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Abstract: In this paper, we describe a method for estimating a crack position in a concrete structure
using several accelerometers. An array of accelerometers is attached to the concrete structure and an
impact is made on the concrete surface using a small impulse hammer. A reflection wave is generated
from the crack position if a crack exists. Conventional methods for estimating the reflection point
might seem to be useful for the detection of cracks. Because the concrete structure is elastic, however,
it has three wave-propagation modes: the surface-wave mode, the primary-wave mode, and the
secondary-wave mode. We cannot estimate the position using conventional methods because the
necessary primary-wave mode is weaker than the surface-wave mode. To estimate the crack position
precisely, we have already proposed two methods for eliminating the surface-wave and side-wall
reflections. However, elimination using those methods was insufficient because they sometimes
indicated a peak at a position where no crack existed. Therefore, in this paper, we propose a new
method for estimating the surface wave more precisely to suppress such peaks. Some experiments
were carried out, yielding better results.
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1. INTRODUCTION

Structural-health monitoring techniques have been

developed extensively since the 1995 Kobe earthquake to

detect (1) the presence or absence of cracks, (2) crack

positions, and (3) crack sizes in large structures such as

tunnels, dams, and buildings. For such applications, an

approximate evaluation of the position and crack size is

sufficient. Nondestructive methods of finding a crack in a

concrete structure are classifiable into three categories: (1)

methods using X-rays [1], (2) methods using IR thermog-

raphy [2], and (3) methods using a vibration signal [3–6].

The first method cannot locate small cracks such as those

in a thin plate; the second requires that the measuring point

is viewed directly. Moreover, neither is useful for finding

cracks deep within a structure. Therefore, the third type

of method has been widely investigated. The concrete

structure investigated in our project is very large (larger

than 1m). For this reason, we use a low-frequency

vibration signal instead of an ultrasonic one. In conven-

tional methods, low-frequency vibration signals are driven

into the concrete structure by an impact force to estimate

the resonant frequency of the concrete structure. Thereby,

the position of the crack is estimated [3,4]. However, this

method only works well for some cases in which: (1) the

crack resembles a sheet and the sheet is parallel to the

structure surface (a standing wave is generated in this

case), or where (2) the crack is large so that it causes a shift

in the resonant frequency. We have already proposed

several methods for estimating the position of a sheetlike

crack in a concrete structure using several accelerometers.

Using such methods, the position of the first reflection

wave from the crack caused by the impact force is used to

find the crack position instead of the resonant frequency.

The positions of cracks can be estimated by this method

when the concrete structure has more than one crack [6],

but it is very difficult to estimate the locations using the

other conventional methods. Furthermore, this method

works well even when the sheetlike crack is slanted to the

surface of the concrete structure.

In our method, an array of accelerometers is attached to

the concrete structure; then, an impact is driven into the

concrete by hitting the surface with a small hammer. The

hammer produces low-frequency components of less than

10 kHz, which do not decrease in power during propagation

as higher-frequency components do. Therefore, reflections�e-mail: mtakeshi@iwate-u.ac.jp
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from a crack are detectable, even if the crack is located

deep within the structure. Because low-frequency compo-

nents are less than 10 kHz in our method, the crack size,

which is detectable, might be the same as the wavelength.

However, some experiments have shown that a 1-cm-thick

sheetlike crack is detectable using our method. Because the

concrete structure is elastic, three wave-propagation modes

exist: the surface-wave mode, the primary-wave mode, and

the secondary-wave mode. The necessary primary-wave

mode is weak compared with the surface-wave mode. This

problem is negligible in the conventional method [3],

which estimates the resonant frequency, but it is a

significant obstacle in our method. To estimate the crack

position precisely, we have already proposed two methods.

One is a method that eliminates only the first-arriving

surface wave [5]; the other is a method that eliminates the

surface wave and reflections from side walls [6]. This

process works well because (1) the distance between the

point of impact and the accelerometer is sufficiently longer

than the thickness of the concrete structure, and (2) the

impulse response caused by the reflections from the side

wall is nearly identical for each accelerometer. To reiterate,

if the concrete structure is sufficiently small that the

reflections from side walls overlap with the surface wave,

this method does not work well. In this case, it is difficult to

detect a crack. Therefore, a new method that eliminates the

surface-wave precisely is anticipated.

In this paper, we propose a new method for detecting a

crack more accurately by estimating the surface wave more

precisely. Our experiments have revealed that the crack

position is more clearly detectable by our new method.

2. PRECISE ESTIMATION OF
A SURFACE WAVE

An impact with a hammer generates a surface wave, a

primary wave, and a secondary wave. The surface-wave

power decreases in proportion to the propagation distance,

whereas those of the primary wave and the secondary wave

decrease in proportion to the square of the propagation

distance. Therefore, the surface wave becomes dominant at

positions far from the impact point. On the other hand, the

primary wave and the secondary wave are dominant for

reflections from a crack. The primary wave is known to be

particularly dominant for the reflection from a crack

directly underneath the point of impact.

2.1. Accelerometer Output Attributable to the Impact

of an Impulse Hammer

We assume that an elastic structure has a crack, as

shown in Fig. 1. Several accelerometers are attached to the

stress-free surface of the structure. A location almost at the

center of the accelerometer array is struck with a small

impulse hammer. Figure 2 shows the impact force and its

power spectrum.

Because the waveform of the impact force shows only a

single peak, we inferred that the accelerometer output also

shows only a single peak. Accordingly, some experiments

were carried out on the wall of a large dam as a concrete

structure that might have no cracks and no reflections.

Figure 3 shows an example of the response to a impact

with a small impulse hammer. Figure 3 shows that the

accelerometer output is not expressed by a single peak,

perhaps because of (1) the accelerometer setting and (2)

the frequency characteristics of the accelerometer and the

amplifier. In all experimental cases, the accelerometer

outputs resemble that shown in Fig. 3.

Extraction of the precise surface wave should be

performed by deconvolution. However, a stable inverse
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Fig. 1 Elastic structure buried in the soil.
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Fig. 2 Impact force f ðnÞ and its power spectrum
produced using a small impulse hammer.
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filter cannot be obtained using the deconvolution technique

because the transfer function from the impact force to the

accelerometer output has zeros. For this reason, the

extraction is performed as follows. We infer from Fig. 3

that the original output umðnÞ of the mth accelerometer

is modeled approximately by an exponentially decaying

sinusoidal wave in the interval where the impact force is

absent. An impulse response hmðnÞ expressed using the

following equation is therefore introduced for the mth

accelerometer:

hmðnÞ ¼ � expð��mnÞ cosð2��mnþ �mÞ; ð1Þ

where n is the discrete time, where the time is expressed

as t ¼ n�T and �T is the sampling period.

The estimated surface wave u0mðnÞ is expressed as

u0mðnÞ ¼
XN�1

p¼0

f ðn� pÞhmðpÞ; ð2Þ

where f ðnÞ is the impulse hammer output, N is the length

of the impulse response hmðnÞ, and N is set to 1,024 points

(2.56ms) in the experiment.

Here, the original output umðnÞ of the mth accelerom-

eter passed through a charge amplifier in the experiment,

and the effect of the charge amplifier should be compen-

sated. Because the charge amplifier was a type of a high-

pass filter, the difference f 0ðnÞ ¼ f ðnÞ � f ðn� 1Þ of the

impulse hammer output (impact force) was used as the

simplest high-pass filter instead of the original output f ðnÞ
of the impulse hammer. The estimated surface wave u00mðnÞ
using f 0ðnÞ instead of f ðnÞ is expressed as

u00mðnÞ ¼
XN�1

p¼0

f 0ðn� pÞhmðpÞ: ð3Þ

The four parameters �m, �m, �m, and �m are determined

to minimize the following mean-square error.

E ¼

X
n

ju0mðnÞ � umðnÞj2; for f ðnÞ
X
n

ju00mðnÞ � umðnÞj2; for f 0ðnÞ

8>><
>>:

ð4Þ

For this equation, the duration of summation
P

n is

chosen so that only the surface wave appears in the

duration. The method of determining the duration is

explained in Sect. 2.2.

Figure 4 shows the transfer function of the high-pass

filter realized by the difference f 0ðnÞ ¼ f ðnÞ � f ðn� 1Þ.
Figure 5 shows the original waveform umðnÞ, the

modeled output of the surface wave u0mðnÞ, and their

residue humðnÞ � u0mðnÞi when E reaches a minimum.

Figure 6 shows the original waveform umðnÞ, the modeled

output of the surface wave u00mðnÞ, and their residue

humðnÞ � u00mðnÞi when E reaches a minimum. Comparison

of Fig. 5 with Fig. 6 clarifies that u00mðnÞ using f 0ðnÞ is a
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Fig. 3 Accelerometer output elicited by an impact to a
large dam wall using a small impulse hammer.
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Fig. 4 Transfer function of the high-pass filter realized
by the difference f 0ðnÞ ¼ f ðnÞ � f ðn� 1Þ.
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better model of the surface wave than u0mðnÞ using f ðnÞ.
(The error E using the original force f ðnÞ is 3.1 times

larger than that using the difference f 0ðnÞ.) The difference

f 0ðnÞ might not be the best high-pass filter, but it is better

to use the difference f 0ðnÞ than to use the original force

f ðnÞ.
The residues in Figs. 5 and 6 might be attributable to

(1) the primary and the secondary waves, which are not

taken into account here, and (2) the estimation error of the

surface wave. The power of the residue in Fig. 6 is smaller

than that of the original wave by about 12 dB. On the other

hand, the difference between the peak value caused by the

reflection wave from the opposite wall or crack (the desired

signal) and that from the side wall (interference or noise) is

about 5 dB, as described in Sect. 4. That is, the signal-to-

noise ratio (SNR) is 5 dB. The estimation accuracy (12 dB)

of the surface wave is sufficient compared with the SNR

(5 dB).

2.2. Estimation of a Surface Wave for a Real Concrete

Structure

The impulse response of an accelerometer and the

attached amplifier used in this section are the same as those

used in Sect. 2.1, the extraction of the surface wave can be

executed similarly. The method explained in Sect. 2.1 was

applied to the concrete species shown in Fig. 7.

Figures 8 and 9 respectively depict the original accel-

erometer output, the estimated surface wave, and the

residue for concrete species (c) by the previous method [6]

and the new method proposed here.

The duration for which the error E is calculated is

determined as follows:

(1) The starting point of the duration is set at the initial

rising point of the first peak.

(2) The response is expressed by Eq. (1). Therefore, the

absolute values of the peaks should decrease as time

passes. If the absolute value of the ith peak is larger

than that of the ði� 1Þth peak, a reflection exists

between the ði� 1Þth peak and the ith peak. For this

reason, the end of the duration is set at the zero-cross

point after the ði� 1Þth peak.

Figure 9 shows that a large fraction of the surface wave

is eliminated compared with Fig. 8. Moreover, peaks

caused by reflections from the crack and side walls clearly
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Fig. 6 Original output umðnÞ, the modeled output u00mðnÞ
using f 0ðnÞ and their residue for the case shown in
Fig. 3.
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appear in the residual, because the reflection from side

walls remains unchanged by the new method. Because we

wish to know the position of the crack, the reflection from

the side wall is interference or noise that should be

eliminated; the reflection from the crack or opposite wall is

the ‘‘desired’’ signal.

If the shape of the concrete structure is known, an

image source can be assumed because of the mirror effect,

as shown in Fig. 10, and the propagation distance from the

hitting point to the sensor is calculated. In Figs. 8 and 9,

some peaks are marked with ‘‘reflection from side wall’’

because their positions coincide with the positions attrib-

utable to the reflections from the side walls, as calculated

from the propagation distance and the surface-wave

velocity. On the other hand, another peak is marked with

‘‘reflection from a crack’’ because its position coincides

with the position attributable to the reflection from a crack,

which is calculated from the propagation distance and the

velocity of the primary wave.

Because the peaks that are attributable to the reflective

waves from the side walls and the crack appear clearly in

the residue, the positions of the side walls and the crack can

be estimated by applying the near-field beamforming

technique [7] to the residue.

3. NEAR-FIELD BEAMFORMING

The positions of the point of impact and the accel-

erometers are known, and the primary-wave velocity can

be estimated by the positions of the peaks in the

accelerometer output. Therefore, the crack position is

estimated using near-field beamforming [5–7].

In this method, an imaginary source is assumed first.

Then, under the free-field assumption, the distances

between the imaginary source and all the accelerometers

are calculated. All accelerometer outputs are shifted in the

time domain to compensate the propagation delay. Then,

the compensated signals are averaged. If the number of

accelerometers is P and the peak positions of the

compensated signals are random, the peak value of the

average compensated signal decreases in inverse propor-

tion to
ffiffiffi
P

p
in cases where the position of the imaginary

source does not coincide with that of a real source.

Otherwise, it remains unchanged. The position of the

imaginary source is scanned in the space to be investigated.

The estimated position of the real source is the position at

which the value of the averaged signal yields a large peak.

Because the time of impact and the velocities for the

three propagation modes are known, the time at which the

reflection from the crack appears in the accelerometer

output can be estimated. To improve the SNR, each

accelerometer output was cut out with a time window so

that the time-window position is the position reached by

the reflection from the crack. The time-window shape is

identical to that obtained by the output of the impulse

hammer. Here, the maximum difference in the distance

between the crack and each accelerometer was about 1m in

the experiment, which corresponds to about 0.25ms time

difference, since the velocity of the primary wave is about

4,000m/s. On the other hand, the duration of the waveform

caused by the impact force is also about 0.25ms, as shown

in Fig. 2. Thus, the positions of the peaks due to the

reflection from the crack overlap each other. Furthermore,

the hitting point is near the accelerometer array, and the

directivity pattern obtained by such a small accelerometer

array is not sharp. Therefore, a circular pattern was

observed, where the radius of the circle is nearly equal to

the distance between the hitting point and the crack [6].

Only the peaks directly below the hitting point are

authentic because the pattern is circular, and the primary

wave is dominant for the reflection from a crack directly

below the point of impact.

4. EXPERIMENT

Six equispaced accelerometers and three concrete
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species with a size of 1:2m� 1:2m� 0:3m, as shown in

Fig. 7, were used for this experiment. We used only six

accelerometers because of the cost; only about 8 dB of

SNR improvement is expected.

The first species (a) has no crack, the second (b) has a

parallel crack, and the third one (c) has a slanted crack. The

crack was made by burying a sheet of 1-cm-thick plywood.

The sizes of the cracks are 0:8m� 0:3m� 0:01m for the

parallel crack (b), and 0:9m� 0:3m� 0:01m for the

slanted crack (c). The crack sizes used in the work by

Harayama et al. [8] were �175� t50mm and �350� t50

mm, which were, respectively, about one-quarter or half

the width and five times thicker than the cracks shown in

Fig. 7. The crack size was 3:0m� 1:5m� 0:2m in the

work by Sansalone and Carino [3], which was about four

times wider and 20 times larger in thickness than the cracks

shown in Fig. 7. Therefore, the crack size used in our

experiment seems plausible, since the wavelength of the

signal used in our experiment is almost the same as those in

the above studies [3,8]. The velocity was 3,800m/s for the

primary wave, which was estimated using the positions of

the peaks in the outputs of the accelerometers. The position

of the ith accelerometer is (x, y, z) = (0:075þ 0:15im,

0.0m, 0.15m), and the hitting point is (x, y, z) = (0.6m,

0.0m, 0.15m) in Fig. 7.

First, we examined the method using the resonant

frequency [3]. Let d be the distance between the surface

plane and the sheetlike crack plane. Then, the relation

d ¼ �=2 is established, where � is the wavelength of the

lowest-resonant-frequency component [3]. The surface

wave was not eliminated in this method. Figure 11 shows

the power spectrum of an accelerometer output in the case

of one parallel crack shown in Fig. 7(b). In this case,

because the hitting surface and the crack surface are

parallel, large peaks should be observed only at the

resonant frequencies of the standing waves. However,

many peaks are observed at frequencies that are not

resonant frequencies. They are caused by the numerous

reflections from the boundaries of the concrete structure.

Consequently, it is difficult to estimate the crack position.

The peak caused by the standing wave was not dominant,

probably because (1) a standing wave also occurs between

side walls, and (2) the significant surface wave was not

eliminated. The crack might be detected by comparison to

the peaks of a structure without any crack. However, an

identical structure with no crack cannot always supplied

if it is very large. Furthermore, if a crack exists deep

within the structure, the reflection wave power is small

and a standing wave might not be generated. In such

cases, the method of detecting a crack by comparison is

difficult.

Figures 12–17 show the results of near-field beam-

forming, which gives the values of the averaged powers of

peaks, as illustrated by contour lines.

Figure 12 shows the result for the concrete structure (a)

without any crack. It was obtained using the previously

proposed method [6], which eliminated the influence of

both surface-wave and side-wall reflections. A large peak

(97 dB) is observed at the opposite position to the point

of impact, because the primary wave reflected from the

opposite side (1.2m) has a large amplitude. Nevertheless, a

large peak (94 dB) is apparent at 0.8m depth inside the

structure, which appears because the suppression of the

reflection from the side wall was insufficient. Its power is

less than the peak at 1.2m by about 3 dB.

The primary wave is well known to be dominant for

the reflection from a crack directly below the point of

impact. In circular patterns whose respective radii are 1.2m

and 0.8m, the x values of the largest peaks are almost

equivalent to that of the point of impact (x ¼ 0:6m). On

the other hand, in circular patterns with a radius of 1.0m,

the x value of the largest peak is 1.3m, and the value at
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x ¼ 0:6m is small. For that reason, we can infer that no

crack exists near (x, y) = (0.6m, 1.0m).

Figure 13 shows the result obtained using the newly

proposed method for the same case. Similarly, the largest

peak (97 dB) is observed at the opposite side (1.2m). In the

circular patterns whose radii are 0.4m and 0.8m, the x

values of the largest peak are not near the x value of the

impact point, and the values at x ¼ 0:6m are small.

Therefore, we can infer that the circular patterns might not

be the result of a crack. As described in Sect. 2.2, the

circular pattern (93 dB) (radius: ca. 0.4m) is attributable to

the reflection from the side wall, which remains unchanged

because the new method does not eliminate this reflection,

although it is eliminated by the previous method, as shown

in Fig. 12. A circular pattern (92 dB) (radius: ca. 0.8m),

which arises because of the multiple reflection from the

side wall, is observed. The value of the pattern is, however,

smaller by 2 dB than that obtained using the previous

method, because the elimination of the reflection from the

side wall by the previous method is insufficient. The

previous method sometimes increases the value of the peak

because of a reflection from the side wall. The elimination

performance seems to weaken or worsen for longer

distances between the hitting point and the reflection point.

Because the shape of the concrete structure is known,

the arrival time of the reflection from the side wall is

calculable and the radii of the circular pattern can be

evaluated. Therefore, if a circular pattern is observed at the

position where the pattern caused by reflection from the

side wall dose not appear, that pattern is caused by a crack.

Figure 14 shows the result obtained using the previ-

ously proposed method for the case of the concrete

structure (b) with a parallel crack. A large peak (81 dB)

is visible near the opposite side (depth: 1.2m). Another

large peak (83 dB) is apparent near the crack position

(depth: 1m), but a large peak (82 dB) is also visible

directly below the crack (depth: 0.8m). It is difficult to

estimate the actual crack position from Fig. 14. The values

of the peaks at the opposite side and at the crack are

smaller than the peak (depth: 0.8m) because of the

reflection from the side wall resulting from its non

elimination. That is, the previous method might not only

suppress the reflections from the side walls, it might

also suppress the peaks due to the crack and the opposite

side.

Figure 15 shows the result obtained using the newly

proposed method for the same case. A large peak (92 dB)

inside the concrete structure appears at the opposite wall

(y ¼ 1:2m). A large peak (91 dB) inside the concrete

structure appears at the crack (y ¼ 1:0m). Other peaks

inside the structure are generated because of the reflections

from side walls, as in Fig. 13. The value of the peak

attributable to the side wall is about 86 dB, which is smaller
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than that caused by the crack or the opposite wall by about

5 dB. This value is the same as that in the case of the

concrete structure (a) with no crack shown in Fig. 13.

The primary wave is dominant for a reflection from a

crack directly underneath the point of impact. If a crack

exists directly underneath the impact point, the largest peak

in a circular pattern will be observed directly underneath

the impact point, although the value directly underneath the

impact point will be small if no crack exists there.

Therefore, the crack size might be roughly evaluated by

changing the impact point.

Figures 16 and 17 respectively show the results

obtained using the previously proposed method and the

newly proposed method for the case of the concrete

structure (c) with a slanted crack. The technique using the

resonant frequency does not work well theoretically in this

case. In Fig. 16, a large peak (about 91 dB) is observed at

the opposite side (depth: 1.2m), and another large peak

(about 92 dB) is observed along the slanted crack. How-

ever, other peaks (ca. 86–92 dB) are visible inside the

structure. The peak (86 dB) around (x, y) = (1.0m, 0.0m)

might be attributable to the reflection waves from the side

walls (z ¼ 0m and 0.3m). The peak (91 dB) around

(x, y) = (0.2m, 0.8m) might be caused by the surface

waves, where the value of the peak increases because of

their non elimination.

On the other hand, in Fig. 17, two large peaks with

almost equal values as those in Fig. 16 are observed at the

opposite wall and the crack. However, no peak, except for

that caused by the reflection from the side wall, is observed

in Fig. 17, and the value of the peak caused by the side wall

is about 86 dB, which is smaller than that caused by the

crack or the opposite wall by about 5 dB. This value is

the same as that in the cases of the concrete structures

(a) and (b).

In Figs. 13, 15, and 17, which show results obtained

using the new method, the peak value attributable to the

reflections from side walls (z ¼ 0:0m and 0.3m) is about

5 dB smaller than that caused by the opposite wall (1.2m),

although the peak value caused by the crack is almost equal

to that caused by the opposite wall. Therefore, it is easy to

detect the crack position from the figures. That is, if a peak

is apparent at the position where a peak resulting from the

reflection from the side wall might appear, and the value of

the peak is almost equal to that of the largest peak, it

indicates a crack. The new method cannot detect a crack

position, however, if the pattern resulting from a crack

overlaps with that caused by a side wall and if the size of

the crack is small so that the amplitude of the reflection

from the crack is small. To detect such a crack, the

extraction of the exact reflection wave from the side wall is

required, but this is difficult because the reflection-wave

shape does not resemble that of the direct wave. A method

for extracting the exact reflection wave remains a subject

for future work.

5. CONCLUSION

In this paper, we described a new method, using several

accelerometers, to improve the crack detection perform-

ance for a concrete structure. We compared three methods:

(1) the conventional method [3] using the resonant

frequency, (2) the previously proposed method [6], and

(3) a new method for estimating the surface wave more

precisely. Results show that the first method did not work

well in two cases: (1) when the crack surface is not parallel

to the structure surface, and (2) when the concrete structure

is a small rectangular parallelepiped, in which case two or

more resonant frequencies might appear. The second and

the third methods described above, using the first reflection

wave from the crack instead of the resonant frequency,
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Fig. 16 Result of the near-field beamforming using the
previously proposed method for the concrete species
with a slanted crack shown in Fig. 7(c).
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Fig. 17 Result of the near-field beamforming using the
newly proposed method for the concrete species with a
slanted crack shown in Fig. 7(c).
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detected cracks in both of the above-mentioned cases.

Nevertheless, the second method showed several peaks at

positions where no crack existed because estimation of the

surface wave was insufficiently accurate. That is, the

second method might not only suppress the reflections from

the side walls: it might also suppress the peaks due to the

crack and the opposite side. The third method proposed in

this paper was able to suppress the peaks due to the surface

wave, but it did not suppress the peaks due to the crack and

the opposite side, thereby facilitating clearer observation of

the crack. This result demonstrates the effectiveness of the

new method.
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