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Characterization of Deep Surface-Opening Cracks in
Concrete: Feasibility of Impact-Generated Rayleigh-Waves
by Hwa Kian Chai, Shohei Momoki, Dimitrios G. Aggelis, and Tomoki Shiotani

The feasibility of impact-generated Rayleigh waves (R-waves) for
measuring deep surface-opening cracks in concrete structures was
studied. The aim is to contribute to a methodology for simple and
effective in-place crack depth estimation. Specimens induced with
vertical slits of different depths were prepared for measurement. A
two-sensor array was implemented and elastic waves of different
central frequencies were generated by mechanical impacts with
steel-ball hammers of different ball diameters. R-wave amplitudes
were extracted from the waveforms. Attenuation of R-waves due to
diffraction and scattering by the slits and the trend of amplitude
decaying with slit depth were examined. A reasonable correlation
between the amplitude factor and slit depth-to-wavelength ratio was
established, which indicated the loss of sensitivity in the change of
amplitude factor with regard to dominant wavelengths smaller
than the slit depth. By comparing the results of P-wave time-of-
flight (TOF) method, the results by measuring again using the
proposed method confirmed the feasibility of R-wave attenuation
as an alternative parameter for characterizing surface-opening
cracks. In addition, it was also demonstrated potential problems
associated with the reliability of P-wave TOF method in estimating
a crack with limited length.

Keywords: amplitude factor; attenuation; nondestructive testing; Rayleigh
waves; surface-opening cracks.

INTRODUCTION

Concrete structures are susceptible to various forms of
attacks including applied load, drying shrinkage, temperature
variation, steel corrosion and other forms of degradation.
Surface cracking is one of the most common forms of defect
found in concrete structures as a consequence of the attacks.
Depending on the extent and their locations, surface-opening
cracks pose different levels of threats in degrading the overall
strength and durability performance of the structure. To make
things worse, these cracks, if they penetrate through the
thickness of the concrete cover, could result in exposure of
steel reinforcement and facilitate the ingress of chloride to
accelerate the corrosion process. ! Effective detection and
evaluation of surface-opening cracks are vital so that
appropriate repair or strengthening can be conducted to restore
structural integrity. Several nondestructive tests (NDT) have been
developed to detect surface-opening cracks in concrete
structures. The ultrasonic time-of-flight (TOF) method is the
most straightforward to adopt, in which the time and distance
of compression wave (P-wave) propagation are used to
compute the velocity, so that anomalies that cause delay in the
wave propagation can be identified. Van Hauwaert et. al.?
conducted a study to follow cracks developed under bending
of reinforced concrete (RC) members by establishing a
direct relation between the variation of ultrasonic parameters
during crack growth and the crack length. There are also
reports on the development of ultrasonic spectroscopy for
evaluating cracks and an ultrasonic imaging method that
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scans the concrete surface for cracking.3'5 A similar method
to the ultrasonic TOF method was developed by using elastic
waves induced by mechanical impacts, in which the travel
time of P-waves of known velocity diffracted from crack tip
were measured to calculate the depth of crack.®” In most real
cases, however, the crack surfaces were filled with water and
dust or in contact with the opposite surface, as well as in
connection with steel reinforcements. The filling, contact, or
connection can carry the P-waves across the cracks. Therefore,
when identifying the depth of cracks, especially those with
great depths, underestimation can commonly occur due to the
shorter-than-expected wave path through the bridging pornts

Recently, studies on the use of Rayleigh wave (R-wave)
scattering and attenuation characteristics in estimating
depths of surface -opening cracks in concrete have been
reported 6 R-waves propagate the surface of an object
with a penetration depth of approximately one wavelength.
Furthermore, R-waves carry a higher amount of energy than
bulk waves, that is, approximately 67% of the total energy of
elastic waves, and have a low attenuation rate in geometric
spreading due to their cylindrical wavefront, which enable
them to propagate over longer distances than the bulk
waves.” Also, unlike P-waves, the cylindrical particle movements
of R-waves, which are perpendicular to the propagation
direction, depend heavily on the shear properties of the
medluml Therefore, the existence of steel bar, water, or
dust, as well as contact between aggregates inside a crack, are
not expected to affect the wave propagation because of
insignificant shear properties of the substance and
contact surface.

Most of the studies for R-waves, experimentally or
analytically, have been linked with evaluating concrete
cracks that are relatively shallow in depth. In these studies,
measurements by ultrasonic excitations of high frequencies
were conducted. Although signal processing and identification
for crack evaluation can be precisely performed with high
consistency due to the good sensitivity of high frequency
waves toward attenuation, penetration of wave energy into
concrete has been very limited due to the short wavelength
of the ultrasonic waves. It is also known that the relation
between amplitude decay and crack depth can be established
by taking the ratio between crack depth and wavelength;
therefore, the relation is not confined to a certain range of
crack depth, that is, varying the Wavelength enables crack-depth
evaluation of any scale.” 1317 There is still a lack of
experimental data, however, to confirm the effectiveness of
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R-waves in assessing deep surface-opening cracks usually
found in large-scale concrete infrastructures, leaving the fact
that a practical methodology to evaluate crack depth with R-
waves is yet to be established.

This study investigates the feasibility of using R-waves to
identify deep surface-opening cracks in concrete. Within the
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Fig. I—Plane and side views of specimens indicating locations
of slits and their depths.
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context of this study, deep surface-opening cracks are
referred to as cracks with depths equal to or greater than the
concrete cover, assuming the minimum concrete cover for
normal steel-RC members exposed to moderate service
conditions to be in the range of 200 to 500 mm (7.87 to
19.69 in.) by taking into consideration the diameters of the
most commonly used steel bars.18:19 Furthermore, for
nonreinforced concrete, such as that found in tunnels or
dams, a crack can be considered deep relative to the dimension
of the structure, in a way that it raises concerns for impairment
of structural stiffness. Experiments were carried out on
concrete block specimens containing vertical slits of varying
depths. To facilitate comparison, depth estimations using the
P-wave TOF method were also performed. In the data
analysis of R-waves, the trends of R-wave amplitudes
decaying with respect to slit depth were examined and
correlations between the amplitude factor and the slit depth-to-
wavelength ratio were established. Verification tests were
then carried out and the correlations, in the form of exponential
curves, were used to estimate the depth of slits. With
reference to the experimental results, the feasibility of using
R-wave attenuation characteristics as an alternative parameter
for identifying surface-opening cracks is discussed.

RESEARCH SIGNIFICANCE

The significance of this study lies in its experimental
program to use R-waves for estimating the depth of surface-
opening cracks. Cracks with depths equivalent to or greater
than the concrete cover for structures under moderate service
conditions, or detrimental enough to instigate loss of
structural function, were considered. Excitations by mechanical
impacts from steel-ball hammers produced R-waves of
relatively high energy and long wavelength to enable deeper
penetration and enhance sound-to-noise ratio for easy signal
detection. By adopting a simple two-sensor approach, fast
execution can be achieved in-place. The finding of this study
offers further insight to effectively using R-waves for reliable
nondestructive evaluation of concrete structures.

EXPERIMENTAL INVESTIGATION

Materials and specimens

Two concrete cubes 1 m (3.28 ft) in size, Specimens A and
B, were prepared for testing. Artificial cracks, in the form of
vertical slits of 300 mm (11.81 in.) long, 0.4 mm (0.016 in.)
wide, and of varying depths d were introduced into the
specimens. Figure 1 shows the details of both specimens to
indicate the locations of slits. The slits were formed by
removing thin metal plates of different dimensions, which
were inserted into the concrete formwork prior to casting, at
the third day after the casting. Three sides of Specimen A had
slits with depths of 50, 80, 100, 130, and 150 mm (1.97, 3.15,
3.94,5.12, and 5.91 in.), whereas the fourth side was free of slits
to serve as the sound portion. In Specimen B, slits with greater
depths, that is, 200, 250, 300, 350, 400, and 500 mm (7.87, 9.84,
11.81, 13.78, 15.75, and 19.69 in.) were created.

Table 1 gives the concrete mixture proportions of the
specimens. The concrete mixture was prepared using ordinary
portland cement, a maximum aggregate size of 20 mm
(0.787 in.), and 4.5% entrained air. After casting, the specimens
were cured under air-dried conditions. At 28 days, the
concrete achieved an average compressive strength of
29.1 MPa (4220.60 psi) and a Young’s modulus of 26.4 GPa
(3,828,996.28 psi) based on testing procedures as prescribed
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in JIS A1108 and JSCE-G 502, using cylindrical specimens
prepared in accordance with JIS A1132.

Items of investigation

In the experiment, stress waves were generated by
hammer impacts on one side of the slit and were received on
the other side. To evaluate R-wave attenuation in association
with scattering by a slit, the change of R-wave amplitude was
examined and its correlation with the slit depth was
established. For validating the feasibility of the correlation
for slit depth estimation, similar testing procedures were
conducted and the results compared with those acquired by
the conventional P-wave TOF method.

Testing

A two-sensor setup was configured for the testing. Figure 2
shows the schematic diagram for sensor arrangement as well
as the actual test view. Two accelerometers with a flat
response up to 30 kHz were attached to the top surface of the
specimen, at 150 mm (5.91 in.) away from the specimen
edge and 100 mm (1.97 in.) away from the slit, resulting in
allocating a 200 mm (11.81 in.) spacing between the two
sensors. Each sensor was fixed by a screw to a small steel
plate of 10 x 30 x 30 mm (0.39 x 1.18 x 1.18 in.), which was
later bonded to the concrete surface using high-vacuum wax
as the coupling agent. A multi-channel data acquisition
system was used to sample data at an interval of 5 us for a
period of 0.02 seconds.

Throughout the experiment, hammer impacts were
conducted by the same operator to minimize inconsistencies
in the generation of stress waves. Generations of elastic
waves were carried out by mechanical impacts with steel-ball
hammers of different ball diameters: 5, 8, 11, 15, 25, and
35 mm (0.20, 0.31, 0.43, 0.59, 0.98, and 1.38 in.) (refer to
Fig. 3). The purpose of using hammers of different ball
diameters was to generate R-waves of different peak
frequencies for investigations on the relations between
wavelength, slit depth, and change in amplitude. Impacts
were made at a distance of 100 mm (1.97 in.) from the sensor
acting as the source to record waveform before the slit, as
shown in Fig. 2. The sensor mounted on the other side of the
slit would act as the receiver to record the changed waveform.
For each hammer size, a total of five impacts were made on
one side of the slit continuously, with an interval between
two impacts of approximately 0.5 seconds. A total time
length of approximately 3 seconds was required to record all
the five waveforms before the acquisition was terminated
and resumed for recording a new set of waveforms by
impacts at the next location. The waveforms were stacked to
enhance signal consistency as well as the sound-to-noise
ratio. With the source-receiver sensors inverted, impacts and
stacking of waveforms were then conducted for the other
side of the slit. This resulted in two sets of stacked data for
each hammer size for each slit. A similar sensor setup and
measurement procedures were performed on the sound
portion of Specimen A.

EXPERIMENTAL RESULTS AND DISCUSSION
Waveforms
Before applying further signal processing, all waveforms
acquired were prefiltered by a tenth-order low-pass filter in
accordance to the theoretical response of the sensor.
Figure 4 shows a typical waveform that has been filtered.
The waveform can be characterized by the initial arrival of

ACI Materials Journal/May-June 2010

the P-wave, followed by strong bursts in the negative and
positive phases indicating the arrival of the R-wave 2021
High amplitudes of the R-wave provide evidence that it
carried a majority of the wave energy.9 In the experiment,
the velocities for P-waves and R-waves were determined by
measuring the time lag between source and receivers
mounted on the sound portion. Figure 5 gives examples of
typical waveforms recorded by the source and receivers for
different slit depths, which were generated by the hammer
with a ball diameter of 8 mm (0.31 in.). For the sound

Table 1—Concrete mixture proportions

Crushed | Siliceous
Cement, | Water, stone, sand, | Ajr-entrained

kg/m® | kg/m3 wic, |Entrained kg/m? kg/m® | admixture,
/Ay | abid) | % | air, % | Ab/AS) | (b)) | ke/m (Ab/f)

338 53.5 959 819 3.38
(21.10) | (3.34) (59.87) | (51.13) 0.21)

46.8 4.5
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Fig. 2—Sensor arrangement and impact location.
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Fig. 4—Typical waveforms recorded from receiver.
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portion, it was noticed that the waveform of the receiver had
a lower amplitude compared to that of the source. The amplitude
decay was caused by attenuation attributed to geometric
spreading of the wavefront. For measurement surfaces with slits,
greater amplitude decay can be observed in the waveforms. This
is because when the waves impinged on the free surface of a slit,
a portion of the waves was reflected back, and another portion
passed through below the slit. The waves that impinged on the
tip of the slit were then diffracted or scattered.?? Therefore, the
waves received by the sensor on the other side of slit have much
lower energy, characterized by a decrease in amplitudes.
Specifically, it can be seen from Fig. 5 that wave amplitude
decreases with slit depth, inferring that the loss of wave
energy becomes greater as the slit depth increases.

Estimations by P-wave TOF

The P-wave TOF method estimates the depth of a surface-
opening crack by considering the time required for P-waves
to propagate from an impact source to a receiving point. The
waves detected on the forward side of a crack are usually
considered as those having been diffracted from the crack
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Fig. 5—Examples of waveforms recorded from impacts by
8 mm (0.314 in.) ball hammer. (Note: 1 mm = 0.0394 in.)
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Fig. 6—Results of depth estimation by P-wave time-of-
flight method. (Note: 1 mm = 0.0394 in.)
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tip. In this current study, by considering the trigonometry
relations between impact point, sensor distance and slit depth,
the depth of a slit was obtained by solving the following

Jd* 4004+ +001-C,-A—01=0 (1)

where C, » is the P-wave velocity of sound concrete (m/second)
(1 m/second = 3.281 ft/second); and At is the time difference
of detected waves from the source and receiver, in seconds.

Estimation results by all the hammers are plotted in Fig. 6.
From Fig. 6, it can be noted that the discrepancies between
the estimated and actual values for shallower slits are relatively
small. For greater depths, however, underestimation seemed
to occur. Particularly, most of the estimation results for slits
with depths >300 mm (11.81 in.) did not indicate a significant
difference between each other. This trend could probably be
explained by considering the three-dimensional half space in
which elastic waves propagate. For a slit with depth considerably
greater than the distance from sensor to slit end on the
measured surface, the first arriving wave could be that
having traveled and diffracted by the slit end on the
measured surface. It was also possible that the first arriving
wave has traveled in other shorter paths at subsurface
concrete, rather than from below the slit. This means that the
deeper the slit, the higher the possibility for erroneous detection
because the energy of the desired first arrival becomes
insignificant compared to those coming from other travel
paths. The finding from this current study thus revealed
potential problems that might occur when assessing
cracks with limited dimensions using the P-wave TOF
method, particularly those with a very short distance
between the sensor and crack end on the measurement
side. Under this circumstance, careful considerations are
essential to anticipate propagation behavior of elastic waves
with regard to the dimensions of crack and to identify potential
boundary conditions that could affect the reliability of
the assessment.

Amplitude decay of R-wave

By using the recorded waveforms in time domain, amplitude
factor F, defined as the ratio between R-wave amplitude of
the receiver and the source, was calculated for each slit under
different sizes of hammer. The amplitudes of interest were
those detected immediately next to the first P-wave arrival
(refer to Fig. 4), in both the positive and negative phases.
These amplitudes were chosen for consideration because
they were yet to be “contaminated” due to convergence of
energy by other wave components as a consequence of
complex interactions at the specimen boundary. The amplitudes
of the first arriving R-wave was characterized by
pronouncedly high magnitudes compared to the amplitude of
first arriving bulk waves. Thus, the identifications for these
R-wave amplitudes were relatively easy and errors in
reading could be minimized.

To eliminate the effect of attenuation due to the geometric
spreading of waves, values of F' obtained from slit measurements
were divided with that taken from the sound portion to derive
the normalized amplitude factor F,, for each slit depth and
hammer size. Besides, to minimize discrepancy due to
sensor fixing and coupling condition, F,,,, obtained from
both sides of the slit was then averaged by multiplying the
obtained values with each other and then taking the square
root of the multiplied product.
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To define a normalized parameter that can address all
crack depths, it was desirable that d be divided with the
wavelength of R-wave, A. In the case for impact-generated
elastic waves, A is usually referred to as the dominant
wavelength, which can be calculated by using the common
relation between velocity, wavelength, and central frequency
f.» which represents the frequency of waves that possesses
the most energy and is most likely to influence the behavior
of a medium. Parameter f, can also be understood as the
center of the area of the power spectrum density magnitude
plot acquired from the fast Fourier transform (FFT). The
FFT was performed with 512 samples and by applying the
Hanning window to minimize spectral leakage. Values of f,
for each hammer size were calculated using the following equation

SV L)

k=02

fo= @)
SV L)

k=02

where X(f}) is the FFT of the waveform at frequency f}, and
N is the number of discrete time samples. A typical power
spectrum density plot of stress waves generated by the 15 mm
(0.59 in.) steel-ball hammer is shown in Fig. 7. The
measured R-wave velocities and calculated f, for different
sizes of steel-ball hammers are summarized in Table 2.
These values were used to compute the ratio between slit
depth and dominant wavelength d/A for respective cases of
hammer impact.

In this study, the relations between F,,, and d/A were
investigated by taking into account three separate cases of
amplitudes: 1) positive phase amplitude; 2) negative
phase amplitude; and 3) average of the absolute values of
the positive and negative phase amplitudes. It was found
from the waveform that the identification for the positive
amplitude was the least ambiguous and its consistency
could ensure the reliability of the correlation. An expo-
nential regression was derived with the data of the positive
phase amplitude, as plotted in Fig. 8. A reasonably good
correlation (R2 = 0.81) was obtained, which can be
expressed as

F
d= —0.481 -In 22 .}, 3)
0.930

From the correlation, it is found that as d/A increases from
0 to 1, the decrease in F,,,, is large, which is from 0.93 to
0.12, whereas for F,,, greater than 1, the variation in F,,,
becomes much less significant. To explain this, common
understandings about R-wave propagation behavior were
adopted. It is known that the effective penetration depth
of R-waves is approximately one wavelength. In other
words, R-waves with wavelengths greater than the slit
depth can be assumed to be propagating in a straightforward path
below the slit. On the contrary, for R-waves with wave-
lengths shorter than the slit depth, propagation in less
direct paths might take place, for example, along the slit
surface and downward before being scattered at the slit
end. To avoid errors in data interpretation, it is essential to
examine the dominant wavelength of the excited R-waves and
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adopt careful considerations for the possibility of a
different propagation manner.

REPEATABILITY AND VALIDITY
OF METHODOLOGY

Using the same specimens, similar test procedures were
repeated to validate Eq. (3) for estimating slit depth. Stress
waves were generated by using the 8, 25, and 35 mm (0.31,
0.98, and 1.38 in.) steel-ball hammers. By adopting the same
signal processing and data analysis procedures as stated in the
previous section, F,,,, values for the positive amplitude were
obtained. The estimation results were plotted against the
actual slit depths for comparison, as shown in Fig. 9. The

Table 2—Velocity and f, of R-waves generated
by steel-ball hammers of different sizes

Hammer diameter, Velocity, Central
mm (in.) m/second (ft/second) frequencies f,., kHz
5(0.20) 2374 (7789) 19.10
8(0.31) 2176 (7139) 11.19
11 (0.43) 2280 (7480) 10.90
15 (0.59) 2210 (7250) 9.32
25 (0.98) 2247 (7372) 6.49
35(1.38) 2407 (7897) 448

0.8
0.7 +
0.6
g 0.5
2
3504 |
£
<03 r
0.2
01 r
0 1 el
0 10 20 30
Frequency (kHz)

Fig. 7—Typical power spectrum density plot of stress waves
generated by 15 mm (0.59 in.) steel ball hammer.
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estimations by the 25 and 35 mm (0.98 and 1.38 in.) steel-ball
hammers gave satisfactory accuracy in general. Most of the
results were found to be within the £15% error range. On the
other hand, in examining the estimations by the 8 mm (0.31 in.)
steel-ball hammer, apparent discrepancies were found,
especially for plots with regard to d of 200 mm (11.81 in.) and

600 ® 8mmhammer ~
€ 25mm hammer| s,
A 35mmhammer ’ e
500 | —._45% error pavs 7Y e
—_ —=—~-30% error 7 e
£ e '
£ 400
T
E, 300
©
£
£ 200
L
100 >
0 i
0 100 200 300 400 500 600

Actual d (mm)

Fig. 9—Estimation results by proposed R-wave methodology.
(Note: 1 mm = 0.0394 in.)
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Fig. 10—Comparison between estimation error by P-wave
time-of-flight and proposed R-wave methodology (25 mm
[0.98 in.] steel-ball hammer). (Note: 1 mm = 0.0394 in.)
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Fig. 11-Comparison between estimation error by P-wave time-
of-flight and proposed R-wave methodology (35 mm [1.38 in.]
steel-ball hammer). (Note: 1 mm = 0.0394 in.)
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greater. The 8 mm (0.31 in.) steel-ball hammer tended to
generate R-waves of relatively higher f,, with A shorter than
the d of some of the slits in the specimens. Therefore, the
results justified that for deeper slits, which yield d/A values
greater than 1, estimations for d become unreliable because
the R-waves have propagated in a different manner.

Figures 10 and 11 compare the estimation errors between
the P-wave TOF and the proposed R-wave methodology for
the 25 and 35 mm (0.98 and 1.38 in.) steel-ball hammers,
respectively. Generally, there is no consistent trend in firmly
inferring the superiority of the proposed methodology
compared to the P-wave TOF method. With the proposed
methodology, however, the 35 mm (1.38 in.) steel-ball
hammer seemed to be able to give more accurate estimations
for almost all slit depths. This suggested that large wave
energy and long wavelength should be preferred for better
results. On the other hand, acquisition of data by different
sizes of steel-ball hammers is also essential for comparison
purposes to enhance the accuracy of estimation. With the
findings of this study, the feasibility of the proposed methodology
in estimating depths of concrete cracks with reasonable
accuracies can be confirmed.

CONCLUSIONS

R-waves generated by impacts using steel-ball hammers
were used to characterize surface-opening cracks in
concrete. Cracks in the form of vertical slits with depths
ranging from 50 to 500 mm (1.97 to 19.69 in.) were introduced in
the specimens. Based on the results of the experimental
investigation, the following conclusions are drawn:

1. Due to reflection, diffraction, and scattering, attenuation
of stress waves became greater with the increase in slit depth.
The tendency in which the first arriving R-wave amplitudes
decrease with an increase in the slit depth was also noticed.

2. The accuracy of estimation by the P-wave TOF method
decreased with slit depth. For slits with depths significantly
greater than the distance between sensor and slit end on the
measured surface, it was highly possible that P-waves
propagating the measured surface or subsurface concrete
could be mistaken as the first arrival that have traveled
from below the slit. The deficiency of the P-wave TOF
method was thus demonstrated. Based on the findings, the
method becomes less reliable when the crack depth is
equivalent to or exceeds the distance between sensor and
crack end on the attachment surface.

3. Taking into consideration the decay of R-wave amplitude in
the positive phase, a reasonable exponential correlation between
the amplitude factor and slit depth-to-dominant wavelength
ratio was established. From the correlation, it can be noted
that for d/A greater than approximately 1, the decrease of
F,,, with an increase of d/A is less noticeable compared to
that for d/A less than 1. This implies that if the magnitude of
dominant wavelength is greater than the slit depth, a more
accurate estimation can be expected.

4. The results of repeated measurements by the 25 and 35 mm
(0.98 and 1.38 in.) steel-ball hammers validated the proposed
methodology and the relevant constants of expressions used for
calculating slit depth. The results also indicated that with the
proposed method, accuracy of estimations improved with the
size of the steel-ball hammers.

FURTHER RESEARCH

The current study adopted a two-sensor approach for
characterizing surface-opening cracks in concrete. To
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develop a simple and effective methodology to be applied
in-place, it is desirable to develop procedures that predict the
curvature or inclination of cracks that are not completely
vertical in nature. This can be realized by a multi-sensor
array approach to first predict the orientation of cracks,
followed by exploiting the decay of R-wave amplitudes in a
quantitative way for estimating crack depth. Further
experiments on different types of specimens are required
for data accumulation and establishment of amplitude-crack
depth relations to account for various geometrical boundary
conditions. In addition, a more steady method should be
developed to excite R-waves, for example, in the form of a
mechanical instrument that instigates tapings with a constant
force at a consistent location. Field measurements should
also be carried out to further justify the reliability of the
proposed methodology through verifications by other
methods such as concrete coring.
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