
 

19
th

 World Conference on Non-Destructive Testing 2016 

 

 1 
License: http://creativecommons.org/licenses/by-nd/3.0/ 

Establish a Process to Detecting the Damage Depth of 

Concrete Structures after Exposure to High 

Temperatures by the Impact Echo Method 

HsuanChih YANG
 1

, Yi-Ching LIN
 2

 
1
 National Center for Research on Earthquake Engineering, Taipei, Taiwan 

2
 Department of Civil Engineering , National Chung Hsing University, Taichung, Taiwan 

Contact e-mail: hcyang@ncree.narl.org.tw  

 

Abstract. Although concrete is widely recognized as a fire-resistant material in 

construction industry, concrete undergoes severe changes in its chemical composition 

and physical properties when exposed to elevated temperatures. A wide range of 

studies had been performed to investigate the influence of heating rate, maximum 

exposure temperature, exposure time, and the post-fire-curing on the residual strength 

of concrete with various mixture proportions. Damage assessment is the first and the 

most important job for structural safety evaluation of a concrete building subjected to 

fire. In this paper, a series of analysis program to predict the temperature distribution 

in concrete slabs. Comparing with the experimental date from the previous studies 

and analysis results, and then simulating the stress wave propagation in the concrete 

slabs.  

 The objectives of this paper is simulating and building-up a process to determine 

the damage depth of concrete after exposure to fire or high temperature. 

1. Introduction  

Although concrete is widely recognized as a fire-resistant material in construction 

industry, concrete undergoes severe changes in its chemical composition and physical 

properties when exposed to elevated temperatures. A wide range of studies had been 

performed to investigate the influence of heating rate, maximum exposure temperature, 

exposure time, and the post-fire-curing on the residual strength of concrete with various 

mixture proportions [1-2]. Damage assessment is the first and the most important job for 

structural safety evaluation of a concrete building subjected to fire [3-4]. In a previous paper 

by Chiang and Yang [4], neural network analysis based on the relationship between the 

residual strength and pulse velocity was used to predict the normalized residual strength of 

concrete at elevated temperatures. Experimental results by Yang et al. [4] showed that 

change in mixture proportion of concrete does not have a significant effect on the residual 

strength and UPV ratios of concrete subjected to elevated temperatures. The relationship 

between the residual strength ratio and the residual UPV ratio was developed and a general 

equation was proposed for residual strength prediction. 

Abbasi and Hogg [5] used a semi empirical method based on experimental data and a 

finite element method using commercial software to predict the thermal distribution through 
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the concrete beam at any time in a fire. A combination of temperature profile data and 

strength/stiffness reduction factors can be used to develop equations that predict the effective 

properties of rebar in a concrete beam during a fire. Ichikawa and England [6] investigated 

the moisture and pressure build-up in the concrete wall of a reactor containment vessel at 

high temperature. The numerical analysis can predict the time, position and temperature at 

which spalling occurs. Study work done by EI-Hawary et al. [7] used an analytical and 

experimental investigation to study the behavior of concrete slabs exposed to high 

temperatures. The developed computer program may be used to predict the temperature 

distributions in concrete slabs, at the required time, which have been subjected to fire or 

higher temperatures. 

T. Liou et al. [8] used the stress wave method for measuring the cover thickness of a 

reinforcing bar in concrete. The cover thickness of the reinforcing bar is calculated according 

to the travel time for the dilatational wave from the impact device through the reinforcing bar 

to the receiver. 

In this paper, a series of analysis program to predict the temperature distribution in 

concrete slabs. Compare the experimental data with the previous studies and analysis results, 

to simulate the stress wave propagation in the concrete slabs. This paper is building-up a 

process to determine the damage depth of concrete after exposure to fire or high temperature.  

2. Heat transfer analysis within concrete  

2.1 Numerical simulation parameter setup 

This study will investigate the temperature distribution of concrete specimen after it is 

heated first. It assumed that the heat source was applied on the specimen surface, and the 

temperature distribution will depend on the concrete depth increases, show a gradual 

decreasing trend. This study used ANSYS software to perform the heat transfer numerical 

simulation of concrete. The specific heat of concrete is mainly affected by porosity, water 

cement ratio, water content and temperature, however, the heat transfer coefficient of 

concrete will actually be affected by concrete’s water saturation, unit weight, aggregate 

properties, porosity percentage and hardened cement paste. Meanwhile, as the temperatura 

rises, concrete will gradually generate crack, and the heat transfer coefficient of the concrete 

will show a decreasing trend [9-11].  

This study simulated the wave propagation path change in the concrete slab after expose 

to high temperature. To simplify the analysis process, the heat transfer analysis of ANSYS 

software was used to investigate the temperature propagation after concrete was heated. The 

termal stress, crack or material property change due to temperature change was not 

investigated. the temperature distribution result obtained from numerical analysis was to be 

put to the concrete’s residual velocity and strength relationship [4]. Different concrete ratio, 

under different temperatura change, will have different material property change, and the 

result was to be corresponded to the property change caused by temperature as obtained from 

numerical simulation.  

The concrete properties uesd in numerical simulation were the commonly used in 

concrete heat transfer simulation. The concrete’s unit weight, heat transfer coefficient and 

specific weight were 2300 kg/m
3
, 1.4 W/m．K and 880 J/kg．K respectively. 

The concrete slab specimen dimension adopted in numerical simulation of this study 

was 90×180×20cm. The element size was 1cm×1 cm×1 cm, two highest temperatures of 

600
0
C and 800

0
C are applied at the surface of concrete slab specimen. According to the 

standard fire disaster temperature rising curve of 1)X*LOG(8*345Y  of ISO 834 was 

adopted for simulating the high temperature test. Where the X represented time (min), Y 
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represented temperature (
0
C), and the estimated total heating time was 2 hours. All the 

materials are assumed homogeneous and isotropic.  

2.2 Numerical simulation analysis result 

To understand the temperature distribution of concrete slab specimen from fire damage 

surface to non-fire-damage surface. The numerical model of thickness 20 cm was counted 

from fire damage surface to set up a node in every 2cm thickness to record the temperature 

change. Figure 1(a) and 1(b) show the analysis result of concrete slab specimen after expose 

to temperature 600
0
C and 800

0
C. From the distribution, it shows that when the concrete slab 

specimen exposed to high temperature, temperatura will indeed, in gradient layer from the 

fire surface to non-fire surface. This result is similar to the previours studies[5-7].  

3. Simulation of the wave propagation within concrete slab specimen 

3.1 Wave propagation in concrete 

From previours study [4], the residual compresive strength and stress wave velocity of 

the concrete will become lower as the temperature becomes higher. Accorig the simulation 

results, the internal wave velocity distribution will be faster as it has a longer distance to fire 

damage surface. Therefore, this study use software to simulate the wave propogation in the 

concrete. Tzunghao Liou et al. [8] found that when the inside of concrete has medium (such 

as rebar) with wave velocity faster than that of concrete, then when stress wave meets rebar 

within concrete, refraction and reflection will be generated according to Snell's Law. 

Moreover, the energy of part of the stress wave will propagate along the rebar. The stress 

wave propagated along the rebar will, like the wave source, get refracted to concrete surface 

at appropriate location.  

3.2 Material properties of concrete  

The concrete slab obtained from the previous section will be used as here. The 

LS-DYNA software was chosen to simulate. 2-D concrete slab model is used to analyze the 

wave propagation in concrete. The element size is 0.1×0.1cm.  

Using the LS-DYNA analysis software to perform numerical simulation, the basic 

properties of concrete is the necessary input information. From ref. [4], it was found that for 

different water cement ratio, concrete will have different residual properties at different 

temperature. It can substitute into the numerical simulation model for analysis, as shown in 

table 1. A distance of 10 cm away from impact source, a node is set up for each 5cm of 

interval until a distance of 65cm, and the setup of these nodes is to be used the receiver during 

the simulation process. It can obtain the time difference for the propagation of stress wave at 

different distance on the concrete surface.  

3.3 The numerical simulation results 

Fig 2(a) is the relationship between the wave propagation time difference and distance 

for concrete after exposed to 600
0
C. The time interval of time difference starts to be 

maintained at constant value is used as division to get two sections of 10~30cm and 35~65cm. 

It can found two different linear regression equations, and the coefficient of the equation 

represents the entire stress wave velocity of the concrete in that section, which is respectively 

3545m/s and 4234m/s. It represents respectively seriously damaged concrete with wave 

velocity of Cpc and lightly damaged concrete with wave velocity of Cpc’. It can find the 
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intersection of 32.4cm, which means that wave velocity has change at that distance and get 

the depth (D) of 4.8cm.The corresponding temperature of the depth in concrete slab 

specimen is 420
0
C.  

Fig 2(b) is the wave propagation time difference and distance for concrete when the 

temperature is 800
0
C.Two sections of 10~20cm and 25~65cm to perform linear regression, 

then it can obtain entire wave velocity Cpc of seriously damaged concrete of 2097m/s and 

entire wave velocity Cpc’ of lightly damaged concrete of 4179m/s. The minimal interval 

(Hmin) is 21.9cm, the depth (D) is 6.3cm, and the corresponding temperature within concrete 

slab specimen is 440
0
C.  

To understand the level of concrete compressive strength corresponding to the detected 

depth, the correlation between residual compressive strength ratio and residual ultrasonic 

wave velocity ratio will be used [4].  

3.4 The process of detecting the damage depth of concrete 

In order to investigate the influence of different concrete proportion and material 

change. This study has used concrete aggregate of 914kg/m
3 

(35%), water cement ratio of 

0.43, 0.53 and 0.63. The material parameters are shown in table 2 and table 3. The same 

numerical simulation parameters are used to simulate the propagation of stress wave within 

concrete. When the signals of all the receiver nodes obtained by numerical simulation are 

treated with the calculation method in the previous section for the calculation of the time 

difference (Δt) between the receiver and impact source, then we can obtain the correlation 

between wave propagation time difference and distance from impact source to the receiver. It 

can also be found that when the receiver has certain distance to impact source, the time 

interval of each time difference will then be maintained at constant value or will show a slow 

decrease. For concrete slab specimen acted on by 600 and 800℃. The results are show in Fig 

3 and Fig 4.  

Fig 3(a) to 3(c) represents respectively the correlation chart between wave propagation 

time difference and distance for concrete of water cement ratio of 0.43, 0.53 and 0.63 when 

the temperature is 600
0
C. For the concrete of each water cement ratio, after sectional and 

individual linear regression, we can obtain for the seriously damaged concrete with entire 

wave velocity of Cpc of respectively 3768m/s, 3544m/s and 3330m/s, and for lightly 

damaged concrete with entire wave velocity Cpc’ of respectively0 4244m/s, 4084m/s and 

4099m/s. Through regression equation intersection, we can calculate to obtain minimal 

interval of respectively 31.2, 27.6 and 34.7cm, the concrete damage depth of 3.8cm, 3.7cm 

and 5.6cm, and the residual wave velocity ratios corresponding to the depth are 0.81, 0.77 

and 0.79.  

Fig 4(a) to 4(c) is the correlation chart between wave propagation time difference and 

distance for concrete of water cement ratio of 0.43, 0.53 and 0.63 after exposed to 800
0
 C. It 

can be seen that for concrete slab specimen of water cement ratio of respectively 0.43, 0.53 

and 0.63, the damage depths are respectively 4.6cm, 4.9cm and 6.2cm, and the residual wave 

velocity ratios corresponding to those depths are respectively 0.71, 0.67 and 0.76.  

From numerical simulation and the damage depth result, it can be seen that although 

different high temperatures and different ratios will lead to different damage depths in 

concrete slab specimen. The damage depth detected for the same water cement ratio was 

usually located at the same temperature layer, and the corresponding concrete residual wave 

velocity ratio was 0.66~081, the residual compressive strength ratio level was about in the 

range of 0.67~0.80. Comparing to the numerical model, it can be seen that the temperature 

layer corresponding to the detected damage depth was consistent and was about in the range 

of 420~560
0
C. It means that the damage depth calculated using this detection method was 
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consistent, and it also means that if it is below the detected damage depth, the concrete wave 

velocity ratio and compressive strength ratio is going to exceed this level.  

When we compare the compressive strength ratio of concrete of lightly damaged area, it 

will be in the range of 0.82~0.91 times to the strength of the reference group, it means that if 

stress wave is used to perform damage depth detection of concrete slab specimen after high 

temperature action, it will be able to detect effectively the interface between lightly damaged 

and medium damaged area in concrete slab specimen after the action by high temperature, 

that is, the area with concrete residual compressive strength ratio above 0.80.  

Conclusions  

This study used numerical simulation to investigate the concrete slab specimens of 

different ratios exposed to different high temperatures. The impact echo method in 

non-destructive method can be used to perform the detection. From numerical simulation 

results, it can be found that:  

1. The temperature distribution of the specimen usually propagates towards the internal side 

in gradient layer way. Meanwhile at the concrete slab of the same depth, the temperature 

at the corner will be lower than that at the center.  

2. It can be found the temperature distribution will affect the wave velocity distribution 

within concrete. Due to different medium layer, the propagation path of stress wave will 

be different in concrete of different ratio and temperature, but is always can be evaluated 

in depth using the detection and analysis method adopted by this study. 

3. The compressive strength ratio detected for the lightly damaged area of concrete was 

about 0.82~0.91 times the strength of the reference group. It means that stress wave is 

used to detect the damage depth of concrete slab specimen after exposed to high 

temperature. It means that the residual compressive strength ratio of concrete is still 

above 0.80 times that of the original strength.  
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Table 1. Material properties for numerical simulation  

 
W/C=0.58 

6000C 8000C 

Depth 

(cm) 

Temp. 

(0C) 

E value 

(kgf/m2) 

Velocity 

(m/s) 

Temp. 

(0C) 

E value 

(kgf/m2) 

Velocity 

(m/s) 

2 600 1.178e9 754 800 1.797e9 932 

4 510 1.809e10 2956 680 1.426e9 830 

6 420 2.431e10 3427 560 8.694e9 2049 

8 340 3.245e10 3959 440 2.286e10 3323 

10 270 3.791e10 4279 340 3.245e10 3959 

12 
25 4.075e10 4437 

260 3.802e10 4286 

12~20 25 4.075e10 4437 

Table 2. Material properties for numerical simulation of wave propagation at 6000C 

Temp. 6000C 

W/C 0.43 0.53 0.63 

Depth 

(cm) 

Temp. 

(0C) 

E value 

(kgf/m2) 

Velocity 

(m/s) 

E value 

(kgf/m2) 

Velocity 

(m/s) 

E value 

(kgf/m2) 

Velocity 

(m/s) 

2 600 1.644e10 2818 1.328e10 2533 1.121e9 736 

4 510 2.816e10 3688 2.429e10 3426 1.721e10 2884 

6 420 3.412e10 4060 3.169e10 3913 2.423e10 3422 

8 340 3.652e10 4201 3.326e10 4009 2.754e10 3647 

10 270 3.833e10 4303 3.462e10 4090 3.038e10 3831 

12 
25 4.276e10 4545 4.088e10 4444 3.877e10 4328 

12~20 

Table 3. Material properties for numerical simulation of wave propagation at 8000C 

Temp. 8000C 

W/C 0.43 0.53 0.63 

Depth 

(cm) 

Temp. 

(0C) 

E value 

(kgf/m2) 

Velocity 

(m/s) 

E value 

(kgf/m2) 

Velocity 

(m/s) 

E value 

(kgf/m2) 

Velocity 

(m/s) 

2 800 4.943e9 1545 2.163e9 1022 9.926e8 692 

4 680 1.184e10 2392 8.834e9 2066 1.069e9 719 

6 560 2.165e10 3234 1.817e10 2963 8.272e9 1999 

8 440 3.256e10 3966 2.963e10 3784 2.249e10 3296 

10 340 3.652e10 4201 3.326e10 4009 2.754e10 3647 

12 260 3.851e10 4313 3.488e10 4105 3.072e10 3852 

12~20 25 4.276e10 4545 4.088e10 4444 3.877e10 4328 
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Fig. 1.  The result of concrete slab specimen heat transfer analysis (a) 6000C; (b) 8000C 
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                                           (a)                                                             (b) 

Fig. 2. The correlation chart between wave propagation time difference and distance for concrete after the 

action by high temperature (a)6000C; (b)8000C 
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Fig. 3. The correlation chart between wave propagation time difference and distance for concrete after the 

action by 6000C (a) W/C=0.43; (b) W/C=0.53; (c)W/C=0.63 
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Fig. 4.  The correlation chart between wave propagation time difference and distance for concrete after the 

action by 8000C (a) W/C=0.43; (b) W/C=0.53; (c)W/C=0.63 


