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ABSTRACT: The impact echo method suffers from unstable generation of elastic waves, and it is difficult to 
distinguish the signal to be measured because the reflected wave overlaps the vibrations of the strike surface. 
Our research is aimed to improve the accuracy of this method. For this purpose, the impact points were ar-
ranged in a line. By two-dimensional finite element simulation we investigated whether its application to PC 
grout evaluation was possible. As a result of grout evaluation of tendon ducts with depth of 275 mm and di-
ameter of 38 mm, we confirmed that parts missing grout could be detected. 

1 INTRODUCTION 

In existing pre-stressed concrete (PC) structures, 
tendon ducts, which are not completely filled by 
grout, the mixture of water and cement are con-
formed. The part not filled by grout threatens the 
safety of a structure by promoting steel corrosion 
within the structure. Therefore, accurate detection of 
ducts not filled with grout is important for the ad-
ministration of concrete structures. 

For this, we chose impact echo method (Sansa-
lone & Streett. 1997). The principle of detecting sec-
tions missing grout is as follows. An impact gener-
ated wave, which is assumed to be a compression 
wave, propagates in a solid, such as concrete. An 
elastic wave reflected from the ungrouted part in the 
tendon duct, which is assumed to be air, is observed 
on the surface as a tension wave, because a phase 
change occurs. The grouted part, however, reflects a 
compression wave. Thus detection of an ungrouted 
part is possible. 

However, one problem with the impact echo 
method is the existence of R-waves. When the sur-
face of the wall is impacted, three types of wave oc-
cur: P-waves, S-waves and R-waves. If the meas-
urement point is near the impact point, R-waves 
arrive at the measuring point before the reflected 
wave, and vibration caused by the R-wave remains 
even after it has passed. Because the reflected wave 
is only around one-tenth of the amplitude of the R-
wave, it is difficult to specify the surface vibration 
of the reflected wave. Thus, we propose a highly ac-
curate impact echo method, which uses the arithme-
tic mean of the time domain signal of many impact 

points. The locations of the impact points are deter-
mined when the influence of the surface wave is re-
duced, and the reflected wave from the tendon duct 
becomes large in arithmetic mean. We carried out 
experiments that arranged the impact points on the 
circumference of an ellipse and carried out two-
dimensional finite element simulation to confirm the 
validity of this method. 

This research is intended to improve the accuracy 
of the impact echo detection method. For this pur-
pose, the location of impact points was arranged on 
a line. Using two-dimensional finite element simula-
tion we investigated whether it could be applied to 
PC grout evaluation.  

2 ANALYSIS  

2.1 Analysis model 

An analysis model using the finite element method 
(FEM) is shown in Figure 1. The tendon duct is 
steel of diameter 38 mm and thickness 0.5 mm. The 
depth from the surface to the centre of tendon duct is 
275 mm. We simulated models for areas filled with 
grout and missing grout. 

If the duct is grout filled, a reinforcing bar with a 
diameter of 32 mm was arranged in the centre of the 

 
Table 1. Material properties. 
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Table 2. Size of mesh for FEM simulations. 

 
 

duct. The material properties are shown in Table 1. 
Table 2 is a size of mesh for FEM simulations. 

 

 
Figure 1. Analysis model for a concrete specimen. 

 

 
Figure 2. Pressure distributions as hertz distribution for a di-
ameter of 2.6 mm. 

 

 
Figure 3. Load amplitude acts sinusoidally on the contact re-
gion in the time domain. 

2.2 Load conditions 

The load conditions were excited with an airsoft 
gun. The airsoft gun shoots 6 mm plastic pellets 
from the muzzle with velocity of about 100 m/s. The 
mass of a pellet is 0.12 g. The material properties of 
the pellet are shown in Table 1. 

From additional experiments, we learnt that the 
average contact diameter of a pellet was 2.6 mm. 
The impact force given to the concrete surface as a 
hertz distribution is shown in Figure 2. Assuming 
that the impact velocity of a pellet was 100 m/s and 
the reflection velocity was 50 m/s, the contact time 
(Gugan, D. 2000), calculated from the material 
properties in Table 1 was 22.3 µs. It was assumed 
that the load, which varied sinusoidally during this 

contact time acted on the contact region as shown in 
Figure 3. The maximum pressure Pmax is 360 MPa 
(Timoshenko, S.P. & Goodier, J.N. 1982). 
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Figure 4a. Velocity in the direction normal to the measurement 
surface (s = 0 mm) for missing grout. 
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Figure 4b. Velocity in the direction normal to the measurement 
surface (s = 0 mm) for a grouted duct. 
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Figure 5. Velocity in the direction normal to the measurement 
surface (s = 40 mm, 80 cm, 120 cm) for a missing grout. 
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Figure 6. Velocity in the direction normal to the measurement 
surface (s = 40 mm, 80 cm, 120 cm) for missing grout. 
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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 

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

 
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 RESULTS 

Figure 4 shows the velocity in the direction normal 
to the measurement surface, which was excited di-
rectly above the tendon duct (s = 0 mm). Figure 4a 
shows the case of the missing grout and Figure 4b 
shows a duct filed with grouting. In Figure 4, the 
positive direction of velocity is the outward direc-
tion of the measurement surface. As shown in figure 
4a, because the tendon duct is hollow when grout is 
missing, the velocity variation caused by the tendon 
duct reflected elastic wave is similar to the reflected 
wave from a bottom face. Therefore, the tendon duct 
reflected wave becomes a tension wave as the veloc-
ity changes from negative to positive. On the other 
hand, when the duct is filled with grouting, the ten-
don duct reflected wave becomes a compression 
wave, as velocity changed from positive to negative. 

Generally, in the impact echo method, there is a 
distance between the excitation point and measuring 
point. So the surface vibration simulation result, 
with the excitation point shifted from directly over-
head (s = 40, 80, 120 mm) is shown in Figure 5. The 
arrival time of the elastic wave will be almost equal 
in practice, but the magnitude of attenuation of the 
vibration is not useful because this simulation has 
not considered scattering and attenuation—it is a 
two-dimensional analysis. 

In Figure 5, the delay of the arrival time of the 
surface wave is proportional to the distance—the 
difference in the arrival time is large. However, the 
propagation distance from the impact point to the 
tendon duct is almost equal, so the difference in the 
arrival times is small, as shown in Figure 6. 

4 DISCUSSION 

As a result of simulation, when the airsoft gun was 
used for excitation, the reflected wave from the ten-
don duct was identified in the measurement surface. 
It is necessary to ensure that the reflected wave has 
adequate amplitude for measurement. 

In Figure 4, the amplitude of the tendon duct re-
flected wave is of the order of 0.1 m/s. This means 
that the same amplitude of surface vibration can be 
produced by impact pressure distributed along the 
tendon duct, as shown in Figure 2. In reality, if the 

load area in a circle with a diameter of 2.6 mm is 
considered, we expect a magnitude ranging from 
1/100 to 1/1000 of this amplitude. When using a la-
ser Doppler vibrometer or an acceleration pickup for 
the measurement, velocity amplitudes of the order of 
0.1 mm/s can be measured. 

However, it is expected that the attenuation of the 
elastic wave by tendon duct reflection is significant. 
Therefore, it is considered that judgment using a tra-
ditional method, based on multiple reflections of the 
elastic wave, is difficult. 

Thus, we paid attention to the shape of the first 
reflected wave from the tendon duct, which is ex-
pected to be useful for tendon duct grout evaluation. 
In other words, the judgment criterion is whether the 
first reflected wave from the tendon duct is a com-
pression or tension wave. Furthermore, shifting the 
results of surface vibration such that the tendon duct 
reflected waves arrive at the same time improves the 
waveform accuracy because the surface wave is 
weakened by a difference in the time of arrival and 
the reflected wave is strengthened. 

5 CONCLUSIONS 

We carried out FEM simulation which uses a soft air 
gun for excitation.  

The reflected wave from a tendon duct 275 mm 
deep at the centre with a diameter of 38 mm, was 
identified by vibrating it with enough intensity to 
measure its surface vibration. 

If the measurement point is fixed directly over the 
tendon duct, and the impact point moves at a right 
angle, the arrival times of the reflected wave is al-
most equal to that of the arrival time of the surface 
wave. Using this result, we can reduce the influence 
of the surface wave by synchronizing the time of ar-
rival of reflected wave from the tendon 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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vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
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assume that the evaporable water is a function of 
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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 
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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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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 
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where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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