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Abstract 
Due to its earthquake resistant properties, most building structures are constructed with reinforced concrete on a steel 
structure. As the temperature of steel increases especially during a fire, it will reduce the strength of a structure. Since the 
properties of steel, such as the Young’s modulus and yielding strength, drop rapidly with increasing temperature, during 
a fire the load capacity of such structures will decline dramatically. However, it is important to evaluate the structural 
performance of steel frames after a fire for reuse and reconstruction due to the high cost of reconstructive building. This 
study is concerned with the development of nondestructive testing techniques to investigate the structural behavior of 
steel subjected to fire. The results of ultrasonic wave speed measurement show that heating up to 1000 _C and cooling 
by water produces a large change in wave speed. Under metallurgical microscope observation, the texture could be seen 
to have changed into bainite and martensite. In the study, the properties of the structure became hard and brittle due to 
phase change. 
 
Keywords: Fire, Nondestructive testing techniques, Ultrasonic wave speed, Steel structural behavior, Metallurgical 
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1- Introduction 
Due to its earthquake resistant properties, most building structures are constructed with reinforced concrete on a steel 
structure. As the temperature of steel increases especially during a fire, it will reduce the strength of a structure. Since the 
properties of steel, such as the Young’s modulus and yielding strength, drop rapidly with increasing temperature, during 
a fire the load capacity of such structures will decline dramatically. Components susceptible to changes in mechanical 
properties at exposure temperature should be evaluated to determine whether the material has retained the necessary 
strength and toughness properties stipulated in the original construction code. A performance based approach to fire 
engineering design involves a broad range of realistic design parameters such as fire loads, ventilation, heat transfer and 
overall structural response to temperature rise. The use of some or all of these parameters is recommended in existing 
codes [1–5] for structural steel design under fire conditions. In the case of steel, in general, the yield strength and its 
elastic proprieties are reduced by about 50% when the temperature reaches 1100 _F (593 _C). Since steel absorbs a 
significant amount of thermal energy during a fire, its structure may become slightly bent or damaged after cooling to 
ambient temperature. A number of researchers [6–12] adapted methods to assess the fire response of steel structures, 
studying the inelastic large deformations of beams, columns and frames due to the degradation of strength and thermal 
expansion. These studies focused on the structural behavior during the heating phase. There are also many experimental 
results that have been provided about steel frames during the cooling phase, such as the frame configuration, temperature 
distribution, and structural behaviors [13–17] in recent years. In addition, some researchers [18–26] investigated time 
histories of cooling temperatures and structural behaviors for steel beams and steel columns in fireresistance experiments. 
However, it is important to evaluate the structural performance of steel frames after the fire for reuse and reconstruction 
due to the high cost of reconstructive building. From the view point of economy, although steel may have slight 
distortions, the specified mechanical properties may be assessed for ductility and elastic properties, and the steel could be 
left undisturbed for the rest of its service life. This study is concerned with the development of nondestructive testing 
techniques to investigate the structural behavior of steel subjected to fire. The mechanical properties of steel are evaluated 
using nondestructive methods to judge if the structure could be used after a fire. The test beam SN490C, one frequently 
used in steel structures, is heated and then cooled at various temperatures to model the fire response of steel structure. In 
order to achieve an accurate fire resistance assessment the times for cooling temperatures are considered during 
experiments. The sound speed is measured using an ultrasonic testing technique to investigate the elasticity of the test 
beam. The composition of structure is analyzed with a metallurgical microscope to observe crystal structure and phase 
change. The temperature dependency of fracture is a serious concern when a steel structure subjected to fire is cooled. 
The melting phase can change if the cooling temperature is lowered quickly. This structure, called martensite, has a 
tetragonal structure, with the carbon atoms residing in a body-centeredtetragonal crystal structure. The body-centered-
tetragonal cell is merely an elongated BCC cell (body centered cubic), and at low carbon contents martensite is a BCC 
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structure. This structure is very hard and brittle and most often is not present in a finished product. The high temperature 
of fire will lead to a eutectoid reaction taking place during the cooling process. This reaction takes place by nucleation 
and growth of the Fe3C platelets, which usually nucleate at the c grain boundaries but sometimes grow out from previously 
nucleated colonies. Therefore, heating above the lower critical temperature results in a phase transformation that can 
dramatically affect toughness. The strength and hardness vary somewhat with cooling rate, the faster cooling rates forming 
thinner plates, but more than are formed at a slower cooling rate. Although an estimate of the cooling rate is the most 
difficult to determine during an accidental fire, it may only be qualitative for materials that respond to thermal treatment. 
 
2. Test methods 
 
2.1. Ultrasonic method 
 
Acoustic nondestructive inspection techniques utilize as the indicating parameter some particular characteristics of the 
propagating stress waves. The stress waves are generally ultrasonic waves. Moreover, the stress waves of greatest interest 
usually exist in the form of pulses of energy. As an ultrasonic energy packet (pulse) travels through the test material, it 
will be reflected as a pulse when it strikes a boundary of test material with a constant sound speed. Material structure may 
affect both the attenuation and the speed of ultrasonic waves. Generally, ultrasonic waves suffer greater attenuation in 
cast metals than in steel materials. In steel, the grain boundaries are broken down resulting in scattering. Anisotropy in 
the form of residual stress and material texture may exist in metals due to working at a low temperature and uneven 
temperature during the heating and cooling processes. Both of these effects may alter the speed and direction of travel of 
ultrasonic waves with the effect most severe for shear waves. It is caused by nonlinearities in the strain displacement and 
constitutive relations of the material. So the ultrasonic waves will generate a strain during traveling in material and the 
strain can be measured in the displacement of waves. The acoustoelastic effect refers to changes in the speed of elastic 
wave propagation in a body that is simultaneously undergoing static deformation. Most of the previous work on the 
acoustoelastic effect for stress measurement has concentrated on using the difference in speed of a shear wave polarized 
parallel and perpendicular to the uniaxial stress and traveling perpendicular to the stress axis. The present approach is 
oriented primarily toward uniaxial stress fields and speed changes for longitudinal waves propagating parallel to the 
direction of stress application that are used as the inspection criteria. Previous experimental studies have shown that these 
longitudinal waves are more sensitive to stress change than polarized shear waves traveling across the stress field, 
perpendicular to the direction of stress application. Therefore, the speed of sound is variable and depends on the properties 
of material which the wave is traveling through. The relative changes in wave speed with acoustoelastic material constant 
may be stated as follows.  
 
 

 �� = √�/匝�岫層 + �岻                                                                                      (1) 
  
 �� = √�岫な − �岻/�岫な + �岻岫な − に�岻                                                                         (2) 
 
where VT and VL are the speed of the shear wave and longitudinal wave, respectively. � is density of material, E is the 
Young’s modulus and � is Poisson’s ratio. Since wave speed is usually considered to be constant in all directions in any 
given material, a material that has the same wave speed in any direction may be considered to be isotropic with respect 
to wave propagation. Hence, if stress-induced changes in wave speed were measured in test specimens for fire load 
material, it could be evaluated that the Young’s modulus and Poisson’s ratio of material is changed subject to fire. Fire 
load on the steel may develop residual stresses and material texture change that can cause the wave speed to vary according 
to the acoustoelastic effect. 
 
2.2. Metallurgical microscope test 
 
Non-destructive material examination by means of replication is a metallurgical microscope examination method that 
exposes (or replicates) the microstructure of the surface material. Metallurgical microscope test is a method of studying 
a micro-structure constitution such as grains, phases, micro-cracks, and fractures. A metallurgical microscope uses a 
different lighting method than a conventional microscope. It can illuminate solid specimens to observe and identify crystal 
structure and phase change. They are like other optical microscopes with the exception of the lighting orientation. A 
conventional microscope illuminates a transparent specimen from below the stage that is making it visible through the 
eyepiece. Since light cannot penetrate opaque or solid objects, this is not a suitable method for observing these samples 
under magnification. Metallurgical microscopes illuminate objects from above, either with an external light source or 
with the light that travels through the magnification objectives using beam splitters. The illumination technology may 
include color filters or filters designed to change polarization and light intensity. These options allow viewing objects in 
bright or dark field applications for field of view. 
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3. Experimental setup 
 
All the experiments have been performed on a SN490C steel material which is usually used in construction of refinery 
and petrochemical plants. There are 30 pieces of specimen with dimensions 290 mm _ 40 mm _ 50 mm for 10 
experimental environments. A gas-fired furnace was used to heat the specimen to approximately 600 ℃, 700 ℃, 800 ℃, 
900 ℃, and 1000 ℃ with air and water cooling in the experiments. The fire load remained at a steady temperature for one 
hour in each case. This meant that there were three specimens in the same environmental condition for evaluation. It is 
supposed that varying conditions will occur during a fire in a building. The sound speed of SN490C steel was measured 
for comparison before the fire load. A pulse-echo technique was applied to measure the travel time of the ultrasonic wave. 
An ultrasonic wave is generated by a piezoelectric transducer at 5 MHz frequency. While using shear wave to conduct 
pulse-echo testing on beams and column members of a steel structure, it will be difficult to receive echo wave due to their 
general nature of longer strength, thus, such test generally adopts a straight beam to generate longitudinal ultrasound. 
Moreover, the ultrasonic wave is transmitted into the specimen at a constant speed. The wave will reflect the signal back 
to the transducer when it encounters the bottom of the material. The wave speed will be determined by travel time 
measurement, since the thickness of the specimen is determined. Fire-loaded specimens were prepared using wet grinding 
with up to 1200 grit SiC paper for microscope observation. Then specimens were polished by diamond and silica 
suspension paste for prior process. Chemical etching was performed by immersion of specimens in 4% HNO3 ethanol 
solution for 10 s, followed by cleaning with ethanol and drying by air stream. The excitation beam is directed to the 
specimens and focused with a microscope objective. The microstructures of the specimen are therefore visible by 
metallurgical microscope. Finally this study applied each kind of measurement to conduct every research result. 
 
4. Results and discussion 
 
4.1. Ultrasonic method and metallurgical microscope test 
The results of microstructure observation show that air cooling developed ferrite and pearlite in the specimen. It retains 
its ductility and elastic proprieties in the structure. Since the temperature is applied up to 723 ℃ for steel, the crystal 
structure and phase change yield to ferrite and austenite textures. However, when a specimen is heated to 800 ℃, the 
crystal structure is changed to bainite and martensite texture during water cooling. The structure is hard and brittle and 
no longer suitable for construction. The structure contents of various specimen are shown in Table 1. All of air cooled 
specimens are 80% ferrite and 20% pearlite. For water cooled specimens, temperatures below 723 ℃  do not change the 
phase and crystal structure. Once the temperature is heated to800 ℃ the specimens are 75% ferrite, 15% martensite and 
10% bainite. When the temperature reaches 900 ℃ the proportions become 60% ferrite, 25% martensite and 15% bainite. 
It is interesting that when the temperature reaches 1000 ℃  the proportion becomes 20% ferrite, 45% martensite and 35% 
bainite as shown as Fig 1. The phase change may vary according to preferred orientation in the material with a 
corresponding variety in the wave speed, since the grain boundaries are broken down and less scattering results. On the 
other hand, wave speed is usually considered to be constant in all directions in any given material, and a material that has 
the same waves speed in any direction may be isotropic with respect to wave propagation. The longitudinal wave speed 
is essentially constant for specimens before fire load. Wave speed measurement is based on a travel time comparison. The 
first travel time is established for a known thickness of specimen before fire load and the comparable travel times are then 
obtained for various specimens. The thickness of specimens is the same, changes in material texture may be determined 
by the travel time difference. Table 2 shows the measurements of wave speed for various specimens. In the table the wave 
speed is compared to 5861.40 m/s, measured before fire load. It is observed, as expected, the specimen of heated 
temperature 1000 ℃ cooled by water undergoes a large change in wave speed, reaching 5900.80 m/s, an increase of0.67% 
(Fig 2). It means that the material texture is changed after being fire loaded shown as Fig 3. 
                         
 
                                                             Table 1: The structure contents of various specimens. 
 

 
Heating temperature (℃)        
 

                                      Structure contents* change after cooling (%) 
Air cooled Water cooled 

600  80% F + 20% P 80% F + 20% P 

 

700 
80% F + 20% P 80% F + 20% P 

 

800 
 

80% F + 20% P 15% M + 10% B + 75% F 

 

900 
80% F + 20% P 25% M + 15% B + 60% F 

 
 

1000 
80% F + 20% P 

 
45% M + 35% B + 20% F 

      
* F: ferrite, P: pearlite, M: martensite, B: bainite. 
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                                                                           Table 2: The wave speed of various specimens.                                                                        
 

 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
                       Figure 1: The crystal structure is changed to bainite and martensite texture by heating to 800℃ above and        
                                                                                        water cooled treatment.   
 
                                    

 
                                           Figure 2: The ultrasonic wave speed increased percentage on the specimens of heated  
                                                                          temperature 600_1000 ℃ by water cooled. 
    

 
Heating temperature (℃)            
 

                                       Sound speed change after cooling (m/s) 
Air cooled Water cooled 

Before fire load   5861.40 5861.40 

 

600 
5865.44 5856.20 

 

700 
 

5870.51 
 

5859.76 

 

800 
5859.49 5863.44 

 
 

900 
5847.36 

 
5882.93 

1000 5865.45 5900.80 
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 (a) 

 
                                                                                                                                (b) 

 Figure 3: The material texture is changed (a) 80% ferrite and 20% pearlite in structure (b) 20% of . 
ferrite and 45% of martensite and 35% of bainite. 

 
4.2. Mechanical performance test 
 
To confirm the reliability of the results of the previous Section4.1, the study placed the steel specimens on the chuck of a 
universal testing machine, and then opened the hydraulic system of the testing machine to generate tension on steel 
specimens. Following the increase of tension, steel specimens were gradually extended accordingly, and the testing 
machine automatically recorded and plotted the changes in tensile strength and elongation. After the aforementioned steel 
tension test, this study obtained test results for yielding strength, tensile strength and element ductility of the preceding 
steel specimens. In addition, to understand the deformation absorption ability of fire damaged steel specimens, the study 
simultaneously conducted impact testing on steel specimens. Since the steel specimens used in this study were SN490C 
steel, the specifications of such material shall be as follows: yield strength at 295–415 (N/mm2), tensile strength of 490–
610 (N/mm2), 21% or more of elongation, and absorption energy of the impact testing in 27 J or more. Therefore, the 
tensile strength of the steel sheets after being heated to 800, 900, 1000 ℃ and then water cooled were not be able to meet 
the above standard specifications of SN490C steel, and were judged as Failed, and the remaining conditions were judged 
as Passed. According to results of previous metallographic testing, if cooling down a steel plate at a temperature above 
800 ℃ through rapid cooling mode, the steel organization will produce martensite and bainite, in which the increased 
components of martensite will result in steel of greater strength but more brittle hardness, while the organization type of 
large amount of sub-grain boundaries and dislocations generated by bainite will also increase the strength of steel. 
Therefore, Figs. 4–6 show that, when steel sheets were heated to more than 800℃ and rapidly cooled down by water, 
despite yield strength and tensile strength showing an increase, their elongation was sharply reduced from 32.5% to 22.9% 
as well as the impact energy of deformation absorption also significantly reduced from 143 J to 64.2 J. Thus, when the 
majority of organization phase has changed to martensite and bainite phase, it will cause the steel organization to become 
thin and scattered, which will significantly reduce the ability of steel’s ductility and deformation absorption, and further 
result in the steel being prone to sudden rattle damage. 
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Figure 4: The tensile strength of various specimens of heated to different temperatures by air cooled or water cooled. 

              
 
 

 
 

Figure 5: The element ductility of various specimens of heated to different temperatures by air cooled or water cooled. 
 
 

 
Figure 6: The impact testing of various specimens of heated to different temperatures by air cooled or water cooled. 

 
 

5. Conclusions 
 
A non-destructive test method is utilized to evaluate the behavior of structures subjected to fire. Wave speed measurement 
is applied to analyze the different speed due to phase change in the material. The experimental results obtained are that 
the specimen heated to 1000 ℃ and cooled by water undergoes 0.67% change in wave speed. The metallurgical 
microscope is then used to observe the texture of material for the specimen heated to 1000 ℃  and cooled by water. It 
obviously changed the texture into bainite and martensite. To survey the performance of specimen after the fire , the 
yielding strength, tensile strength and impact test are also investigated in the experiments. The element’s ductility and its 
elastic proprieties decreased dramatically at temperature of1000 ℃ for specimens cooled by water. For future fire 
accidents, engineers can refer to the results of this research to focus on important parts of beams, columns and joints in 
the fire scene to conduct non-destructive metallographic testing and ultrasound testing for defects. Meanwhile, some parts 
of steel specimen may be taken back to the lab to carry out mechanical properties testing to obtain the testing results of 
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fire-damaged steel’s strength, elongation, and impact so as to serve as references for repairing or reinforcing design for 
steel buildings. 
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