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ABSTRACT: In this study, a reinforced concrete slab specimen with an asphalt pavement was prepared in 
which horizontal cracks were artificially simulated. Horizontal cracks were detected from the pavement sur-
face by the impact elastic-wave method. Influence of varying frequency of input elastic wave on the detection 
of artificial flaws and applicability of detecting method was discussed. As a result, it was revealed that artifi-
cial flaws were highly detectable, by implementing the impact elastic-wave method from the asphalt pave-
ment surface, in a specimen with an assumed thickness of an ordinary reinforced concrete high way bridge 
slab and horizontal cracks at assumed locations (depths). It was also found that a single optimum diameter of 
the steel sphere could be determined for the impact elastic-wave method as long as it would be used only for 
the detection of horizontal cracks in reinforced concrete highway bridge slabs. 

1 INTRODUCTION 

Recently, horizontal cracks have been found in cut 
cross-sections of deteriorated reinforced concrete 
highway bridge slabs in Japan (Photograph 1). The 
horizontal cracks occur at the interface between ad-
ditional concrete and the upper surface of existing 
concrete and at the location of reinforcing bars in the 
existing concrete (Uchida et al. 2007). The occur-
rence or development of horizontal cracks is very 
difficult to detect by visual inspection from the top 
or bottom surface of slab. Establishing of a nonde-
structive method to detect horizontal cracks has 
therefore been required. 

Against the above background, the authors cre-
ated a slab specimen and artificially simulated inter-
nal horizontal cracks that could not be detected from 
the top or bottom surface of specimen. Horizontal 
cracks were detected using three different elastic-
wave methods: impact elastic-wave method, ultra-
sonic method and electro magnetic hammer method. 
Studies were discussed the sizes and depths of hori-
zontal cracks to which respective methods were ap-
plicable when detecting horizontal cracks. As a re-
sult, it was found that the impact elastic-wave 
method was capable of detecting horizontal cracks 
in the largest area among the above three methods. 
Specimens were also prepared that had asphalt 
pavements or waterproof layers, and the influences 
of these existences on the estimation of slab thick-
ness by the impact elastic-wave method were also 
examined. As a result of testing, it was revealed that 
waterproof layers or asphalt pavements had little in-
fluence during the estimation of slab thickness 

(Uchida et al. 2008). The applicability of the impact 
elastic-wave method to the detection of horizontal 
cracks was not yet fully indentified in the case 
where an asphalt pavement was installed. For rein-
forced concrete highway bridge slab in service, for 
slabs for which installing inspection scaffolding 
from the bottom surface of the slab is difficult in 
particular, establishing a method for detecting hori-
zontal cracks from asphalt pavement surface is of 
great significance. 

In this study, a reinforced concrete slab specimen 
with artificially simulated internal horizontal cracks 
was created to detect horizontal cracks from the sur-
face of asphalt pavement using the impact elastic-
wave method. Influence of varying frequency of in-
put elastic wave on the detection of artificial flaws 
and applicability of detecting method was discussed. 

Photograph 1. Outline of horizontal cracks in cut cross-
sections of deteriorated reinforced concrete slabs in Japan. 
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2 PRINCIPLE OF DETECING HORIZONTAL 
CRACKS FROM ASPHALT PAVEMENT 
SURFACE BY THE IMPCT ELASTIC-WAVE 
METHOD 

The principle of detecting horizontal cracks in rein-
forced concrete slabs by the impact elastic-wave 
method is shown in Figure 1. The method is based 
on the propagation of elastic waves produced by 
tapping a small steel sphere against the slab surface. 
The multiple reflections of the waves by the slab sur-
face and bottom surface or the multiple reflections of 
the slab surface and horizontal cracks are received 
by sensors installed on the surface and are trans-
formed into a frequency domain to obtain the peak 
frequencies (fT and fd in Fig. 1). Then, the thickness 
of the specimen T and the depth to the horizontal crack 
d are estimated based on the peak frequencies. 

The specimen used in the test is simulated a rein-
forced concrete highway bridge slab shown in Figure 
1. The slab was composed of an asphalt pavement, ad-
ditional concrete above the existing concrete (for de-
tails, refer to Section 3.1). The elastic wave velocity in 
asphalt is lower than in concrete. It was therefore nec-
essary to assume that the specimen was composed of 
two layers of different materials through which elastic 
waves propagated at different velocity. The theoretical 
peak frequencies corresponding to slab thickness and 
crack depth under the condition can be calculated by 
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where, fT is the theoretical resonant frequency corre-
sponding to the thickness of the specimen, fd is the 
theoretical resonant frequency corresponding to the 
depth of horizontal crack, Cp1 is the P-wave velocity 
through asphalt, Cp2 is the P-wave velocity through 
additional and existing concrete (the velocity is con-
sidered equivalent), T1 is the thickness of asphalt 
pavement, T2 is the combined thickness of additional 
and existing concrete and d is the depth to a horizon-
tal crack (Sansalone & Streett 1997). 

3 OUTLINE OF TEST 

3.1 Specimen 

Examined in this study is a reinforced concrete high-
way bridge slab shown in Photograph 1. Additional 

concrete was placed above the existing concrete to 
increate slab thickness and an asphalt pavement was 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
installed to overlay the concrete. A specimen simu-
lating highway bridge slab was prepared in accor-
dance with the "Upper surface thickness increase 
method - Design and construction manual" prepared 
by the Express Highway Research Foundation of Ja-
pan (1995). First, ordinary concrete of a thickness of 
180 mm was placed as the existing concrete. Then, 
the concrete surface was chipped and steel fiber re-
inforced concrete of a thickness of 50 mm was 
placed on the upper surface. An asphalt pavement of 
a thickness of 50 mm was installed to overlay the 
steel fiber reinforced concrete. The thickness of the 
specimen amounted to 280 mm. The length and 
width of the specimen were set to be 1800 mm, suf-
ficiently large for the thickness to minimize the ef-
fects of lateral reflections of waves. Figure 2 and 
Photograph 2 outline the specimen. The compressive 
strength of the ordinary concrete and the steel fiber 
reinforced concrete at 28 days were 30.5 and 32.6 
MPa respectively. On the other hand, the elastic 
modulus of the asphalt was 10 GPa. 

In order to simulate horizontal cracks in the specimen, 
polystyrene disks with a thickness of 6 mm and a diame-
ter of 50, 100, 200, 250 or 400 mm were placed as artifi-
cial flaws. The artificial flaws were located at three dif-
ferent depths in view of the locations of horizontal cracks 
in the reinforced concrete highway bridge slab in service 
(Photograph 1). The artificial flaws were installed at the 
interface between the additional concrete and the upper 
surface of existing concrete, and at the locations of the 
upper and lower edges of reinforcing bar in the slab. The 
arrangement of artificial flaws are shown in Figure 2 and 
Photograph 3. The relationship between the diameter and 
depth of artificial flaws are listed in Table 1. 
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Figure 1. Schematic diagram of the principle of detecting 
horizontal cracks in reinforced concrete slabs by the impact 
elastic-wave method. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



3.2 Measurement by impact elastic-wave method 

Photograph 4 shows the measurement by the impact 
elastic-wave method. Elastic waves were input and 
received on the points on the asphalt surface above 
artificial flaws. The distance between the points of 
elastic wave input and reception was 50 mm. 

In order to investigate the influences of varying 
frequencies of input elastic wave on the detection of 
artificial flaws, steel spheres of five different diame-
ters (4.0, 6.4, 11.0, 15.7 and 30.2 mm) were used. 
For receiving elastic wave, accelerometer with a re-
sponse sensitivity range of 0.003 to 30 kHz was 
adopted. The signals received by the sensors were 
recorded in a waveform acquisition device as accel-
eration versus time signals. Fourier spectra of accel-
eration were analyzed by fast Fourier transform 
(FFT). Sampling time was 1µs. 

Wave velocity through ordinary and steel fiber 
reinforced concretes were obtained by measurement  

Table 1. Relationship between diameter and depth of artificial 
flaws. 

Depth (mm) 
Diameter 

(mm) 
100 130 250 

50 ● − − 

100 ● − − 

200 ● ● ● 

250 ● ● ● 

400 ● ● ● 

−: Artificial flaw was not placed. 

●: Artificial flaw was placed. 

 
using the impact elastic-wave method at the surface 
of steel fiber reinforced concrete before the construction 
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Figure 2. Outline of specimen and arrangement of artificial flaws. 

Photograph 2. Outline of specimen. Photograph 3. Arrangement of artificial flaws. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



of the asphalt pavement. If the peak frequency on 
the frequency spectrum and specimen thickness is 
known, the wave velocity can be estimated by 

 

TfCp
′′2=                              (3) 

 
where, f' is the peak frequency on the frequency 
spectrum and T' is the combined thickness of ordi-
nary and steel fiber reinforced concrete (230 mm). 
Cp is the P-wave velocity through ordinary and steel 
fiber reinforced concrete. The wave velocity through 
ordinary and steel fiber reinforced concretes re-
garded as a single composite medium was set to be 
3902 m/sec. based on the mean of measurements 
taken at multiple points. The velocity through the 
asphalt pavement was calculated by ultrasonic 
method using two probes that were installed on the 
surface of the asphalt pavement. The mean of meas-
urement taken at multiple points was 2730 m/sec., 
which was nearly identical to 2800 m/sec., the wave 
velocity through asphalt pavements shown in an ex-
isting research (Sansalone & Streett 1997). In this 
study, therefore, a wave velocity of 2700 m/sec. ob-
tained by measurement was adopted. 

4 TEST RESULTS AND DISCUSSIONS 

4.1 Selection of steel sphere diameter 

When detecting horizontal cracks efficiently from 
the surface of asphalt pavement of a reinforced con-
crete highway bridge slab in service by the impact 
elastic-wave method, the number of diameters of the 
steel sphere used for inputting elastic waves should 
preferably be minimized. The thickness of rein-
forced concrete highway bridge slab is generally 
specified in manuals (Express Highway Research 
Foundation of Japan 1995) or other documents in 
most cases. The locations of horizontal cracks in the 
slab have also been identified by cutting the rein-
forced concrete bridge slab in service (Photograph 
1). In this study, the thickness of the specimen was 
first estimated in the case with no flaws where the 
resonant frequency was assumed to be lowest. Then  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
easurements were made in the case of a flaw depth 
of 100 mm at which the resonant frequency was ex-
pected to be highest. A steel sphere that could be 
used for evaluation in both cases was considered to 
be fully applicable to flaws at depth of 130 mm and 
250 mm (resonant frequency at these flaw depths 
was lower than at a flaw depth of 100 mm). 

Figure 3 shows the frequency spectra obtained for 
respective steel sphere diameters. The arrows indi-
cate the theoretical resonant frequency correspond-
ing to the thickness of the specimen (fT = 6.5 kHz). 
The broken lines indicate the theoretical resonant 
frequency corresponding to the artificial flaw depth 
(fd = 16.1 kHz). In the frequency spectra in the cases 
with no artificial flaws (Figure 3 a)), a peak is clear-
ly identified nearly at the position of fT at all the di-
ameters of steel sphere except 4.0 mm. It was thus 
found that the thickness of the specimen could be es-
timated in the case where a steel sphere diameter 
was 6.4, 11.0, 15.7, or 30.2 mm. 

In the cases of a flaw of 200-mm diameter and 
100-mm depth (Figure 3 b)), frequency peaks at a 
level lower than fT regardless of the diameter of the 

Steel sphere 

Accelerometer 

Photograph 4. Measurement by impact elastic wave method. 
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Figure 3. Frequency spectra obtained for respective steel 

sphere diameters. 
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moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



steel sphere. The peak (approximately 4.6 kHz) 
tends to gradually become predominant as the di-
ameter of the steel sphere increases. In the case 
where artificial flaws existed on the wave propaga-
tion route, waves got around the flaws. Then, the 
elastic wave propagation distance (the minimum dis-
tance from the point where the steel sphere was 
tapped to the bottom surface of the specimen) was 
longer than in the case with no artificial flaws (Fig.  
4). As a result, resonant frequency corresponding to 
the thickness of the specimen fT shifts toward a 
lower frequency as identified by a study of Sansa-
lone & Streett (1997). A wave velocity of 2730 
m/sec. through asphalt, a wave velocity of 3902 
m/sec. through concrete and steel fiber reinforced 
concrete were assumed, and elastic wave propaga-
tion distance through asphalt was geometrically as-
sumed to be 70.7 mm and wave propagation distance 
through concrete and steel fiber reinforced concrete 
was assumed to be 277.4 mm (including a thickness 
of artificial flaw of 6 mm). Then, the resonant fre-
quency corresponding to the minimum distance from 
the point of tapping the steel sphere to the bottom 
surface of specimen (348.1 mm) was calculated us-
ing equation (1). The result was 5.2 kHz, close to the 
peak indicated in the figure (approximately 4.6 
kHz). In this study as well as in the study of Sansa-
lone, it was verified that the resonant frequency cor-
responding to the thickness of the specimen fT 

shifts 
toward a lower frequency in the case where an arti-
ficial flaw exists. 

Next, the frequency bandwidth in the vicinity of 
the resonant frequency corresponding to the artificial 
flaw depth fd was examined. It was also evident that 
fd was well in agreement with the peak in the fre-
quency spectrum at steel sphere diameters of 4.0 and 
6.4 mm. At steel sphere diameters of 11.0, 15.7 and 
30.2 mm, fd element in the frequency spectrum de-
creases as the steel sphere diameter increases. If a 
steel sphere of any of these diameters is used, there-
fore, detecting artificial flaws may be difficult. 

The above discussions have revealed that a steel 
sphere diameter of 6.4 mm is appropriate when 
evaluating the thickness and artificial flaw depth for 
a specimen that simulates a reinforced concrete 
highway bridge slab. The result suggests the follow-
ing. When using the impact elastic-wave method for 
detecting horizontal cracks in an ordinary reinforced 
concrete highway bridge slab from the pavement 
surface, steel spheres of varying diameters should 
first be used to calculate frequency spectrum. The 
steel sphere of the minimum diameter that can en-
able the verification of the peak frequency corre-
sponding to slab thickness should be selected. Thus, 
a sole steel sphere diameter can be determined, and 
horizontal cracks can be detected efficiently. 

4.2 Characteristics of measured frequency spectra 

Based on the descriptions in the preceding section, a 
steel sphere of a diameter of 6.4 mm was used for 
inputting elastic waves. Figure 5 shows frequency 
spectra. As in Figure 3, fT and fd are indicated by an 
arrow and a broken lines, respectively. The results 
shown in Figure 5 can be classified into two catego-
ries: case of an artificial flaw of 50-mm or 100-mm 
diameter and 100-mm depth, and the other cases. In 
the former cases, the diameter of the artificial flaw is 
equal to (diameter/depth = 1.0) or smaller than (di-
ameter/depth = 0.5) the depth. The artificial flaw is 
therefore not sufficiently large as the point of elastic 
wave reflection, and multiple reflections are unlikely 
to occur. This may be the reason why confirming a 
sole peak corresponding to the artificial flaw depth 
is difficult in the frequency spectrum. According to 
the results of a study that the authors conducted us-
ing a specimen simulating a reinforced concrete 
highway bridge slab with no asphalt pavement 
(Uchida et al. 2008), the minimum diameter/depth 
ratio of a flaw that that can enable the detection of 
the artificial flaw is approximately 1.0. In the case 
with an asphalt pavement, therefore, the elements of 
multiple reflections may be reduced in waveforms 
received at the pavement surface due to the attenua-
tion or scattering of elastic waves by asphalt mix-
tures, and the capacity to detect flaws may be de-
creased. 

In the latter cases, fd (indicated by dotted lines in 
Figure 5) is evidently in agreement with the peak in 
the frequency spectrum in all of the cases. In the 
cases of a flaw diameter of 200 mm and a flaw depth 
of 100 or 130 mm, ft becomes predominant with the 
increase of flaw depth and fd is reduced. The similar 
tendency is also found in the case of a flaw diameter 
of 250 or 400 mm. Elastic wave input by tapping a 
steel sphere generally propagate as spherical waves. 
In the case of a small flaw depth, the percentage of 
elastic waves that are reflected is higher at the loca-
tion of the flaw than on the bottom surface of the 
specimen. This may be the reason why fd is more 
predominant than fT in the frequency spectrum. At a 
flaw depth of 250 mm (a flaw diameter of 200, 250  
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Figure 4. Schematic diagram in the case where artificial 

flaws existed on the wave propagation route. 

Sensor 

50 

180 

Impact 

Asphalt pavement 

Existing concrete 

280 

Additional concrete 

［Unit: mm］ 

Artificial flaw 

Proceedings of FraMCoS-7, May 23-28, 2010

hThD ∇−= ),(J                             (1) 
 

The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



or 400 mm), the depth of the flaw serving as the 
point of wave velocity reflection is located nearly at 
the same depth as the bottom surface of the speci-
men (at a depth of 280 mm). Neither fT nor fd there-
fore can be confirmed simultaneously in the fre-
quency spectrum. Next, focus is placed on the 
frequency spectrum in the case of a flaw depth of 
130 mm (a flaw diameter of 200, 250 or 400 mm). 
As the flaw diameter increases, fd is more predomi-
nant than fT. This is because the reflector of elastic 
waves increased with the flaw diameter. The ten-
dency is the same as in the case of a flaw depth of 
100 mm. 

4.3 Diameter and depth of detectable flaws 

The relationship between diameter and depth for de-
tectable flaws are listed in Table 2. In this section, 
the flaws for which peak frequency could be con-
firmed near fd in the frequency spectrum were de-

termined to be detectable (indicated by circled in 
Table 2) base on the results described in the preced-
ing section. The other flaws were determined to be 
difficult to detect (indicated by crosses). The peak 
frequency in the case of a flaw depth of 250 mm 
shown in Figure 5 is nearly the same as the peak fre-
quency in the case with no flaws (a steel sphere di-
ameter of 6.4 mm) shown in Figure 3 because the 
flaw depth is nearly level with the bottom surface of 
the specimen (at a depth of 280 mm). At present, 
therefore, it is difficult to determine that there is 
flaw. The flaw is, however, determined to be detect-
able (indicated by triangles in Table 2) based on 
whether peak frequency is found or not. In the fu-
ture, other parameters than peak frequency will be 
considered. A horizontal crack detection method 
will be built based on the shape of frequency spec-
trum and frequency analysis methods, and improved 
further. 

 

 
Figure 5. Frequency spectra for all test cases. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



Table 2. Relationship between diameter and depth for detect-

able flaws. 

Depth (mm) 
Diameter 

(mm) 
100 130 250 

50 × − − 

100 × − − 

200 ○ ○ ∆ 

250 ○ ○ ∆ 

400 ○ ○ ∆ 

−: Artificial flaw was not placed. 

○: Detectable. 

∆: Difficult to determine that there is flaw. 

×: Undetectable. 

5 CONCLUSIONS 

Conclusions are summarized as follows: 
1） The impact elastic-wave method was applied 

from the asphalt pavement surface of a speci-
men that simulated an ordinary reinforced con-
crete highway bridge slab. As a result, it was re-
vealed that artificial flaws simulating horizontal 
cracks in the specimen could be detected. 

2） For reinforced concrete highway bridge slabs, 
the total thickness of the slab, and the thick-
nesses of existing concrete, additional concrete 
and asphalt pavement are mostly known. The 
depth at which horizontal cracks occur can also 
be predicted based on the thicknesses related to 
the slab. As long as horizontal cracks are de-
tected in reinforced concrete highway bridge 
slabs with such characteristics as described 
above, a sole diameter can be selected for the 
steel sphere used for the impact elastic-wave 
method. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
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Norling Mjornell (1997) is adopted because it 
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reaction and SF content. This sorption isotherm 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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                 (5) 

 
where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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