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In this study, the relationship between inhomogeneity in cementitious
material and stress wave parameters is investigated by measuring
parameters of through transmission measurements of ultrasonic
waves. Except from the inherent inhomogeneity of this type of
material, the presence of damage in the form of cracks can lead to
even more highlighted velocity dispersion and attenuation
phenomena for specific bands of frequencies. Therefore, different
contents of crack-like, film-shaped particles are included during
casting of concrete to evaluate the contribution of distributed
damage in the observed wave parameters. Experiments are carried
out using low- and high-frequency sensors with the range of
frequencies also covering those used for in-place application.
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INTRODUCTION
Concrete is under continuous action of different deteriorating

parameters—thermal stress cycles due to seasonal temperature
variations as well as freezing and thawing in colder environments
that results in expansion and contraction. Additionally, the
structural service loads, earthquakes, and the influence of
environmental agents cause a distributed pattern of deterio-
ration in the material. Because the possibility of concrete
failure may have severe consequences, the issue of damage
quantification is of paramount importance for civil engineering
structures. Nondestructive testing techniques, specifically stress
waves, have been used for many decades to estimate the damage.
Features commonly used are the velocity of ultrasound
through the material as well as acoustic emission activity.1-3

The internal condition of the material that influences the
strength also influences the overall elastic properties and
therefore stress-wave characteristics such as velocity and
attenuation. The relationship between pulse velocity and
strength has been studied extensively. Sound concrete with
high strength generally exhibits high propagation velocity.4-9

This correlation has led to the implementation of ultrasonic
pulse velocity measurements to models for prediction of
concrete strength.10-13 Additionally, propagation characteristics
can be correlated with distributed damage, evolved after
subjection of the material to thermal cycles.14,15 It has been
shown that damaged concrete generally exhibits lower
velocity than sound concrete.14-21 Porosity also has a negative
effect on velocity and transmission, acting as discontinuity that
reduces the overall elastic modulus.22,23 Although much
research concerning the relation between damage and pulse
velocity has been published, a unique correlation cannot not
be established. This is due to the inhomogeneity of the material
itself. Different cement type, water-cement ratio (w/c),
aggregate and sand content, type and grading, and air
bubbles make any mixture unique. Additionally, the form of
damage is not always the same because cracks can vary from
the order of micrometers to centimeters. Also, considering

the orientation and the number of cracks (or the volume
content of damage), it is understandable that all the previous
parameters make any structure different and the task of
distributed damage quantification complicated.

In addition to pulse velocity, energy parameters are
considered even more sensitive to damage. For certain
deterioration of concrete, wave velocity may be reduced to
some extent, but the energy reduction is much more evident
and starts even with slight damage accumulation.14,15,24-26

Distributed damage has been simulated experimentally with
inclusions of light material in mortar.16,17

In the present work, different contents of thin plastic
inclusions are embedded during casting of mortar. Therefore,
the correlation of wave parameters with the actual content
can be investigated. Additionally, the influence of different
sizes of inclusions, resembling thinner and thicker cracks, is
also addressed. This work aims to increase the experimental
data on this crucial subject of damage characterization using
a nondestructive method.

RESEARCH SIGNIFICANCE
This study aims to highlight the dispersive nature of

cement-based materials. The inhomogeneity induced by
damage causes variations to wave velocity and attenuation
that also depend on the excited frequency. Therefore, in
addition to the widely used pulse velocity of low frequencies,
concrete nondestructive testing should be enhanced by wave
energy parameters and the application of different frequencies
when possible. Also, the flakey shape of the inclusions used
in this study to simulate damage in concrete is more realistic
than the previously used ones with a spherical shape.

EXPERIMENTAL PROCEDURE
Materials

Cubic mortar specimens with 150 mm (6 in.) sides were
investigated. The mortar matrix had a w/c of 0.5 and sand-
cement ratio (s/c) of 3. The maximum size of sand grain was
3 mm. The density of plain mortar was 2164 kg/m3

(135.1 lb/ft3). The inclusions were cut from commercially
available vinyl sheets of different thicknesses. The density of
vinyl was assumed to be 1200 kg/m3 (74.9 lb/ft3) and the
elastic modulus was 2.5 GPa (363 ksi) from values available
in the literature. The two cases presented in this paper
concern inclusions with a shape of 15 x 15 x 0.5 mm (0.59 x
0.59 x 0.02 in.) as well as 30 x 30 x 0.2 mm (1.18 x 1.18 x
0.007874 in.). The plate shape resembles actual cracks much
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closer than the spherical shape that has been used in other
research works. Also, using this technique, the effect of
different crack shapes and sizes could be investigated. The
inclusions were added to each specimen in different volume
contents after the other mortar ingredients had already been
mixed. Therefore, mortar specimens with 1, 5, and 10% by
volume of vinyl inclusions were produced. The mortar with
the plastic inclusions was mixed for another minute in a
mechanical mixer (refer to Fig. 1(a)), and then cast in the
cubic molds. A pilot specimen exhibited that there was no
tendency of conglomeration of the particles, as seen in
Fig. 1(b). Although absolutely uniform dispersion of the
inclusions cannot be guaranteed, it seems that the distribution
and orientation of the particles could be considered
random. The dimensions of the plastic inclusions were much
larger than the sand grain dimensions; therefore, it can be
assumed that the inhomogeneity of the whole material is
attributed to the inclusions and not the mixture design
parameters. The specimens were cured in water for 28 days
and the measurements were conducted on dry specimens.

Stress wave measurements
Measurements were conducted through the thickness of

the specimens (wave path of 150 mm [6 in.]) with the sensors
placed on the center of the opposite sides of the cube. The
direction was perpendicular to the direction of casting. The
pulse generator is a commercially available model that
introduces a short electrical pulse of duration less than 2 μs.
It was connected to a piezoelectric transducer, with high
sensitivity to the lower frequency band (below 200 kHz),
commonly used for acoustic emission testing of concrete.
The receiver was of the same type whereas the signal was
preamplified and digitized with a sampling rate of 10 MHz.
Considering the transit times measured (approximately
40 μs), the sampling interval of 0.1 μs induces an error of
0.25%. A layer of silicone was applied between the sensor
and mortar specimen to ensure acoustic coupling. The
measurements were repeated on the other side and results
presented herein come from the average of the measurements.

Additionally, in other cases when narrow band pulses were
applied, as will be described in another section, a function
synthesizer of controllable output was used. This way, tone
bursts of different frequency were excited, namely, 10, 30,
50, 80, 100, 150, and 500 kHz with a duration of 10 cycles.
For the frequency of 500 kHz, another pair of broadband
sensors were used to transmit the signal reliably.

RESULTS AND DISCUSSION
Pulse velocity

The first set of experiments conducted with the broad band
pulse generator includes frequencies of up to approximately
150 kHz. The velocity presented is measured by the first
detectable arrival of the receiver’s waveform corresponding
to what is generally regarded as pulse velocity. This parameter
is measured at 4213 m/s (13,822 ft/s) for mortar. With the
addition of a small percentage of vinyl inclusions (1%), the
velocity does not seem much influenced (refer to Fig. 2). For
higher percentages though, a certain decrease can be seen.
Five-percent damage results in a velocity of 4050 m/s
(13,287 ft/s) or a decrease of 4%, whereas additional
inclusions to 10% by volume result in velocities below
3800 m/s (12,467 ft/s) or a decrease of approximately 11%.
It seems that the velocity is sensitive enough to the crack-like
inclusion percentage simulating damage. From Fig. 2, it can
be said that the percentage of the inclusions is similar to the
percentage of velocity decrease resulting in a linear relationship
up to 10% damage. There seems to be no strong influence of the
inclusions’ shape, however, because smaller and thicker
inclusions of 15 x 15 x 0.5 mm (0.59 x 0.59 x 0.02 in.)
result in approximately the same velocity with the larger and
thinner inclusions of 30 x 30 x 0.2 mm (1.18 x 1.18 x
0.007874 in.).

Considering the mortar velocity of 4213 m/s (13,822 ft/s), the
density of 2164 kg/m3 (135.1 lb/ft3), and a Poisson’s ratio of
0.2, which is typical for cement-based materials, the elas-
ticity modulus of plain mortar is calculated at 34.6 GPa
(5018 ksi) using the following well-known equation

(1)

where E is the modulus of elasticity, ρ is the density, CP is
the longitudinal wave velocity, and ν is the Poisson’s ratio.

Using the previously mentioned elasticity value for the
matrix and 2.5 GPa (362.6 ksi) for the inclusions, static

E ρ CP
2 1 ν+( ) 1 2ν–( )

1 ν–( )
--------------------------------------×=
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Fig. 1—(a) Mixing of plastic inclusions with fresh mortar;
and (b) distribution of inclusions in pilot specimen.

Fig. 2—Pulse velocity versus inclusion content (square symbol
stands for plain mortar).
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homogenization models27,28 lead to a velocity of 3954 m/s
(12,972 ft/s) for the 10% inclusion specimens. Even though
the Poisson’s ratio cannot be the same for sound and
damaged mortar, a difference of 0.05 causes small errors in
velocity calculation of less than 5%.1 The predicted value is
higher than the measured, but the use of homogenization
models that take into account only the volume fraction of the
constituents and not their shape seems reasonable because
the size of the inclusions does not seem to influence the
measured pulse velocity. This kind of approach, however, is
inadequate to explain features of dispersion and attenuation
that will be presented in the following and are influenced by
the particle size.

It must be mentioned that, as in an actual situation, velocity
should not be expected identical in any measurement, even for
the same material. This is due to inhomogeneity and locality
of the medium. Even if damage is considered widely distributed
into the medium, it is highly unlikely that it is uniformly
distributed. Therefore, measurements at different points will
not result in exactly the same measurements. For the
aforementioned longitudinal velocity results, the discrepancy
between the individual measurements at the different sides
and the average were 16 m/s (15,849 mm/s [52 ft/s]) for
plain mortar or less than 0.4%, whereas it increased to
49 m/s (161 ft/s) for material with 10% inclusions (1.3%).
This suggests that the experimental scatter could also be
studied for potential relationships with inhomogeneity if a
sufficient number of measurements can be made. In any case,
however, it cannot mask the decrease due to the artificial
damage, which is of the order of 500 m/s (1640 ft/s). The
same repeatability was exhibited for the dispersion
measurements presented in the following.

Energy
As seen, pulse velocity is indicative of damage for the

specimens of this experimental series. Energy-related
parameters, however, are much more sensitive to the inclusions.
Indeed, in Fig. 3, one can see waveforms received in the four
specimens with different damage volume contents. The
amplitude is certainly influenced for increasing inclusion
contents. To quantify this parameter, the total energy of each
waveform was calculated as the area under the rectified
signal envelope. Then it was divided by the energy of the
face-to-face response of the transducers. This way it was
expressed as the percentage of the energy transmitted
through the specimen compared with the total pulsed energy.
In Fig. 4, the waveform energy is depicted versus the damage
content for both inclusions’ sizes. It is obvious that even 1%
inclusions results in much lower energy. Further addition of
inclusions diminishes the energy even more, resulting in an
approximately 90% decrease for 10% inclusion content. For
the case of thin inclusions of 0.2 mm (0.007874 in.), the energy
is even lower. It is seen that the energy is much more sensitive
than velocity to the existence of damage. The small inclusion
content of 1% that has doubtful effect on velocity, as seen
in Fig. 2, results in a steep decrease of energy. For larger
inclusion content, the decrease is not as steep; but for both
shapes, there is a considerable difference between 5 and 10%
inclusions. Transmission, however, also seems to be sensitive to
the shape characteristics—something that could not be explained
assuming a homogeneous material. The energy transmitted by
the specimens with thinner and larger inclusions is constantly
lower, implying that in actual condition, not only the number of
cracks but also their shape influences the measured waveforms.

In the specific case of thinner inclusions, it is possible that a
larger number of them is located between the transmitter and the
receiver. Therefore, the signal suffers more attenuation due to
multiple reflections. 

In this case, exponential laws are suitable to fit the
experimental data, as indicatively shown in Fig. 4. The
discrepancies between the individual measurements and
their average are 4.4%, 1.19%, and 0.69% for material with
0%, 1%, and 5% inclusions, respectively. It could be
expected that plain mortar has the lowest deviation but,
surprisingly, the specimens with vinyl exhibited even
higher repeatability. Only mortar with 10% vinyl inclusions
exhibited larger discrepancy, on the order of 23%,
which was inevitable due to the extremely inhomogeneous
nature of the material.

Generally, the attenuation behavior of cementitious materials
is attributed to damping and scattering. Distinguishing
between these two contributions is difficult. It can be
assumed that the plastic inclusions increase the overall
damping of the material due to their more viscous nature.
However, they certainly increase the overall inhomogeneity
of the mixture. The increased inhomogeneity has been
shown to result in higher attenuation,29-31 especially for

Fig. 3—Waveforms from mortar with different content of
inclusions.

Fig. 4—Waveform energy versus inclusion content for
different inclusion size.
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higher frequencies. In the specific case, the crack-like films
act as scatterers of wave energy, redistributing the energy to
different directions. The pattern of the scattered energy
depends on the shape, size, and mechanical properties of the
inclusions.32,33 Recently, it was shown that the scattering
theory can very accurately predict the velocity and attenuation
behavior of concrete with light inclusions simulating
damage,16,17 mortar with entrained air bubbles,34 and the
behavior of fresh mortar containing sand and air bubble

scatterers.35 This implies that scattering becomes the
most dominant mechanism in inhomogeneous material,
specifically in damaged concrete due to the large number of
cracks that act as distributed scatterers. It is noted that
although the wave energy scattering directly affects the
amplitude measurements, some energy components can still
survive scattered in the forward direction, leading to pulse
velocities similar to the plain material. This explains why
inhomogeneity, even though it reduces amplitude by orders
of magnitude, has a limited influence on pulse velocity of the
order of 10%.

Frequency influence
Due to scattering, the material does not behave homoge-

neously. According to the scattering theory, the phase
velocity and attenuation depend on the relation between the
propagating wavelength and the scatter size.32,33 Therefore, the
influence of any scatterer (in this case, distributed cracks)
could be more highlighted at different frequency bands.
Thus, it is meaningful to examine the propagation of
different frequency components. To this end, the function
synthesizer was used along with the same resonant transducers.
Tone bursts of 10 cycles and different frequencies were
applied to the pulser. Because concrete is quite attenuative
and any monitoring case in place is limited at large wave-
lengths, the frequencies applied were mainly at the lower
end, that is, 10, 30, 50, 80, 100, and 150 kHz. Examples of
the electric signals applied in time domain are depicted in
Fig. 5(a) for 30 and 150 kHz. Also, the Fast Fourier Transform
(FFT) of signals after propagation through a specimen
(with 5% inclusions) are shown in Fig. 5(b). It is seen that the
sensors are suitable to transmit these frequencies, whereas the
content survives after propagation in the material without
serious distortion. To examine the behavior at short wave-
lengths (below 10 mm [0.39 in.]), a frequency of 500 kHz
was applied using the broadband sensors. The results
exhibited that the material behaves in a dispersive way, as
has been stated in previous works.16,31,36,37 This dispersion,
as seen in Fig. 6(a) and (b), depends on the amount of the
inclusions. Again, 1% of inclusions do not have a clear effect
exhibiting even slightly higher velocities than plain mortar.
A further increase of inclusions, however, clearly decreases
the velocity of any frequency band.

Fig. 5—(a) Examples of electric excitation signals; and
(b) Fast Fourier Transform of different tone burst after
propagation through mortar.

Fig. 6—Pulse velocity versus excitation frequency for different inclusion content and inclusion
shape: (a) 15 x 15 x 0.5 mm (0.59 x 0.59 x 0.02 in.); and (b) 30 x 30 x 0.2 mm (1.18 x 1.18
x 0.007874 in.).
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For any mixture, the velocity seems to increase with
frequency. The highest velocity is measured in all specimens
with the excitation of 500 kHz. In Fig. 7, an example
concerning the first detectable disturbance of the waveform
is depicted. Although the onset of the excitation is always
synchronized (refer to the small embedded diagram in Fig. 7),
this is not the case for the received signal. It is evident that as
the excitation frequency increases, the transit time is shorter,
resulting in the measurement of higher velocities.

It is worth mentioning that the case of 10% inclusions
exhibits a remarkable increase in velocity as the frequency is
elevated. Using 10 kHz pulses, the velocity for these specimens
was measured approximately 800 m/s (2624 ft/s) lower than
the plain mortar, whereas for the highest frequency case, the
difference was less than 400 m/s (1312 ft/s). This increasing
trend of velocity with frequency has been noticed in
previous works for sound cementitious materials.16,17,31

Additionally, as the inhomogeneity increases due to more
aggregates31 or plastic inclusions,16 so does the dispersion
because the increase of velocity with frequency is more abrupt.
As has been measured in a recent study,16 mortar with 30%
light inclusions exhibited a phase velocity of 3600 m/s
(11,811 ft/s) for frequencies of approximately 200 kHz. For
frequencies approaching 1 MHz, the velocity was
measured at approximately 4100 m/s (13,451 ft/s). This
trend is supported by theoretical results of scattering
theory. Scattering influences have been studied in different
composite materials in literature. In any case, the velocity
measured at higher frequencies always converges to the velocity
of the matrix, whereas any discrepancy due to inclusion
content is more evident at lower bands.38,39 This seems to be
the case for the present experimental series because, as the
frequency increases, the velocity measured at any specimen
becomes closer to that of plain mortar.

Another interesting feature is that not only the volume
content but also the shape of the inclusions seems to have an
influence in this case. Mortar with small but thick inclusions
(refer to Fig. 6(a)) exhibits higher velocity than mortar with
large but thin inclusions of the same content (refer to Fig. 6(b)).
This is another indication of dispersion and scattering
mechanisms that are influenced by the size and shape of
the inclusions.

A detail worth mentioning is that the velocity of the pulse
carrying broad frequency bands is not necessarily equal to
the velocity of any narrow band pulse within the same
frequency range. For example, mortar with 10% 15 x 15 x
0.5 mm (0.59 x 0.59 x 0.02 in.) inclusions exhibited a
velocity of 3734 m/s (12,250 ft/s) when measured with a
pulse containing frequencies of 0 to 150 kHz (refer to Fig. 2).
When narrow band pulses of frequencies below 150 kHz are
applied to the same specimen, however, their velocity never
exceeds 3600 m/s (11811 ft/s). The different propagation
behavior of different pulses is a sign of dispersion due to
inhomogeneity and has been noticed previously for concrete.31

An important aspect of this investigation is that as the
inhomogeneity increases, so does the dispersion. Plain
mortar exhibits an increase of 5% in velocity between 10 and
500 kHz excitation. Mortar with 10% inclusions, however,
exhibits more than a 15% increase. Therefore, the pulse
velocity measured at different frequencies could be an additional
parameter to enhance damage characterization.

It can be said that the limited volume of the specimens can
have an effect on the measured velocities. This has been
stated in different studies.31,37 Changing the specimen

dimensions can influence the pulse velocity values by even
more than 100 m/s (328 ft/s).31 The dependence of velocity
on frequency, however, is not strongly influenced.31 In any case,
the purpose of this study is to examine the influence of artificial
damage content; and because all the specimens are of the same
size, size effects do not hinder the comparison.

Attenuation
It is well known that stress waves in concrete are severely

attenuated due to the inhomogeneous nature of the material,
whereas generally the attenuation increases with
frequency.16,31,34,36,40 As shown in Fig. 4 and in a number
of other research studies,14,15,25,26 this attenuation behavior

Fig. 7—First arrival according to excitation frequency. In
inset figure, onset of excitation pulse.

Fig. 8—Attenuation coefficient versus excitation frequency
for different inclusion content and inclusion sizes: (a) 30 x
30 x 0.2 mm (1.18 x 1.18 x 0.007874 in.); and (b) 15 x 15 x
0.5 mm (0.59 x 0.59 x 0.02 in.).
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is influenced by the presence of damage much more than
velocity. Attenuation as a function of frequency was calculated
in this study using the FFT of the specimens’ signal captured
by the broadband transducers. This was done to expand the
information to as wide a frequency band as possible.
Because the characterization of damage is investigated
herein, the reference was taken from the response of the plain
mortar. Specifically, if A(f) is the frequency response of a
specimen with inclusions and B( f) is the response of plain
mortar, the frequency-dependent attenuation coefficient a( f)
was calculated as

(2)

where x is the wave path of 0.15 m (0.49 ft). Therefore, the
excessive attenuation that is due to the existence of the light
inclusions is calculated.

In Fig. 8(a), the attenuation curves of mortar with different
inclusion contents are depicted for the thinner and bigger
inclusions of 30 x 30 x 0.2 mm (1.18 x 1.18 x 0.007874 in.).
The mortar with 1% plastic inclusions exhibits low attenuation
until approximately 250 kHz, whereas the attenuation is
increased for higher frequencies. In the case of 5 and
10%, attenuation is higher for the whole frequency band,
especially for frequencies above 250 kHz. 

In Fig. 8(b), one can see the attenuation curves for the
other inclusion type (thicker). The behavior of 1% seems
similar to that of thinner inclusions with somewhat lower
values. The attenuation of 5% increases significantly again
although not as much as the case of Fig. 8(a). Finally, the
case of 10% is of particular interest because it exhibits the
highest attenuation of all the mixtures presented at the
frequencies of 300 to 400 kHz. The attenuation behavior below
150 kHz, however, is lower than the corresponding of the
thin inclusions of 10% (refer to Fig. 8(a)). This is in agree-
ment with the energy depicted in Fig. 4 where the frequencies
included in the excitation are limited below 150 kHz. From
the aforementioned, it is seen that not only the content but
also the size can influence the attenuation behavior. Theoretical
investigation using scattering theory is currently undertaken
to explain this behavior using the actual shape of the
inclusions and not the spherical approximation.

In any case, the excessive attenuation is much more indicative
of the damage content than the velocity because even 1% of
inclusions can be distinguished. Furthermore, discrepancies
between damaged and plain mortar are clearer for frequencies
above 200 or 300 kHz. This implies that when possible,
higher frequency excitation should be applied for enhanced
characterization capabilities.

CONCLUSIONS
In this study, an experimental series of stress wave

propagation in mortar with light inclusions is described. The
inclusions are thin, realistically simulating actual cracks,
whereas parameters like the pulse velocity and energy are
correlated with the simulated damage percentage. The main
points of the investigation are as follows:

1. Pulse velocity and wave amplitude in mortar are
decreased by inclusions simulating damage, as has been
stated in other works;

2. Narrow band signals are appropriate to reveal the
velocity dispersion imposed by inhomogeneity. Plain mortar

a f( ) 20
x

------ log A f( )
B f( )
----------⎝ ⎠
⎛ ⎞–=

behaves in a dispersive way with higher frequencies propagating
at higher velocities;

3. Light inclusions in mortar result in more highlighted
dispersive behavior; therefore, velocity measurements at
different frequencies can be studied as a tool for damage
characterization;

4. Energy transmission is far more influenced by the presence
of damage. If reliable coupling conditions can be guaranteed in
place, attenuation measurements can lead to much more
accurate characterization; and

5. The attenuation of higher frequencies seems also more
indicative of the damage content whereas the size of the
inclusions seems to affect the attenuation curve.
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