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Abstract

Results from an experimental study concerning wave propagation in cementitious materials are presented in this paper. Narrow
band pulses at several frequencies were introduced into specimens of cement paste, mortar and concrete allowing direct measure-
ment of longitudinal wave velocities and amplitude for each frequency. It is shown that aggregate content play an important role
in wave propagation increasing considerably the wave velocity, while the aggregate size seems to control the attenuation observed.
Slight velocity variations observed with frequency are discussed in relation to the degree of inhomogeneity of the materials.
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1. Introduction

Stress wave propagation methods have been system-
atically used in non-destructive testing (NDT) of con-
crete. Features concerning strength, porosity and
damage of concrete can be adequately revealed by ana-
lyzing ultrasonic signals [1,2]. Due to the highly inhomo-
geneous nature of the material though, consisting of
cement, sand, fine and coarse aggregates, water and air
bubbles, results are usually valid for qualitative only
conclusions, without direct correlation with structural
integrity parameters. The way ultrasound interacts with
the different phases of the material should be thoroughly
understood in order to establish any robust relation be-
tween propagation characteristics and material prop-
erties.

In this paper, results from an experimental study of
through transmission ultrasonic measurements on
cementitious material specimens is described revealing
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interesting features concerning the influence of mix de-
sign parameters (such as water and aggregate content
and aggregate size) on the propagating wave.

The initial motivation of this work, undertaken in the
framework of a national research project was the quality
evaluation and more specifically the water content
(water to cement ratio by mass, w/c) determination of
fresh and hardened concrete which definitely affects
strength and durability of the material. As to the hard-
ened material the outcome was quite successful as wave
propagation parameters treated in an adequate manner
resulted in successful determination of w/c of most spec-
imens [3]. The ultrasonic examination concerned low
frequencies (below 200 kHz) and concrete ages from 2
to 90 days. These specimens were maintained and tested
after a period of about 3 years, aiming this time not at
the w/c estimation at this age but focusing more on
the dispersive and attenuative effects the inhomogeneous
nature of the material may impose, thus, addressing the
possibility of enhancing NDT capabilities by the use of
higher frequencies.

Studies have shown that concrete, which can be con-
sidered a particulate composite of aggregates embedded
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in the paste matrix exhibits dispersive behavior, exam-
ined through the analysis of Rayleigh waves acquired
on different points on the surface of a mortar specimen
[4]. Dispersion has also been related to the aggregate
size [5], since phase velocity calculated up to frequen-
cies of 10 MHz, exhibited larger deviation from the
velocity measured experimentally using a 500 kHz exci-
tation in concrete than in mortar or paste. Addition-
ally, pulse velocity in concrete has been shown to
increase considerably from 54 to 120 kHz while this
was not mentioned in paste specimens, an attitude
mainly attributed to the “compositeness’ of concrete
in contradiction to the homogeneous nature of paste
[6]. As to frequency dependent attenuation, the increas-
ing size of aggregates has resulted in higher attenuation
in the range up to 1 MHz attributed mainly to scatter-
ing [7]. However, in a number of other works [5,8,9]
attenuation does not seem to increase with aggregate
size. This behavior is attributed to the air bubbles pres-
ent in cement paste [5], or to the existence of aggregates
that act as “larger homogeneous structures embedded
in the matrix that facilitate the propagation of high fre-
quencies” [8]. Also in [9], after examination of concrete
with different aggregate size it is concluded that scatter-
ing losses are negligible compared to absorption ones.
Therefore a relationship between wave attenuation
and aggregate fineness in concrete has not been gener-
ally accepted. It has also been shown that an increase
in the aggregate content results in higher wave velocity
and decreases the high frequency content of the trans-
mitted signal in concrete containing aggregates with
higher acoustic impedance than cement paste while
the inclusion diameter does not seem to crucially affect
velocity [10].

In all above cited studies, the frequency dependent
nature of attenuation was evaluated by comparing the
spectrum of the through transmission acquired signal
as a response to a wide band excitation with a reference
spectrum taken normally from a material considered
non-attenuative. Specifically, the spectrum of the ac-
quired waveform was divided by the reference spectrum
showing which frequency bands survive through the
examination material and which bands are being cut
off. In the present work wave velocity and attenuation
variations with respect to frequency were obtained di-
rectly from experimental measurements exciting the
specimens with narrow band tone bursts of different
central frequencies. The results show the effect of sand
and aggregate content, in terms of aggregate to cement
ratio by mass, a/c, on wave parameters i.e. wave veloc-
ity and amplitude, while the contribution of the elastic-
ity of the matrix, controlled mainly by w/c, is also
detectable. Besides, comparison of data acquired from
concrete, mortar and paste specimens highlights the
substantial role aggregates play in wave propagation
in such materials.

2. Experimental procedure
2.1. Test methodology and equipment

The experimental setup is a simple through-transmis-
sion ultrasonic configuration and exhibits similarities
with the one described in [3]. It consists of a waveform
generator board (Physical Acoustics Corporation,
PAC, Wavegen 1410, Version 2.0), two broadband
transducers (Panametrics V413) of center frequency
500 kHz, a PAC 1220A pre-amp and a PAC MISTRAS
4 channel data acquisition system. For some indicative
investigation measurements the acoustic emission sen-
sors PAC R6 were also used concerning frequencies
below 200 kHz, since this is the region of their maximum
sensitivity, providing similar results with the V413 as
will be seen.

The driving transducer was excited with a sine wave
in a sine envelope introducing a relatively narrow band
excitation into the material, see Fig. 1(a) and (b) where a
typical input waveform of 25 kHz and its corresponding
FFT is depicted. Tests at various frequencies were per-
formed from 15 kHz up to 1 MHz as at higher frequen-
cies the signal is severely attenuated and not appropriate
for reliable feature extraction. The sensors are mounted
directly on the specimen surface and acoustic coupling is
enhanced by a layer of roller bearing grease, which has
been found more appropriate than other commercial
ultrasonic couplants.

2.2. Materials and specimen geometry
The specimens tested were cubic of 150 mm edge and

were prepared according to the New Greek standard of
concrete technology 97 (XK 303), which is in accordance
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Fig. 1. Input electric signal of 3 cycles at 25kHz in sinusoidal
envelope, (a) in time domain and (b) in frequency domain.
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with ASTM C192, at the Greek Center for Cement Re-
search (EKET), where compressive tests on specimens of
the same compositions took place. High strength Port-
land cement was used while the aggregates were of lime-
stone origin. Several different compositions of mortar
and concrete were manufactured and are summarized
in Table 1 along with their corresponding water to ce-
ment ratio by mass, w/c and aggregate to cement ratio
by mass, a/c. In total, 24 specimens (one of each compo-
sition) were examined. Mortar specimens contain only
cement, sand and water, while concrete ones contain
also fine and coarse aggregates. Sand grains size is up
to 4.75 mm, fine aggregates range from 1.18 to 25 mm
and coarse from 4.75 to 37.5 mm. The exact grading
of all aggregates used is indicated in Table 2, while the
proportion between coarse, fine and sand in concrete
is 39:11:50 by weight [11]. In addition to the above com-
positions, five cement paste specimens of dimensions
50 x 30 x40 mm> and w/c ratios 0.375, 0.425, 0.45,
0.50 and 0.55 were produced for evaluation of the dis-
persive behavior of the matrix material alone. At the
time of test all mortar and concrete cubes were between
2.5 and 4 years of age, old enough to consider hydration

Table 1
Mix parameters of tested specimens
alc wic
0.375 0.40 0.425 0.50 0.55 0.60 0.65
Mortar
1.5 ¢ ¢
3 ¢ ¢ ¢ ¢ ¢ ¢
4 ¢ ¢ ¢ ¢

0.375 040 0425 045 0475 0.50 0.525 0.55

Concrete
34 ¢ ¢ ¢ ¢ ¢
4 ¢ ¢ ¢ ¢ ¢ ¢

¢ denotes manufactured and tested compositions.

Table 2
Aggregates grading table (% cumulative percentage passing sieve
opening)

ASTME 11-87 Sieve Sand Fine Coarse
size (mm) aggregates aggregates
112" 37.5 100.0  100.0 100.0
1" 25.0 100.0  100.0 98.5
12" 12.5 100.0 93.3 8.9
38" 9.5 100.0 69.4 1.4
No. 4 475 99.9 8.0 0.7
No. 8 2.36 83.2 13 0.0
No. 16 1.18 56.1 1.1 0.0
No. 30 0.6 38.5 0.0 0.0
No. 50 0.3 27.6 0.0 0.0
No. 60 0.25 25.1 0.0 0.0
No. 200 0.075 14.2 0.0 0.0

variations of no importance. Paste specimens had all the
age of 10 months. Although, this is in any case an age
that development of elasticity in any cementitious mate-
rial due to hydration has theoretically almost stopped,
the effect of age is the same for all paste specimens
compared.

3. Attenuation measurements

The examination of the amplitude of the signals at
different frequencies revealed interesting features related
to the aggregate content and size. Since the same trans-
ducers were used and the amplitude of the electric input
signal was held constant throughout the experimental
series, changes in the amplitude can be attributed di-
rectly to the attenuative behavior of the material. This
implies both, intrinsic (absorption) and extrinsic (scat-
tering) mechanisms, which cannot be directly separated.
Geometric attenuation, attributed to the spreading of
the wavefront over a wider volume has always the same
effect as mortar and concrete specimens, used for ampli-
tude observation, are all of the same dimensions. The
attenuation coefficient is determined by measuring the
reduction in amplitude of an ultrasonic wave, which
has traveled a known distance through a material and
is given by

20 Ax

where A is the initial amplitude of the wave and Ay is
the amplitude after it has traveled a distance X.

The output wave amplitude (A y) is the absolute peak
voltage of the received signal, while the amplitude of the
pulse entering the specimen was measured separately on
a face to face configuration of the transducers. The dif-
ference of amplitudes of the sent and received pulse sig-
nals although cannot provide an absolute measure of
signal transmission, gives an indication of the signal
attenuation through the thickness of concrete and has
been used for evaluation of concrete deterioration after
freezing-thawing cycles in an immersion through trans-
mission configuration [12]. A certain cause of energy loss
is due to coupling [13]. However, in [13] the losses are
considered frequency independent and excluded from
the calculation of attenuation coefficient, while in [14]
coupling loss factor varies with the roughness of the
specimen surface. Although coupling can never be iden-
tical in all cases, in the frame of this work, the measure-
ments were all conducted by the same operator
following the same procedure throughout the whole
experimental series, minimizing random effects. There-
fore, differences in measured signal of different materials
were attributed in the nature of the material itself, since
the preparation procedure using cubic metal matrices
for the forming of specimens resulted in the same good
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quality of surface finishing. Apart from this, it was en-
sured that, when sensors were mounted to the specimen
surface and before the test commences, the lowest fre-
quencies, furthest apart from the broadband sensors’
sensitivity, were transmitted clearly. This guaranteed
that the coupling was appropriate and that all other fre-
quencies used in the test are transmitted in a reliable
way.

Paste amplitude cannot be unambiguously compared
to concrete and mortar due to reduced specimen size,
that leads also to reduced wavefront spreading and
therefore it is presented separately.

3.1. Results

Examination of paste, mortar and concrete wave-
forms revealed considerable differences between these
materials. The degree of inhomogeneity increases from
paste to mortar due to the presence of sand while it is
further increased in concrete as aggregates in the order
of some centimeters are embedded in the paste. There-
fore the way the structure of the material interacts with
the propagating wave is of major interest. Comparison
between concrete and mortar sharing the same parame-
ters w/c and a/c revealed that concrete is more attenua-
tive, behavior more clear above 100 kHz, as can be seen
in Fig. 2. In both cases of this figure specimens contain
the same total amount of aggregates and water, e.g.
a/c =3 and w/c =0.425 for Fig. 2(a) and a/c =3 and
w/c =0.40 for Fig. 2(b). Therefore this difference in
attenuation can be attributed to the different degree of
aggregate fineness, the maximum sand grain in mortar
being 4.75 mm while the maximum aggregate size in
concrete is 37.5mm. Apart from this, the known
increasing trend of the coefficient of attenuation with
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Fig. 2. Effect of aggregate size on attenuation variation with respect to
frequency of material with (a) w/c = 0.425 and (b) w/c = 0.40.
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Fig. 3. Effect of w/c on attenuation variation with respect to frequency
of (a) paste (b) mortar with a/c = 3, (c) concrete with a/c = 3.

frequency for such materials [5,7-9,15] can also be men-
tioned here for the range of 200-700 kHz.

In addition, the attenuation of paste can also be ob-
served in Fig. 3(a). Paste seems to facilitate the propaga-
tion of frequencies above about 200 kHz while it
exhibits strong attenuation at low frequencies. It is
indicative that despite the reduced specimen size, for a
number of frequencies below 100 kHz paste specimens
exhibit lower amplitude than mortar or concrete cubes
with wavepath five times that of paste. The higher atten-
uation of paste for low frequencies however, with re-
spect to material containing aggregates, has been
reported in other studies [5,8] as well. Another striking
difference concerning paste and mortar or concrete
behavior is the approximately constant value of attenu-
ation for the frequency band above 200 kHz, in contrast
to mortar and concrete whose attenuation rises until at
least 800 kHz, as can be seen in Fig. 3(b) and (c)
respectively.

Therefore, the presence and size of inclusions exer-
cises certain influence on wave attenuation. The influ-
ence of water content, on the other hand, seems not so
clear in all three different types of material, thus, making
the amplitude a weak wave characteristic when used to
distinguish between mortar and concrete specimens of
different w/c ratio. Despite the fact that, as will be seen
later, the w/c = 0.5 mortar specimen exhibited higher
velocities in all frequency bands than the one with w/
¢ =0.65, the attenuation coefficient is not influenced
much following more or less the same trend with respect
to frequency, see Fig. 3(b).

The same behavior holds for concrete as well. Fig.
3(c) depicts the attenuation curves of two different w/c
concretes. Concrete with w/c = 0.45 does not seem to
be constantly more attenuative than 0.375, although at
most frequencies it exhibits slightly lower amplitudes.
The w/c difference of these two classes of material was
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most evident during the compressive tests as for example
the 2-day strength of w/c = 0.375 concrete was measured
at 39.2 MPa, 8 MPa higher than w/c = 0.45.

Testing of mortar material with different sand content
revealed that the increase of a/c from 1.5 to 3 (corre-
sponding to sand volume contents approx. 43.4% and
60.6% respectively for wic =0.425) facilitates wave
propagation more likely due to increase of the effective
elastic constants of the material, see Fig. 4(a). Further
increase of a/c from 3 to 4 (in mortar with w/c = 0.50
corresponding sand vol% 57.7 and 64.5) seems not to
crucially affect the received amplitude, although above
150 kHz a/c =4 mortar seems more attenuative, see
Fig. 4(b). This trend is not observed for concrete, see
Fig. 5, as specimens with a/c = 3 and 4 do not show sys-
tematic discrepancy in attenuation. In this case, concrete

o o
(¥ w
T

o
=

Attenuation (dB/mm)

©
o

o
w
T

=4
=

Attenuation (dB/mm)
o
N

o
o

200 400 600 800 1000
Frequency (kHz)

o

Fig. 4. Effect of a/c on attenuation variation with respect to frequency
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Fig. 5. Effect of a/c on attenuation variation with respect to frequency
of concrete with w/c = 0.425.

of a/c = 3 contains approximately 60% aggregates while
concrete of a/c =4 about 66.5% per volume.

An interesting outcome of the above measurements is
the different level of attenuation between paste, mortar
and concrete related to their inhomogeneity. Apart from
this, attenuation for mortar and concrete increases with
frequency exhibiting a local minimum at around
200 kHz. Similar concrete attenuation behavior for the
band 200-1100 kHz concerning surface waves has also
been observed in [4,9] while in [16] the attenuation coef-
ficient obtained through a reflection setup on a mortar
slab seems to linearly increase for the band of approxi-
mately 340-760 kHz. Also in [17] the attenuation of
mortar probes measured in a through transmission
immersion setup, increases up to frequencies above
1.5 MHz.

The aggregate size seems to influence the overall
attenuation; however the exact mechanism is not obvi-
ous. One explanation is through scattering. Another po-
tential relation of aggregate size with attenuation is
through the absorption losses that take place in the
interfacial zone between the aggregate and the mix. This
relation although not clear has been considered respon-
sible for the discrepancy of attenuation curves obtained
from different aggregate size concretes [9].

4. Dispersion characterization

Concrete being a porous composite of sand and
coarse aggregates embedded into the cement paste ma-
trix cannot a priori be assumed non-dispersive as any
homogeneous and isotropic material. Its behavior was
examined through both the phase velocity and the time
difference between the input and received waveforms. In
a non-dispersive medium since phase and group veloci-
ties are equal these two features are expected to exhibit
identical values. In cementitious materials employed in
this experimental series however, they exhibit slight
difference.

The pulse used in this experimental series is of the
form of Fig. 1(a) for several different central frequencies.
While traveling in a non-dispersive medium this enve-
lope will experience no shape distortion. For dispersive
wave propagation however, the individual peaks within
the wave packet will move relative to the centroid as the
wave propagates through the medium [18].

To avoid wave propagation terminology confusion,
discrimination between pulse velocity and phase velocity
should be done. Pulse velocity is generally defined as the
specimen thickness divided by the transit time ¢, see Fig.
6. This transit time is dependent on an amplitude thresh-
old, which in this case was defined as the highest noise
amplitude recorded before each individual measure-
ment. Phase velocity on the other hand, is determined
from the position of reference “phase” points of the
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Fig. 6. Tone bursts collected after propagation through different
wavepaths in the material.

waveforms on signals recorded using different wave-
paths, see Fig. 6, or the phase difference between the re-
ceived and input waveforms, as will be mentioned later
[19].

4.1. Geometry effect on velocity measurements

Earlier studies [6] have shown that concrete and paste
specimens exhibit dispersive pulse velocities for the
range of 24-120 kHz. This is expected due to the inho-
mogeneous nature of the material. However, dispersion
has been attributed also to geometric effects since pulse
velocities in concrete cylinders measured in the lateral
and longitudinal direction were not equal especially at
low frequencies, implying that the limited wavepath
compared to the long wavelength of low frequencies sets
up a “guided wave situation” that affects velocity read-
ings [6].

Apart from this, the common rule for accurate veloc-
ity measurements mentioned in ASTM C457, suggests
that the wavepath must be higher than the wavelength
of the applied ultrasound. Since for paste specimens in
this work, of thickness 30 mm, the wavelengths up to
about 80 kHz are higher, as is also the case for frequen-
cies below 30 kHz for concrete and mortar cubes (size
150 mm) it was deemed necessary to measure pulse
velocities of the same material over different geometric
configurations, in order to examine whether specimen
geometry has an influence on pulse velocity and any dis-
persion observed.

Therefore, measurements were conducted along the
axial and lateral direction of standard concrete cylinders
(150 x 300 mm?) as well as on concrete cubes of side
150 mm, all of the same composition. These measure-
ments were conducted using the resonant sensors, PAC
R6, which are very sensitive below 200 kHz. In Fig.
7(a) the pulse velocities of different tone bursts from
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Fig. 7. Effect of specimen geometry on pulse velocity vs. frequency
curve obtained using (a) resonant and (b) broadband sensor.

15 kHz central frequency to 250 kHz are depicted. It is
clear that the axial direction (wavepath =300 mm) of
the cylinder results in the highest velocity values for all
frequencies. The velocity curve obtained from cube mea-
surement (150 mm wavepath) is approximately 150 m/s
lower, while the cylinder lateral dimension results in even
lower values. The height of the cylinder at which the
measurement is conducted influences the velocity due
to the internal segregation, meaning that aggregates tend
to move downwards during placing and compaction be-
cause of density discrepancies with paste [6], and also to
the air bubble amount that rises to the free surface. Nev-
ertheless, even for the measurement at the bottom of the
cylinder, lateral pulse velocity is lower than the one, mea-
sured at the center of the cube surface, indicating that
other “boundary conditions”™ besides wavepath are also
relevant with respect to the transmitted wavelength.

In order to confirm that velocity readings are not
strongly dependent on the resonance of the specific sen-
sors, the same specimens were interrogated with the
broadband Panametrics V413 sensor of center frequency
500 kHz. The results are shown in Fig. 7(b) without
exhibiting different trends except for somehow higher
velocities. These sensors were used throughout the
whole experimental series and for all results displayed
hereafter. In Fig. 8(a) two indicative signals through
the concrete cylinder axial direction with central fre-
quencies 30 kHz and 50 kHz are depicted along with
their corresponding FFTs, Fig. 8(b), showing that the
propagating pulses actually carry the intentionally intro-
duced frequency component even for ranges away from
the maximum sensor sensitivity (500 kHz).

From the above it is obvious that different geometries
result in different velocity vs. frequency curves, sharing
however the same dispersion, since the increase in pulse
velocity is approximately 5% from 15 kHz to the maxi-
mum value for all cases.
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Regarding the consideration about the wavelength
compared to the specimen size, it is noted that even
for 15 kHz, the cylinder height is greater than the wave-
length, fulfilling the ASTM rule as to measurements in
the longitudinal direction. However, the relation be-
tween velocity and A/D (ratio of wavelength to wave-
path) is not unique as can be seen in Fig. 9. For the
three different configurations, even if the A/D is equal,
the velocities differ substantially implying that other
parameters of the geometry or the volume of the speci-
men play an important role, with the thickness alone
being very important since for example for A/D = 0.3
in the lateral dimension of the cylinder the velocity is
measured 4370 m/s (corresponding frequency 100 kHz)
while for the axial direction and frequency 50 kHz, the
velocity is measured 4554 m/s The geometry effect is
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Fig. 9. Effect of specimen geometry on concrete pulse velocity
dispersion curves.
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Fig. 10. Effect of specimen size on pulse velocity of concrete.

emphasized since the lateral measurements at the bot-
tom are used in Fig. 9, which due to segregation concern
material with higher aggregate content and higher elastic
constants. However, the velocity is still lower than the
longitudinal direction where the pulse propagates
through all “layers” of concrete.

Another case of investigation concerns the pulse
velocity measurement, through the thickness of a con-
crete cube before and after it was cut in two parts corre-
sponding to wavepaths of 150 mm and 73 mm. As seen
in Fig. 10, the velocities differ for about 1% for frequen-
cies above 200 kHz, while the dispersive behavior is not
much affected, although the //D ratio for each frequency
is about twice for the half cube configuration compared
to the initial one.

From the above investigation two general assump-
tions can be drawn concerning velocity measurements
on cementitious material; first that, as has been seen ear-
lier [6], comparison between velocities of different mate-
rials is valid only when the tests are conducted on
specimens of the same geometry. Else, differences of
even 5% have been noticed concerning the axial and lat-
eral direction of concrete cylinders at any frequency.
Another outcome is that the dispersive trend observed
at the lower end of the applied frequency range holds
no matter the wavepath, the wavelength to wavepath ra-
tio or the geometry of the specimen. Therefore, it is rea-
sonable to assume it originates from the inhomogeneous
nature of concrete and mortar.

4.2. Pulse velocity

Prior to presenting results for different compositions
of cementitious materials a few points concerning the
measurements should be discussed.

Leading both the electric signal from the wave gener-
ator and the received signal from the transducer to sep-
arate, synchronized data acquisition channels the wave
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velocity can be obtained from the time shift between the
waveforms acquired by the two channels, excluding sen-
sor delay times, a procedure that will be explained be-
low. The onset of each signal was set as the first
threshold crossing. In order to evaluate the noise level
a pre-trigger time of 100 us was recorded before each
signal. The threshold was set equal to the maximum
amplitude exhibited in this period. Since the onset of
the wave is characteristic of the pulse, without however
being necessarily characteristic of the phase or group
velocity, this feature will be called “pulse velocity”
hereafter.

The sensor delay time is attributed to the propagation
of the wave through the sensor’s wearplate as well as any
electronic switching time or cable delays and should be
taken into account for enhanced accuracy [20]. In order
to determine this delay time, 8¢, tone burst calibration
measurements where conducted in reference media.
The distance between the sensors was different for each
measurement. However, due to the fact that the velocity
of the reference medium (C.) is constant regardless of
the wavepath, 67 can be calculated as follows. For two
different configurations (wavepaths S; and S,) and any
specific pulse the time difference between the introduc-
tion of the electric signal and the arrival of the received
was measured 7; and 7, respectively. These values con-
tain the delay &¢ which is therefore calculated by
St:SZtl —Sih 2)

S =8

For further accuracy in the present case the delay was
measured using different media namely water, fresh ce-
ment paste, a steel calibration block and concrete spec-
imens of different sizes. The results were quite close,
while not exhibiting any noticeable dependence on the
central frequency of the tone burst. Therefore, the delay
was calculated as the average of the delay exhibited in all
different calibration measurements, namely 1.575 ps.
This value was subtracted thereafter from the time shift
between the received and the electric input signal. Typi-
cal pulse transit times through the concrete specimens
are approximately 30-35 ps, therefore considering no
delay effects would lead to an about 5% underestimation
of velocity measurement. Indicatively it should be men-
tioned that subtracting the value of &¢ = 1.575 us from
measurements in water, sound velocity calculated from
all different tone bursts results in an almost constant va-
lue of 1501 m/s regardless of the frequency with a stan-
dard deviation of 7.8 m/s.

Concrete and mortar have been reported previously
to exhibit dispersive behavior in through transmission
[5,6] and one side Rayleigh wave measurements [4]. Re-
sults of this work reveal such a trend at low frequencies.

In Fig. 11 the velocity of the individual wave packets
from 15 kHz to 1 MHz concerning cement paste speci-
mens is depicted. It is worth noting that the different
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Fig. 11. Effect of w/c on pulse velocity curves of paste.

curves are clearly distinguishable, showing the net influ-
ence of w/c on the propagating wave mainly through the
control of porosity. This decreasing trend of longitudi-
nal wave velocity with w/c is well known and holds
not only for hardened paste but also mortar [21] and
concrete [22]. The results do not show appreciable dis-
persion, since all values for each specimen do not gener-
ally differ more than £50 m/s from its average. The
reduced size of specimen is expected to have a negative
impact on the velocity values according to the investiga-
tion of Section 4.1; however, this geometry allows for
the discrimination between different composition pastes.

A slightly different trend of velocity vs. frequency is
observed for mortar, see Fig. 12(a) and concrete, Fig.
12(b). It seems that pulse velocity experiences a rise up
to about 200 kHz, obtaining an approximately constant
value up to the highest frequency tested. The water con-
tent influence is clearly shown especially in the mortar
case. The mortar curves are smoother, probably because
the larger size of inhomogeneities in concrete results in
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Fig. 12. Effect of w/c on pulse velocity of (a) mortar and (b) concrete.
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increased experimental scatter. Although generally w/c
affects concrete velocity too, specimens of neighboring
classes and specifically of w/c =0.40 and 0.425 are not
well separated as seen in Fig. 12(b). This is the reason
velocity has been considered, a weak characterization
parameter as to the w/c ratio of concrete while it seems
more powerful descriptor in mortar [3]. Anyway any dif-
ferences should be sought above 100 kHz.

It is noted that in certain cases high frequency signals
were severely attenuated and not liable to any analysis.
This is why some curves are truncated before 1 MHz
and while the acquired signal is still clear.

The reinforcement of the matrix with more stiff
inclusions (aggregates) seems also to have a more pro-
nounced effect on velocity probably due to the improve-
ment of elastic constants. Fig. 13(a) shows the difference
an increase of about 17% in volume content of sand, i.e.
increase of the a/c ratio from 1.5 to 3, makes in the lon-
gitudinal wave velocities mortar. A velocity rise is
clearly observed in concrete too with an increase of a/c
from 3 to 4, corresponding to volume contents 60.5%
and 67.2% respectively, see Fig. 13(b). Close examina-
tion of the curves, reveals that the increase of inclusions
embedded in the matrix seems to influence the discrep-
ancy between the lower and maximum values, since a/
¢ = 1.5 mortar exhibits an increase of about 6% in veloc-
ity from 15kHz to the maximum velocity observed
while the velocity increase for a/c = 3 mortar is 9%. Sim-
ilarly, pulse velocity of a/c = 3 concrete undergoes an in-
crease of 7.5% while for concrete of a/c = 4 the increase
is 11%.

A general remark from examination of all available
specimens is that the increase of velocity throughout
the band 15-200 kHz is approximately 5% for paste,
8.5% for mortar and 11% for concrete being in accor-
dance with the increasing level of inhomogeneity of
these materials.
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Another interesting comparison is the one between
curves obtained from mortar and concrete, which how-
ever share common design parameters, i.e. a/c and wic.
Therefore, the effective elastic constants and density
are considered similar and any discrepancy could be
attributed to the different inclusion size. It should be re-
minded that the maximum aggregate size for mortar is
475 mm while 37.5mm for concrete. Although the
aggregate size cannot be considered a key factor for
wave velocity in concrete, its increase has been reported
to yield slightly higher velocity values in through trans-
mission measurements [10]. From the obtained results
no clear tendency as to wave velocity is established, since
in certain cases mortar velocity is comparable to con-
crete one, see Fig. 14(a), while in others, Fig. 14(b)
velocity in concrete seems to be favored. This difference
has been attributed to the “interfacial transition zone”
around the aggregates, which is characterized by in-
creased porosity [10]. Since the specific surface of the
aggregate rises inversely proportional to the diameter
it is reasonable to assume that the total volume of mate-
rial contained in this zone is increased for mortar, result-
ing in overall poorer elasticity and velocity.

4.3. Phase velocity

Although it is a common practice to measure pulse
velocity in concrete, phase velocity can be of certain
importance especially when elastic properties are esti-
mated or theoretical modeling is undertaken.

The phase velocity measurement is based on the
phase difference of two signals, the one entering the
specimen and the received after propagation through
the examination material, as calculated through the
Fourier transform. The pulse used is broadband in order
to excite a wide frequency range. With the specific equip-
ment, material attenuation limits frequency range to val-
ues no higher than 1 MHz.
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Specifically, the pulse used was 1 cycle of 450 kHz, or
of duration 2.22 pus with a FFT spectrum covering ade-
quately the first MHz, as seen in Fig. 15. The face to face
response of the V413 transducer and the response of a
concrete specimen can be seen in Fig. 16(a) and (b)
respectively. Although the driving electric signal consists
of one cycle, it is clear that both the face to face and
specimen response exhibit longer duration, fact that
effectively reduces the bandwidth. Application of the
calculation scheme introduced in [19] to the entire sig-
nals, results in phase velocity curve as seen in Fig. 17.

For the specific concrete specimen that was cut in two
parts, phase velocities at the different frequencies were
also measured from the time delay between a specific
peak of the waveform collected from the intact and
the one collected from the cut specimen with difference
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Fig. 15. FFT of 1 cycle of 450 kHz, used for phase velocity
calculation.
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Fig. 16. (a) Sensor face to face and (b) concrete specimen response on
the excitation of 1 cycle of 450 kHz. Bold line stands for the part of the
signals selected for phase velocity measurements.

in wavepath 77 mm, see Fig. 6. The phase velocities
measured for different central frequencies are also de-
picted in Fig. 17. It has been observed that isolating
parts of the signals and specifically using the second cy-
cle of both the face to face and specimen response, see
bold lines of Fig. 16(a) and (b), provides a dispersion
curve quite close to the phase velocity points measured.
This was verified with other materials as metals and
water, which are generally considered non-dispersive.
Applying the phase measurement technique on the en-
tire signal resulted in strongly dispersive curve while iso-
lating one cycle, resulted in non-dispersive curves and
velocity values close to the theoretical stress wave veloc-
ities for metal and water. Therefore, phase velocities pre-
sented herein were calculated using the second cycle of
the waveforms after all other points are zeroed, as seen
in Fig. 16. The unwrapping of the phase spectrum,
which is involved in the calculation scheme, and corre-
sponding group and phase velocity calculations were
performed using standard built-in functions in MAT-
LAB environment as well as with a simple code in Visual
Basic indicating no discrepancies.

Phase velocity curves vs. frequency calculated as
mentioned earlier for all examined materials do not ex-
hibit qualitative differences with the above presented
pulse wave velocities. Indicatively, the phase velocity
of cement paste specimens show the same decreasing
trend with the w/c ratio, while it seems frequency inde-
pendent above 100 kHz as can be seen in Fig. 18. The
same trend holds again for mortar and concrete as seen
in Fig. 19(a) and (b) respectively. However, concrete
phase velocity seems to undergo greater increase than
mortar, starting at values between 3000 and 4000 m/s
implying that it is a dispersive feature observed by
means of this experimental setup that can be attributed
to the increased inhomogeneity large aggregates impose.
It is worth noting that the w/c = 0.40 and 0.425 classes
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of concrete yield similar phase velocities also as was the
case with their pulse velocities, indicating the correspon-
dence between the pulse velocity measured through sev-
eral different tone-bursts and phase velocity calculated
using one cycle of one excitation pulse of 450 kHz as ex-
plained above. For most frequencies the calculated
phase velocities exhibit lower values than the pulse. Spe-
cifically for paste the difference is generally somewhat
lower than 100 m/s, for mortar it is about 150 m/s and
for concrete the discrepancy is greater reaching 250
m/s. This discrepancy in phase and pulse velocity could
also be interpreted as a sign of dispersion imposed by
the increased level of inhomogeneity mortar and con-
crete contain.

5. Conclusions

In the present paper results from an experimental
study of ultrasonic through-transmission measurements

on cementitious materials are described. Narrow band
pulses of different frequencies up to about 1 MHz are
introduced into paste, mortar and concrete specimens
allowing for direct measurement of pulse wave velocity
and attenuation for each frequency while phase velocity
was also calculated according to the technique intro-
duced by Sachse and Pao [19]. Experimental investiga-
tions have shown that although specimen geometry
influences velocity measurements, it is not the reason
for the observed dispersion which is therefore attributed
to the material itself. The results highlight the w/c influ-
ence being mostly evident on paste and mortar while the
aggregate content is a decisive parameter in the propa-
gation behavior of mortar and concrete. Following the
comparison between mortar and concrete, the aggregate
size seems to have a more definite impact on the attenu-
ative behavior than on the pulse velocity while the ob-
served slight dispersion at low frequencies seems to be
originating from the inhomogeneous nature of mortar
and especially concrete. Nevertheless, any difference in
propagation parameters due to different design parame-
ters of concrete, i.e. w/c, a/c and aggregate fineness,
should be sought at frequencies above 100 kHz.
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