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ABSTRACT: Stack Imaging of spectral amplitudes Based on Impact Echo (SIBIE) procedure is developed as 
an imaging technique applied to the impact-echo, where defects in concrete are identified visually at the 
cross-section. In this study, the SIBIE procedure is applied to identify ungrouted post-tensioning ducts in 
prestressed concrete. Concrete slabs containing an ungrouted duct, a partially-grouted duct, and a fully-
grouted duct of metal and polyethylene sheaths were tested. It is concluded that results are successful.  

1 INTRODUCTION 

Stack Imaging of Spectral Amplitudes Based on Im-
pact-Echo (SIBIE) procedure is developed to im-
prove the impact-echo method. The impact-echo 
method is well known as a non-destructive testing 
for concrete structures (Sansalone 1997 a, b). The 
method has been applied to such types of defects in 
concrete as thickness measurement of a slab, grout-
ing performance and void detection in a post-
tensioning tendon duct, identification of surface-
opening crack depth, location of delamination and 
determination of material properties. 

The impact-echo method has been widely applied 
to identification of void in tendon-ducts (Sansalone, 
1997 a, b, Jaeger, 1996). In principle, the location of 
void is estimated by identifying peak frequencies in 
the frequency spectrum. However, the frequency 
spectrum cannot always be interpreted successfully, 
because many peaks are often observed in the spec-
trum. Particularly, in the case of a plastic duct, it be-
comes more difficult to interpret the frequency spec-
trum due to the existence of many peaks. This is 
because a plastic duct has lower acoustic impedance 
than concrete or grout. In order to circumvent it, SI-
BIE procedure is developed (Ohtsu 2002). SIBIE 
procedure has been applied to void detection within 
tendon ducts (Alver, 2007). In this study, the proce-
dure is applied to a concrete specimen containing 
metal and plastic sheaths for post-tensioning tendon 
duct. Concrete slabs containing an ungrouted duct, a 
partially-grouted duct, and a fully-grouted duct of 
metal and polyethylene ducts are tested. 

It is demonstrated that the void within tendon 
duct can be identified with reasonable accuracy by 
SIBIE in all the cases tested. 

2 IMPACT-ECHO METHOD 

The cross-section of specimen is shown in Figure 1. 
When the elastic wave is driven, the paths of the 
elastic wave are shown. Frequency spectrum is in-
terpreted by applied a fast Fourier transform (FFT) 
analysis to obtained waveform from output point. In 
this spectrum, peak frequencies are appeared at ft 
and fvoid, and calculated as  

 
fT 

= Cp / 2T,
                                            

 (1) 
 

fvoid 

= Cp / 2d,                             (2) 
 

where Cｐ = velocity of P-wave; T = plate thickness; 
and d = covered depth. 

The plate thickness and the covered depth are ob-
tained by substituting the ft or fvoid with Cp into these 
equations. 
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Figure 1. Principle of void detection. 

3 SIBIE PROCEDURE 

SIBIE procedure is a post-processing technique to 
impact-echo data. This is an imaging technique for 



detected waveforms in the frequency domain. In the 
procedure, first, a cross-section of concrete is di-
vided into square elements as shown in Figure 2.  
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Figure 2. SIBIE imaging model. 

 
Then, resonance frequencies due to reflections at 

each element are computed. The travel distance from 
the input location to the output via the element is 
calculated as (Ohtsu, 2002), 

 

R = r1+ r2.

                               (3) 

   
Resonance frequencies due to reflections at each 

element are calculated from, 
 

fR = Cp / R,                               (4) 
 

fr2 = Cp / r2.

                               (5) 
 
Spectral amplitudes corresponding to these two 

resonance frequencies in the frequency spectrum are 
summed up. Thus, reflection intensity at each ele-
ment is estimated as a stack image as Figure 3. The 
minimum size of the square mesh ∆ for the SIBIE 
analysis should be approximately equal to Cp∆t / 2. 
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Figure 3. Example of SIBIE result. 

4 EXPERIMENTAL STUDIES 

4.1 Specimen 

For the experiment studies, a concrete specimen was 
used. The specimen was designed of dimensions 400 

mm × 1000 mm × 260 mm and next case. Two post-
tensioning tendon ducts were contained in the con-
crete specimen. The diameter of the metal duct is 60 
mm, the polyethylene duct is 65 mm. It is located at 
100 mm depth from the top of the specimen. In order 
to confirm an application of SIBIE to a Polyethyl-
ene tendon duct, a specimen containing a Polyethyl-
ene duct was made. The specimen is illustrated in 
Figure 4. First, the ducts were ungrouted at meas-
urement. Next, the ducts were partially-grouted as a 
Figure 5, then the ducts were fully-grouted. Mixture 
proportions of concrete are listed in Table 1, along 
with the slump value and air contents. Mechanical 
properties of concrete moisture-cured at 20

ο

C for 28 
days are summarized in Table 2. 
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Figure 4. Overview and side view of the specimen. 
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Figure 5. Grouting plan of the specimen. 

 
Table 1. Mixture proportion and properties of concrete.  

Weight per unit volume (kg/m3) 

W/C (%) Water Cement 
Fine 

aggregate 
Coarse 

aggregate 

55 182 331 743 1159 
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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 



Table 2. Mechanical properties of concrete at 28–day standard cured.  
Compressive 

strength (MPa) 
Young’s modulus 

(GPa) 
Poisson’s 

ratio 

32.5 29.8 0.28 

4.2 Ultrasonic pulse-velocity test and Impact-test 

P-wave velocity is a very important parameter in us-
ing Impact-Echo method. P-wave velocity of the test 
specimen was obtained as 4025 m/s by the ultrasonic 
pulse-velocity test. Dimensions of the specimen 
tested are 100 mm × 100 mm × 400 mm as shown in 
Figure 6. In the impact test, the aluminum bullet of 8 
mm diameter was shot by driving compressed air 
with 0.05 MPa pressure to generate elastic waves. 
Figure 7 shows the aluminum bullet. It is confirmed 
that the upper bound frequency due to the impact 
could cover up to 40 kHz, by using an accelerometer 
system. Fourier spectra of accelerations were ana-
lyzed by Fast Fourier Transform (FFT). Sampling 
time was 4 µsec and the number of digitized data for 
each waveform was 2048. The locations of impact 
and detection are also shown in Figure 8. Two ac-
celerometers were used at the detection points to re-
cord surface motions caused by reflections of the 
elastic waves. 
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Figure 6. Ultrasonic pulse-velocity test. 
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Figure 7. Aluminum bullet. 
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a) Overview of specimen. 
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b) Top view of specimen. 
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c) Cross section view of duct. 

Figure 8. Impact point. 

5 RESULTS AND DISCUSSION 

5.1 Results of ungrouted ducts 

Frequency spectra obtained by the impact-test are 
given in Figure 9. Figures 9a and 9b are spectra of 
the impact test at the ungrouted polyethylene duct, 
the former is the result obtained by right acceler-
ometer and the latter is the result obtained by left ac-
celerometer. Figures 9c and 9d are results of the un-
grouted metal duct obtained by right and left 
accelerometers, respectively. Calculated values of the 
resonance frequencies due to thickness, fT = Cp/2T, 
void, fvoid = Cp / 2d and f’void= Cp / d are indicated 
with lines (Sansalone, 1997, and Ohtsu, 2002). It 
can be seen from the frequency spectra that it is dif-
ficult to identify particular peaks since there are 
many peaks.  

SIBIE analysis was conducted by simply adding 
two impact-echo results obtained from two acceler-
ometers for each case to visually identify location of 
the void in polyethylene and metal ducts. The cross-
section of the concrete specimen was divided into 
square elements to perform the SIBIE analysis. In 
this study, the size of square mesh for SIBIE analy-
sis was set to 10 mm. By using the frequency spectra 
given in Figure 9, the SIBIE analysis was conducted 
to visually identify the location of the void within 
the tendon duct. The SIBIE results for polyethylene 
duct and metal duct are given in Figure 10, which 
shows a cross-section of half of the specimen where 
the ducts are located. 
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a) Right accelerometer above polyethylene duct. 
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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 
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b) Left accelerometer above polyethylene duct. 
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c) Right accelerometer above metal duct. 
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d) Left accelerometer above metal duct.   
Figure 9. Frequency spectra obtained by the impact-test (the 
ducts were undrouted condition). 

 

 
a) Result of SIBIE analysis at polyethylene duct. 

 
b) Result of SIBIE analysis at metal duct.  

Figure 10. Results of SIBIE analysis (the ducts were ungrouted 
condition). 

 
The dark color regions indicate the higher reflection 

due to presence of void. Open circles indicate the 
ducts, and the impact point and the detection points are 
indicated by up-pointing arrows and a down-pointing 
arrow, respectively. It is clearly seen that there exists 
high reflection zone in front of the ungrouted metal 
and polyethylene ducts. There are no other high reflec-
tions observed at the cross-section. It is also confirmed 
that the location of polyethylene duct can be cleary 
identified by SIBIE procedure. 

 

 
a) Result of SIBIE analysis at polyethylene duct (1/4 grouted). 

 

 
b) Result of SIBIE analysis at polyethylene duct (1/2 grouted). 
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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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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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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 



 
c) Result of SIBIE analysis at polyethylene duct (3/4 grouted). 

 
d) Result of SIBIE analysis at metal duct (1/4 grouted). 

 
e) R esult of SIBIE analysis at metal duct (1/2 grouted). 

 
f) Result of SIBIE analysis at metal duct (3/4 grouted). 

  
Figure 11. Results of SIBIE analysis (the ducts were partially-
grouted condition). 

5.2 Results of partially-grouted ducts 

In Figure 11, SIBIE results of impact test for the 
case of partially-grouted ducts are shown. Black 
color of high reflection is clearly observed in front 
of the both types of the ducts. There are no other 
high reflections observed at the cross-section. It is 
also confirmed that the location of polyethylene duct 
can be identified by SIBIE procedure. 

5.3 Results of fully-grouted ducts 

The SIBIE results for the case of fully grouted is 
shown in Figure 12. Reflections can not observe in 
front of the polyethylene duct. Similar to the metal 
duct, reflections can not observe in front of the duct. 
Thus, it is confirmed that the SIBIE procedure is 
available for void detection within post-tensioning 
tendon duct.  

 
a) Result of SIBIE analysis at polyethylene duct. 

 
b) Result of SIBIE analysis at metal duct.  

Figure 12. Results of SIBIE analysis (the ducts were fully-
grouted condition). 

6 CONCLUSIONS 

Results obtained are summarized as follows: 
(1) Frequency spectra obtained by the impact test 

show the difficulty to identify the resonance fre-
quencies of void and thickness only from the spectra 
due to existence of many peaks.  
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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 



(2)The specimen were analyzed by SIBIE proce-
dure. Locations of ungrouted ducts and partially-
grouted ducts are visualized successfully. In con-
trast, no reflections are observed around the fully 
grouted ducts.  

Thus, it is demonstrated that the void within ten-
don duct can be identified with reasonable accuracy 
by SIBIE procedure. 
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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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free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  
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associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
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temperature, and λ is the heat conductivity; in this 
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