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HIGHLIGHTS

« The interaction of ultrasonic waves with partially-closed cracks in concrete has been studied.
« The influence of crack opening and incident angle on the signal features has been evaluated.
« The width of the crack process zone has been estimated from the data.

« The anisotropy of the material at the crack zone has been quantified.
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Interaction of ultrasonic waves with partially-closed surface-breaking cracks in concrete structures has
been studied. Measurements have been conducted on a reinforced concrete beam containing various
mechanical-load-induced cracks and compared with the baseline measurements at those locations.
Influence of crack width, incident angle of waves with cracks, and distance from the cracks on travel time
and amplitude of the waves have been investigated when the beam was unloaded. It has been observed
that a measurable part of the waves propagate through the cracks due to the acoustic coupling between
. . the crack faces, although attenuation can be relatively high. The travel time has shown a nearly indepen-
Ultrasonic elastic waves R . L.
Concrete beam dent behavior from remaining crack opening in the measured range of 0.05 mm to 3 mm. Measurements
Crack in directions orthogonal and parallel to the crack suggest that there is substantial anisotropy in the crack-
ing zone. Furthermore, an effective width of the micro-cracking area around the cracks has been esti-
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mated from the measurements.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Surface-breaking cracks commonly occur in concrete structures.
In reinforced concrete, development of such cracks can lead to
increased risk and rate of corrosion by facilitating the transfer of
corrosive substances to the reinforcement bars [4,7]. Proper identi-
fication and characterization of these cracks may therefore provide
valuable input for improved assessment of structural reliability
and durability of concrete structures.

Ultrasonic elastic-wave methods form an important class of
non-destructive assessment techniques for concrete structures.
Extensive investigations have been reported on characterizing
the effect of cracks on ultrasonic waves in such media, see for
example Liu et al. [9], Zerwer et al. [19], Shin et al. [17], Popovics
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et al. [14], Masserey and Mazza [10], Kee and Zhu [8], and Aggelis
et al. [2]. Tomographic methods, as an example of a multi-
dimensional assessment technique based on ultrasonic waves,
have been implemented in various studies [5,16,1,18,3,15] in
which the distribution of material stiffness is estimated from the
distribution of speed of sound using an inversion scheme based
on several pitch-catch measurements. Despite all the promising
achievements, the majority of the reported methods are, in the ker-
nel, either based on an idealized analogy of cracks to perfect
notches, i.e. voids, or consider a simplified angle-independent
transmission mechanism for ultrasonic waves through the cracks,
due to which some inconsistencies in the reported observations
can be identified. The acoustic coupling extent and details between
the crack faces are expected to have a major effect on the diagnos-
tic signals. For example, a perfect notch model is associated with
strong scattering of the waves by the crack and diffraction from
the crack tip, while a transmission model is associated with
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possibly-angle-dependent attenuation and time delay when the
waves pass through the cracks. While there is general consensus
that open cracks under substantial tensile stress can be described
by the former model, closed and partially-closed cracks have been
shown to allow a notable signal transmission [8]. For field applica-
tion of elastic-wave-based assessment techniques and to minimize
the contamination of the data with background noise, a particular
situation of partially-closed cracks in the absence of excessive
loads is of special interest (misalignment of aggregates may not
allow perfect crack closure). The behavior of these cracks, to the
extent that is desirable for application in a generic damage diagno-
sis method such as tomography, does not seem to have been suffi-
ciently studied.

In this paper, a detailed investigation of the interaction of ultra-
sonic waves with imperfectly-closed cracks in an unloaded beam is
presented. The designed experiments comprised five sets of mea-
surements to quantitatively study: (i) the coupling variation of
transducers, (ii) the baseline properties of the test sample, (iii)
the influence of crack (remaining) opening on the signal features,
i.e. amplitude and arrival time, (iv), the anisotropy in the crack
zone, and (v) the effective width of the crack process zone. In each
set, the responses have been compared to the baseline signal, i.e.
the signal obtained when no defect was present. The results sug-
gest that careful consideration of the crack behavior is essential
in the development of passive and active elastic-wave-based tech-
niques for assessment of existing concrete structures, such as
acoustic emission and elastic-wave tomography.

2. Description of measurements

A brief theoretical background of the assessment approach is
presented in this section. In order to study the effect of cracks on
the diagnostic ultrasonic waves, a number of experiments have
been designed and performed such that in each measurement
set, a reference signal, i.e. baseline, is recorded alongside the signal
influenced by the crack. For this, three transducers are used in each
measurement, where one is transmitter and the other two are
receivers, as schematically shown in Fig. 1. The receivers are placed
at the same distance but opposite from the source.

When the transmitter coupled to the structure surface emits an
ultrasonic pulse, it propagates inside the medium and on its sur-
face. The recorded responses, i.e. the convolution of the source
pulse transmitted into the concrete medium, the transfer function
of the medium between the source and the receiver, and the trans-
fer function of the receiver apparatus, at the two receiver locations
(denoted by P; and P,) can be described in the frequency domain

: e
=23 Dae

€ [P, S, R, HJ, (2)

o)W (l,w)S'(w),Vi € [P, S, R, H, (1)

VWA (L, ) + Wi (L, )]S (), Vi, j

Fig. 1. Schematic illustration of the ultrasonic source (S) and receivers (R1 and R2)
on the concrete member. In all the experiments, the transducers are placed such
that a single crack under investigation is located between the source and one of the
receivers.

where  is the radial frequency, the superscript i and j denote the
wave mode (each can denote pressure, shear, Rayleigh, and head

waves), D} is the transfer functions of receiver k for wave mode i,
W is the transfer function of the medium without crack for wave
mode i, WV is the transfer function for waves entering the crack

zone as mode i and leaving it as mode j, W is the transfer function
for waves diffracted and possibly mode converted by the crack tip, !
is the distance between the source and each receiver (similar in this
case), and S(w) denotes the generated pulse. The transfer function of
the medium with crack may be simplified as:

Wil ) = W(l - L, 0)Q (L, ¢, ) e

with Q the transfer function of the medium in the crack process
zone affected by micro-cracking with effective length I.. While W
is a function of the base material properties and composition, Q
(I,d) can additionally depend on crack depth, transparency, and
incident angle ¢. These transfer functions may be obtained experi-
mentally, analytically, or numerically.

For the comparison of the signals of the baseline and cracked
cases to be meaningful, the coupling terms, i.e. D, and D,, should
be reasonably similar. The first set of the measurements in this
research was hence dedicated to the quantification of coupling
variation. The second set dealt with extraction of the properties
of the medium (related to transfer function W) using an array of
transducers. This information was necessary for estimation of the
wave speed in the damaged area (related to transfer function Q)
at a later stage. In the next measurement set, the influence of the
crack opening on the signal amplitude and arrival time was studied
(related to Q). Furthermore, the extent of the damage zone at the
crack vicinity was assessed (related to [.), followed by an assess-
ment of the directional properties of the cracks (also related to Q).

3. Experiments

A reinforced concrete beam with length, height, and depth of
10 m, 0.8 m, and 0.3 m, respectively, which hosted several cracks
of different opening and orientation, was chosen. The concrete
class was C65 with compressive strength of about 68 MPa, and
the maximum aggregate size was 16 mm. The cracks were gener-
ated in a shear test (not shown) under excessive loading, as
schematically illustrated in Fig. 2. The beam was unloaded and
placed on the floor of the laboratory, as can be seen in Fig. 3. A
number of cracks with different remaining openings ranging from
0.05 m to 3 mm, which were measured with a crack width ruler on
the beam surface, were selected for the ultrasonic tests. The data
acquisition system was Sensor Highway II by MISTRAS, and the
transducers where of resonant type with center frequencies of
60 kHz and 150 kHz, i.e. R6I and R15I, from the same vendor, used
as both transmitter and receiver. The transducers were attached to
the surface using a viscoelastic adhesive couplant.

3.1. Coupling sensitivity

Several measurement sets were performed to investigate the
variation in the coupling of the transducers. To maintain the source
signal constant at each set, four R6I transducers were placed on a
circular pattern at a distance of 106.5 mm from the source, i.e.
standard pencil lead break. This experiment was repeated 6 times
at the same location on the beam by removing and re-installing the
transducers.

3.2. Baseline properties

An array of 14 R6I transducers was mounted on the surface of
the structure in an area without cracking. The spacing between
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Fig. 2. Dimensions of the test beam.

Fig. 3. Baseline measurements with an array of 14 transducers.

the transduces was 40 mm ensured by a thin plastic mold, as
shown in Fig. 3. Transducer 1 (the first from left in Fig. 3was used
as a source element, excited with a rectangular-shape pulse of 20
us duration and 10 V amplitude. The induced pulse in the medium
can therefore be considered as the convolution of this pulse with
the narrow-band transfer function of the transducer and the cou-
pling layer.

3.3. Crack width influence

A number of cracks with openings of 0.05 mm, 0.1 mm, 0.2 mm,
0.3 mm, 0.6 mm, 1 mm, 1.5 mm and 3 mm (measured at the sur-
face of the unloaded beam) were found and chosen, as can be
partly seen in Fig. 4. Two receivers were placed at a distance of
80 mm from the source, in such a way that one of the source-
receiver paths contained a crack. The source signal was the
short-duration pulse described in Section 3.2. With the cracks all
the way through the beam, the positioning of the transducers rel-
ative to the cracks was considered such that for the first-arriving
wave packet, the possibility of travelling through could be distin-
guished from the possibility of diffraction from the tip of the
cracks. To exemplify, with a distance of 150 mm from the crack

tip to the transducers, the tip-diffracted terms (captured by Wi
in Eq. (2)) are expected to appear with more than 53 pus delay com-
pared to the baseline signal (considering maximum speed of 4100
m/s). Longer time delays are associated with larger distances, e.g.
102 ps delay for 250 mm distance. If notable changes to the signal
occur before the diffracted waves are expected, they can be attrib-
uted to the part passing through the crack.

In the conducted experiments, the minimum distance of trans-
ducers from the crack tip was predominantly larger than 200 mm

(expect for the case of 0.05 mm crack which had a distance around
100 mm, due to practical limitations). The measurements were
carried out with both 60 kHz (R61) and 150 kHz (R15I) transducers.

3.4. Crack zone (band) width

Concrete cracking has been reported to be associated with a so-
called fracture process zone, leaving a network of micro-cracks
around the main crack and causing reduced stiffness. The width
of this zone has been investigated by various researchers, for
example [11,13,12]. In this set of measurements, the compatibility
of this notion with measured ultrasonic signals is evaluated. Simi-
lar to the previous set, R6I transducers with spacing of 80 mm were
applied on the crack with 0.6 mm opening. In order to estimate the
effective width of the area affected by micro-cracks (characterized
by reduced stiffness and hence speed of sound), the source and one
of the receiver transducers have been initially placed on the crack
trajectory, and further moved away from it without changing the
orientation, as shown Fig. 5. The third transducer to measure the
baseline signals was placed in the orthogonal direction.

3.5. Anisotropy in the crack zone

From the conducted measurements parallel and orthogonal to
the crack, the anisotropy of the medium at the crack zone can be
estimated. R6I transduces were utilized in this experiment on the
crack with opening of 0.6 mm. The distance between the transduc-
ers was 80 mm, similar to the previous experiment.

4. Results and discussion

The waveforms from all the experiments were acquired at a
sampling rate of 1 MHz, and with a trigger time of 256 ps. The pro-
cessing was performed in the time domain in a consistent manner
to the commonly-used approach in tomography and acoustic emis-
sion techniques, i.e. the onset of the first-arriving wave was deter-
mined based on exceeding a predetermined threshold, and
subsequently registering the amplitude of the first peak. Care
should be taken to deal with interference of the first arrival with
other wave modes and boundary reflections, e.g. by placing the
transducers at a sufficient distance from the edges of the beam.
Processing of the signals in the time domain implies that a range
of frequencies are mixed in the analysis of signal amplitudes, how-
ever, given the reasonably-narrow band of the transfer function of
the transducers (effectively between 40 kHz and 90 kHz), this is
believed to be an acceptable processing domain.

It is also noted that the transfer function of the sensors of the
same type are nearly similar, but not exactly identical. This also
holds for the couplant layer. As a result, the transmitted source sig-
nals into the medium have been observed to be similar during the
first 50 ps of excitation, and only after that the difference becomes



902 L. Pahlavan et al./Construction and Building Materials 167 (2018) 899-906

Fig. 5. Measurements on the influence of distance to crack (left and middle) and crack orientation (right).

notable. The duration of 50 us encompasses the excitation peak
and hence serves the purpose for this investigation.

4.1. Coupling variation

The total variation in the amplitude of the received signals in
the repeated measurements turned out to be limited to 5 dB, with
proper control of the thickness of the adhesive layer. This means
that the results shown in the remainder of this paper when dis-
cussing the signal amplitudes are subject to this level of variation.
Note that no major phase variation was observed in this analysis.

4.2. Baseline characterization

Using the array of transducers, the signal transmitted by ele-
ment 1 was acquired with the rest of the elements. With the trans-
mitter and receiver placed on the same surface, surface Rayleigh
(R) and head waves, i.e. refracted P waves, are predominantly mea-
sured. With a trigger time of 256 ps, the response acquired by the
first 6 receivers was used to extract the speed of R and P waves, as
shown in Fig. 6. With the relatively small distances chosen with
regard to the relatively high attenuation, interference of these
wave modes was inevitable. To minimize this adverse interference
effect on the accuracy and given the larger amplitude of the R
waves, the velocity of P waves was determined from the onset of
the recorded waves, while the peak amplitude of the R waves
was used to estimate their speed (best fitted line). From this anal-

ysis and as graphically illustrated, velocities of 4100 m/s and 2400
m/s were extracted for the P and R modes, respectively.

Note that in the considered configuration, a larger uncertainty is
associated with the estimated speed of the R waves, not only due
to the mode interference (for example more strongly pronounced
in transducers 1 and 5, i.e. a1 and a5), but also because of the pos-
sible differences in the transfer functions of the transducers (as dis-
cussed previously). These can lead to variations in the signal shape
and its peak time. The procedure for the onset picking of the P
waves, on the other hand, desirably stable.

4.3. Effect of crack opening

The raw data acquired for the 8 cracks with openings between
0.05 mm and 3 mm is shown in Fig. 7. The signals amplitudes have
been normalized with respect to the maximum amplitude of the
baseline signals. In the baseline response, the peak occurred
around 310 ps, after which interference with other scatterings
and diffractions (including boundary reflections) were also picked
up. Given the positioning of the transducers with respect to the
cracks and the relatively small time delays compared to the base-
line (see Section 3.3), the first arriving wave packet was concluded
to have travelled through the cracks (and not diffracted from their
tips). In the presence of cracks, the amplitude of the signal is
observed to drop substantially and a delay is introduced in the arri-
val time of the signals, as discussed more elaborately here.

Dependence of the onset of the first-arriving wave packet, i.e. P
waves, and the amplitude of the dominant R waves (see Section 4.2)
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400 450 500 550 600
time [ps]

Fig. 6. Estimation of the speed of P and R waves from the 7 transducers in an array with 20 mm spacing: the estimated velocities of P and R waves from the signals are about

4100 m/s and 2400 m/s.

on crack opening have been shown in Fig. 8 (left) and Fig. 9 (left)
when R6I transducers were used. For onset picking, a threshold
of 1% of the signal maximum amplitude was applied. For amplitude
selection, a window length of 50 us starting from the detected
onset was applied to exclude possibly other scattered and mode-
converted waves as much as possible. The travel time delay does
not exhibit a particular trend with respect to the crack width,
and oscillates around 20 us with an uncertainty band of about 13
us (which would be about 6 ps if the 0.1 mm crack is excluded).
The amplitude decay of the signal seems to increase with the crack
opening, suggesting a variation in the range of 10-50 dB. With a rel-
atively large uncertainty band of + 12 dB, this amplitude drop may
be considered inversely proportional to the logarithmic crack open-
ing. The uncertainties in the arrival time and amplitude is expected
to partly originate from the variations in the incident angles (see
Fig. 4and also from the detailed interface condition between the
crack faces (no two cracks are identical). In addition, coupling vari-
ation in mounting the transducers and local variation of material
properties, i.e. heterogeneity, also contribute to the uncertainty.
Nevertheless, these approximations may be insightful for interpreta-
tion of elastic-wave tomography results on concrete samples.

The measurements were repeated using R15I transducers, and
the results can be seen in Fig. 8 (right) and Fig. 9 (right). Both
the arrival times and amplitudes showed comparable trends to
the ones observed from the R6I transducers. The smaller uncer-

tainty in this experiment (compared to the one with R6I transduc-
ers) is partly attributed to the more careful angular positioning of
the transducers with respect to the crack, and partly to the
frequency-dependent transmission behavior of the crack, possibly
to a smaller extent.

The implications of the observed influence of crack opening on
the signal features can be discussed in different contexts, e.g.
elastic-wave tomography and acoustic emission. For elastic wave
tomography, these results suggest that merely measuring the tra-
vel times of the waves does not provide sufficient information
for characterization of the cracks. Merely measuring the ampli-
tudes, on the other hand, may be associated with undesirably large
uncertainties for the characterization process. Analysis schemes
based on both travel time and amplitude are accordingly recom-
mended for elastic-wave tomography. In the context of acoustic
emission, the observed behavior of cracks imply that the presence
of existing cracks does not only adversely influence the accuracy of
source localization (because of additional time delays in the
recorded signals), but also the reliability of the measurement sys-
tem. When signal amplitudes drop substantially between an
acoustic emission source, e.g. an active crack, and the receivers
due to other existing cracks on the way, the resulting signal may
go below the threshold of the measurement system thereby com-
pletely missing the event. These issues are considered as important
topics for the future research.
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Fig. 7. The raw signals obtained from crack width measurements using R6I.
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Fig. 8. Dependence of travel-time difference on crack width captured with R6I (left) and R15I (right) transducers.

4.4. Effect of distance from crack

Measurements were carried out on the crack with 0.6 mm
opening, with the pair of transmitter-receiver parallel to the crack
and at distances of 0, 10 mm, 20 mm, and 40 mm (between the
center of the transduces and the crack face), see Fig. 5 (left). The
signals are shown in Fig. 10. At each set, a baseline signal has also
been acquired at the same distance, but in the orthogonal direction
to the crack. The signals are expected to be least affected when the
direct path is predominantly outside the fracture process zone

including micro-cracks. Although some refraction and reflection
by the main crack surfaces may also be present, the extent of these
components is deemed reasonably small. Both travel time and
amplitude of the signals are studied here.

The variation of signal arrival time with respect to the baseline
as a function of the distance from the crack has been shown in
Fig. 11. The maximum time difference was about 5 us and observed
when the transducers were placed directly on the crack. The arrival
time difference decreased monotonically with the distance. From
the small difference of about 2 ps at distance of 20 mm, which fur-
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Fig. 11. Dependence of travel-time difference on the distance from the crack with
R6I transducers.

ther vanished at the distance of 40 mm, it may be concluded that
the micro-cracking area extends slightly beyond 20 mm one-

sided, and therefore 40 mm in total, which coincides reasonably
with the previously reported ranges of 2.5-3 times the maximum
aggregate size. Note that extraction of the exact value of crack zone
width is not feasible in this case since the transducers are not
point-contact (diameter is about 29 mm).

The variation of signal amplitude with the distance from the
crack was also investigated, as shown in Fig. 12. However, no nota-
ble dependence was observed as the variation is in the range of the
expected coupling variation.

4.5. Anisotropy

In the directions orthogonal and parallel to the crack travel time
differences of 20 us and 5 ps were observed, respectively, over a
traveling distance of 80 mm for the surface head waves with nom-
inal speed of 4100 m/s, i.e., in the undamaged area. Assuming a
crack band width of 48 mm with uniform properties, the speed
that would explain the 20 ps difference is about 1500 m/s (about
37% of the baseline speed). Assuming constant density at the crack
zone, this speed suggests that the Young modulus in the orthogo-
nal direction is approximately 13% of the baseline one. In the par-
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Fig. 12. Dependence of signal amplitude on the distance from the crack with R6I
transducers.
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Fig. 13. Anisotropy at the crack zone measured with R6I transducers. The
measurement points are along 0 and 90°, and the rest has been interpolated based
on an elliptical anisotropy assumption.

allel direction, the speed that explains the 5 ps difference would be
3260 m/s (about 80% of the baseline speed). Assuming constant
density, this suggests that the Young modulus in the parallel direc-
tion is approximately 63% of the baseline one.

For graphical illustration and using an elliptical anisotropy
model [6], the interpolated speed of P wave as a function of angle
has been given in Fig. 13. Other choices for the anisotropy model
and additional validation points are to be considered for the future
research.

The strong anisotropy observed at the crack location and the
generally-unknown angular positioning of cracks in concrete struc-
tures suggest that consideration of a full anisotropic model may be
necessary in elastic-wave tomography formulations. Furthermore,
in the context of conventional acoustic emission, this issue is
expected to be a contributing factor to the total localization error.

5. Conclusion

From measurements conducted on a concrete beam with max-
imum aggregate size of 16 mm and various imperfectly-closed
cracks in the range from 0.05 mm to 3 mm from a previously-
performed load test, it was observed that both amplitude and tra-
vel time of ultrasonic waves are generally affected in interaction
with cracks. A travel time difference of about 20 us was observed
when waves travelled through the cracks, without any notable

trend with respect to the remaining crack opening. Substantial
amplitude drop predominantly in the range from 10 dB to 50 dB
was also observed. It is concluded that strong anisotropy exists
in the crack zone, with the wave speeds in the orthogonal and par-
allel directions being about 37% and 80% of the baseline values,
respectively. Furthermore, the evaluated width of 40 mm for the
micro-cracking area at the crack vicinity coincides with the
previously-reported range of 2.5-3 times the maximum aggregate
size for fracture process zone.

The results of this research may in the future be used in formu-
lation of hybrid tomography schemes based on both amplitude and
time delay of the signals in anisotropic media to more accurately
characterize cracks in concrete. Furthermore, improved procedures
for acoustic emission analysis may be derived based on the dis-
closed local interaction of elastic waves with existing closed cracks
located between the signal source and the receivers.
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