructures at 800 ºC 

and minute martensitic microstructures at 900 ºC, which is similar to the BM specimens. 

Furthermore, according to the microstructure observation of HAZ specimens, a fusion line can be 

observed between the base and weld metals. HAZ specimens show a similar microstructure to the BM 

specimen, as the result, HAZ specimens have the similar Charpy impact energies. 

 

 

Fig.2.4.16 Steel microstructure of WM specimens 
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Fig.2.4.17 Steel microstructure of HAZ specimens 

 

 

2.5 Comparison with previous studies 
 According to the previous research [2.1], Murakami et al conducted the Charpy impact test on the JIS 

SN400B steel, JIS SN490B steel, and JIS SA440 steel at the temperature -60, -30, 0, and 60 ºC. They treated 

the specimens by air-cooled from 500 ºC, air-cooled from 800 ºC, and water-cooled from 800 ºC, 

respectively. For the heating and cooling process, the specimens were heated by an electric furnace to the 

target temperature, and remain in the furnace for four hours. After the heating, air-cooled specimens were 

retained in the furnace with the temperature gradually decreased, therefore, it is considered that the air-

cooled specimens in their study were subjected to the same treatment of the furnace-cooled specimens in 

our study which described in session 2.3.4. Table 2.5.1 cited their test result while the Charpy impact test 

is conducted at 0 ºC. Fig. 2.5.1 shows the result listed in Table 2.5.1. As shown in Fig. 2.5.1, for the air-

cooled specimens, except for the JIS SN490B specimens at 500 ºC, Charpy impact energies exhibit larger 

values than those of the untreated specimens. For the water-cooled specimens, the Charpy impact energies 

significantly decreased at 800 ºC.  

Fig 2.5.2 compared the test result of BM (JIS SN400B) specimens in our study with those of JIS SN400B 

steel in the Murakami’s study. The produce lot of the JIS400B steel [2.1] is different from that of the BM 
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specimens. According to this figure, although the production lot is different, the Charpy impact test results 

of the untreated specimens are similar to each other. According to the results of water-cooled specimens, it 

is confirmed that the Charpy impact test result of both the BM specimens and the JIS SN400B specimen 

[2.1] decreased after water-cooled from the two-phase region (700-800 ºC). Therefore, it can be concluded 

that the Charpy impact energies reduction of the JIS SN400B steel in the case of water-cooled from two-

phase temperature is a common phenomenon.  

Table 2.5.1 Charpy impact test result of previous research [2.1] 

Steel grades 
Charpy 

impact 

energy (J) 

Heating and cooling treatments 
standard 

value 

(J) 
Untreated 

Air-cooled 

from 500 ºC 

Air-cooled 

from 800 ºC 

Water-

cooled from 

800 ºC 

JIS SN400B 250 284 297 98 

27 JIS SN490B 185 134 256 17 

JIS SA440B 256 264 305 40 

 

 

Fig.2.5.1 Experiment results of previous research [2.1] 
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Fig.2.5.2 Experiment results comparison  

 

 

2.6 Reuseability of the construction steel based on the Charpy 

impact test results after fire  
Fig. 2.6.1 and 2.6.2 summarizes the Charpy impact test results of the JIS SN400B, JIS YGW-11, JIS 

SA440B and JIS SN490B grades steel after fire. In the figures, the red line is the value of 27 J, which is the 

lowest requirement for seismic-resistance performance of the steel structural members used in Japan in the 

Charpy impact value. Fig. 2.6.3 shows the 2% lower limit value of the Charpy impact test result of the 

welded connection members after fire. The value is calculated by the following equations:  

𝐸2% = �̅� − 2𝐸𝑆.𝐷.                                 (2.6.1) 

𝐸2%: the 2% lower limit value of the Charpy impact energies on probability distribution. 

�̅�: the average value of the Charpy impact energies of 3 specimens. 

𝐸𝑆.𝐷.: the standard deviation of the Charpy impact energies of 3 specimens. 

 

 According to the test results, the 2% lower limit value of the specimens cooled from 600 ºC is higher 

than 27J, it means close to 98% of the specimens that cooled from 600 ºC satisfy the lowest requirement 

for seismic-resistance performance, but for the specimens cooled from 700 ºC, the 2% lower limit value is 

lower than 27J, therefore, it is suggested that for the steel members subjected to high-temperature heating 

of more than 700 ºC, if the steel members are cooled at a relatively high cooling rate such as being water-

cooled, the Charpy impact energy may be lower than the required value. If these members are reused after 

fire, there is a possibility that brittleness fractures will occur to these members under a severe earthquake. 

However, if the steel members were heated to a temperature of lower than 700 ºC and if they were cooled 

by fire extinguishing, the members still possess enough fracture properties to avoid brittleness fractures 

during the earthquakes. Therefore, in the view of the seismic-resistance requirement, it is considered that if 
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the exterior view of steel members exhibit no obvious damage, and the temperature histories of these 

members also not exceed 700 ºC in fire, these members could be reused as a seismic-resistance structure 

after fire. 

 

Fig.2.6.1 Charpy impact test result of welded connections after fire  

 

Fig.2.6.2 Charpy impact test result of SN400B, SA440B, and SN490B steel after fire [2.1]  

 

Fig.2.6.3 2% lower limit values of Charpy impact energies of welded connections after fire 
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2.7 Conclusion 
In this Chapter, Charpy impact energies of JIS SN400B base metal, heat affect zone, and YGW-11 welded 

connection material were investigated at elevated temperatures and at ambient and low temperatures after 

the heating and cooling processes. 

According to the high-temperature test results, it was confirmed that the Charpy impact values hardly 

decreased in the blue brittleness temperature regions (between 100 and 300 ºC). Therefore, the possibility 

of brittleness fracture occurring in the welded connections at elevated temperatures is very small. Then, 

according to the results of the ambient and low-temperature tests on the specimens after the heating and 

cooling processes, water-cooled specimens subjected to 700-800 ºC heating exhibit the low Charpy impact 

energies, whereas the Charpy impact energies of water-cooled specimens subjected to 900 ºC recovered to 

a high Charpy impact energy. Through the microstructure observation of the water-cooled specimens, it is 

confirmed the Charpy impact energies decreased owing to the incomplete quenching that occurred during 

the water-cooling process from 700 and 800 ºC. However, the fracture toughness recovered, owing to the 

occurrence of martensitic transformation in the specimens quenching from 900 ºC. On the other hand, the 

furnace-cooled specimens exhibit high Charpy impact energies, because, owing to the slowly cooling rate 

of furnace-cooling, the microstructure of these specimens is similar to the untreated specimen. 

Additionally, refer to the test result in the previous study [2.1], it is also confirmed that JIS SN400B 

grades steel, JIS SN490B steel, and JIS SA440B exhibit the low Charpy impact energies in the case of 

water-cooled from 800 ºC. 

When unprotected steel members are exposed to fire, it is assumed that the steel might be heated to 

elevated temperatures that exceed the steel transformation temperature before being quenched by fire 

extinguishers. Therefore, for the reused of the welded connection member, it is very important to evaluate 

the maximum temperature history and the cooling rate of these members. Although in an actual fire, the 

cooling rate is slower than the test situation, there is also a great possibility that the microstructure of the 

members changed, as the result, the toughness capacity of these members may be too low to satisfy the 

requirement seismic-resistance performance.  
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Chapter 3. Impact fracture energy of cold-

formed steel square hollow section 
3.1 Introduction 
In this Chapter, Charpy impact test result of cold-formed steel square hollow sections at low- and 

ambient-temperature as well as high-temperature, including the blue brittleness temperature range (100-

300) ºC, is reported. Then, the Charpy impact test result of the above steel after the heating and cooling 

treatment (water-cooling, furnace-cooling, and air-cooling) is also investigated at ambient temperature. 

Furthermore, the Vickers hardness and microstructure observation were conducted to confirmed the 

microstructural changes in the steel members after the heating and cooling treatment. 

 

3.2 Charpy impact test of cold-formed steel square hollow 

section 
 

3.2.1 Specimens details 

BCR295 steel column is one of the cold-formed steel square hollow section that widely used for steel 

building structures in Japan. It is formed from the hot-rolled steel plate of SN400B. as descripted in Chapter 

2, the design yield point of the JIS SN400B is equal to 235 MPa and the design tensile strength is equal to 

400 MPa in an ambient-temperature environment. However, the design yield point and design tensile 

strength of BCR295 steel at the ambient temperature were 295 and 400 MPa, respectively, owing to the 

cold-formed manufacturing process. BCR295 steel is charactered as larger yield and tensile strength and 

yield rate (YR) than the JIS SN400B steel, because, large residual stresses and plastic strains remain in the 

cross sections. The chemical components based on the mill sheets (quality assurance documents published 

by the steelmaking industry) are shown in Table 3.2.1.   

BCR295 steel with two dimensions of □-250-250-16 mm and □-300-300-12 mm were prepared for 

the Charpy impact test. Fig.3.2.1 shows the BCR295 steel with the cross section of □-250-250-16 mm, 

two kind of specimens which is respectively quarried out from the flat part (FP) and corner (CP) part of the 

□-250-250-16 cross section, because of the different plastic strain in these two parts[3.1]. Additionally, 

Fig. 3.2.2 shows the BCR295 steel with a cross-section of □-300-300-12 mm, specimens (FPT12) were 

quarried out from flat part of this cross-section.  

The dimensions of these specimens were also 10 × 10 × 55 mm, as shown in Fig.3.2.1. The same IDK-

S cylindrical electric furnace and dummy specimens as descripted in section 2.3.2 were used. 
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Table 3.2.1 Chemical components  

Chemical (mass %) 

Metal C Si Mn P S Cu Ni Cr N 

BCR295 0.07 0.01 0.55 0.011 0.006 0.14 0.011 0.06 0.23 

 

 

 

 

Figure 3.2.1. Test specimens of BCR295 with a cross-section of □-250-250-16 mm 

   

Figure 3.2.2. Test specimens of BCR295 with a cross-section of □-300-300-12 mm 
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3.2.2 High- and low-temperature test for the FP and CP specimens 

To investigate the Charpy impact energies under the blue brittleness temperatures, the elevated 

temperature test was also conducted at 0, 100, 200, 300, 400, 500, and 600 ºC, and low-temperature Charpy 

impact tests were conducted at −20, −40 and −70 ºC, which is a similar method to the JIS SN400B described 

in Chapter 2. Fig. 3.2.3 shows the relationship between elapsed time and specimen temperature. It was 

verified that the Charpy impact tests of these specimens were conducted above the target test temperatures. 

On the other hand, for 100 and 200 ºC tests, the elapsed times was not measured, because the temperature 

changed very slowly. 
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Figure 3.2.3. Elapsed time and specimen temperature relationships 
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3.2.3 Charpy impact test at ambient-temperature after fire on the specimens 

For the test in ambient-temperature after heating and cooling processes on the cold-formed steel square 

hollow section specimens, water cooling and furnace cooling is considered first. Fig. 3.2.4 shows the 

specimens (FP and CP) temperature at cooling process. According to the figures, the cooling rate of water 

cooling was calculated as approximately 80 ºC/s. and the cooling rate of furnace cooling was approximately 

0.042 ºC/s. Besides the test in ambient-temperature, the Charpy impact tests of these specimens were also 

conducted at −20, and −40 ºC. On the other hand, for the FPT12 specimens, the specimens were only heated 

to 500 and 800 ºC, and cooled by water- and furnace- cooling process. During the heating and cooling 

process, the FP and CP specimens were treated with the dimension of Charpy impact specimen (10 × 10 × 

55 mm), but for the FPT12 specimens, it was treated with a dimension of 45 × 360 × 12 mm as shown in 

Fig 3.2.5. Fig. 3.2.6 shows the temperature change for FPT12 during the heating and cooling treatment. 

Both the furnace and water-cooling rate is same to the FP and CP specimens. 

Furthermore, to replicate a situation where a steel column covered with fireproofing materials suffered 

from post-flashover fire or unprotected steel suffers from a localized fire at a distance, some Charpy impact 

tests were performed on air-cooled specimens that heated to 200, 300, and 400 ºC respectively. Owing to 

the cold-formed hollow section was subjected to the strong plastic process, it is considered that the strain 

ageing may accelerate in these medium temperatures (200,300, and 400 ºC), thus, the fracture toughness of 

these specimens may change after the heating and cooling process. Specimens were soaked at those medium 

temperatures for 30min, and cooled in the ambient temperature environment (approximately 30 ºC). 

Fig.3.2.7 shows the specimens temperature at air-cooling process. The cooling rate was approximately 0.33 

ºC/s. However, the Charpy impact tests of these specimens were only conducted at 0 ºC, because of the lack 

of the specimens.  
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Figure 3.2.4. Specimen temperature at furnace- and water-cooling process for FP and CP specimen 

 

Figure 3.2.5. Heating and cooling treatment of FPT12 
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Figure 3.2.6. Specimen temperature at furnace- and water-cooling process for FPT12 

 

 

 Figure 3.2.7. Specimen temperature at air-cooling process 

 

3.3 Experimental result of cold-formed steel square hollow 

section 
Before the Charpy impact test results, the coupon tensile test at high-temperature in cold-formed steel 

square hollow section used in this research is reported. The reason of conduct the coupon tensile test at 

high-temperature is to confirm the effect of the blue brittleness phenomenon on cold-formed steel square 

hollow section specimens at high-temperature. Fig.3.3.1 shows the detail of the coupon test specimens, the 

dimension of the coupon tensile test specimens is based on the JIS Z2201:1998[3.2]. Then, the test results 

of Charpy impact test for cold-formed steel square hollow section at the ambient and high-temperature, the 

results of the Charpy impact test for the specimens after the heating and cooling treatment are reported. In 

addition, considering the microstructure transition of the steel by the cooling process after the fire, the 

Vickers hardness and the Microstructure Observation were also conducted on the specimens after the 

heating and cooling treatment. Furthermore, the test results were compared with the results of the JIS 

SN400B steel that conducted in Chapter 2, because the BCR295 is formed from the JIS SN400B steel. 
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Figure 3.3.1 Coupon test specimen 

 

3.3.1 High-temperature coupon test on cold-formed steel square hollow section 

Figs.3.3.2-3.3.4 show the coupon tensile test result for both FP and CP specimens of □-250-250-16 mm 

cross section. Test temperatures are 20, 100, 200, 300, 400, 600, 700, and 800 ºC. Additionally, a coupon 

test at 500 ºC was conducted for the FP specimens. Specimens were heated to the target temperature and 

soaked at those temperatures for 1h before the loading test. A constant strain rate (0.3%/min) was used for 

the loading test. Fig.3.3.2 shows the engineering stress and engineering strain relationships of the test results. 

According to this figure, it is easy to know that the yield point and tensile strength of CP specimens are 

larger than the FP specimen. During the cold-formed manufacture, CP specimens were subjected to more 

plastic working than the FP specimens. Fig.3.3.3 shows the fracture elongation of the specimens at each 

temperature. According to the result, the fracture elongation reduces at the temperature within the rage of 

100-300 ºC because of the blue brittleness phenomenon. However, the effect of the blue brittleness 

phenomenon is smaller than JIS SN400B steel, it is, the fracture elongation of the FP specimens increased 

at 200 ºC. It can be considered that the blue-brittleness phenomenon for the embrittle cold-formed steel was 

insignificant. Furthermore, Figs 3.3.4 (a)–(d) show the 0.2% offset yield strength (𝜎0.2), the stress at strains 

of 1.0% (𝜎1.0) and 2.0% (𝜎2.0), and the tensile strength (𝜎𝑢) of the FP and CP specimens. Also, the result of 

JIS SN400B steel are plotted. According to Fig 3.3.4, except for the tensile strength, both the FP and CP 

specimens of the cold-formed steel square hollow section exhibit larger strength than JIS SN400B at the 

temperatures below 600 ºC, because of plastic processing at the ambient temperature. However, at the 

temperature exceed 600 ºC, the strength of cold-formed steel square hollow section is almost equal to the 

JIS SN400B steel, because the effects of plastic processing were eliminated at high temperatures. 

Furthermore, among the temperature ranges tested, the CP specimens subjected to strong plastic processing 

exhibited the highest strength at 20–300 ºC. Coupon tensile test verified the effect of the plastic processing 

working on the cold-formed steel square hollow section.   
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Figure 3.3.2 Stress-strain relationships at ambient and elevated temperature 
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Figure 3.3.3 Breaking elongation at high-temperature 

  

Fig.3.3.4 Strength reduction at high-temperature 
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3.3.2 High-temperature Charpy impact test for FP and CP specimens 

Table 3.3.1 lists the test result of the Charpy impact energies of the cold-formed steel square hollow 

section specimens and the base metal (BM) of the welded connections at low- and high-temperatures. The 

average of three specimens at each test temperature, and the value are presented the standard deviation of 

the test results in parentheses. Fig.3.3.5 shows the results presented in Table 3.3.1. Figs 3.3.6-3.3.8 show 

the fracture surface of the specimens after the Charpy impact tests. 

As shown in Fig. 3.3.5, the Charpy impact energies at subzero temperature were lower than 20J, 

except for the FP specimens at -20ºC. And both the FP and CP specimens exhibited lower Charpy impact 

energies than SN400B because of the plastic processing. According to Fig 3.3.6, FP and CP specimens at 

-70 ºC broken into two pieces and exhibit a typical brittle surface with chevron patterns.  

At 0 ºC, both the FP and CP specimens exhibited high Charpy impact energies (>200 J). cold-formed 

steel square hollow section is requiring a Charpy impact energy that is larger than 27J at 0 ºC to avoid brittle 

fractures during severe earthquakes. This test result confirms that the both the FP and CP specimens of the 

cold-formed steel square hollow section cross section used in this study satisfy the design requirements. 

And as shown in Fig.2.4.6, the specimens exhibited the ductile fracture surface at 0 ºC. 

For the test result of the specimens at blue-brittleness phenomenon temperatures range (100–300 ºC), 

refer to Fig.3.3.8, all the specimens exhibit the typical ductile fracture surface. According to the Fig.3.3.5, 

the Charpy impact energies decreased at 100 ºC, due to the effect of blue-brittleness phenomenon. However, 

the minimum energy was still >180 J at this temperature. The maximum Charpy impact energy, which 

exceeded 250 J, was observed at 200 ºC in all the specimens. Therefore, it is considered that the blue-

brittleness phenomenon does not affect the Charpy impact energies.  

In the tests above 300 ºC (high-temperature), the Charpy impact energies of the specimens gradually 

decreased with an increase in the temperature. It is because the yield point and tensile strength gradually 

decreases at elevated temperature. However, the specimens exhibited ductile fracture surfaces at these 

temperatures (Fig.3.3.8). Furthermore, as shown in Fig.3.3.3, the breaking elongation significant increase 

at high-temperature. Therefore, it is considered that the brittle fracture hardly occurs at high-temperature. 
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Table 3.3.1 Charpy impact test result at high-temperature 

Temperature (ºC) 
Charpy impact energies (J) 

FP CP   

-70 10.2 (1.5) 9.1 (0.3) 

Ave. 

(S.D.) 

-40 10.9 (1.9) 14.9 (1.4) 

-20 52.6 (59.4) 19.8 (1.6) 

0 222.1 (11.9) 218.7 (9.1) 

100 212.3 (35.7) 195.4 (43.4) 

200 272.2 (25.1) 279.4 (29.8) 

300 226.2 (9.1) 243.8 (3.6) 

400 165.1 (1.5) 154.3 (15.5) 

500 117.4 (4.3) 97.1 (7.0) 

600 209.4 (42.0) 156.1 (27.4) 

 

 

 

 

 

 

 

 

  

Fig.3.3.5 Experimental results of the Charpy impact test at high temperature 



54 

 

 

Fig.3.3.6 Fracture surface of specimen at subzero temperature 

 

  

Fig.3.3.7 Fracture surface of Specimen at 0 ºC 
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Fig.3.3.8 Fracture surface of specimen at high-temperature 

 

3.3.3 Charpy impact test results at ambient temperature after heating and cooling processes for 

FP and CP specimens 

Table 3.3.2 lists the average value and standard deviation of the test result of the Charpy impact energies 

of the specimens after heating and cooling process at 0 ºC. Average values very close to 300 J (the maximum 

Charpy impact energy of the Charpy impact machine) are the experimental results when the measured 

energies reached the maximum capacity of the test machine, for these sufficiently large values, the standard 

deviations were not listed. Fig.3.3.9 shows the results presential in Table 2.4.2. Figs 3.3.10 and 3.3.11 show 

the fracture surface of the water- and furnace-cooled specimens after the Charpy impact tests, respectively. 

Furthermore, the Charpy impact test results of the base metal of SN400B were also presented in the figures. 

According to Fig.3.3.9, for the specimens that were heated to 600 ºC, both water- and furnace-cooled 

specimens possess higher Charpy impact energies than 150J. FP specimens exhibited a similar Charpy 

impact energies to the SN400B steel. Refer to Figs.3.3.10 and 3.3.11, typical ductile surfaces were observed 

on the water-cooled specimen and furnace-cooled CP specimen after 600 ºC heating, and ductile-brittle 

surfaces were observed on the furnace-cooled FP specimen after 600 ºC heating.    

For the water-cooled specimens that were heated to 700 and 800 ºC, the Charpy impact energies is lower 

than that of the untreated specimens. However, except for the water-cooled FP specimens that were heated 

to 700 ºC, all the values are higher than 27J. As shown in Fig.3.3.10, all the specimens exhibit the brittle 

fracture surface. On the other hand, for the furnace-cooled specimens that were heated to 700 and 800 ºC, 
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the Charpy impact energies is close to 300J. According to Fig.3.3.11, these specimens exhibit the ductile 

fracture surface. 

Furthermore, for the water-cooled specimens that were heated to 900 ºC, the Charpy impact energies 

recovered to a higher value than those of untreated specimens, and clear ductile surface were observed. For 

the furnace-cooled specimen that were heated to 900 ºC, the Charpy impact energies are still larger than 

250 J, and those specimens also exhibit the ductile fracture surfaces. 

   Conclusively, quenching during the water-cooling process significantly reduced the Charpy impact 

energies of the specimens heated to 700 and 800 ºC, and clear brittle fractures were observed in these 

specimens; conversely, if the specimens were heated to 900 ºC, the Charpy impact energies recovered to a 

high value and the fracture surfaces developed to ductile-brittle fractures. These trends are similar to those 

of JIS SN400B specimens. 

 

Table 3.3.2 Charpy impact test result at 0 ºC 

 

Test Temperature 0 ºC 

Cooling Process Water-Cooling Furnace-Cooling 

Specimens 
FP CP FP CP 

Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) 

untreated J 222.1 (11.9) 218.7 (9.1) 222.1 (11.9) 218.7 (9.1) 

600 ºC treated J 169.1 (48.3) 232.7 (34.4) 298.1 (-) 298.1 (-) 

700 ºC treated J 24.9 (2.3) 55.1 (61.8) 298.2 (-) 298.2 (-) 

800 ºC treated J 51.5 (36.0) 90.7 (40.3) 298.2 (-) 298.5 (-) 

900 ºC treated J 298.5 (-) 298.5 (-) 273.3 (4.5) 277.7 (1.2) 

 

  

Fig.3.3.9 Experiment results of Charpy impact test at 0 ºC after heating and cooling process 
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Fig.3.3.10 Fracture surface of water-cooled specimens at 0 ºC 
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Fig.3.3.11 Fracture surface of furnace-cooled specimens at 0 ºC 

 

3.3.4 Charpy impact test results at −20 and −40 ºC after heating and cooling processes for FP and 

CP specimens 

Charpy impact test for the specimens after heating and cooling process was also conducted at the test 

temperatures of −20 and −40 ºC. Figs. 3.3.12 and 3.3.13 show the results at −20 and −40 ºC which listed in 

Tables 3.3.3 and 3.3.4, respectively. 

The Charpy impact energies of the specimens tested were lower than those tested in the ambient-
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temperature, and the specimens of cold-formed steel (FP and CP specimens) had lower Charpy impact 

energies than JIS SN400B. The specimens exhibited brittle fracture; however, both the water- and furnace-

cooled specimens heated at 900 ºC still exhibited high Charpy impact energies and ductile fracture surfaces 

in the low-temperature tests. 

 

 

Table 3.3.3 Charpy impact test result at -20 ºC 

 

Test Temperature -20 ºC 

Cooling Process Water-Cooling Furnace-Cooling 

Specimens 
FP CP FP CP 

Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) 

untreated J 52.6 (59.4) 19.8 (1.6) 52.6 (59.4) 19.8 (1.6) 

600 ºC treated J 38.5 (18.7) 56.5 (63.8) 120.5 (154.3) 192.1 (141.6) 

700 ºC treated J 13.5 (1.0) 14.0 (1.7) 23.8 (4.5) 30.0 (13.0) 

800 ºC treated J 17.2 (2.4) 18.2 (6.6) 190.0 (62.4) 204.2 (21.1) 

900 ºC treated J 298.6 (-) 298.4 (-) 220.1 (39.3) 242.7 (39.8) 

 

 

 

Table 3.3.4 Charpy impact test result at -40 ºC 

Test Temperature -40 ºC 

Cooling Process Water-Cooling Furnace-Cooling 

Specimens 
FP CP FP CP 

Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) Ave. (S.D.) 

untreated J 10.9 (1.9) 14.9 (1.4) 10.9 (1.9) 14.9 (1.4) 

600 ºC treated J 12.1 (2.3) 11.6 (2.3) 12.6 (2.1) 14.9 (3.6) 

700 ºC treated J 8.8 (2.4) 8.2 (1.1) 10.6 (1.7) 11.1 (1.8) 

800 ºC treated J 11.7 (1.9) 14.8 (4.7) 16.1 (3.7) 17.8 (3.3) 

900 ºC treated J 271.3 (25.5) 287.4 (20.1) 128.9 (99.8) 142.3 (83.8) 
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Fig.3.3.12 Experiment results of Charpy impact test at -20 ºC after heating and cooling process 

 

Fig.3.3.13 Experiment results of Charpy impact test at -40 ºC after heating and cooling process 

 

3.3.5 Charpy impact test results at 0 ºC after air-cooling processes for FP and CP specimens 

 Table 3.3.5 shows the Charpy impact test results of the air-cooled specimens at 0 ºC. As described in 

section 3.2.3, specimens were heated to 200-400 ºC. Figs 3.3.14 and 3.3.15 show the test result and the 

fracture surface of the tests respectively.  

As shown in Fig.3.3.14, the CP specimens at 200 ºC exhibit lower Charpy impact energies than the FP 

specimens. And in Fig.3.3.15, CP specimens exhibit a brittle fracture surface, but FP specimens exhibit a 

ductile-brittle fracture surface. For the test results at 300 and 400 ºC, the impact energies of the FP 

specimens subjected to the air-cooling treatment gradually decreased with the increasing heat temperature. 

And the CP specimens maintain a lower value than 90 J, and both FP and CP specimens exhibit the brittle 

fracture surface. The air-cooling process is low-speed cooling. Generally, the microstructure of these steel 

is not changed by subjected low-speed cooling from the temperature below 400 ºC. However, the Charpy 
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impact energies of the cold-formed steel square hollow section cooled from the medium-temperature range 

(200–400 ºC) clearly decreased; on the contrary, the specimens slowly cooled from the high-temperature 

region (600–900 ºC) did not exhibit this tendency. Considering the reuse of the cold-formed steel square 

hollow section column subjected to a low fire temperature, this column may appear to be intact under visual 

observations at the damage diagnostics; generally, this member may be reused after fire. However, the CP 

specimens may occur brittleness fracture if it continues to be used as the resistance-seismic structure after 

fire. Therefore, careful investigation of the cold-formed steel square hollow section column at the damage 

diagnostics after fire is required, particularly from the viewpoint of the fracture toughness change due to 

the relatively low-temperature heating.   

 

 

Table 3.3.5 Charpy impact test result at 0 ºC (air-cooling processes) 

Test Temperature 0 ºC 

Cooling Process Air-Cooling 

Specimens 
FP CP 

Ave. (S.D.) Ave. (S.D.) 

untreated J 222.1 (11.9) 218.7 (9.1) 

200 ºC treated J 233.7 (7.0) 71.7 (99.1) 

300 ºC treated J 190.2 (78.8) 87.2 (105.1) 

400 ºC treated J 117.8 (75.6) 78.3 (49.3) 

 

 

 

 

 

Fig.3.3.14 Experiment results of Charpy impact test at 0 ºC after heating and air-cooling process 
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Fig.3.3.15 Experiment results of Charpy impact test at 0 ºC after heating and air-cooling process 

 

3.3.6 Charpy impact test results at 0 ºC after air-cooling processes for FPT12 specimens 

Table 3.3.6 shows the Charpy impact test results of the FPT12 (Fig.3.2.2) at 0 ºC. Fig.3.3.16 shows the 

test results of FPT12 after heating and cooling process.  

According to the Fig.3.3.17, the Charpy impact test of water-cooled FPT12 that were heated to 500 and 

800 ºC increased. On the other hand, the Charpy impact energies of the furnace-cooled FPT12 increased 

when the heating temperature were 500 ºC, but decreased after heated to 800 ºC and exhibit a brittle 

fracture behaviours. Fig.3.3.17 compared the test result of FP, CP, and FPT12 after the heating and cooling 

process. The Charpy impact energies of untreated FPT12 is lower than the untreated FP and CP specimens. 

Because these two kinds of cross-sections are made by different manufacturing lot. All of the test result of 

FPT12 exhibit a lower value than the FP and CP specimen, excepted for water-cooled from 800 ºC. It is 

considered if the Charpy impact energies for the untreated cold-formed steel square hollow section is low, 

and brittle fracture of the member might occur when it was reused after fire. 
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Table 3.3.6 Charpy impact test result at 0 ºC for FPT12  

 

 

 

 

Fig.3.3.16 Experiment results of FPT12 after heating and cooling process 

 

Fig.3.3.17 Results comparison 

 

3.3.7 Vickers Hardness test and microstructure observation 

3.3.7.1 FP and CP specimens 

 The Vickers hardness test and Microstructure Observation were also conducted on the FP and CP 

specimens after water-, furnace-, and air-cooled specimens to study what cause the change of the Charpy 

impact energies. Both FP and CP specimens in after the following treatment were conducted the Vickers 
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hardness test and Microstructure Observation: specimens without heating and cooling process, water- and 

furnace-cooled specimens after 700 ºC heating, water- and furnace-cooled specimens after 900 ºC heating, 

air-cooled specimens after 200 ºC heating, and air-cooled specimens after 400 ºC heating. Figs 3.3.18 and 

3.3.19 show the Vickers Hardness test result of the specimens, and Figs 3.3.21-3.3.22 show the 

microstructure observation. 

As shown in Fig.3.3.18, water-cooled specimens exhibit a larger Vickers hardness, but furnace-cooled 

specimens exhibit lower value than the untreated specimens. In other words, the tensile strength of the 

water-cooled specimens increased, and those of furnace-cooled specimens decreased. This is because of the 

mechanical properties change owing to the quenching effect by the water. The increasing of tensile strength 

predicted the microstructure change of the specimens after the heating and cooling process. 

On the other hand, as shown in Fig.3.3.19, air-cooled specimens exhibit a little larger Vickers hardness, 

than the untreated specimens. As the conclusion, air-cooled specimens possess larger tensile strength than 

untreated specimens. 

 

 

Fig.3.3.19 Vickers Hardness test result on water- and furnace-cooled specimens 

  

Fig.3.3.20 Vickers Hardness test result on air-cooled specimens 
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3.3.7.2 FPT12 specimens 

Fig.3.3.20 shows the photos of the Vickers Hardness test of the FPT12. The Vickers Hardness is only 

measured on the water- and furnace-cooled specimens that were subjected to 800 ºC heating. The hardness 

of furnace-cooled specimens is 107 HV, and for the water-cooled specimen, it is 170 HV. Therefore, the 

tensile strength of furnace-cooled and water-cooled specimens is calculated as 350 MPa and 539 MPa 

respectively. 

 

 

Fig.3.3.20 Vickers Hardness test of FPT12 

 

3.3.8 Microstructure observation 

1) Microstructure observations of water- and furnace-cooled specimens (FP and CP specimens) 

 As shown in Fig.3.3.21 and 3.3.22, FP and CP specimens subjected to the same treatments exhibited 

similar microstructures, that is, the plastic strain induced by plastic processing did not affect the 

microstructure. The untreated specimens exhibited ferrite and pearlite microstructures (F+P), which is 

typical for the low-carbon steel at ambient temperatures. The furnace-cooled specimens exhibited F+P 

microstructures, similar to those of the untreated specimens. However, for the specimens heated to 900 ºC, 

local segregation of cementite due to slow cooling (furnace cooling) was observed; therefore, the Charpy 

impact energies of these specimens were slightly reduced, as shown in Fig.3.3.9. Furthermore, the effect of 

the plastic processing was eliminated by the heating above the transformation point, and the tensile strength 

of these specimens decreased (Fig.3.3.18). 

In contrast, for the water-cooled specimens, specimens that were heated to 900 ºC exhibited clear 

martensitic microstructures because of the quenching from a temperature higher than the transformation 

point. Accordingly, the specimens water-cooled from 900 ºC had a higher Charpy impact energy and 

Vickers hardness than the untreated specimens. However, the water-cooled specimens heated to 700–800 

ºC were imperfectly quenched from the two-phase (ferrite and austenite) temperature; therefore, brittle 

fracture occurred, and the Charpy impact energies decreased (Fig.3.3.9). 

In summarizes, cold-formed steel square hollow section specimens that subjected to water- and furnace- 

cooled treatment exhibit the similar microstructure to the BM specimens of JIS SN400B steel, which 

described in Chapter 2. 

2) Microstructure observations of air-cooled specimens (FP and CP specimens) 
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Fig.3.3.23 shows the microstructures of the FP and CP specimens subjected to air cooling from 200 and 

400 ºC. All the specimens exhibited typical F+P microstructures, which is similar to the microstructure of 

untreated specimens; thus, the microstructure was not changed by the air cooling after heating below 400 

ºC. However, according to the Fig.3.3.14, the Charpy impact energies of the air-cooled specimens were 

lower than those untreated specimens; in Fig.3.3.19, the tensile strength of air-cooled specimens was larger 

than those of the untreated specimens. This can explain as follows: in the significantly deformed parts, e.g. 

the CP in the square hollow cross section, the strain ageing [3.3] progressed with the temperature rise. In 

general, with a higher heat history and a higher initial plastic strain, the effect of strain ageing progressed 

and the steel materials become more brittle, as a result the Charpy impact energies decreased. 

The steel temperature increase was not pronounced for the protected steel column under post-flashover 

fire in a short duration. In many cases, the steel columns after the fire are reused with slight repair, e.g. the 

replacement of fireproofing materials. However, for the cold-formed steel square hollow section column, 

careful verification before reuse is needed because of the effect of strain ageing under the low-temperature 

heating due to fire. 
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Fig.3.3.21 Steel microstructure of FP specimens (water- and furnace-cooled specimens) 
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Fig.3.3.22 Steel microstructure of CP specimens (water- and furnace-cooled specimens) 
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Fig.3.3.23 Steel microstructure of FP and CP specimens (air-cooled specimens) 

 

 

3) Microstructure observations of water- and furnace-cooled specimens (FPT12) 

Fig.3.3.24 shows the steel microstructure of water- and furnace-cooled FPT12 that were heated to 800 
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ºC. The F+P microstructure were observed in both furnace- and water- cooled specimens. However, as 

shown in this figure, there is more pearlite microstructure were observed in water-cooled specimen. General, 

800 ºC is the two-phase temperature for the steel, and while the temperature is heated this temperature, the 

microstructure will transition to the austenite microtitrate, and if this microstructure subjected to a fast-

cooling rate such as quenching by water, the microstructure will transition to martensite as described former. 

However, for the FPT12, as shown in Fig.3.3.24 (b), the specimens are still F+P microstructure. The reason 

is considered as following: as shown in Fig.3.2.5, FPT12 is subjected to the heating and cooling process in 

the dimension of 45 × 360 × 12 mm, therefore, 30 min heating after the specimen reached the target 

temperature is not enough for the microstructure transition to a completely austenite microstructure, if this 

specimen were quenched by water, the microstructure is still exhibit a F+P microstructure, however, 

compared with the water-cooled specimen that were heated to 500 ºC (Fig.3.3.24 (a)), 800 ºC heated 

specimens precipitated more pearlite microstructure. As a result, the water-cooled FPT12 after heated to 

800 ºC possess large value of Charpy impact energy in comparison with the furnace-cooled FPT12. 

 

 

Fig.3.3.24 Steel microstructure of FPT12 (Furnace- and water-cooled specimens) 

 

3.4 Reuseability of the cold-formed steel square hollow section 

based on the Charpy impact test results after fire 
Figure 3.4.1 summarizes the Charpy impact test results of the cold-formed steel square hollow section 

steel after the fire. In the figure, the red line is the value of 27 J, which is the lowest requirement for seismic-

resistance performance of the steel structure members used in Japan in the Charpy impact energy. For the 

Charpy impact test results of the FP and CP specimens, Fig. 3.4.3 shows the 2% lower limit value of the 

Charpy impact test result, which is calculated by the Eq.2.6.1. 

According to the test results, it is suggested that for the cold-formed steel members subjected to high-

temperature heating of more than 700 ºC, if the steel members are cooled at a relatively high cooling rate 

such as being water-cooled, the Charpy impact test result may be lower than the required value. When these 

members are reused after fire, there is a possibility that brittleness fractures will occur to these members 
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while these buildings suffer a severe earthquake. However, if the cold-formed steel members were heated 

to a temperature of lower than 700 ºC, while cooled by fire extinguishing, the members still possess enough 

fracture properties to avoid brittleness fractures during the earthquakes. Furthermore, if the cold-formed 

steel members were air-cooled from the middle-temperature, the Charpy impact energies may decreased 

owing to the stain ageing. Although the average Charpy impact energy used in this research is enough high, 

in a view of the probability distribution, less than 98% of the cold-formed steel square hollow section 

possess enough Charpy impact energies more than 27J at 0 ºC, owing to the strain ageing. Therefore, in the 

view of the resistance-seismic requirement, it is considered that if the exterior view of steel members exhibit 

no obvious damage, and the temperature histories of these members also not exceed 700 ºC in fire, these 

members could be reused as a resistance-seismic structure after fire. However, if these members were 

cooled from the middle-temperature, it is very important to confirm the fracture properties of these members.  

 

 

Fig.3.4.1 Charpy impact test result of cold-formed steel square hollow sections after fire 
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Fig.3.4.2 2% lower limit values of Charpy impact test result of cold-formed steel square hollow 

sections after fire 

 

3.5 Conclusion 
In this Chapter, Charpy impact energies of the flat part and corner part of cold-formed steel square hollow 

section were investigated at elevated temperatures and at ambient and low temperatures after the heating 

and cooling processes. 

According to the high-temperature test results, it was confirmed that the Charpy impact values hardly 

decreased in the blue brittleness temperature range (between 100 and 300 ºC). Therefore, the possibility of 

the occurrence of brittleness fracture at elevated temperatures is very small. Then, according to the results 

of the ambient- and low-temperature tests on the specimens after the water and furnace cooling processes, 

water-cooled specimens subjected to 700-800 ºC heating exhibit the low Charpy impact energies, whereas 

the Charpy impact energies of water-cooled specimens subjected to 900 ºC recovered. Furthermore, 

according to the results of the ambient-temperature tests on the specimens after the air-cooling process, the 
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Charpy impact energies of the specimens significantly reduced, and the Vickers hardness increased. 

Through the microstructure observation of the water-cooled FP and CP specimen, it is confirmed the 

Charpy impact energies decreased owing to the incomplete quenching that occurred during the water-

cooling process from 700 and 800 ºC. However, the fracture toughness recovered, owing to the occurrence 

of martensitic transformation in the specimens quenching from 900 ºC. As for the furnace-cooled specimens, 

they exhibit high Charpy impact energies, because due to the slowly cooling rate of furnace-cooling, the 

microstructure of these specimens is similar to the untreated specimen. On the other hand, according to the 

microstructure observation of the air-cooled specimens, the microstructure does not change. However, 

because of the strain ageing, the fracture toughness of these member decreased after fire. While reusing 

these members as seismic-resistant members after fire, this local defect might trigger brittle fractures when 

subjected to sever earthquakes. The careful verification of the damage diagnostics after fire is required. 

Furthermore, according to the test result of FPT12, it is confirmed that if the original Charpy impact 

energies is low, there is also a possibility of brittle fracture while this steel member is reused after fire. On 

the other hand, according to the microstructure observation of FPT12, it is considered that sometimes the 

microstructure of the specimens is still possessing the F+P microstructure after the water quenching 

treatment from the two-phase temperature. The reason is considered the heating time is not enough for the 

microstructure transition to the austenite microstructure.  
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Chapter 4. Post-fire mechanical properties 

and buckling strength of cold-formed steel 

square hollow section columns 
4.1. Introduction 

Chapters 2 and 3 described the Charpy impact test of the welded connections and cold-formed steel 

square hollow section steel. In this Chapter, the experimental studies of the mechanical properties of cold-

formed steel square hollow section steel columns are reported. Three types of tests were conducted: coupon 

tensile test, axially loaded compressive test, and stub-column test. Furthermore, the flexural buckling 

strengths were calculated based on the Eurocode design equations, and the validity was examined on the 

basis of the test results. For the local buckling strength, the design equations of both Eurocode [4.1, 4.2] 

and AS/NZS 4600:2005 [4.3] were verified. 

 

 

4.2. Test methods 
4.2.1 Cold-formed steel square hollow section steel 

 JIS STKR400 steel is used as cold-formed steel square hollow section column in this Chapter, this steel 

grade is commonly used for steel buildings in Japan. The design yield strength (YS) is equal to 235 MPa 

and the design tensile strength (TS) is equal to 400 MPa. This grade of steel is manufactured using cold-

forming JIS SS400 steel (a structural hot-rolled steel plate; YS equal to 235 MPa; TS equal to 400 MPa). 

As shown in Fig. 4.2.1, two sectional dimensions of the specimens, namely □-50-50-1.6 mm (Specimen 

A) and 50-50-3.2 mm (Specimen B), were used in this study. The sectional dimensions were determined on 

the basis of the dimensions limit of the specimens for an electric furnace and a loading test system used in 

the heating process and loading tests, respectively. Furthermore, the test parameters of these small sectional 

columns correspond to the actual values of the effective slenderness and width–thickness ratios of the steel 

columns commonly used for building structures in Japan. The chemical components based on the mill 

sheets are listed in Table 4.2.1. 
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 Figure 4.2.1. Sectional shapes and dimensions of specimens A and B  

 

Table 4.2.1. Chemical components 

Chemical (mass %) 

Specimen C Si Mn P S 

Specimen A 0.09 0.01 0.86 0.031 0.004 

Specimen B 0.15 0.01 0.49 0.009 0.004 

 

4.2.2 Heating and cooling processes 

The specimens were heated in an electric furnace, as shown in Fig. 4.2.2. A thermocouple was attached to 

the centre of the specimen to measure the temperature history. Specimens were heated up to 200, 300, 400, 

500, 600, 700, and 800 °C. The heating rate of the electric furnace used in the test was approximately 

10 °C/min. To ensure that all the specimens had uniform temperatures, they were kept at each specified 

temperature for 30 min. Subsequently, the specimens were cooled using two methods: 1) quenching the 

specimens that were heated to 600–800 °C with water (water cooling); 2) retaining the specimens that were 

heated to 200–800 °C with the furnace temperature which gradually decreased (furnace cooling). The same 

methods of water-cooling and furnace cooling treatment with Chapters 2 and 3 is employed. To evaluate 

the basic mechanical properties of the specimens after the fire, coupon tensile tests were conducted on both 

the water- and furnace-cooled specimens (Table 4.2.2). Furthermore, to examine the changes in the 

compressive load-bearing capacities after the fire, both the axially loaded compressive tests regarding the 

flexural buckling behaviour, and the stub-column test regarding the local buckling behaviour were 

conducted for the furnace-cooled specimens (refer to Tables 4.2.3 and 4.2.4).  

 Fig. 4.2.3 shows the heating and cooling rates of specimens A and B. The water-cooled specimens were 

removed from the furnace and placed in a vessel containing a large quantity of water (a drum with an inner 

diameter and height of 450 and 666 mm, respectively). According to the Fig. 4.2.3, the furnace-cooling 

histories gradually decreased at an approximate rate of 1.1 °C/min. However, the water-cooling histories 
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show that the specimen temperatures rapidly decreased at an approximately rate of 80 °C/s. 

 

Figure 4.2.2. Specimens placed in an electric furnace 

 

Table 4.2.2. Test parameters (Coupon tests) 

Specimen t b/t 
Heating and cooling processes 

 

Untreated 

Furnace cooling Water cooling  

Specimen A 1.6 mm 31.3 
 200℃, 300℃, 400℃, 500℃, 600℃, 700℃,800℃  600℃, 700℃,800℃ 

 

Specimen B 3.2 mm 15.6  

 

Table 4.2.3. Test parameters (Axially loaded compressive tests) 

Specimens t b/t λ Heated temperatures 

Specimen B 3.2 mm 15.6 
40 

Untreated 

specimen 
 200℃, 300℃, 400℃, 500℃, 600℃, 700℃,800℃ 

 

Table 4.2.4. Test parameters (Axially loaded compressive tests for stub-column specimens) 

Specimen t b/t L Heated temperatures 

 

Specimen A 1.6 mm 31.3 150 mm Untreated   200℃, 300℃, 400℃, 500℃, 600℃, 700℃,800℃ 
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Figure 4.2.3. Time and specimen temperature relationships at heating, furnace-cooling, and water-

cooling processes 

 

4.2.3 Test details 

 Tables 4.2.2-4.2.4 show the test parameter of the coupon test, axially loaded compressive test, and axially 

loaded compressive tests for the stub-column specimens, respectively. The “t” in the tables is the column 

thickness, “b/t” is the width-thickness ratio. The stub-column tests were conducted using “thin-sectional 

shape” specimens A (b/t=31.3), whereas, the axially compressive tests were conducted using “thick-

sectional shape” specimens B (b/t=15.6), and the “λ” (effective slenderness ratios) of the axially 

compressive tests were given by 40 and 50. The slenderness and width-thickness ratios were determined 

by considering actual steel building structures in Japan. Therefore, the small values of slenderness and 

width-thickness ratios were used for the steel buildings, to ensure the seismic load-bearing and deformation 

capacities. In fact, many square hollow section columns employed in Japanese steel structures possess lower 
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values than the test parameters ((b/t=31.3 and λ=50); for this reason, those specimens were used in the tests. 

Furthermore, owing to the dimension limit of the electric furnace, the λ values were limited to 50. The axial 

compressive tests were not conducted for specimens A (b/t=31.3), because these specimens exhibited local 

buckling behaviors before flexural buckling. 

The loading process was conducted using a hydraulic universal testing machine of what maximum loading 

capacity of 2000 kN, and the maximum load-measurement rages for the coupon, axial-compression, and 

stub-column tests were 40, 400, and 200 kN, respectively. The loading test was performed based on the 

displacement controlling method. 

 

1) Coupon tests 

Figure 4.2.4 shows the dimensions of the coupon test specimens, which were fabricated based on JIS Z2241 

[4.4]. The width and gauge length of the coupon specimen test section are 8 mm (the “d” in Figure 4.2.4) 

and 50mm (the “Ld” in Figure 4.2.4) , respectively. Two strain gauges were attached to the centre of the 

coupon tensile test specimen. Fig.4.2.5 shows the coupon test, the specimen was fixed by two steel plate 

jigs. Furthermore, as shown in Fig.4.2.5, two contact displacement meters touched at the jigs on the test 

section to measure deformation, and other two contact displacement meters touched at the hydraulic 

universal testing machine to measure the deformation of the test machine during the coupon tensile test.   

 

Figure 4.2.4 Dimensions of the coupon test specimens 
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Figure 4.2.5 Coupon test  
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2) Axially loaded compressive tests  

Table 4.2.3 lists the test parameters of the axially loaded compressive tests, and Fig. 4.2.6 shows the test 

system. Two pin-ended jigs were installed at both ends of the column specimens. Fig. 4.2.7 shows the 

details of the pin-ended steel jigs (Fig. 4.2.7 (a)) and the front and side views of the specimens (Fig. 4.2.7 

(b)). As shown in Fig. 4.2.7 (a), a groove (length and depth of 51 mm and 15 mm, respectively) was created 

at the centre of the jigs, and the specimens were inserted into the groove and fixed using steel plates and 

bolts (Fig. 4.2.7 (b)). The effective buckling length was calculated based on the distance between the arc 

tops of the two jigs. D1, D2, D3, and D4 in Fig. 4.2.7 (b) indicate the four contact displacement meters 

used in the test. D1 and D2 touched to the test machine measure the axial deformation, whereas D3 and D4 

touched to the centre of the specimens measure the lateral deflections. Furthermore, x, y, and z axis were 

draw in the Fig.4.2.7 (b). 

 By the heating and cooling treatment, it is considered that the residual stress in the cross-section changed 

owing to the heating and cooling effects; however, in this test, the geometric imperfections and residual 

stress of the specimens were not measured. 
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Figure 4.2.6. Axially loaded compressive test system 
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Figure 4.2.7. Details of axially loaded compressive test system 

 

 

 

 

 

 

 

 

 

3) Axially loaded compressive tests for stub-column specimens 

The length of the stub-column specimens is 150 mm which is three times longer than the width of 

specimen A (b/t=31.3). As shown in Figure 4.2.8 (a), a round steel plate (10 mm thick) was placed on each 

end of the stub-column specimens to ensure that those specimens were subjected to a uniform compression 

force. Four contact displacement meters, namely, D5, D6, D7, and D8 (refer to Fig.4.2.8 (b)) were used. 

D5 and D6 touched to the two round steel plates measure the axial deformation, whereas D7 and D8 touched 

to the centre of the specimens to measure the deflections at the centre of the specimens after the occurrence 

of local buckling. 
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(a) Axially loaded stub-column test 

 

(b) Details of stub-column specimenst 

Figure 4.2.8. Axially loaded stub-column test 
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4.3 Experimental results and discussion 
Fig. 4.3.1 shows the photographs of the specimens after the coupon tests, and Table 4.3.1 lists the average 

loading rate for the coupon, axially loaded compressive, and stub-column tests. According to the previous 

research [4.5], it was reported that the effect of strain rate on the coupon test results under the ambient 

temperature environment were very small within the strain rate values (0.01%/s~3%/s) in Table 4.3.1. 

Table 4.3.1. Average loading rate of the tests 

  

Average loading rate (%/min) 

Coupon test for 

specimens A 

Coupon test for 

specimens B 

Flexural 

buckling tests 

Stub-column 

tests 

Treated methods 
Furnace-

cooling 

Water-

cooling 

Furnace-

cooling 

Water-

cooling 

Furnace-

cooling 

Furnace-

cooling 

Heated 

temperature 
t=3.2 mm t=1.6 mm λ=40 λ=50 L=150mm 

Untreated 1.25 - 1.82 - 0.05 0.02 0.15 

 200℃ treated 0.7 - 2.04 - 0.06 0.07 0.22 

 300℃ treated 0.92 - 1.16 - 0.04 0.07 0.17 

 400℃ treated 1.82 - 1.26 - 0.07 0.08 0.16 

500℃ treated 2.49 - 1.56 - 0.09 0.08 0.17 

 600℃ treated 2.99 1.47 1.89 0.88 0.09 0.05 0.18 

700℃ treated 1.55 0.93 1.21 0.94 0.09 0.02 0.19 

 800℃ treated 2.35 1.08 1.99 0.2 0.08 0.05 0.16 

 

4.3.1 Coupon tensile test results 

Fig.4.3.1 shows the coupon tensile test results. FC and WC represent the heating and cooling treatment 

of the specimen, FC is furnace cooling, and WC is water cooling, respectively. Tables 4.3.2 and 4.3.3 list 

the yield point (𝑓𝑦), stress at strain equal to 1.0% (𝑓1.0), stress at strain equal to 2.0% (𝑓2.0), tensile strength 

(𝑓𝑢), uniform elongation, and breaking elongation of the specimens. Owing to the setting fault of the contact 

displacement meters (Fig 4.2.5), the breaking elongation of the furnace-cooled specimen B that were 

subjected to heating at 300 °C was not measured. Figs. 4.3.2 and 4.3.3 show the engineering stress and 

engineering strain relationships of the specimen A and B, respectively. Figs. 4.3.4 and 4.3.5 present the 

yield point and tensile strength, and Figs. 4.3.6 and 4.3.7 show the uniform and breaking elongation of 

specimens A and B, respectively. In each graph at Figs 4.3.4-4.3.7, the values at 0 °C represent the test 

results of the untreated specimens.  

According to Figs 4.3.2 and 4.3.3, the stress–strain relationships of untreated specimens A and B is the 

typical SS curve of the BCR295 steel, which, does not have clear yield shelf because of the plastic 
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processing working during the cold-formed manufacturing. However, for the specimens that were subjected 

to heating and cooling process, the yield shelf appeared. It is considered that owing to the effect of heating 

and cooling process, the plastic working effect of the cold-formed steel square hollow section decreased. 

Then, specimens quenched with water after heating at 800 °C showed no clear yield shelf and exhibited 

brittle behaviours. According to the test results presential in Chapters 2 and 3, water-cooled specimens that 

were heated to 800°C were imperfectly quenched from the two-phase (ferrite and austenite) temperature, 

and the microstructures of these specimens were transformed to a segregated plural microstructure of ferrite, 

bainite, and martensitic; thus, the specimens exhibited brittle behaviour.  

Comparing the yield and tensile strength of the furnace-cooled specimens to those of the untreated 

specimens, as shown in Figs 4.3.4 and 4.3.5, furnace cooled specimen that were heated to 200–400 °C 

exhibited a larger yield point (𝑓𝑦) and tensile strength (𝑓𝑢) than the untreated specimens, and both the 𝑓𝑦 

and 𝑓𝑢 of the specimens that were heated to 500–800 °C decreased with increasing heating temperature. 

Also, the 𝑓𝑦 of all specimens were larger than the design standard yield point of 235 MPa for JIS STKR400 

grade steel. However, for some specimens such as furnace cooled specimens A (600–800 °C) and B (800 °C), 

their 𝑓𝑢 were lower than the design standard tensile strength of 400 MPa. As described in section 4.2.1, 

JIS STKR400 is cold-formed from the SS400 steel. The standard design YS and TS of SS400 steel are 235 

Pa and 400MPa respectively, these values are the 5% lower limit value for the YS and TS of the SS400. It 

means for the general JIS SS400 steel, more than 95% of JIS SS400 steel posse a YS and TS more than 

235MPa and 400MPa. For the JIS STKR400 steel, it is cold-forming by the JIS SS400 steel. Therefore, 

most of the JIS STKR400 steel posse much higher YS than 235MPa at ambient temperature. Although the 

YS of the JIS STKR400 steel decreased with the temperature increasing, it can still be considered that most 

of the STKR400 steel posse a YS more than 235 MPa after fire.    

  Furthermore, according to Chapter 3, it is considered that owing to the cold-formed manufacturing 

process, large plastic strains remain in the cross sections; when these specimens are heated to the medium 

temperatures (200–400 °C), the strain aging progressed through the heating process, and as a result, the 

yield and tensile strength increased. For the specimens that were heated to high temperatures (500–800 °C), 

the plastic work in the section was changed; therefore, the yield and tensile strength decreased. However, 

the water-cooled specimens presented a higher yield and tensile strength than the furnace-cooled specimens 

because of the quenching effect. As shown in Figs. 4.3.6 and 4.3.7, test results of uniform and breaking 

elongation verified that the ductile capacity changed after the heating and cooling processes.  
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Table 4.3.2. Coupon test results of specimens A 

(a) Furnace-cooled specimens 

Heated 

temperature 

Yield 

point 
𝑓1.0 𝑓2.0 

Tensile 

strength 

Uniform 

elongation 

Fracture 

elongation 

(MPa) (MPa) (MPa) (MPa) (%) (%) 

Untreated 360 376 386 417 19.3 24.8 

200℃ treated 391 394 406 428 9.5 14.8 

300℃ treated 408 405 420 438 5.3 10.5 

400℃ treated 420 424 441 454 5.4 10.3 

500℃ treated 350 368 367 408 10.8 14.3 

600℃ treated 340 346 346 396 12.3 17 

700℃ treated 323 324 330 384 14.1 19.6 

800℃ treated 270 274 276 351 26.8 35.4 

 

(b) Water-cooled specimens 

Heated 

temperature 

Yield 

point 
𝑓1.0 𝑓2.0 

Tensile 

strength 

Uniform 

elongation 

Fracture 

elongation 

(MPa) (MPa) (MPa) (MPa) (%) (%) 

600℃ treated  400 402 392 451 9.2 13.3 

700℃ treated  410 418 415 452 14.2 18.5 

800℃ treated  345 487 559 602 3.2 3.7 
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Table 4.3.3. Coupon test results of specimens B 

(c) Furnace-cooled specimens 

Heated 

temperature 

Yield 

point 
𝑓1.0 𝑓2.0 

Tensile 

strength 

Uniform 

elongation 

Fracture 

elongation 

(MPa) (MPa) (MPa) (MPa) (%) (%) 

Untreated 397 410 422 397 12.1 25.3 

200℃ treated 448 442 463 448 5.2 12.3 

300℃ treated 408 407 420 408 5.6 - 

400℃ treated 401 402 418 401 12.3 19.4 

500℃ treated 390 389 388 390 14.9 20.9 

600℃ treated 345 348 359 345 19.1 27.7 

700℃ treated 314 314 323 314 17.9 29.9 

800℃ treated 270 281 280 270 24.4 31.9 

 

(d) Water-cooled specimens 

Heated 

temperature 

Yield 

point 
𝑓1.0 𝑓2.0 

Tensile 

strength 

Uniform 

elongation 

Fracture 

elongation 

(MPa) (MPa) (MPa) (MPa) (%) (%) 

600℃ treated 409.7 411 417.3 489.4 13.5 21.1 

700℃ treated 460.4 461.1 475.9 507.4 6.5 10.6 

800℃ treated 307.9 380.4 427.6 512.4 6.9 11.1 
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Figure 4.3.1. Coupon test results of the specimens A and B after heating and cooling process 

 

Figure 4.3.2. Engineering stress and engineering strain relationships of specimens A 
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Figure 4.3.3. Engineering stress and engineering strain relationships of specimens B 

 

Figure 4.3.4. Yield point and tensile strength of specimens A 

 

Figure 4.3.5 Yield point and tensile strength of specimens B  
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Figure 4.3.6 Uniform elongation  

 

Figure 4.3.7 Breaking elongation 

 

4.3.2 Axially loaded compressive tests results 

 Table 4.3.4 lists the test results of the flexural buckling test of specimens B. Fig.4.3.8 shows the photos of 

the specimens with λ=40 and 50 after the test. Figs.4.3.8 (a) and (b) show the specimens after the test in the 

cases of after 200-800 °C heating. Figs. 4.3.8 (c) and (d) show the front view and side view of the 400 °C 

heated specimens with λ=40. As shown in Figs. 4.3.8 (a) and (b), all the specimens show a similar exterior 

to the 400 °C heated specimens with λ=40. According to Fig. 4.3.8, flexural buckling, which exhibited as 

the bending deformation occurred in the centre of the specimens, were observed on the specimens. For all 

the axially loaded compressive tests, it was confirmed that flexural buckling occurred before local buckling. 

Fig. 4.3.9 shows the deflection of the specimen after flexural buckling. As shown in Fig. 4.3.9, the pin-end 

jigs at both ends of the specimen rotated around the X-axis (draw in Fig.4.2.7), after the occurrence of the 

flexural buckling, the displacement at the centre of the specimen increased, and finally, the local buckling 
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occurred in the centre of the specimens (Fig.4.3.8(d)). 

 Fig.4.3.10 shows the P–𝛿 relationships (where P is the axial load, and 𝛿 is the relative deformation of 

the D1 and D2 displacement meters). The load P and relative deformation 𝛿 were divided by the section 

area A and column length L, respectively. As shown in Fig. 4.3.10 (a), except for the specimen with 𝜆 =

40 that cooled from 200 °C (unloaded at approximate 330MPa), the specimens were unloaded when the 

axial load decreased to half of the maximum loading. Fig. 4.3.11 shows the P/A–θ relationships, where θ 

is the drift angle of the pin jigs around the X-axis, which is calculated from the ratio of the lateral deflection 

𝛿 in the centre of the half specimen length L/2 (𝜃 = 𝛿
𝐿 2⁄⁄ ). It should be noted that the P/A–θ relationship 

of the 200 °C specimen with 𝜆 = 40 was not measured because of our work fault. In Fig. 4.3.11, the 

symbol ‘○’ is marked at the location where the drift angle rapidly increases. This symbol indicates the initial 

points for the occurrence of flexural buckling. The strength at this point was basically equal to the maximum 

strength in axially loaded compressive tests. After flexural buckling, local buckling occurred at the centre 

of the specimens (Fig.4.3.8(d)).     

 To evaluate the flexural buckling strength  𝑓𝑐𝑟 after the heating and cooling processes using the existing 

design code, the test results were compared with the Eurocode design equations [4.1]. The Eurocode design 

equations regarding the flexural buckling strength are as follows: 

𝑓𝑐𝑟 = 𝜒𝑓𝑦                                         (Eq. 4.1) 

𝜒 =
1

Φ+√Φ2−�̅�2
                                       (Eq. 4.2) 

 Φ = 0.5 × (1 + 𝛼 × (�̅� − 0.2) + �̅�2)                             (Eq. 4.3) 

�̅� =
0.9𝜆𝑒

𝜋√𝐸 𝑓𝑦⁄
                                       (Eq. 4.4) 

where 

𝜆𝑒: effective slenderness ratio of the column (𝜆𝑒 =40 or 50). 

𝛼: imperfection factors for buckling curves (in this study, 𝛼 = 0.49). 

𝐸: Young’s modulus at the ambient temperature (E=205,000 MPa). 

𝜒: reduction factors on the buckling strength. 

𝑓𝑦: yield point obtained from the coupon tensile test of specimen B, or the F value (standard yield 

strength) of JIS STKR400 steel. 

Fig. 4.3.12 shows the flexural buckling test results and calculation results based on the Eurocode equations 

(Eqs. 4.1-4.4). The solid line with the symbol ‘○’ indicates the axially loaded compressive test results. 

And the solid line shows the calculation results of the Eurocode equations with the yield strength 𝑓𝑦 given 

by the coupon tensile test result as described in section 4.3.1. The dashed line shows the calculation 

result of the Eurocode equations with the yield strength 𝑓𝑦 given by the F value (the standard design 

strength of JIS STKR400, F=235 MPa), this calculation result is the general result in the actual design 
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situation, calculated by the Eurocode equations. 

As shown in Fig.4.3.12, the compressive test results exhibit a tendency similar to the coupon test results 

(Fig. 4.3.5); that is, the flexural buckling strength of the furnace-cooled specimens that were heated at high 

temperatures decreased as heating temperature rising. Comparing the compressive test results with the 

Eurocode calculation results, the compressive test results of the specimens (λ=40 and 50) are higher than 

those results calculated from the yield point after fire. However, comparing the compressive test results 

with the calculation results based on the F value, all the specimens exhibited larger values than the 

calculation results, it can be considered that the according to the Eurocode equations (Eqs 4.1-4.4), the 

flexural buckling could be evaluated based on the F value on the safe side.     

It is considered that if the yield strength of the steel member was obtained after the heating and cooling 

processes, the residual flexural buckling strength after fire can be approximately evaluated using the 

Eurocode design equations with the yield point from the coupon tests. For an actual fire case, it is very 

difficult to accurately evaluate the residual flexural buckling strength because the exact evaluation of the 

temperature history in an actual fire is difficult, and the yield point of the steel member after the fire is 

unknown in many cases. Therefore, according to the test results obtained from this study, the residual 

flexural buckling strength, including high-temperature heating conditions such as 800 °C, can be evaluated 

on the safe side by using the F value (design standard strength) for the yield point. Because, as described 

in section 4.3.1, most of the JIS STKR400 steel posse much higher YS than F value at ambient temperature 

or after fire. 

 

 

Table 4.3.4. Flexural buckling test results of specimens B 

 Maximum values of P/A (𝑁 𝑚𝑚2⁄ ) 

 

Specimen 

Heated temperature  

Untreated  
 200℃  

treated  

300℃ 

treated  

400℃ 

treated  

500℃  

treated  

600℃  

treated  

700℃  

treated  

800℃  

treated  

 

λ=40 378.1 427.7 430.3 401.5 356.7 362.1 257 253.7  

λ=50 370 360.9 365 383.6 310.8 331.5 234.9 218.6  
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Figure 4.3.8. Axially loaded compressive test results 
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Figure 4.3.9 Deflection of the specimen after flexural buckling 

 

Figure 4.3.10 P/A–δ/𝐋 relationships of specimens B 
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Figure 4.3.11 P/A–𝛉 relationships of specimens B 

 

Figure 4.3.12 Flexural buckling test results and calculation results based on Eurocode 

 

4.3.3 Axially loaded compressive tests for stub-column specimens 

Table 4.3.5 lists the test results of the compressive tests for stub-column of specimens A. Fig.4.3.13 shows 

the photos of the specimens A after the test. As shown in Fig.4.3.13, local buckling occurred on the end of 

the cross section, owing to the open-end test. According to the previous research [4.6] on the local buckling 

strength for the stub-column test, it is considered that the test results in the case of local buckling at the end 

cross section can be used for the evaluation of the local buckling strength because the maximum strength 

for the stub-column test is hardly affected by the buckling location of local buckling. Therefore, the test 

results of the local buckling in this stub-column is a credible result although the local buckling occurred to 
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the end cross section of the specimen A. Furthermore, Fig.4.3.14 present the P/A–δ/L relationship of the 

specimens.   

As presented in Table 4.3.5, local buckling strength of the specimen A that were heated to 200-600 °C is 

larger than the untreated specimen; however, for the specimens that cooled from 700-800 °C, the strength 

is lower than the untreated specimens, this tendency is similar to the coupon test results of the furnace-

cooled specimens A, as shown in Table 4.3.2. 

 As described in the introduction, the design local buckling strength 𝑓𝑙𝑐𝑟 was evaluated using two sets 

of design equations, which are the Eurocode equations (Eqs. (4.5) – (4.7)) [4.2] and AS/NZS 4600:2005 

equations (Eqs. (4.8) – (4.11)) [4.3]. It is assumed that the boundary conditions of the steel plates in the 

cross section are given by a four-side simply supported plate. The equations are expressed as follows: 

[Eurocode equations]: 

𝑓𝑜𝑟  �̅�𝑝 ≤ 0.5 + √0.085 − 0.055𝜓 ,                           𝜌 =  1.0                            (Eq. 4.5) 

𝑓𝑜𝑟  �̅�𝑝 > 0.5 + √0.085 − 0.055𝜓 ,                𝜌 =
�̅�𝑝−0.055×(3+𝜓)

�̅�𝑝
2 ≤ 1.0                   (Eq. 4.6) 

                                          𝑓𝑙𝑐𝑟 = 𝑓𝑦 × 𝜌                         (Eq. 4.7) 

where, 

휀 = √235 𝑓𝑦⁄  ,     �̅�𝑝 =
𝑏 𝑡⁄

28.4𝜀√𝑘𝜎
 

𝑓𝑦: yield point obtained from the coupon tensile test of specimen A, or the F value (standard yield 

strength) of JIS STKR400 steel. 

𝜌: reduction factor for local buckling strength.   

𝜓: stress ratio (in this study, 𝜓 = 1.0). 

𝑘𝜎: buckling factor corresponding to the stress ratio (in this study, 𝑘𝜎 = 4.0).  

[AS/NZS4600:2005 equations]: 

𝑓𝑜𝑟  𝜆 ≤ 0.673 ,                                                        𝜌 =  1.0                               (Eq. 4.8) 

𝑓𝑜𝑟  𝜆 > 0.673 ,                                                      𝜌 =
(1−

0.22

𝜆
)

𝜆
                             (Eq. 4.9) 

𝜆 =
1.052

√𝑘𝜎
(

𝑏𝑒

𝑡
)√

𝑓∗

𝐸
                        (Eq. 4.10) 

𝑓𝑙𝑐𝑟 =
4𝑏𝑒𝑡𝑓∗

𝐴
                            (Eq. 4.11) 

𝑏𝑒: the length of the flat part. 

𝑓∗: yield strength range of specimens. (𝑓𝑦 or F values) 

Fig. 4.3.15 shows the stub-column test results and calculation results based on the Eurocode and 

AS/NZS4600:2005 equations. In Fig. 4.3.15(a), the solid line with the symbol ‘○’ indicates the stub-

column test results, whereas the solid line represents the calculation results of the Eurocode equations 

while the yield strength 𝑓𝑦 is given by the coupon tensile test result as described in section 4.3.1. The 
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dashed line shows the calculation result of the Eurocode equations while the yield strength 𝑓𝑦 is 

given by the F value (the standard design strength of JIS STKR400, F=235 MPa). In Fig. 4.3.15 (b), the 

stub-column test results are compared with the calculation results based on the AS/NZS4600:2005 

equations (Eqs. (4.8) – (4.11)) and the yield point of the specimens (dashed line with the symbol ‘○’) 

obtained from the coupon tensile test.  

As shown in Fig. 4.3.15 (a), the strength values in the stub-column test results are lower than the local 

buckling strength calculated from 𝑓𝑦, and the calculation results from the F values are lower than those 

of the stub-column test results. On the other hand, compared with the evaluation results calculated based 

on the AS/NZS4600:2005 equations, as presented in Fig. 4.3.15 (b), the stub-column test results exhibit 

lower values than the yield point 𝑓𝑦  of the steel. Comparing the stub-column test results with the 

calculation results from 𝑓𝑦, the test results are larger than the latter in many cases. Furthermore, the test 

results were larger than the results calculated from the F value.   

Finally, Fig. 4.3.16 summarizes the reduction factors of the yield point 𝑓𝑦, axially loaded compressive 

test results, and axially loaded stub-column compressive test results. Each reduction factor is evaluated 

using 𝑅𝛳/ 𝑅20, where 𝑅𝛳 is the test result for the heating process at 𝛳 °C, and 𝑅20 is the test result 

for the untreated specimen. As shown in this figure, the tendency of the reduction factors for the flexural 

and local buckling test results is similar to the yield point (dashed line in Fig. 4.3.16). It is indicated that 

the reduction factors of both the flexural and local buckling strengths strongly depend on the yield point 

of the steel subjected to the heating and cooling processes.  

 

 

Table. 4.3.5 Stub-column test results of specimens A 

 Maximum values of P/A (𝑁 𝑚𝑚2⁄ ) 

 

Specimen 

Heated temperature  

Untreated  
 200℃  

treated  

300℃ 

 treated  

400℃  

treated  

500℃ 

treated  

600℃  

treated  

700℃  

treated  

800℃  

treated  

 

Specimen A 301.1 351.4 364.7 400.8 338.4 315.6 290.8 262.1  
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Figure 4.3.13 Stub-column specimens after tests 

 

Figure 4.3.14 P/A–δ/L relationships of specimens A 
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Figure 4.3.15 Stub-column test results and calculation results based on Eurocode and AS/NZS 

4600:2005 equations  

 

Figure 4.3.16 Reduction factors of tests results 

 

4.4 Conclusion 
 In this Chapter, the test result of the yield, tensile, flexural buckling, and local buckling strength of the 

cold-formed steel square hollow section after the heating and cooling process were reported, these 

mechanical properties are very important to evaluate if the cold-formed steel section can be reused after 

fire. The conclusions are summarized as follows: 

1)    According to the coupon tensile test results, it was confirmed that the yield point and tensile 

strength of the cold-formed steel square hollow section steel that were subjected to a slow cooling rate 
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after the low and medium temperature (200-400 °C) increased in comparison with the untreated 

specimens. However, when the specimens were subjected to heating at high-temperature (500–800 °C), 

the yield strength and tensile strength started to decrease in comparison with the specimens that were 

heated to 400 °C, but it is larger than the design yield point of the steel (235 MPa). It is important to 

consider the strength change caused by fire heating when these steel columns are repaired or reused 

after a fire.  

2)    According to the test result of the axially loaded compressive test and stub-column tests, it was 

confirmed that both the residual flexural and local buckling strengths changed after the heating and 

cooling process. It is mostly because of the change from both yield strength and tensile strength. And 

the flexural buckling strength can be evaluated using the Eurocode equations based on the residual 

yield strength, local buckling strength can be evaluated using both the Eurocode equations and AS/NZS 

design equations based on the residual yield strength. However, in the actual fire, it is very difficult to 

accurately evaluate the temperature history of the steel column after a fire, since the yield strength of 

steel after fire is unknown. Therefore, it is recommended that the residual flexural and local buckling 

should be evaluated using the design standard strength (F-value) at ambient temperature to achieve a 

safe-side evaluation.     

3)    The standard design yield point and tensile strength of STKR400 steel are 235 and 400MPa 

respectively, these values are the 5% lower limit value for the yield point and tensile strength of the 

JIS SS400 steel. For the JIS SS400 steel, these standard design yield point and tensile strength is 5% 

lower limit value on the probability distribution for this steel. JIS STKR400 steel is cold-formed by 

the JIS SS400 steel. Therefore, theoretically, the 5% lower limit value of the yield point on the JIS 

STKR400 steel is much higher than 235 MPa. However, in the actual structural design, 235 MPa is 

still considered as the standard design yield point of the JIS STKR400 steel. As a result, the yield point 

of the STKR400 steel after fire is still higher than 235MPa. This is advantageous as it can improve 

reusability without replacement.    
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Chapter 5. Prediction equations of the 

residual displacement of the cold-formed 

steel square hollow section column after fire 
5.1. Introduction 

In this Chapter, a prediction equation of the post-fire residual displacement (the plastic displacement by 

the fire heating) for the column in a 1-storey steel frame is proposed, and the calculation result of the 

prediction equation is compared with the FEM analysis result of a 1-storey steel frame model, so as to 

evaluate the accuracy of the prediction equation. In general, the residual displacement of a column after 

fire could be calculated using the FEM analysis. FEM analysis is a very complicated way to calculate the 

residual displacement of the column. Therefore, a simple prediction equation based on the structural 

mechanics is proposed. Fig. 5.2.1 shows the basic model used in this Chapter. As shown in Fig. 5.2.1, both 

the column AB and beam BC are heated by the fire. In an actual fire, when a frame is subjected to heating, 

the strength of the steel members in both column and beam reduces with increasing temperature. Therefore, 

it needs to consider the effect of the strength reducing of the steel members in both column and beam when 

calculating the residual displacement of the column. Actually, it is very difficult to consider the residual 

displacement of the column under the effect of strength reduction in both column and beam; and the 

research focus in the Chapter is to predict the residual displacement of the column according to the strength 

change of the column after the heating and cooling process. If considering the strength reduction of beam, 

the residual displacement will be greatly affected by the deflection of the beam at high temperature. And 

the calculation mechanical will become more complex. Therefore, in the prediction equation, only the 

strength reduction of the steel member in column AB at high-temperature is considered; while for the beam 

BC, only the stress-strain curve at ambient temperature and the linear temperature expansion coefficient of 

steel member (12 × 10−6 ℃−1) are considered. In further work, the effect of beam will be considered base 

on these equations. 
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Figure 5.2.1. Basic model 

 

 

 

 

 

5.2. Basic FEM analysis model and formulated stress-strain 

relationship 
5.2.1. Basic model 

As shown in Fig. 5.2.1, column AB is considered as a fixed support at the base of the column, and Beam 

BC is the sliding support at Point C. Section A is the cross-section of Column AB, the grade of the steel is 

BCR295 steel, which is one of the cold-formed steel square hollow section that widely used for steel 

building structures in Japan. Section B is the cross-section of Beam BC, it is an H-shaped cross-section 

steel that is given by JIS SS400B steel. Both Column AB and the Beam BC were heated with fire. 

Parameters of the basic FEM analysis model are listed in Table 5.2.1. The height of Column AB is given 

by H = 4000 mm, and the length of Beam BC is given by L = 10000 ~ 40000 mm (L/H is taken as 2.5, 5, 

7.5, and 10 respectively). Section A is given by □-400-400-28 mm, and Section B is given by H-500-200-

12-22, based on previous research [5.1]. In that research [5.1], the accuracy of the FEM analysis is 

compared with the test result, and it confirmed that FEM analysis based on the parameter in Table 5.2.1 

could evaluate the test results. According to the parameter, 𝑀𝑃𝑐 𝑀𝑃𝑏⁄ = 2.3 > 1.5 (where, 𝑀𝑃𝑐 is the full 

plastic moment of the Column AB, 𝑀𝑃𝑏 is the full plastic moment of Beam BC). Furthermore, the FEM 

analysis in this Chapter simulated for a whole process in a 1-storey steel frame in case that subjected to 

heating and the cooling process in the fire and fire extinguishing proceed. 
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Table 5.2.1. Parameters of the basic FEM analysis model 

 

Section  

(mm) 

h 

(mm) 

L  

(mm) L/h 
 

Section 

A 

□-400-

400-28 

Section 

B 

H-500-200-

12-22 
4000 

10000, 20000, 30000, 

40000 

2.5, 5, 7.5, 

10 

 

 

 5.2.2. Formulated stress-strain relationship in the FEM analysis 

In the FEM analysis, the stress-strain curve of the BCR295 column is a formulation equation based on 

the coupon test results as described in Chapter 3.2.1. Fig.5.2.2 shows the coupon test result of both FP and 

CP specimens. However, the formulated equation of the BCR295 steel in the FEM analysis only evaluate 

the SS-curves of FP specimens. 

 

 

Figure 5.2.2 Stress-strain relationships at ambient and elevated temperature 

 

The following formulas of stress-strain relationship of the BCR295 steel at 0-800 ºC are proposed by 

Umemura et al. [5.2] are employed as follow: 

휀 < 휀𝑦                  𝜎0 = 𝐸휀                                                 (𝐸𝑞. 5. 1) 

휀𝑦 < 휀 ≤ 휀𝑠𝑡       𝜎0 = 𝜎𝑦                                                 (𝐸𝑞. 5.2) 

휀𝑠𝑡 < 휀 ≤ 휀𝑢      𝜎0 = 𝜎𝑢 − (𝜎𝑢 − 𝜎𝑦) (
휀𝑢
𝑘 − 휀𝑘

휀𝑢 − 휀𝑠𝑡
𝑘 )

𝑛

(𝐸𝑞. 5.3) 

휀𝑢 ≤ 휀                  𝜎0 = 𝜎𝑢 − (𝜎𝑢 − 𝜎20) (
휀𝑢 − 휀

휀𝑢 − 휀20
)
𝑛

(𝐸𝑞. 5.4) 

Where,  
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𝐸: Yong’s modulus of BCR295 steel at 0~800 ºC. 

𝜎𝑦: yield point of the BCR295 steel at 0~800 ºC.   

𝜎𝑢: tensile strength of the BCR295 steel at 0~800 ºC. 

휀𝑦: the strain at yield point (𝜎𝑦/𝐸).  

휀𝑠𝑡: the strain at the yield shelf.  

휀𝑢: the strain at the tensile strength.  

𝜎20: the strength while the strain is 0.2. 

휀20: the strain of 0.2. 

𝑘 and 𝑛: parameters of stress hardening.  

  Tables 5.2.2 and 5.2.3 show the parameters of JIS SS400 and BCR295 steel used in the equations. Figs 

5.2.3 and 5.2.4 show the stress-strain curve relationships of JIS SS400 and BCR295 steel respectively. In 

the Figures, the blue dashed line indicates the formulation result used in the FEM analysis, and the orange 

solid line refers to the result obtained from the coupon test. As is described above, only the linear 

coefficient of the thermal expansion of JIS SS400 steel is considered, therefore, the stress-strain curve of 

JIS SS400 steel at ambient temperature as shown in Fig.5.2.3 is used. For BCR295 steel used in the column, 

the stress-strain curve of it at elevated temperature as shown in Fig 5.2.4 is respectively considered. These 

stress-strain curves are used in the FEM analysis at both heating and cooling stage. For the heating stage, 

the actual experimental result can be used for the high-temperature stress-strain curve, but in the cooling 

stage, there is no data showing how the stress-strain is changed in this stage, although the material 

properties are changed after fire. Therefore, the stress-strain curve of BCR295 steel at elevated 

temperature is also used temporarily for the cooling stage in this research. According to Figs 5.2.3 and 

5.2.4, it is confirmed that the coupon test result is accurately evaluated by the formulation equations. 

Therefore, in the subsequent FEM analysis, these formulation equations are used. 

 

 

 

 

Table 5.2.2. Parameters of JIS SS400 steel 

Temperature (ºC)  𝜎𝑦 (MPa)  𝜎𝑢 (MPa)  휀𝑠𝑡  휀𝑢 𝑘 𝑛 𝐸 

RT 240 440 0.14 440 0.15 8 2.05 
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Table 5.2.3. Parameters of BCR295 steel  

Temperature (ºC)  𝜎𝑦 (MPa)  𝜎𝑢 (MPa)  휀𝑠𝑡  휀𝑢 𝑘 𝑛 𝐸 

RT 290 442 0.007 442 1.2 5 2.05 

100 280 379 0.05 379 0.1 11 1.8 

200 250 385 0.094 385 0.1 8 1.7 

300 350 426 0.1 426 0.45 5 1.7 

400 220 407 0.012 407 0.8 5.5 1.7 

500 150 240 0.008 240 0.6 5.5 1.2 

600 85 139 0.003 139 1 3.5 1.2 

700 43 62 0.003 62 0.3 3 0.7 

800 14 33 0.0035 33 0.15 3 0.5 

 

 

  

Figure 5.2.3. Stress-strain relationships of JIS SS400 steel 
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Figure 5.2.4. Stress-strain relationships of BCR295 steel 

 

 

5.3. Prediction equations of residual displacement 
   The prediction equation of residual displacement is developed considering three steps to construct, they 

are model without axial load (the 1st step of the model, in this model, the axial load on the column is not 

considered.), model considering the axial load (the 2nd step of the model, in this model, the axial load on 

the column is considered but does not consider the local buckling of the column) and prediction equations 

of residual displacement considering the local buckling (the 3rd step of the model, both the axial load and 

local buckling on the column is considered). 

 

5.3.1 Prediction equations of the model without axial load 

   Firstly, the basic model as shown in Fig.5.2.1 is considered, in which there is no axial load, and the 

temperature of both Beam BC and Column AB is suffers a fire. After it, both the beam and the column are 

cooled to ambient temperature. In the FEM analysis, the temperature of the model is increased to 200, 300, 

400, 500, 600, 700, and 800 ºC from 0 ºC; after reaching the target temperature, it is decreased to 0 ºC, with 

both the increase and decrease rate given by 10 ºC/min. Fig.5.3.1 shows the heating and cooling temperature 

history used in FEM analysis. In Chapters 2-4, it is described that the material properties of the steel are 

affected by the cooling rate, in the FEM analysis, the material properties of BCR295 steel regarding the 

stress-strain curve at high-temperature are formulated based on the coupon tensile test results. In the heating 

stage, both the yield and tensile strength decreased with increasing temperature, and for the cooling stage, 

both the yield and tensile strength recovered.      

 



111 

 

 

Figure 5.3.1. Heating and cooling temperature history used in FEM analysis 

   During the heating stage, it is considered that Column AB is subjected to the lateral force on the top 

of the column because of the temperature expansion of the beam. It is explained by that when the 

temperature of Beam BC increased, a linear expansion occurred; as a result, a counterforce occurs in the 

column to prevent the linear temperature expansion of Beam BC. In the cooling stage, shrinkage occurs 

to the beam owing to the decreasing temperature, therefore, a pulling force (opposite to the direction of 

the displacement on the column at elevated temperature) acts on the column, as shown in Fig. 5.3.2. The 

linear expansion of the beam is considered, because compared with the length of the beam, the height of 

the column is very short, as is listed in Table 5.2.1. In Fig. 5.3.2, it is considered that when increasing to 

the target temperature 𝑇𝑚𝑎𝑥, the displacement of column at elevated temperature increases to 𝛿𝑇𝑚𝑎𝑥. If 

𝛿𝑇𝑚𝑎𝑥 of the column larger than the displacement of the column in elastic stage, when cooled down to the 

ambient temperature, residual displacement 𝛿𝑟 is remained in the column. If we focus on the structural 

behaviours of the column during the whole heating and cooling process, the column is subjected to the 

loading, unloading and reverse loading processes. Therefore, 𝐹~𝛿 relationship could be given as shown 

in Fig 5.3.3, where F is the lateral force acted on the top of the column, and 𝛿 is the displacement at the 

top of the column. 
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As shown in Fig.5.3.3, it is assumed that the temperature of the beam and the column rises from “𝑇0”, 

where “𝑇0” means the ambient temperature, during the temperature rising, “𝑇1” and “𝑇2” is given in the 

figure. “𝑇1 ” is the temperature when the displacement of the column equal to “ 𝛿𝑇1 ”(the elastic 

displacement of the column) and “𝑇2” is the maximum temperature, in this temperature, the displacement 

of the column is equal to “𝛿𝑇2”. After the temperature reaches the maximum “𝑇2”, it starts reducing. “𝑇3” 

is the temperature when the force in the beam is equal to 0, and “𝛿𝑇3” is the displacement of the column 

while it is subjected to no lateral force at temperature “𝑇3”. Finally, the temperature continues reducing 

after Point “𝑇3”, and during this stage, the column is subjected to reverse loading. Furthermore, according 

to Fig.5.3.3, the stage between “𝑇0 − 𝑇1” and “𝑇3 − 𝑇4” means the elastic stage of the column, and that 

between “𝑇1  −  𝑇2” and “𝑇4 − 𝑇5” means that the column enters the plastic stage.  

 

Figure 5.3.2. Displacement changes of the column during the heating and cooling stage. 

  

Figure 5.3.3 𝐹~𝛿 relationship during the heating and cooling process 

Fig. 5.3.4 shows the model of the column and the beam, while the displacement 𝛿𝑐 and 𝛿𝑏 occurs to 

them (𝛿𝑐 is the displacement of the column, 𝛿𝑏 is the displacement of the beam). Furthermore, it is easy 
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to know that 𝛿𝑐 = 𝛿𝑏. When the temperature of the beam rises, the same displacement occurs to both the 

beam and the column, which are subjected to the same force F. Therefore, the equations are given as follow. 

                                                                     𝛿𝑐 =
𝐹

𝑘𝑐
=

𝐹ℎ3

12𝐸𝑐𝐼𝑐
                                                                 (𝐸𝑞. 5.5)   

                                                      𝛿𝑏 = 𝛼𝑇𝐿 −
𝐹(𝛼𝑇 + 1)𝐿

𝐸𝑏𝐴𝑏
                                                                 (𝐸𝑞. 5.6) 

 

Figure 5.3.4 Displacement of column and beam 

where, 

h: the height of the column. 

𝑘𝑐: the rigidity of the column while the lateral displacement occurs at the end (two-side fixed-end column). 

𝐸𝑐: Yong’s modulus of BCR295 steel. 

𝐼𝑐: moment of inertia for the area of the cross-section of the column. 

𝛼: the linear temperature expansion coefficient of the beam (12 × 10−6 𝑚 ⁄ (𝑚 ℃)). 

𝑇: the value of rising temperature. 

𝐿: the length of the beam. 

𝐸𝑏: Yong’s modulus of JIS SS400 steel. 

𝐴𝑏: cross-section area of the beam. 

𝐹𝑐𝑦 can be calculated based on the column collapse model, as shown in Fig.5.3.2, and the following 

equation is given:  

                                                                             𝐹𝑐𝑦 =
2𝑀𝑝

ℎ
                                                             (𝐸𝑞. 5.7) 

where, 

𝑀𝑝: the full plastic moment of the column  

According to Fig 5.3.4, Eq 5.5 equal to Eq 5.6, therefore, temperature 𝑇1 could be predicted by the 

following equations: 
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                                                              𝑇1 =
2𝑀𝑝(𝑇1)𝐿 + 𝛿𝑇1𝐸𝑏𝐴𝑏ℎ

𝛼𝐿𝐸𝑏𝐴𝑏ℎ − 2𝛼𝑀𝑝(𝑇1)𝐿
                                                   (𝐸𝑞. 5.8)  

                                                                             𝛿𝑇1 =
𝑀𝑝(𝑇1)ℎ

2

6𝐸𝑐(𝑇1)𝐼𝑐
                                                                 (𝐸𝑞. 5.9) 

where, 

𝑀𝑝(𝑇1): the full plastic moment of the column at Temperature 𝑇1. 

𝐸𝑐(𝑇1): Yong’s modulus of BCR295 steel at Temperature 𝑇1. 

According to Fig. 5.3.3, when the maximum temperature is between 𝑇0 and 𝑇1, the column is in the 

elastic stage, and the residual displacement 𝛿𝑟   of the column is 0. Then, the maximum displacement of 

the column when the temperature reaches the maximum value can also be predicted by the equations given 

as follow:    

 𝑖𝑓 𝑇0 ≤ 𝑇𝑚𝑎𝑥 ≤ 𝑇1,            𝛿𝑇𝑚𝑎𝑥 =
𝛼𝑇𝑚𝑎𝑥𝐿ℎ

3𝐸𝑏𝐴𝑏
12(𝛼𝑇𝑚𝑎𝑥 + 1)𝐸𝑐(𝑇𝑚𝑎𝑥)𝐼𝑐 + 𝐸𝑏𝐴𝑏ℎ

3
                           (𝐸𝑞. 5.10) 

                                                                                                 𝛿𝑟 = 0                                                         (𝐸𝑞. 5.11) 

where, 

                                                        𝐸𝑐(𝑇) =  (1 − 10
6𝑇2) × 205000                                       (𝐸𝑞. 5.12)[5.3] 

𝑇𝑚𝑎𝑥: the maximum temperature of the steel members during the heating stage. 

𝐸𝑐(𝑇𝑚𝑎𝑥): Yong’s modulus of BCR295 steel at Temperature 𝑇𝑚𝑎𝑥  

On the other hand, if the heating temperature 𝑇𝑚𝑎𝑥 is higher than 𝑇1, it is assumed that the plastic 

hinge occurs to the column, and then, the beam starts a free thermal expansion. Therefore, the 

displacement at elevated temperature 𝛿𝑇𝑚𝑎𝑥 is given as follow: 

𝑖𝑓 𝑇1 < 𝑇𝑚𝑎𝑥,            𝛿𝑇𝑚𝑎𝑥 = 𝛼𝑇𝑚𝑎𝑥𝐿 −
2𝑀𝑝(𝑇𝑚𝑎𝑥)(𝛼𝑇𝑚𝑎𝑥 + 1)𝐿

𝐸𝑏𝐴𝑏ℎ
                           (𝐸𝑞. 5.13) 

where, 

𝑀𝑝(𝑇𝑚𝑎𝑥): the full plastic moment of the column at the maximum heating temperature  

To calculate the residual displacement 𝛿𝑟  after the cooling process in case that the heating 

temperature 𝑇𝑚𝑎𝑥  exceeds 𝑇1 , the unloading process needs to be considered. In other words, 

temperature 𝑇3  in Fig.5.3.3 must be calculated. The calculation equations of 𝑇3  and the 

displacement of Column 𝛿𝑇3 at this temeprature are given as follow: 

   

                                     𝛿𝑇3 = 𝛼𝐿 𝑇3 = 𝛿𝑇𝑚𝑎𝑥 −
𝑀𝑝(𝑇3)ℎ

2

6𝐸𝑐(𝑇3)𝐼𝑐
                                                      (𝐸𝑞. 5.14) 

where, 

𝑀𝑝(𝑇3): the full plastic moment of the column at Temperature 𝑇3 

𝐸𝑐(𝑇3): Yong’s modulus of BCR295 steel at Temperature 𝑇3  

After unloading, the temperature continues decreasing to 0 ºC, and at this time, the column is subjected 
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to the negative direction loading. Similar to the heating stage, it also needs to consider if the column enters 

the plastic stage during the unloading process at Temperature 𝑇4. Therefore, Temperature 𝑇4 is given as 

the following equation, which means the time when the column enters the plastic stage: 

                                 𝑇4 =

(𝛿𝑇3 −
𝑀𝑝(𝑇4)ℎ

2

6𝐸𝑐(𝑇4)𝐼𝑐
)𝐸𝑏𝐴𝑏ℎ − 2𝑀𝑝(𝑇4)𝐿

2𝛼𝑀𝑝(𝑇4)𝐿 + 𝛼𝐸𝑏𝐴𝑏ℎ𝐿
                                             (𝐸𝑞. 5.15) 

where, 

𝑀𝑝(𝑇4): the full plastic moment of the column at Temperature 𝑇3 

𝐸𝑐(𝑇4): Yong’s modulus of the BCR295 steel at Temperature 𝑇4 

If 𝑇4 ≥ 0, it means that the column does not enter the plastic stage during the cooling process, but if  

𝑇4 < 0, the column enters the plastic stage. In conclusion, the residual displacement can be calculated as 

follow:  

{
 
 

 
 
𝛿𝑟 = 0                                                                                                                                                           (𝑇𝑚𝑎𝑥 < 𝑇1)

𝛿𝑟 =
12𝐸𝑐(𝑇𝑅𝑇)𝐼𝑐𝐿𝛿𝑇3

12𝐸𝑐(𝑇𝑅𝑇)𝐼𝑐𝐿 + 𝐸𝑏𝐴𝑏ℎ
3
                                                                                         (𝑇𝑚𝑎𝑥 > 𝑇1 𝑎𝑛𝑑 𝑇4 < 0)

𝛿𝑟 =
2𝑀𝑝(𝑇𝑅𝑇)𝐿

𝐸𝑏𝐴𝑏ℎ
                                                                                                                (𝑇𝑚𝑎𝑥 > 𝑇1 𝑎𝑛𝑑  𝑇4 > 0)

 

(𝐸𝑞. 5.16) 

𝑀𝑝(𝑇𝑅𝑇): the full plastic moment of the column at the ambient temperature 

𝐸𝑐(𝑇𝑅𝑇): Yong’s modulus of the BCR295 steel at ambient temperature 

Figs. 5.3.5-5.3.8 show the comparison between results of the FEM analysis and the calculation of the 

prediction equations. The solid line means the calculation results and the solid line with the symbol ‘○’ 

indicates the results of the FEM analysis. In the FEM analysis, the analysis model is a basic model, as 

shown in Fig 5.2.1 and Table 5.2.1. Both the beam and the column are heated to 100-800 ºC in the heating 

stage, which are then cooled to 0 ºC. The height of the column is 4000 mm, and the length of the beam is 

10000, 20000, 30000, as well as 40000 mm, respectively. The “L/h” in the graphs means the value of 

length of the beam divided by the height of the column. Fig. 5.3.5 shows displacement (𝛿𝑇𝑚𝑎𝑥) of the 

column at a high-temperature, which is calculated by Eqs 5.10 and 5.11. In Fig. 5.3.6, the vertical axis 

means the temperature (𝑇3, calculated from Eq 5.14) while the column is subjected to no lateral force in 

the cooling stage, and the horizontal axis means the maximum temperature of the model in the heating 

stage. Figs. 5.3.7 shows the relationship between the displacement (𝛿𝑇3, calculated through Eq. 5.14) of 

the column at Temperature 𝑇3 and the heating temperature. Figs. 5.3.8 shows the relationship between 

the residual displacement (𝛿𝑇3, calculated through Eq. 5.16) of the column at the cooling and the heating 

temperature. 

According to Fig.5.3.5, it is confirmed that the high-temperature displacement of the column 

could be predicted by Eqs. 5.10 and 5.11. Regarding Temperature 𝑇3 and Displacement 𝛿𝑇3, the 

calculation results based on Eq. 5.14 are mostly equal to the FEM analysis results. Furthermore, according 
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to Fig.5.3.8, it is verified that during the elastic stage, Eq.5.16 could be used to evaluate the residual 

displacement of the column at a safe side, however, if the column enters the plastic stage during cooling 

stage, the residual displacement calculated based on the Eq. 5.16 is a little bit lower than the FEM analysis 

result, it is because in the FEM analysis, when the column enters the plastic stage, the full plastic moment 

of it increased owing to the strain hardening of the steel; however in the prediction equation, the strain 

hardening when the column enters to the plastic stage is not considered.  

These results indicate that equations 5.7~5.16 could be used to predict the displacement of the column 

during the whole heating and cooling process without considering the effect of the beam. Also, more data 

of the cold-formed steel square hollow section with other dimensions is needed to verify the accuracy of 

these equations. 

 

Figure 5.3.5 Displacement of the column at high-temperature 
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Figure 5.3.6 Temperature 𝑻𝟑 of the column while the force = 0 

 

Figure 5.3.7 Displacement of the column at Temperature 𝑻𝟑 
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Figure 5.3.8 Residual displacement of the column after heating 

5.3.2 Prediction equations of the model subjected to the axial load 

 Secondly, the model subjected to the axial load as shown in Fig.5.3.9 is considered, in which Column 

AB is subjected to an axial load P at the Point B, which is replicated to the general column of a steel 

structure building. Except that the uniform load on the beam is not considered, because the effect of the 

beam is not considered. Table 5.3.1 shows the parameters of the model in Fig. 5.3.9, most of which are 

the same as the basic model, however, the axil load P is considered. “p” in the table means the axial force 

ratio (the value of P divided by 𝐹𝑐, which the 𝑁𝑐𝑟 is the yield strength of the column), and “p” is given 

by 0.2 and 0.4. 
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Figure 5.3.9. FEM analysis model subjected to the axial load 

 

 

Table 5.3.1. Parameters of the FEM analysis model subjected to the axial load 

Section 

(mm) 

h 

(mm) 

L 

(mm) 
 

L/h 
 

p 

(P 𝐹𝑐⁄ ) 

Section 

A 

□-400-

400-28 

Section 

B 

H-500-200-

12-22 
4000 

10000, 20000, 

30000, 40000 

2.5, 5, 

7.5, 10 
0.2,0.4 

 

 Regarding the predication equations of the residual displacement, most of the equations used in Eqs. 

5.5 ~ 5.16 could be employed. However, according to the AIJ Recommendations for Fire Resistant design 

of Steel Structures [5.3], the full plastic moment reduction affected by the axial load should be considered. 

Therefore, the full plastic moment correlation equation related to the axial load of the steel square hollow 

section is given as the following:   

𝜏(𝑝) =
𝑀𝑝𝑛𝑒𝑤

𝑀𝑝
= {

1 −
4

3
𝑝2 ∶ 0 ≤ 𝑝 ≤

1

2
4

3
(1 − 𝑝) ∶  

1

2
≤ 𝑝 ≤ 1

 

(𝐸𝑞. 5.17) 

where. 

𝜏(𝑝): the reduction factor of the moment related to the axial load. 

𝑀𝑝𝑛𝑒𝑤: the full plastic moment of the column under the axial load effect. 

 In the prediction equations, the axial force ratio at elevated temperature should be considered, and the 
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following equations are given:   

                                                                                 𝑝(𝑇) =
𝑝𝐹𝑐
𝐹𝑐(𝑇)

                                                               (𝐸𝑞. 5.18) 

𝜏(𝑝(𝑇)) =
𝑀𝑝𝑛𝑒𝑤

𝑀𝑝
= {

1 −
4

3
𝑝2 ∶ 0 ≤ 𝑝 ≤

1

2
4

3
(1 − 𝑝) ∶  

1

2
≤ 𝑝 ≤ 1

 

(𝐸𝑞. 5.19) 

where, 

𝐹𝑐(𝑇): the yield strength of the column at elevated temperature. 

𝑝(𝑇): the axial force ratio at elevated temperature. 

𝜏(𝑝(𝑇)): the reduction factor of the moment related to the axial load at elevated temperature. 

Therefore, according to the Eqs.5.18-5.19, the following equations are obtained: 

                                                     𝑇1 =
2𝜏(𝑝(𝑇1))𝑀𝑝(𝑇1)𝐿 + 𝛿𝑇1𝐸𝑏𝐴𝑏ℎ

𝛼𝐿𝐸𝑏𝐴𝑏ℎ − 2𝛼𝜏(𝑝(𝑇1))𝑀𝑝(𝑇1)𝐿
                                       (𝐸𝑞. 5.20)  

                                                                 𝛿𝑇1 =
𝜏(𝑝(𝑇1))𝑀𝑝(𝑇1)ℎ

2

6𝐸𝑐(𝑇1)𝐼𝑐
                                                   (𝐸𝑞. 5.21) 

𝑖𝑓 𝑇0 ≤ 𝑇𝑚𝑎𝑥 ≤ 𝑇1,            𝛿𝑇𝑚𝑎𝑥 =
𝛼𝑇𝑚𝑎𝑥𝐿ℎ

3𝐸𝑏𝐴𝑏
12(𝛼𝑇𝑚𝑎𝑥 + 1)𝐸𝑐(𝑇𝑚𝑎𝑥)𝐼𝑐 + 𝐸𝑏𝐴𝑏ℎ

3
                           (𝐸𝑞. 5.22) 

𝑖𝑓 𝑇1 < 𝑇𝑚𝑎𝑥 ,         𝛿𝑇𝑚𝑎𝑥 = 𝛼𝑇𝑚𝑎𝑥𝐿 −
2𝜏(𝑝(𝑇𝑚𝑎𝑥))𝑀𝑝(𝑇𝑚𝑎𝑥)(𝛼𝑇𝑚𝑎𝑥 + 1)𝐿

𝐸𝑏𝐴𝑏ℎ
                  (𝐸𝑞. 5.23) 

                               𝛿𝑇3 = 𝛼𝐿 𝑇3 = 𝛿𝑇𝑚𝑎𝑥 −
𝜏(𝑝(𝑇3))𝑀𝑝(𝑇3)ℎ

2

6𝐸𝑐(𝑇3)𝐼𝑐
                                           (𝐸𝑞. 5.24) 

                       𝑇4 =

(𝛿𝑇3 −
𝜏(𝑝(𝑇4))𝑀𝑝(𝑇4)ℎ

2

6𝐸𝑐(𝑇4)𝐼𝑐
)𝐸𝑏𝐴𝑏ℎ − 2𝜏(𝑝(𝑇4))𝑀𝑝(𝑇4)𝐿

2𝛼𝜏(𝑝(𝑇4))𝑀𝑝(𝑇4)𝐿 + 𝛼𝐸𝑏𝐴𝑏ℎ𝐿
               (𝐸𝑞. 5.25) 

{
 
 

 
 

𝛿𝑟 = 0                                                                                                                                        (𝑇𝑚𝑎𝑥 < 𝑇1)

𝛿𝑟 =
12𝐸𝑐(𝑇𝑅𝑇)𝐼𝑐𝐿𝛿𝑇3

12𝐸𝑐(𝑇𝑅𝑇)𝐼𝑐𝐿 + 𝐸𝑏𝐴𝑏ℎ
3
                                                                              (𝑇𝑚𝑎𝑥 > 𝑇1 𝑎𝑛𝑑 𝑇4 < 0)

𝛿𝑟 =
2𝜏(𝑝(𝑇𝑅𝑇))𝑀𝑝(𝑇𝑅𝑇)𝐿

𝐸𝑏𝐴𝑏ℎ
                                                                                  (𝑇𝑚𝑎𝑥 > 𝑇1 𝑎𝑛𝑑  𝑇4 > 0)

 

(𝐸𝑞. 5.26) 

Figs. 5.3.10 and 5.3.11 show the comparison of the FEM analysis and calculation results while 

the axial load ratio is 0.2 and 0.4 respectively. In the figures, the vertical axis is the residual drift 

angle of the column after fire. The value of the residual drift angle is that of the residual displacement 

𝛿𝑟  divided by the height of the Column AB. The horizontal axis represents the maximum heating 

temperature in the heating stage. The solid line shows the calculation results and the solid line with the 

symbol ‘○’ indicates the results of the FEM analysis. The heating temperature (0℃~ 800℃) is 



121 

 

employed to calculate residual displacement 𝛿𝑟 based on Eqs. 5.20~5.26. However, in the FEM analysis, 

the maximum heating temperature of each case is given as the temperature 1 step before the collapse 

temperature of the model, which, for example, is 693 ºC in the case that L/h =2.5 and p=0.2, therefore, the 

heating temperature of this model in the FEM analysis is given by 100, 200, 300, 400, 500, 600, and 692 

ºC, as shown in Fig. 5.3.10. On the other hand, according to the Recommendation for diagnosis and repair 

methods of fire-damaged building [5.4], three lines of 𝛿𝑟/ℎ are drawn in the figures, namely 1/200 (A 

rank in the temporary risk evaluation), 1/700 (the limit tolerance of steel column) and 1/1000 (the 

controlled tolerance of steel column). According to the comparison results, it is considered that the results 

of prediction equations are similar to the FEM analysis results in the case that L/h =2.5 and 5; however, 

when L/h=10 and 7.5, the calculation results are lower than the FEM results, which means that if the beam 

became longer, the accuracy of the prediction equations will decrease. Furthermore, all the FEM analysis 

and calculation results are lower than the line of 1/200, which means that these columns could be reused 

after repairing. However, this conclusion is based on the model used in this research. 

 

Figure 5.3.10 Result comparison while the axial load ratio p=0.2   
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Figure 5.3.11 Result comparison while the axial load ratio p=0.4 

 

 Additionally, to evaluate the residual displacement at a more safer side, according to the AIJ 

Recommendations for Design of Connections in steel structure [5.5], it is considered that if the steel enters 

the plastic stage, the full plastic moment Mp of the column should be multiplied by 1.2 times because of 

strain hardening of the steel during the yield point to the tensile strength; therefore, all the Mp should be 

given as 1.2Mp, as a result, the following equations are given: 

                        𝑇1 =
2.4𝜏(𝑝(𝑇1))𝑀𝑝(𝑇1)𝐿 + 𝛿𝑇1𝐸𝑏𝐴𝑏ℎ

𝛼𝐿𝐸𝑏𝐴𝑏ℎ − 2.4𝛼𝜏(𝑝(𝑇1))𝑀𝑝(𝑇1)𝐿
                                         (𝐸𝑞. 5.27)  

                                                                  𝛿𝑇1 =
1.2𝜏(𝑝(𝑇1))𝑀𝑝(𝑇1)ℎ

2

6𝐸𝑐(𝑇1)𝐼𝑐
                                                   (𝐸𝑞. 5.28) 

𝑖𝑓 𝑇0 ≤ 𝑇𝑚𝑎𝑥 ≤ 𝑇1,            𝛿𝑇𝑚𝑎𝑥 =
𝛼𝑇𝑚𝑎𝑥𝐿ℎ

3𝐸𝑏𝐴𝑏
12(𝛼𝑇𝑚𝑎𝑥 + 1)𝐸𝑐(𝑇𝑚𝑎𝑥)𝐼𝑐 + 𝐸𝑏𝐴𝑏ℎ

3
                           (𝐸𝑞. 5.29) 

𝑖𝑓 𝑇1 < 𝑇𝑚𝑎𝑥 ,           𝛿𝑇𝑚𝑎𝑥 = 𝛼𝑇𝑚𝑎𝑥𝐿 −
2.4𝜏(𝑝(𝑇𝑚𝑎𝑥))𝑀𝑝(𝑇𝑚𝑎𝑥)(𝛼𝑇𝑚𝑎𝑥 + 1)𝐿

𝐸𝑏𝐴𝑏ℎ
                  (𝐸𝑞. 5.30) 

                             𝛿𝑇3 = 𝛼𝐿 𝑇3 = 𝛿𝑇𝑚𝑎𝑥 −
1.2𝜏(𝑝(𝑇3))𝑀𝑝(𝑇3)ℎ

2

6𝐸𝑐(𝑇3)𝐼𝑐
                                        (𝐸𝑞. 5.31) 

                     𝑇4 =

(𝛿𝑇3 −
1.2𝜏(𝑝(𝑇4))𝑀𝑝(𝑇4)ℎ

2

6𝐸𝑐(𝑇4)𝐼𝑐
)𝐸𝑏𝐴𝑏ℎ − 2.4𝜏(𝑝(𝑇4))𝑀𝑝(𝑇4)𝐿

2.4𝛼𝜏(𝑝(𝑇4))𝑀𝑝(𝑇4)𝐿 + 𝛼𝐸𝑏𝐴𝑏ℎ𝐿
              (𝐸𝑞. 5.32) 
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{
 
 

 
 

𝛿𝑟 = 0                                                                                                                                        (𝑇𝑚𝑎𝑥 < 𝑇1)

𝛿𝑟 =
12𝐸𝑐(𝑇𝑅𝑇)𝐼𝑐𝐿𝛿𝑇3

12𝐸𝑐(𝑇𝑅𝑇)𝐼𝑐𝐿 + 𝐸𝑏𝐴𝑏ℎ
3
                                                                              (𝑇𝑚𝑎𝑥 > 𝑇1 𝑎𝑛𝑑 𝑇4 < 0)

𝛿𝑟 =
2.4𝜏(𝑝(𝑇𝑅𝑇))𝑀𝑝(𝑇𝑅𝑇)𝐿

𝐸𝑏𝐴𝑏ℎ
                                                                                  (𝑇𝑚𝑎𝑥 > 𝑇1 𝑎𝑛𝑑  𝑇4 > 0)

 

(𝐸𝑞. 5.33) 

Figs. 5.3.12 and 5.3.13 show the comparison of the FEM analysis and calculation results when the 

Mp is given by 1.2Mp. According to these figures, it is confirmed that if the full plastic moment of 

the column is multiplied by 1.2 times in the calculation, the prediction equations could be used to 

calculate the residual displacement of the column after fire more accurately.  

 

 

 

 

Figure 5.3.12 Result comparison while the axial load ratio p=0.2 (1.2Mp) 
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Figure 5.3.13 Result comparison while the axial load ratio p=0.4 (1.2Mp) 

 

5.3.3 Prediction equations of the model subjected to the axial load considering the local buckling 

The prediction equations of the model subjected to the axial load are explained in Section 5.3.2; 

however, the local buckling is not considered in the equations. In this session, both the axial load and local 

buckling of the column are considered in the prediction equations. The cross-section of the column (□-

400-400-28) is considered in the former equations, the width-thickness of this steel cross-section is 𝑏 𝑡⁄ =

14.3, and the effective slenderness ratio (λ) of the column in the model is calculated as 26.3. In this section, 

a new cross-section of □-400-400-12 (𝑏 𝑡⁄ = 33.3) of the column is used, because the local buckling 

easily occurs to the column with a large 𝑏 𝑡⁄  ratio. Table 5.3.2 shows the new parameters of the FEM 

analysis model. 

 

 

 

Table 5.3.2. Parameters of the FEM analysis model subjected to the axial load considering local 

buckling 

 

Section (mm) 
h  

(mm) 
 

L 

(mm) L/h 
 

p 

(P 𝐹𝑐⁄ ) 

𝑏 𝑡⁄  

 
 

Section 

A 

□-400-

400-28 

Section 

B 

H-500-200-

12-22 
4000 

10000, 20000, 

30000, 40000 

2.5, 5, 

7.5, 10 
0.2,0.4 33.3 

 

 According to the AIJ Recommendations for Fire Resistant design of Steel Structures [5.3], local 



125 

 

buckling strength of the steel is calculated as follow: 

           𝑝𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥
𝐹𝑐

=

{
 

 20.7
𝑡

𝑏
                                                                             ∶

𝑏

𝑡
> 28

0.552 + 3.88
𝑡

𝑏
+ (

5.56

𝑏 𝑡⁄ − 3
)
2

                                 ∶
𝑏

𝑡
≤ 28

                  (𝐸𝑞. 5.34)   

where. 

𝐹𝑐: the yield strength of the column without considering the local buckling. 

𝑝𝑚𝑎𝑥: the ratios of the local buckling strength divided by the yield strength of the column. 

𝑃𝑚𝑎𝑥: the local buckling strength 

 The collapse temperature “𝑇𝑙𝑜𝑐𝑎𝑙” could be calculated through the following equation in the case of 

column collapse model: 

                                                                   𝑝 = 𝑝𝑚𝑎𝑥𝑘(𝑇𝑙𝑜𝑐𝑎𝑙)                                                              (𝐸𝑞. 5.35)  

where. 

𝑘(𝑇𝑙𝑜𝑐𝑎𝑙): the reduction factor of the cold-formed steel square hollow section at elevated temperature. 

As a result, the prediction equations of the model subjected to the axial load considering local buckling 

is given as follow: 

𝑖𝑓 𝑇𝑚𝑎𝑥 ≤ 𝑇𝑙𝑜𝑐𝑎𝑙:  

  𝐸𝑞𝑠. 5.27 ~ 5.33 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 

𝑖𝑓 𝑇𝑚𝑎𝑥 > 𝑇𝑙𝑜𝑐𝑎𝑙: 

𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇) = 𝑀𝑝(𝑇)𝑝𝑚𝑎𝑥 

                              𝑇1 =
2.4𝜏(𝑝(𝑇1))𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇1)𝐿 + 𝛿𝑇1𝐸𝑏𝐴𝑏ℎ

𝛼𝐿𝐸𝑏𝐴𝑏ℎ − 2.4𝛼𝜏(𝑝(𝑇1))𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇1)𝐿
                                                        (𝐸𝑞. 5.36)  

                                                                  𝛿𝑇1 =
1.2𝜏(𝑝(𝑇1))𝑀𝑝(𝑇1)ℎ

2

6𝐸𝑐(𝑇1)𝐼𝑐
                                                   (𝐸𝑞. 5.37) 

𝑖𝑓 𝑇0 ≤ 𝑇𝑚𝑎𝑥 ≤ 𝑇1,            𝛿𝑇𝑚𝑎𝑥 =
𝛼𝑇𝑚𝑎𝑥𝐿ℎ

3𝐸𝑏𝐴𝑏
12(𝛼𝑇𝑚𝑎𝑥 + 1)𝐸𝑐(𝑇𝑚𝑎𝑥)𝐼𝑐 + 𝐸𝑏𝐴𝑏ℎ

3
                           (𝐸𝑞. 5.38) 

𝑖𝑓 𝑇1 < 𝑇𝑚𝑎𝑥,         𝛿𝑇𝑚𝑎𝑥 = 𝛼𝑇𝑚𝑎𝑥𝐿 −
2.4𝜏(𝑝(𝑇𝑚𝑎𝑥))𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇𝑚𝑎𝑥)(𝛼𝑇𝑚𝑎𝑥 + 1)𝐿

𝐸𝑏𝐴𝑏ℎ
              (𝐸𝑞. 5.39) 

                             𝛿𝑇3 = 𝛼𝐿 𝑇3 = 𝛿𝑇𝑚𝑎𝑥 −
1.2𝜏(𝑝(𝑇3))𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇3)ℎ

2

6𝐸𝑐(𝑇3)𝐼𝑐
                                 (𝐸𝑞. 5.40) 

           𝑇4 =

(𝛿𝑇3 −
1.2𝜏(𝑝(𝑇4))𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇4)ℎ

2

6𝐸𝑐(𝑇4)𝐼𝑐
)𝐸𝑏𝐴𝑏ℎ − 2.4𝜏(𝑝(𝑇4))𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇4)𝐿

2.4𝛼𝜏(𝑝(𝑇4))𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇4)𝐿 + 𝛼𝐸𝑏𝐴𝑏ℎ𝐿
      (𝐸𝑞. 5.41) 

{
 
 

 
 

𝛿𝑟 = 0                                                                                                                                        (𝑇𝑚𝑎𝑥 < 𝑇1)

𝛿𝑟 =
12𝐸𝑐(𝑇𝑅𝑇)𝐼𝑐𝐿𝛿𝑇3

12𝐸𝑐(𝑇𝑅𝑇)𝐼𝑐𝐿 + 𝐸𝑏𝐴𝑏ℎ
3
                                                                              (𝑇𝑚𝑎𝑥 > 𝑇1 𝑎𝑛𝑑 𝑇4 < 0)

𝛿𝑟 =
2.4𝜏(𝑝(𝑇𝑅𝑇))𝑀𝑝𝑙𝑜𝑐𝑎𝑙(𝑇𝑅𝑇)𝐿

𝐸𝑏𝐴𝑏ℎ
                                                                                  (𝑇𝑚𝑎𝑥 > 𝑇1 𝑎𝑛𝑑  𝑇4 > 0)
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(𝐸𝑞. 5.42) 

Figs. 5.3.14 and 5.3.15 show the comparison of FEM analysis and calculation results of the column in 

the case of local buckling. The horizontal axis refers to the maximum heating temperature in the heating 

stage, the solid line refers to the calculation results and the solid line with the symbol ‘○’ indicates 

the results of the FEM analysis. Similar to Figs 5.3.10 and 5.3.11, the heating temperature (0 ~ 800℃) is 

employed to calculate residual displacement. In the FEM analysis, the maximum heating temperature of 

each case is given by the temperature 1-step before the collapse temperature of the model. The vertical 

line is named local buckling collapse temperature. According to Eq.5.35, the local buckling collapse 

temperature of the model is 605 ºC in the case that p=0.2, and for the model in the case that p=0.4, the 

temperature is 459 ºC. As shown in the figures, the FEM analysis results are lower than the 1/700 standard 

line. Thus, it is confirmed that considering the local buckling of the column, the residual displacement of 

the column increases firstly, and then decreases after a temperature, which is because when local buckling 

occurs, the reaction force F on the beam (Fig 5.3.4 (b)) decreases in comparison with the model without 

considering local buckling. As a result, the residual displacement decreases. However, the initial local 

buckling temperature in the FEM analysis is different from the local buckling collapse temperature 

calculated by Eq. 5.35. It is considered that the actual local buckling collapse temperature in the FEM 

analysis is different from the AIJ Recommendations for Fire Resistant design of Steel Structures. The 

collapse temperature is calculated based on the temperature reduction curves of the BCR steel in the AIJ 

Recommendations for Fire Resistant design of Steel Structures, on the contrary, in the FEM analysis, the 

ss-curve of the BCR295 steel is formulated based on the actual coupon test result in Chapter 3. 

Furthermore, by comparing the calculation results with the FEM analysis results, it is confirmed that the 

prediction equations could be used to evaluate the residual displacement of the column after fire. Because, 

the FEM analysis results is lower than the calculation results, which means the prediction equation can 

evaluate the residual displacement on the safe side. 
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Figure 5.3.14 Result comparison between prediction equation and FEM analysis while p=0.2 

(considering 𝑻𝒍𝒐𝒄𝒂𝒍 ) 
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Figure 5.3.15 Result comparison between prediction equation and FEM analysis while p=0.4 

(considering 𝑻𝒍𝒐𝒄𝒂𝒍 ) 
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Figs 5.3.16 and 5.3.17 show the comparison of Eqs. 5.27~5.33 with the FEM analysis results 

considering local buckling. As described before, the FEM analysis results of the models considering both 

the axial load and local buckling on the column decrease after the local buckling temperature. As shown 

in Figs 5.3.16 and 5.3.17, the residual displacement of the column could be evaluated on the safe side 

through Eqs. 5.27~5.33. Therefore, to simplify the calculation steps, it is considered that Eqs. 5.27~5.33 

could be used to evaluate the residual displacement of the column correctly, no matter the local buckling 

occurs or not. 
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Figure 5.3.16 Result comparison between prediction equation and FEM analysis while p=0.2  
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Figure 5.3.16 Result comparison between prediction equation and FEM analysis while p=0.4 
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5.4. Conclusion 
 In this Chapter, a prediction equation for the residual displacement of the cold-formed steel square 

hollow section column after fire were assumed. The calculation result based on these equations was 

compared with the FEM analysis results. According to the comparison, the following conclusions were 

summarized.  

(1)    According to the comparison results, it is considered that the prediction equations (Eqs, 5.7~5.16) 

of the displacement of the column at high temperature and the residual displacement after fire could 

be used to evaluate the displacement of the column during the whole heating and cooling process 

without considering the effect of the beam. Then, in the case that the column is subjected to the axial 

load, the residual displacement of the column could be evaluated by the prediction equations (Eqs. 5.27 

~5.33), because strain hardening progresses with the formation of the plastic hinge. Furthermore, 

considering the local buckling of the column, it is confirmed that Eqs. 5.27 ~5.33 could be used to 

predict the residual displacement on the safe side of the column after fire. It is because if local buckling 

occurs in the column during the fire, the residual displacement of the column will reduce. 

(2)    The prediction equations could be used to ensure the safety of the fire diagnosis and the repair work 

for a steel structure after fire. Because if the heating temperature of the building in fire is known, the 

residual drift angle of the building after fire can be predicted through the prediction equations. It is 

considered that if the residual drift angle after fire is lower than the value of 1/200, the building 

could be reused after the repair work; while if the residual drift angle is larger than this value, it 

is very dangerous to repair the building. However, the effect of the beam is not considered in the 

prediction equations. According to the Recommendation for diagnosis and repair methods of fire-

damaged building, it is also suggested that the deflection of the beam not exceed 1/250 if the building 

is reused after fire.  

(3)    The accuracy of the prediction equations proposed in this Chapter has only been verified by 

the selected dimension and the actual stress-strain curves of the cold-formed steel square hollow 

section in this research. Therefore, more verification of the prediction equations is needed 

considering the dispersion of the actual cold-formed steel square hollow section. 
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Chapter 6. Conclusions 
6.1  Summaries and conclusions 

6.1.1   Conclusions of Chapter 2  

(1)  According to the high-temperature test results of the welded connection member, it was 

confirmed that the Charpy impact values hardly decreased in the blue brittleness temperature regions 

(between 100 and 300 ºC). Therefore, the possibility of brittleness fracture occurring in the welded 

connections at elevated temperatures is very small. Then, according to the results of the ambient and 

low-temperature tests on the specimens after the heating and cooling processes, water-cooled 

specimens subjected to 700-800 ºC heating exhibit the low Charpy impact energies, whereas the 

Charpy impact energies of water-cooled specimens subjected to 900 ºC recovered to a high Charpy 

impact energy. Through the microstructure observation of the water-cooled specimens, it is confirmed 

the Charpy impact energies decreased owing to the incomplete quenching that occurred during the 

water-cooling process from 700 and 800 ºC. However, the Charpy impact energies recovered, owing 

to the occurrence of martensitic transformation in the specimens quenching from 900 ºC. On the other 

hand, the furnace-cooled specimens exhibit high Charpy impact energies, because, owing to the slowly 

cooling rate of furnace-cooling, the microstructure of these specimens is similar to the untreated 

specimen. Furthermore, it is also confirmed that JIS SN400B grades steel, JIS SN490B steel, and JIS 

SA440B exhibit the low Charpy impact energies in the case of water-cooled from 800 ºC. 

(2)  For the reusabilities of these steel members, it is suggested that for the steel members subjected 

to high-temperature heating of more than 700 ºC, if the steel members are cooled at a relatively high 

cooling rate such as being water-cooled, the Charpy impact test result may be lower than the required 

value 27 J, and when these members are reused after fire, there is a possibility that brittleness fractures 

will occur to these members while these buildings suffer a severe earthquake. However, if the steel 

members were heated to a temperature of lower than 700 ºC, while cooled by fire extinguishing, the 

members still possess enough fracture properties to avoid brittleness fractures during the earthquakes. 

Therefore, in the view of the resistance-seismic requirement, it is considered that if the exterior view 

of steel members exhibit no obvious damage, and the temperature histories of these members also not 

exceed 700 ºC in fire, these members could be reused as a resistance-seismic structure after fire. 

 

6.1.2   Conclusions of Chapter 3  

(1)  According to the high-temperature test results of cold-formed steel square hollow section steel, 

it was confirmed that the Charpy impact values hardly decreased in the blue brittleness temperature 

range (between 100 and 300 ºC). Therefore, the possibility of the occurrence of brittleness fracture at 

elevated temperatures is very small. Then, according to the results of the ambient- and low-

temperature tests on the specimens after the water and furnace cooling processes, water-cooled 
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specimens subjected to 700-800 ºC heating exhibit the low Charpy impact energies, whereas the 

Charpy impact energies of water-cooled specimens subjected to 900 ºC recovered. Furthermore, 

according to the results of the ambient-temperature tests on the specimens after the air-cooling process, 

the Charpy impact energies of the specimens significantly reduced, and the Vickers hardness increased. 

Through the microstructure observation of the water-cooled FP and CP specimen, it is confirmed the 

Charpy impact energies decreased owing to the incomplete quenching that occurred during the water-

cooling process from 700 and 800 ºC. However, the Charpy impact energies recovered, owing to the 

occurrence of martensitic transformation in the specimens quenching from 900 ºC. As for the furnace-

cooled specimens, they exhibit high Charpy impact energies, because due to the slowly cooling rate 

of furnace-cooling, the microstructure of these specimens is similar to the untreated specimen. On the 

other hand, according to the microstructure observation of the air-cooled specimens, the 

microstructure does not change. However, because of the strain ageing, the Charpy impact energies of 

these member decreased after fire. While reusing these members as seismic-resistant members after 

fire, this local defect might trigger brittle fractures when subjected to sever earthquakes. The careful 

verification of the damage diagnostics after fire is required. 

(2)  Considering the reusabilities of the cold-formed steel square hollow section steel, it is suggested 

that for the cold-formed steel members subjected to high-temperature heating of more than 700 ºC, if 

the steel members are cooled at a relatively high cooling rate such as being water-cooled, the Charpy 

impact test result may be lower than the required value of 27 J, and when these members are reused 

after fire, there is a possibility that brittleness fractures will occur to these members while these 

buildings suffer a severe earthquake. However, if the cold-formed steel members were heated to a 

temperature of lower than 700 ºC, while cooled by fire extinguishing, the members still possess enough 

fracture properties to avoid brittleness fractures during the earthquakes. Furthermore, if the cold-

formed steel members were air-cooled from the middle-temperature, the Charpy impact energies may 

decreased owing to the stain aging, although the average Charpy impact energy used in this research 

is enough high, in a view of the probability distribution, less than 98% of the cold-formed steel square 

hollow section possess enough Charpy impact energies more than 27J at 0 ºC, owing to the strain 

aging. Therefore, in the view of the resistance-seismic requirement, it is considered that if the exterior 

view of steel members exhibit no obvious damage, and the temperature histories of these members 

also not exceed 700 ºC in fire, these members could be reused as a resistance-seismic structure after 

fire. However, if these members were cooled from the middle-temperature, it is very important to 

confirm the fracture properties of these members. 

 

6.1.3 Conclusions of Chapter 4  

(1)  According to the coupon tensile test results, it was confirmed that the yield point and tensile 

strength of the cold-formed steel square hollow section steel that were subjected to a slowly cooling 
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rate after the low and medium temperature (200-400 °C) increased in comparison with the untreated 

specimens. However, when the specimens were subjected to heating at high-temperature (500–800 °C), 

the yield strength and tensile strength started decrease in comparison with the specimens that were 

heated to 400 °C, but it is larger than the design yield point of the steel (235 MPa). It is important to 

consider the strength change caused by fire heating when these steel columns are repaired or reused 

after a fire.  

(2)     According to the results of the axially loaded compressive test and stub-column tests, it was 

confirmed that both the residual flexural and local buckling strengths changed after the heating and 

cooling process. It is mostly because of the change from both yield strength and tensile strength. And 

the flexural buckling strength can be evaluated using the Eurocode equations based on the residual 

yield strength, local buckling strength can be evaluate using both the Eurocode equations and AS/NZS 

design equations based on the residual yield strength. However, in the actual fire, it is very difficult to 

accurately evaluate the temperature history of the steel column after a fire, since the yield strength of 

steel after fire is unknown. Therefore, it is recommended that the residual flexural and local buckling 

should be evaluated using the design standard strength (F-value) at ambient temperature to achieve a 

safe-side evaluation.     

(3)    The standard design yield point and tensile strength of STKR400 steel are 235 Pa and 400MPa 

respectively, these values are the 5% lower limit value for the yield point and tensile strength of the 

JIS SS400 steel. For the JIS SS400 steel, these standard design yield point and tensile strength is 5% 

lower limit value on the probability distribution for this steel. JIS STKR400 steel is cold-formed by 

the JIS SS400 steel. Therefore, theoretically, the 5% lower limit value of the yield point on the JIS 

STKR400 steel is much higher than 235 MPa. However, in the actual structural design, 235 MPa is 

still considered as the standard design yield point of the JIS STKR400 steel. As a result, the yield point 

of the STKR400 steel after fire is still higher than 235MPa. This is advantageous as it can improve 

reusability without replacement. 

 

6.1.4 Conclusions of Chapter 5  

(1)     According to the comparison results, it is considered that the prediction equations (Eqs, 5.7~5.16) 

of the displacement of the column at high temperature and the residual displacement after fire could 

be used to evaluate the displacement of the column during the whole heating and cooling process 

without considering the effect of the beam. Then, in the case that the column is subjected to the axial 

load, the residual displacement of the column could be evaluated by the prediction equations (Eqs. 5.27 

~5.33), because strain hardening progresses with the formation of the plastic hinge. Furthermore, 

considering the local buckling of the column, it is confirmed that Eqs. 5.27 ~5.33 could be used to 

predict the residual displacement on the safe side of the column after fire. It is because if local buckling 

occurs in the column during the fire, the residual displacement of the column will reduce. 
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(2)     The prediction equations could be used to ensure the safety of the fire diagnosis and the repair 

work for a steel structure after fire. Because if the heating temperature of the building in fire is known, 

the residual drift angle of the building after fire can be predicted through the prediction equations. It is 

considered that if the residual drift angle after fire is lower than the value of 1/200, the building 

could be reused after the repair work; while if the residual drift angle is larger than this value, it 

is very dangerous to repair the building. However, the effect of the beam is not considered in the 

prediction equations. According to the Recommendation for diagnosis and repair methods of fire-

damaged building, it is also suggested that the deflection of the beam not exceed 1/250 if the building 

is reused after fire.    

(3)     The accuracy of the prediction equations proposed in this Chapter has only been verified by 

the selected dimension and the actual stress-strain curves of the cold-formed steel square hollow 

section in this research. Therefore, more verification of the prediction equations is needed 

considering the dispersion of the actual cold-formed steel square hollow section. 

 

6.1.5 Reuse of the steel buildings after fire  

In this paper, it is suggested that more attention is need the steel members subjected to high-

temperature heating of more than 700 ºC. Therefore, it needs to evaluate how many temperatures does 

the steel members subjected in the fire diagnosis. Actually, the methods of temperature estimation have 

been suggested by the Recommendations for the Diagnosis and Repair Methods of Fire-damaged 

Buildings [6.1]. In recent year, considering the environment protection, lead and chromium free anti-

corrosive pigments is wildly used to protect the steel column. Therefore, as listed in Table 6.1.1, the 

methods of temperature estimation, and the reuse methods of cold-formed steel square hollow section 

is also listed in Table 6.1.2 on the basis of this paper, if the deformation on the cold-formed steel square 

hollow section members is not observed on these members.  

 

Table 6.1.1. Temperature estimation from the anti-corrosive pigment [6.1] 

Estimated 

Temperature 

Cyanamide lead Anti-Corrosive 

Pigments 

 Color on the surface: red rust  

General Anti-Corrosive 

Pigments 

Color on the surface: red rust  

Lead and chromium free anti-

corrosive pigments 

Color on the surface: red rust  
 

800℃  Significant peeling Significant peeling Significant peeling  

700℃    Gradual fading of the brown Gradual fading of the brown  

600℃         

500℃  Discolor to light gray Cracking Cracking  

400℃  Gradual fading of the black 
Partly discolor to black  

(300-400℃) 
Discolor to black  

300℃  Discolor to black (300-400℃)      



138 

 

 

Table 6.1.2. Reuse methods of the cold-formed steel square hollow section columns 

Estimated Temperature 800℃  700℃  600℃  500℃  400℃  300℃  200℃  

Reuse methods 
Replace with a new 

member 

Repaire the Anti-

Corrosive Pigments 

Repaire the Anti-Corrosive Pigments & Pay 

more attention on the fracture ductile capacity 
 

 

 

6.2  Future works 

The reuse ability of cold-formed steel square hollow section columns is investigated and the 

residual displacement of the 1-storey frame is calculated through the prediction equation. However, 

further experimental and analytical work is necessary to enrich this research. 

In Chapter 3, it is assumed that the strain ageing progresses, making the steel materials be more 

brittle. Therefore, it needs more experimental investigations to confirm this view. 

 On the other hand, in Chapter 4, the experimental studies of the mechanical properties as well as 

flexural and local buckling strength of JIS STKR400 steel columns after fire are conducted. 

Moreover, experimental evaluations such as cyclic loading tests focused on seismic performance, 

must be conducted in future work, so as to accelerate the reuse and repair of steel members after fire 

accidents in earthquake areas.   

 Furthermore, in Chapter 5, a prediction equation for the residual displacement of columns in the 

1-storey and 1-span model is considered. However, in an actual building, prediction equations of 

plural-storeys and plural-spans models should be considered. However, the accuracy of the 

prediction equations proposed in this Chapter has only been verified by the selected dimension and 

the actual stress-strain curves of the cold-formed steel square hollow section in this research. More 

verification of the prediction equations is needed considering the dispersion of the actual cold-

formed steel square hollow section. Furthermore, the effect of the beams on the residual 

displacement of the columns after fire is also needs to be considered. The above work is required in 

future research. 
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Appendix A: Charpy impact results 
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1. Welded connection materials 
 

Table. A-1 Charpy impact test at -70℃ 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table. A-2 Charpy impact test at -40℃ 
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Table. A-3 Charpy impact test at -20℃ 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table. A-4 Charpy impact test at 0℃ 
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Table. A-5 Charpy impact test at 100℃ 

 
 

 

 

 

 

 

 

 

 

 

 

 

Table. A-6 Charpy impact test at 200℃ 
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Table. A-7 Charpy impact test at 300℃ 

 
 

 

 

 

 

 

 

 

 

 

 

 

Table. A-8 Charpy impact test at 400℃ 
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Table. A-9 Charpy impact test at 500℃ 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table. A-10  Charpy impact test at 200℃ 
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2. Cold-formed steel square hollow section 

 

Table. A-17 Charpy impact test at -70℃ 

 
 

 

 

 

 

Table. A-18 Charpy impact test at -40℃ 

 
 

 

 

 

Table. A-19 Charpy impact test at -20℃ 
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Table. A-21 Charpy impact test at 0℃ 

 

 
 

 

 

 

Table. A-22 Charpy impact test at 100℃ 

 

 
 

 

 

Table. A-23 Charpy impact test at 200℃ 
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Table. A-24 Charpy impact test at 300℃ 

 

 
 

 

 

 

Table. A-25 Charpy impact test at 400℃ 

 

 
 

 

 

Table. A-26 Charpy impact test at 500℃ 
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Table. A-27 Charpy impact test at 600℃ 
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Table. A-34 Charpy impact test of air-cooled specimen from 200℃ 

 
 
 
 
 
 
 
 
 

Table. A-35 Charpy impact test of air-cooled specimen from 300℃ 

 
 

 

 

 

 

 

 

 

 

Table. A-36 Charpy impact test of air-cooled specimen from 400℃ 
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Appendix B: Material records for welded connection. 
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Appendix C: Material records for BCR295 column steel 
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Appendix D: Material records for JIS STKR400 column 

steel 
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