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ABSTRACT 
Previous studies on the effect of temperature on various types of concrete have been mainly focused on the case 
of fire in which the exposure duration is short. Limited data has been obtained regarding the effect of high 
temperature on concrete properties under severe accident condition in which the concrete structure may be 
exposed to heat radiation from melting nuclear fuels for a long time. The present study aimed to examine the 
applicability of the ultrasonic wave-based method for concrete damaged extremely by heat simulating a severe 
accident. The conventional ultrasonic test was conducted in concrete cylindrical with the size of φ100 × 200 
mm after exposure to high temperatures 105, 200, 400, 600, 700, 800 oC. The results revealed that this method is 
sensitive to indicate thermal damage as results from water content loss and decomposition of portlandite. A 
strong correlation between dynamic and static elastic modulus was obtained for concrete exposed to temperature 
range of 25 to 400 oC, corresponding to dynamic elastic modulus range from 20 - 40 GPa. The degradation 
within this range is due to water loss. At higher temperatures, the concrete integrity is not maintained due to the 
formation of cracks and the decomposition of cement paste phases, which cause a significant decay of the 
ultrasonic waves. 
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Introduction 
In the construction of nuclear facilities, concrete has been used as a structural material in 

radiation shielding walls and pedestals that may be exposed to a high temperature during a severe 
accident. It is important to assess the integrity of structures after a severe accident, where concrete is 
exposed to a high temperature for the long duration. Since the studies on the influence of temperature 
on various types of concrete used in civil construction have been mainly focused on the case of fire in 
which the exposure duration is short. This research aims to provide basic information for developing a 
remote nondestructive test method using laser-induced ultrasonic waves [1] for application in the 
assessment of the structural integrity of concrete pedestals after a severe accident in the Fukushima 
Daiichi Nuclear Power Plants. For this purpose, the conventional ultrasonic wave technique using 
direct transmission was employed to investigate the degree of damage caused by heat treatment. 

Concrete is a composite material including aggregates and cement paste which has complex 
water-containing phases. These phases are vulnerable to high temperature exposure due to water loss. 
When concrete is exposed to high temperatures, various irreversible reactions take place and the 
mechanical properties such as strength degrade significantly [2–5]. The major effect is the 
decomposition of water-containing phases in cement paste, such as ettringite, portlandite (Ca(OH)2), 
and calcium-silicate-hydrate, so-called C-S-H gel. The first decomposition in concrete is ettringite, 
occurring early below 100oC. Then, capillary water escapes in conjunction with dehydration of C-S-H 
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gel in the temperature range of 100oC – 500oC. When the temperature reaches between 400 - 600oC, 
the portlandite starts to decompose. Beyond 600oC, β-C2S (β-dicalcium silicate) is formed by the 
decomposition of C-S-H gel [5−6]. 

Ultrasonic-wave based method is widely utilized in detecting the discontinuities and damage in 
various types of material. Ultrasonic wave propagation in solids normally consists of three 
components: (1) longitudinal wave in which the particle moves in the same direction of propagation, 
so-called P-wave velocity and (2) shear wave in which the particle moves perpendicular to the 
direction of propagation, so-called S-wave velocity, and (3) surface wave (which will not be discussed 
in this study because we used direct pulse transmission technique) [7]. The P-wave has been 
commonly applied to monitor the scalar damage in concrete caused by heat [2–4]. Using this 
technique, the internal change in concrete can be identified by measuring the change of velocity 
through the material. Handoo et al. (2002) showed that P-wave velocity was significantly reduced 
within the range of 300oC and 700oC, and the pulse did not pass through the samples at 800oC due to 
high crack density formation [4]; Chu et al. (2016) also reported, after 600oC the variation of velocity 
is small, and it does not change much in the range of 800 – 1000oC [3]. On the other hand, S-waves 
are likely sensitive to the matrix connectivity [8] and can also be used to monitor the internal change 
in concrete subjected to high temperature. However, the use of S-waves for characterizing the internal 
change in concrete is rare because the major difficulty is to estimate the rising instance of the signal 
since P-waves has higher velocity than S-waves [7] and arrives sooner at the receiving transducer. 
This leads to misestimating of the onset of S-waves because P-waves and S-waves overlapped and 
therefore become difficult to differentiate. 

Elastic modulus is a basic parameter for evaluating the deformation and integrity of structural 
components. In the existing structure, core extraction test is commonly used to provide information on 
the elastic properties of concrete. However, this technique seems to have limitations in the case of 
severe accidents due to high radiation risk. Alternatively, elastic modulus can be determined from 
dynamic elastic modulus, which is calculated from ultrasonic pulse velocities. In this method, both 
P-wave and S-wave velocity is required for the calculation (according to ASTM C 597). Recently, a 
new method using Hilbert transformation has been introduced [9] which was employed in this study 
for determining the onset of S-waves on concrete. This study attempted to monitor the variation in 
concrete after high-temperature exposure using both P-wave and S-wave transducers in order to 
identify the temperature range between which the ultrasonic-based techniques may be applied to 
monitor concrete structures after a severe accident. 

2.  Material and experiments 
The concrete specimens (φ100 × 200 mm) were prepared. The mixture proportions per cubic 

meter were 157 kg of water, 285 kg of sand (fine aggregates), 838 kg of coarse granite aggregate with 
water/cement ratio of 0.55. The admixture of 1% was also added. The specimens were cured for 28 
days, and then placed in ambient air before the compressive test. The heat treatment was carried out in 
electric furnace. The temperature gradient was controlled by measuring the temperature of furnace 
and specimen cores, which were measured by representative specimens with an embedded 
thermocouple during concrete preparation. The holding time and heating rate was set to make a 
uniform damage within specimen cross-section. The detail of heat treatment conditions is shown in 
Table 1. 

The conventional ultrasonic test was employed using a pulse generating-receiving device 
(OLYMPUS 5077PR) connected to an oscilloscope (TEKTRONIX DPO2022B), which acquires 
waveforms. The experimental setup is a simple direct-transmission ultrasonic configuration as shown 
in Fig.1. Velocity measurements were carried out using both, a P-wave transducer with a diameter of 
50 mm and S-wave transducer with a diameter of 25 mm. Both transducers have a center frequency of    
100 kHz. Before taking measurements, the travel time between transmitting and receiving transducers 
without specimen was measured, which was about 0.44 µs and 0.32 µs for the P-wave and S-wave 
transducer, respectively. In this experiment, the transducers were placed at the top and bottom surface 
of a cylindrical sample. The path length of wave propagation (L) is about 200 mm. Knowing the path 
length, the P-wave and S-wave velocity (Vp and Vs, respectively) can be calculated from the travel 
time (Δt), Vp or Vs = L/Δt. Then these velocities were used to calculate the dynamic elastic modulus of 
elasticity Ed by Eq. (1) according to ASTM C 597: 
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where ρ is the concrete density, νd is the dynamic Poisson’s ratio. Hilbert transformation is used to 
obtain the envelope of the waveform by which the onset of S-wave propagation can be distinguished 
from that of the P-wave [9]. The transformation was done with a MATLAB code using the syntax, y 
= hilbert (xr), which returns the analytic signal, y, from a real data sequence, xr, and then each 
element of y was returned to the absolute value with the function, abs (y).  
 

Table 1 Heating and cooling conditions of concrete specimens 
 

 

 

 

 

 

 

  
 
The compressive test was conducted on a universal hydraulic test machine; the static elastic 

modulus was calculated according to Japanese Standard JIS A1149 - 2001. To confirm the change in 
chemical composition, X-ray diffraction (XRD) tests using a Rigaku’s X-ray diffractometer Miniflex 
600 with Cu Kα radiation (λ = 1.54056 Å, operating at 40 kV and 15 mA) were carried out, the 
samples for XRD tests were collected from broken pieces from the compressive test, and then they 
were ground to fine grain size and sieved using a hand sieve with nominal grid size of 75 µm. 

 

 
 

Fig. 1.Test arrangement for the conventional ultrasonic test  
 
3.  Results and discussion 
 
3.1. Degradation of concrete by heat 
 

 Fig.2 shows the effects of temperature on weight loss. The weight loss was calculated from the 
weight before and after heating. In the range of 25 - 105oC, concrete lost weight rapidly due to the 
releasing of water in the capillary pores. Between 105oC and 400oC, the change in weight is negligible 

Target temp. (oC) Monitoring 
location 

Heating rate  
(oC /min) 

Cooling rate  
(oC /min) 

Holding time 
(hours) 

105 
Furnace 0.9 0.11 

504 
Specimen core 0.48 0.12 

200 // 0.92 0.31 336 // 0.48 0.28 

400 // 0.65 0.68 24 // 0.64 0.71 

600 // 0.64 0.69 16 // 0.63 0.69 

700 // 0.71 0.77 16 // 0.68 0.72 

800 // 0.73 0.80 6 // 0.73 0.79 
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because most of water was lost at 105oC, and only physically bound water in fine pores of C-S-H gel 
may be dehydrated [6]. After 400oC, the loss continued gradually due to the loss of chemically bound 
water in water-containing phases, including portlandite and C-S-H gel. The loss was about 4% and 
8% after exposed to 400oC and 800oC, respectively. 

By observing the surface condition, no spalling (surface failure caused by internal pore pressure) 
occurred after heat treatments, and the concrete remained intact up to 800oC. However, color changes 
and formation of cracks can be observed on the concrete surface (Fig.3). At 105oC, no visible cracks 
are observed. At 200oC, a few visible cracks were detected, and they became pronounced in both size 
and density from 400oC up to 800oC. On the other hand, the color of concrete did not change when 
being heated to 200oC. At 400oC, it turned red and then turned whitish-grey between 600oC and 800oC. 
This phenomenon may be related to the change in chemical composition. 

 

     
Fig. 2. The change of weight at different exposure temperatures 

 

 
Fig. 3. Variation of concrete surface at different exposure temperatures 

 
Fig. 4 presents the XRD diagram for the samples with various temperature exposures. At the 

initial stage, four crystalline phases can be identified, including quartz (SiO2), albite (coming from 
aggregates), portlandite (Ca(OH)2 with d = 2.4 Å) and unhydrated <C3S (tricalcium silicate ) and 
β-C2S> (with d = 2.6 - 2.8 Å corresponding to 2θ angles between 32 and 33o). It should be noted that 
it is difficult to distinguish between the peaks of β - C2S and C3S because their peaks have similar 
structure and diffraction angles [10]. In addition, the main hydrated phase, C-S-H gel cannot be 
indexed due to its amorphous nature, although C–S–H gel occupied about 60% of the cement paste 
[11]. It can be seen that almost no chemical decomposition of cement paste phases occurred below 
400oC, while the peak of Ca(OH)2 was reduced after 400oC. Between 700oC to 800oC, the peak 
intensity of < β-C2S + C3S > was intensified obviously. This is probably due to the transformation of 
the amorphous C-S-H phase into β-C2S phase, which is a crystalline phase, which is consistent with 
previous reports [5 - 6]. However, the peak of α-quartz was persistent up to 800oC, and we could not 
detect the β-quartz in the XRD patterns beyond 600oC even though there is an α - β transition in 
quartz at 573oC [6], [12]. 

Fig. 5 illustrates the change of mechanical properties of concrete that was exposed to different 
temperatures. The strength and modulus of elasticity had similar behaviors, which decreased 
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continuously as temperature increased. The compressive strength of the unheated sample was about 
41.8 MPa but suffered a significant reduction after exposures. For example, the residual strength 
remained about 75% of its original strength at 105oC, 43% at 400oC and 22.8% at 600oC. When 
concrete was heated to 800oC, only 13.3% of strength remained. Regarding the structural integrity, 
although after 336 hours heated to 200oC, the residual strength remained at about 25 MPa. This 
suggests that below 200oC, concrete still retains integrity in term of the design strength (about 22 MPa 
[13]). 

 

 
Fig.4. Variation of chemical composition by using XRD 

 

 
 

Fig.5. The mechanical properties of concrete at different exposure temperatures 
 

3.2. Variations of ultrasonic parameters 
 

Fig.6 shows the time-dependent signals obtained for thermal damage in concrete. Generally, the 
amplitudes of the waveforms decayed as exposure temperature increases. It can be seen that S-waves 
showed higher attenuation than P-waves at the temperature range of 25 – 200oC. This suggests 
S-waves are a better indicator of thermal damage due to capillary water loss than P-waves since they 
are more sensitive to matrix connectivity [8]. Beyond 200oC, amplitudes of both S- and P-waves 
decreased rapidly and became saturated between 600 and 800oC. In this temperature range, the signals 
can only be observed if magnified to 40dB (or 100 times enhanced), which indicate heavy damage in 
the concrete structure. Since the energy of the ultrasonic wave can be represented as the amplitude of 
the signal, as the level of damage increases, lower amplitude results from energy absorbed by the 
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damaged concrete due to scattering and dispersion on scatterers (cracks or pores). This process 
redistributes the energy of the incident wave in all direction, and only a small amount of energy can 
remain in the forward direction that can reach the receiving transducer [14]. Fig. 6c gives the Hilbert 
transformation of the raw signals. The obtained envelope of the waveforms is able to distinguish the 
onset of S-wave and P-wave propagation. The first interruption indicates the onset of P-waves, as 
P-waves are the fastest among ultrasonic velocity components, while the second interruption indicates 
the onset of S-wave propagation. The onset times for S-waves were then used to calculate the S-wave 
velocities. 
 

  
a) S-waves                                        b) P-waves 

 
c) Representative transformed signals of raw S-wave for unheated concrete 
 

Fig.6. Time dependent signals at different exposure temperatures  
 

Fig.7 presents the result of velocities of concrete before and after heating at high temperatures. 
For S-waves, it was possible to determine the rising instance when concrete was exposed up to 400oC. 
Beyond this, the signal is not stable due to high attenuation of the wave energy, with the reduction by 
> 98% of amplitude compared to that in unheated concrete. Since the vibration of particles in S-waves 
is perpendicular to the direction of propagation, it is very sensitive to cracks when the crack faces are 
perpendicular to the propagation direction. In this case, high density of surface cracks above 400oC 
could be associated with the reduction of S-wave velocity. In contrast, the rising time of P-waves was 
measurable up to 800oC. As seen in Fig.7, the velocities decreased continuously with the increasing 
temperatures. A rapid decrease was observed at 105oC (-15.5%) and between 400 - 600oC (-31.2% at 
400oC and -61.5% at 600oC), this could be associated with the releasing of capillary water and 
decomposition of portlandite, respectively. Particularly, between 600oC and 800oC, the variation of 
pulse velocities was negligible; this is similar with the evolution of static elastic modulus. This 
suggests the saturation of degradation above 600oC.  

The propagation of ultrasonic waves depends on the physical state of concrete. When concrete 
has integrity, the travel time required for wave to reaches the receiving transducer is shorter compared 
to that after subjected to high temperature. Though numerous variables influence the speed in ordinary 
concrete[7], microcracks and water content would be contribute dominantly in this case. As a 
consequence of thermal damage, the porosity increases due to water loss, and formation of 
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microcracks due to the deformation caused by the mismatch between contraction of cement paste and 
expansion of aggregates [5],[15], and this may contribute to reducing the incident wave energy and 
extending the traveling time, resulting in a reduction of velocity. We propose that the water loss 
mainly contributes to degradation of both mechanical properties and wave velocities below 400oC, 
while crack formation due to decomposition of hydrated products is dominant beyond 400oC, as 
follows: 
 At 105oC, the evaporation of water in capillary pores and dehydration of C-S-H occurs; the 

velocity is influenced by the decrease of water content in pore structure, which is confirmed by 
weight loss. 

 Between 105 - 400oC, the C-S-H gel dehydrates strongly [6]. Zhang et al. (2013) proposed that 
the interlayer water, which exists in the globulus C-S-H, is released partially but the globulus 
structure is not affected [16]. Because of the small amount of interlayer water releasing, it does 
not influence on weight loss. However, this small change also affects the wave propagation 
because the fine pores in the matrix would affect the vibration of particles. 

 Between 400 - 600oC, weight loss increases obviously due to the decomposition of portlandite by 
releasing the crystal water (Ca(OH)2 → CaO + H2O). Because the aggregate surface is covered 
by a layer of portlandite [17], the decomposition may cause cracking around the perimeter of 
aggregates. The cracks in this interface can appear at 350oC and more severely at 550oC due to 
decomposition of portlandite [15]. Thus, microcracks may have a dominant effect on velocity 
reduction beyond 400oC. 

 Above 600oC, the amorphous C-S-H gel is transformed into small crystalline β - C2S and it can 
lead to a reduction of the volume of C-S-H significantly [16]. This phenomenon was confirmed 
by XRD by the increase of β-C2S peak intensity. On the other hand, the siliceous aggregates 
(sand) expands 5% in the volume due to the α - β quartz transition [12]. These concurrent 
phenomena may lead to form cracking not only in the interface between aggregates and paste but 
also inside the aggregates. 
 

 
 

Fig.7. The variations of velocities in concrete at different exposure temperatures 
 
3.3. Correlation between dynamic and static elastic modulus 

 
The estimation of in situ structural integrity requires elastic modulus of concrete; this parameter 

can be determined by compression test, so called static elastic modulus. The values are used to 
correlate with the dynamic elastic modulus calculated from the ultrasonic velocities. Thus, the 
information on elastic modulus can be roughly estimated based on this correlation. 

 Due to high decay of S-waves beyond 600oC, the velocity was difficult to determine, and the 
dynamic elastic modulus, Ed after this temperature cannot be computed. This highlights the limitation 
of ultrasonic wave measurement techniques for the estimation of elastic modulus in concrete heavily 
damaged by heat. However, this technique can be used to locate the most damaged area based on the 
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loss of ultrasonic wave energy, which is in the form of amplitude. Fig. 8 presents the obtained 
relationship between the static elastic modulus (Es) calculated from the stress-strain curve obtained by 
compression test using JIS A 1149-2001 and the dynamic elastic modulus (Ed) calculated from 
ultrasonic wave velocities using ASTM C 597. This correlation has the coefficient of determination 
R² near 1 (R² = 0.98) for concrete samples after heat treatment up to 400oC, corresponds to Ed which 
varies from about 20 to 40 GPa, as given by the Eq. (2): 

 
                         11.708.1 −= ds EE                             (2) 
 
As can be seen, Ed has a linear relationship with Es , but the meaning of the obtained dynamic 

elastic modulus is generally higher than the static elastic modulus, which is about 12%. However, the 
obtained values are considered to be reasonable for this technique [7]. The different between Ed and Es 
is because of the non-linear stress-strain behavior in concrete which is associated with the different 
frequency between two loading conditions, resulting higher frequency leads the larger elastic modulus 
[18]. In the compression test, static elastic modulus is determined by the dynamic test at a very low 
frequency, such as, testing duration in 5 minutes corresponding 3.3 x 10-3 Hz, while dynamic elastic 
modulus is determined at high frequency, in this case, is 100 kHz. Therefore, the stress-strain behavior 
is apparently different.  

 

 
 

Fig. 8. Correlation between static and dynamic elastic modulus 
 

4.  Conclusion 
 

 When concrete is subjected up to 800oC, the degradation can be clarified into two types: water 
loss-dominated degradation below 400oC and decomposition-dominated degradation beyond  
400oC: 

(1) At 105oC, due to long time exposure, the strength, modulus of elasticity and velocity 
reduced significantly. The mechanism is associated with the evaporation of capillary 
water. Between 105 and 400oC, the weight was almost not changed, but strength and 
elasticity continued to degrade. During this temperature exposure, the bound water in 
hydrated products is released, but due to the very fine structure change, it has a negligible 
effect on the weight. In contrast, the water release had a great impact on mechanical 
properties and velocity. 

(2) The surface cracks are very pronounced after 400oC, the loss of strength and ultrasonic 
velocity was gradual. Between 600oC to 800oC the concrete lost over 80% of its original 
strength, and the change in strength and ultrasonic velocity became saturated. The C-S-H 
structure may be dramatically decomposed due to the phase transformation into β-C2S. 

 The ultrasonic wave measurement method is sensitive to thermal degradation especially for 
damage caused by water content loss and the decomposition of portlandite at 105oC and between 
400 to 600oC, respectively. S-waves are better indicator of thermal damage than P-wave, 
resulting from water loss below 200oC. 
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 A strong correlation between dynamic and static elastic modulus was obtained for concrete 
exposed to temperature range of 25 to 400oC, corresponding to dynamic elastic modulus range 
from 20 - 40 GPa. Within this range, laser ultrasonic can be utilized to monitor damaged caused 
by water loss. After 400oC, concrete is severely damaged due to the formation of crack and the 
decomposition of cement paste phases, which cause the significant decay of the ultrasonic wave, 
thus laser ultrasonic method is not suitable. 
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