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a b s t r a c t
This study investigates the suitability of surface waves in developing an innovative tomography technique for non-destructive evaluation of concrete structures. Surface waves, or speciﬁcally Rayleigh waves
(R-waves), are known to exhibit strong dispersion characteristic when propagating through inhomogeneous media. Experimental program was set up to examine phase velocity change of R-waves with regard
to artiﬁcial defect embedded in concrete, which could be treated as anomaly in the homogeneous medium (concrete). By adopting a multipoint source-receiver measurement only on one surface of the specimen, different sets of waveforms were excited/collected and processed to compute phase velocities of Rwaves with regard to each ray path. Based on the reconstructed phase velocity tomograms, the locations
of defect within the measured area could be identiﬁed or ‘‘visualized”, given by regions with lower phase
velocity than their neighbouring ones. It was also conﬁrmed that the visualization was dependent on the
dominant wavelengths of R-waves such that longer dominant wavelengths were able to indicate the existence of defects embedded deeper in concrete.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
It was estimated that in year 2025, the number of civil infrastructures, e.g. bridges and tunnels achieving more than 50 years
of service age would exceed 65,000 in Japan [1]. In addition to crucial change in modern requirements for load and earthquake resistance, repair, retroﬁt/strengthening and maintenance of aging
structures in a vast scale should request imminent attention from
different authorities. In order for appropriate countermeasure to be
undertaken, precise assessment of structural condition is imperative and thus the effort for development of non-destructive evaluation (NDE) methods for enhancing the effectiveness of in situ
practice is underlined. Recently, extensive research in stress wave
related NDE methodologies for evaluating concrete structures, e.g.,
ultrasonic pulse method, impact-echo method and acoustic emission method have been reported as an attempt to propose new approach for effective in situ applications [2].
Owing to rapid advancement in computer and electronic engineering technology, tomography technique is becoming a popular
non-destructive method for assessing concrete structures. The
tomography technique in general employs mathematic theory that
reconstructs the internal condition of an object by analyzing multiple sets of projections through the object. There are several estab* Corresponding author. Tel.: +81 4 7198 7559; fax: +81 4 7198 7586.
E-mail address: hwakian.chai@gmail.com (H.K. Chai).
0950-0618/$ - see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.conbuildmat.2010.03.003

lished tomography techniques, with the most commonly applied
being the travel-time tomography. In this particular technique,
the ﬁrst arrival times for compression waves (P-waves) transmitted through an object from a source to multiple receivers located
on a different side are measured and the observed data are then
used for reconstructing a velocity tomogram to characterize the
ray-covered region. Research and application of travel-time
tomography by transmission of P-waves have been reported for
different types of concrete structures. For example, Martin et al.
[3] conducted tests with ultrasonic as source to investigate grouting of post-tensioned bridge beams. On the other hand, Liu and
Guo [4] performed the technique with hammer impact-generated
stress waves to examine the homogeneity of a concrete pier cap.
Successful in situ application was also reported by Aggelis and
Shiotani [5] in evaluating repair effect of a crack found on a bridge
deck, and by Shiotani et al. [6,7] as well as by Miyanaga et al. [8] in
conﬁrming the repair effect of concrete piers for a water intake
facility.
The travel-time tomography by transmission P-waves is
straightforward in execution, but exhibits a major shortcoming
as such it requires that the receivers be located on a side different
from that of the source. In addition, the cost effectiveness of the
method could be adversely affected when applied on structures
of extensive dimensions and complicated geometries. Therefore,
there is a need to enhance the efﬁciency and increase the versatility of the method, especially for large-scale concrete structures
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that have restricted accessible face such as tunnels, bridge decks
and footings.
Surface wave tomography has been used in the ﬁeld of geophysics since a few decades ago as a popular means for non-invasive
investigation. Surface waves are known to have the largest amplitude in waves generated by a surface impact. Also, surface waves,
or in particular Rayleigh waves (R-waves) components, are dispersive in such a way that different frequencies travel at varying
velocities in a stratiﬁed structure. The dispersion is often evaluated
to characterize elastic properties and mass density of the propagated layers. In some previous studies for example, tomography
using group velocity of surface waves was adopted to study crust
structure [9,10] and to image soil structures in sedimentary basins
[11] as well as waste sites [12]. The surface wave tomography is
advantageous but possesses issues pertaining to the reliability of
estimation, which is mainly constituted by the complexities of
the structures and the indirect, computationally intensive techniques involved in the data interpretation.
Defects in concrete are often found in the form of voiding or
cracking that often occupies a relatively small portion in the whole
concrete volume. Considering the difference in scale, inherent nature and problems in association with soil structures and concrete,
the motivation of this current study is to investigate the feasibility
of using surface waves for tomography reconstruction of concrete
structures for damage characterization. The aim is to develop an
alternative NDE method that facilitates single-side access on concrete structures. In the experimental program, a concrete slab
specimen with artiﬁcial defect introduced by thin polystyrene
plates was prepared and measured to examine the change of phase
velocity of R-waves caused by the defect. The observed data acquired from multi-sensor measurement, in which R-waves were
generated by impacts from a steel ball hammer, were used to
reconstruct two dimensional phase velocity tomograms characterizing the specimen interior. For the generation of stress waves,
steel ball hammers of different ball diameters were adopted to
examine the effect of R-waves of different dominant wavelengths
on the evaluation result.
2. Basic concept of travel-time tomography
The travel-time tomography usually involves a methodology for
reconstructing the velocity proﬁle of a measured structure from
picked travel time of stress waves. In ray theory, the travel time,
t is computed from the integral of the slowness along a given ray
path l

T¼

Z

dt ¼

l

Z

1

l

v

dl ¼

Z

sdl

ð1Þ

L

where v is the velocity, s is the slowness (reciprocal of velocity) and
dl is the length element. By subdividing the modelling domain in M
model cells of constant slowness si for each corresponding segment
length li, the integral product can be summed as

t¼

M
X

li si

ð2Þ

i¼1

Eq. (2) can be expressed in a matrix–vector form as

t ¼ Ls

ð3Þ

where t is the travel time vector and s is the vector of si. L is a matrix
describing the ray path segments. Because each ray covers only a
limited number of cells, the matrix is generally sparse.
Fig. 1 illustrates the general procedure involved in the tomography reconstruction. Eq. (3) is solved to simulate a velocity distribution that is able to explain the measured travel times. The ray
propagation itself is a linear operator. Nevertheless, since the ray

Model cell
discretization
Observed data
(slowness)
Ray tracing

Model modification
NO

Discrepancy between
observed and
theoretical values

Acceptable
range
YES

Velocity structure
Fig. 1. Procedure for travel-time tomography reconstruction.

path depends on velocities, the inverse problem becomes highly
non-linear and has to be solved iteratively. With a fundamental
model s0, new models are computed successively based on the discrepancy of data and model response by solving

skþ1 ¼ sk þ Dsk ¼ sk þ Ly ðsk Þðt  Lðsk Þsk Þ

ð4Þ

with L recomputed and so on. L is the used inverse operator.
The computation process is referred to as ray tracing. Common
methodologies used for ray tracing include the algebraic reconstruction techniques (ART) and simultaneous iterative reconstruction technique (SIRT). The rays are usually restricted to the edges of
the mesh and therefore a weighted shortest path problem can be
solved. Travel times are always not accurately estimated in the ﬁrst
few iterations because not every path can be used, or there is insufﬁcient observed data. However, with increasing reﬁnement in the
computation, the discrepancy will diminish.
3. Experiment
As shown in Fig. 2a, the specimen used in the experimental program was a 1500  1500  300 mm concrete slab. To model void in
concrete, four 5 mm-thick circular polystyrene plates of 300 mm in
diameter were embedded into the specimen before casting. The
polystyrene plates were located at 30 mm, 60 mm, 100 mm and
140 mm from the top of one measurement surface, respectively.
Therefore, from the opposite measurement surface, the depths of
the plates became 160 mm, 200 mm, 240 mm and 270 mm,
respectively.
The concrete mixture was prepared using ordinary Portland cement and limestone aggregates with maximum size of 20 mm.
After demoulding the specimen was cured under air-dried conditions. At 28-day of age, the concrete achieved an average compression strength of 29.1 MPa and a static elastic modulus of 26.4 GPa
based on tests in compliance to JIS A1108 and JSCE-G 502.
For stress wave measurement, accelerometers with a ﬂat response up to approximately 30 kHz (Fujiceramics SAF51) were
mounted on the specimen surface to form a 4  4 matrix arrangement as depicted in Fig. 2b. Each sensor was ﬁxed by a screw to a
small steel plate, which was bonded to the concrete using highvacuum wax (Electron wax, Furuuchi Chemical Corp.) as the coupling agent. The distance between two adjacent sensors was ﬁxed
at 300 mm in both the vertical and horizontal directions. Similar
arrangement was employed for measurement on the opposite side
of the specimen. In order to measure R-wave velocity of sound concrete, nine accelerometers were attached in a straight array of
150 mm spacing, as illustrated in Fig. 3. Four locations of sound
concrete were measured to compute the average.
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Fig. 2. Specimen and arrangement of sensors.
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that all channels would start recording at the same time once the
trigger channel was excited. In the case for acquiring observed data
for tomography reconstruction, the impact and recording process
was repeated by subsequently setting the next accelerometer as
the trigger, until all the 16 accelerometers have been covered. This
summed up to 240 sets of waveforms for each hammer size. Fig. 4
illustrates the potential ray paths for R-waves. For measuring the
R-wave velocity of sound concrete using the straight sensor array,
the trigger was only conﬁgured for the outermost accelerometer in

*Impactts on two sides of th
he sensor arrray
Fig. 3. Straight array measurement for R-wave velocity on sound concrete.

During the measurement, stress waves were generated by tapping the concrete surface with a steel ball hammer. With three different ball diameters of 5 mm, 8 mm and 15 mm, stress waves of
different frequency characteristics were excited. A 16-channel
waveform acquisition system (TEAC Instruments GX-1 System)
was used to record waveform data at an interval of 5 ls for a total
of 4096 samples. Each set of impact was made by continuing hitting the specimen surface with a steel ball hammer for 5 s, resulting in generating about 20 impacts in a set of waveforms recorded
by each accelerometer. The impact was conducted near one accelerometer conﬁgured as the trigger, while the rest as receivers to record arriving waveforms. The acquisition was synchronized such

Fig. 4. Imaginary ray paths indicating propagation of R-waves (unit in mm).
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the array at one end, before shifting to the opposite end. This thus
generated two sets of waveform for each array and summing up to
a total of eight measurements for the four locations of sound concrete. In both the measurements using straight array and matrix
arrangement, each set of recorded waveform was stacked accordingly to increase sound to noise ratio before further processing.
4. Results
4.1. Waveform processing
In Fig. 5, examples of stacked time-series data acquired from the
straight line measurement of sound concrete are shown. The data
were pre-ﬁltered using a tenth order Butterworth low pass ﬁlter
in accordance to the theoretical response of sensor. From the waveform, the peaks of arriving R-waves could be readily recognized because they have the most energy compared to the preceding
amplitudes that represent body waves [13]. Considering that wave
arrival time changes linearly with travel distance in a homogeneous concrete, for waveforms recorded by sensors that were distant from the impact source, a drawn line was extended to aid
identify the Rayleigh peaks that have become much less indicative
because of scattering and attenuation. In Fig. 6, a typical travel time
versus distance plot for the picked amplitudes is shown. The velocity of R-waves was expressed as the inverse of gradient from linear
regression. The average R-wave velocities by steel ball hammers of
3 mm, 8 mm and 15 mm in diameters were marked as 2255 m/s,
2218 m/s and 2236 m/s, respectively for the sound concrete. The
velocity results would serve as the reference values for sound concrete, as well as initial data for each model cell for tomography
reconstruction.
Fig. 7 exempliﬁes a time-series data and the corresponding frequency response. The frequency response is presented as power
spectral density plot computed using the fast Fourier transform
(FFT) with 4096 samples. The result has several frequency peaks
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Fig. 6. Travel time versus distance plot of R-waves.

to indicate the existence of multiple frequencies that were dominating in the waveform. To enable analysis for R-waves, it was required to extract from the measured waveform information
pertaining to R-waves only. This was carried out by manually processing the time-series data to retain amplitudes related to the ﬁrst
arriving R-waves, while ‘‘zeroing” all the preceding and subsequent
amplitudes. The processing required identiﬁcation of time window
containing the main Rayleigh portion as anticipated based on the
typical velocity of surface waves. Fig. 8 shows the processed time
series and the corresponding FFT result of original waveform given
in Fig. 7. Also it can be noticed that the frequency response of the
processed waveform has become more clear-cut, showing a peak
frequency belonging to the R-waves. Using the measured R-wave
velocity and peak frequency values, the dominant wavelengths of
R-waves were calculated as 110 mm, 188 mm and 240 mm for
hammer diameters of 3 mm, 8 mm and 15 mm, respectively. The
calculated wavelengths were later used for evaluating the accessible depth of defect by R-waves with reference to the tomography
reconstruction results.

Phase velocity of R-waves was computed using the following
equation:

0.30

V ph ¼ kf ¼

Offset (m)

0.50

4.2. Tomography reconstruction using phase velocity
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Fig. 5. Stacked time-series data obtained from measuring sound concrete with a
straight array.



2pDx
f
D/

ð5Þ

where Vph is the phase velocity, k is the wavelength, f is the frequency, Dx is the distance between trigger and receiver, and D/
is the phase difference (in radian) between the waveforms of trigger
and receiver at f frequency [14]. Fig. 9 gives typical Vph versus f
curves for both cases of R-waves propagating on the sound concrete
as well as the portion embedded with defect, computed using data
of hammer with ball diameter of 15 mm. It is also to be noted that
the calculated dominant wavelength was greater in magnitude than
the defect depth, which was located 30 mm from the measurement
surface. Within the selected frequency range, it can be noticed that
Vph was in the range of 2250–2500 m/s for the case of sound concrete. The results tallied with the ones acquired from measuring
the sound concrete using a straight array. On the other hand, it
was also indicated that for propagation paths containing the defect,
R-wave velocity in general has decreased to less than approximately 1900 m/s. The decrease inferred that the energy of R-waves
has penetrated deep enough to be distorted or dispersed by the defect to result in a different behaviour of propagation. It was also

Author's personal copy

2415

1.0

1.0

0.8

0.8

0.6

0.6

Amplitude (volt)

Amplitude (volt)

H.K. Chai et al. / Construction and Building Materials 24 (2010) 2411–2418

0.4
0.2
0.0
-0.2

0

1

2

3

4

5

0.4
0.2
0.0
-0.2

-0.4

-0.4

-0.6

-0.6

-0.8

0

1

2

-0.8

Time (ms)

3

4

5

Time (ms)

(a) Stacked time series

Amplitude

Amplitude

(a) Stacked time series

0

10

20

30

0

10

f (kHz)

(b) Frequency response
Fig. 8. Processed waveform and the corresponding frequency response for R-waves.

3000

Vph (m/s)

noted that for most of the other measured data with defect depth
greater than the dominant wavelength of R-waves, similar trend
as shown in Fig. 8 prevailed. Taking into account the size of defects,
speciﬁcally their small thickness, the phase velocity decrease of
approximately 500 m/s can be regarded as sensitive in manifesting
the effect of an anomaly has on the behaviour of R-waves.
For tomography reconstruction, a 6  6 square mesh of 150 mm
was adopted to model the measured area. The Vph values at peak
frequencies corresponding to the respective hammer diameters
were used as the observed data at the measured locations. The
computation was carried out using SIRT procedure-based algorithm for 20 iterations to achieve satisfactory convergence. Figs. 10
and 11 present the results of tomography reconstruction, expressed in the form of Vph distributions for measurements on the
surfaces with relatively small defect depths (30–140 mm) and
large defect depths (160–270 mm), respectively. Based on Fig. 10,
it can be found that the 3 mm-ball hammer, which generated Rwaves with a calculated dominant wavelength of 110 mm, was less
effective in visualizing defect with depth of 100 mm, and did not
exhibit any sensitivity to the existence of the defect that was located 140 mm from the measurement surface. Visualization for
the defect of 100 mm deep was signiﬁcantly enhanced by using
the 8 mm ball hammer that generated a calculated dominant
wavelength of 188 mm. However, visualization for the 140 mmdeep defect was only achieved with the use of 15 mm ball hammer
that yielded a calculated dominant wavelength of 240 mm. It is to
be noted also that the circular shape of the defects was not accurately represented by the low Vph region. In most cases the centre

30
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(b) Frequency response
Fig. 7. Typical waveform recorded during measurement and the corresponding
frequency response.
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Fig. 9. Vph versus f plot for selected data.

of defect was marked by the lowest Vph velocity ranged in the gradation scale, and the change of Vph from the centre to the edge of
defects developed in unsymmetrical ways.
On the other hand, by studying the tomography results given in
Fig. 11 for the opposite measurement surface, it was understood
that none of the defects could be visualized by the 3 mm and
8 mm ball hammers. For the 15 mm ball hammers, visualization
was suggestive, although with lesser contrast in the change of
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(a) Schematic diagram showing

(b) Vph distribution by 3 mm ball

depths and locations of defects
(d: depth; unit in mm)

(c) Vph distribution by 8 mm ball
hammer

hammer

Unit: m/s

(d) Vph distribution by 15 mm ball
hammer

Fig. 10. Tomography reconstruction results for measurement on surface with relatively small defect depths.

Vph, for the defects with relatively small depths of 160 mm and
200 mm, but far less indicative for the other two defects which
were deeper. This implied that although R-waves were generated
from the same impact sources, their energy penetration from this
measurement surface was not affected by defects that were deeper
than approximately one wavelength of R-waves, which depths
have become greater as measured from this surface of access. Furthermore, from the results it was demonstrated that the accuracy
of assessment by tomography were dependable upon the dominant wavelength of the generated R-waves.
5. Discussion
As with most of the actual concrete structures, the specimen
adopted in this study has ﬁnite dimensions. Its free boundaries
tended to instigate multiple phenomena related to stress wave
propagation, such as reﬂections, mode conversions and convergence of body waves from different directions. Since the reﬂected
body waves travelled with a velocity higher than a direct R-waves,
for long propagations the R-waves of interest could have been

masked because their energy was ‘‘contaminated” by the reﬂected
body waves. Although the waveform processing method employed
in this current study can eliminate the inﬂuence of preceding and
subsequent waves, complete removal of undesired energy or frequency components from the pure R-waves was not possible.
Moreover, it is to be noted that the method has called for manual
processing of waveforms. To minimize uncertainties, waveforms
which were not recognizable for large amplitudes related to ﬁrst
arrival of R-waves, speciﬁcally those recorded for long-distance
propagations were discarded from further analysis.
Dispersion of R-waves is pronounced in thick layered structures
with the layers extend almost uniformly over an area of virtually
unlimited planar dimensions. This condition makes R-waves very
suitable for geophysical prospecting purposes, for example to evaluate the proﬁle of geotechnical materials. In this current study,
however, the inhomogeneity was modelled as a type of defect
resembling cracking or voiding inside concrete, which often have
ineligible relative dimensions. With regard to such a defective condition, in which the defect thickness was 5 mm while the specimen
thickness was 300 mm, although distortion could be conﬁrmed, as
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(a) Schematic diagram showing
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(d: depth; unit in mm)

(b) Vph distribution by 3 mm ball
hammer
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hammer

(d) Vph distribution by 15 mm ball
hammer

Unit: m/s

Fig. 11. Tomography reconstruction results for measurement on surface with relatively large defect depths.

demonstrated by the change of phase velocity, dispersion of Rwaves was less suggestive for the selected frequency range. This
was because the resulted dispersion curves did not give different
phase velocity for particular frequency components that correspond to the thickness location of defect. Conversely, the decrease
was almost uniform throughout the selected frequency range.
R-waves are known to be propagating through a zone that is
approximately one wavelength deep [15]. Based on literature
study, however, it is found that the penetration depth varied in
accordance to material as well as structural form. For example,
Wardany et al. [16] reported satisfactory estimation for elastic
properties of layered concrete slabs by assuming the effective Rwave penetration depth to be equivalent to half a wavelength.
On the other hand, a study using concrete beams concluded that
at vertical distances greater than half the beam depth, R-waves
did not formed because of the fundamental modes diverged at
longer wavelengths and energy was consumed in ﬂexural mode
[17]. In another study on determining the near-surface proﬁle of
soil structures by Kacouglu and Long [11], it is stated that R-wave

velocity was determined primarily by the shear wave (S-wave)
velocity of material in a depth range of 1/4 wavelength. In this current study, the visualization for defect by phase velocity change is
considered to be effective for less than one wavelength of R-waves
based on the experimental ﬁndings. Although the feasibility of Rwave phase velocity for developing a tomography technique that
accesses only one measurement surface was demonstrated, further
work would be essential to investigate the dispersive behaviour of
R-waves (frequency dependence of velocity) in such a defective
condition. Furthermore, it would be desired to clarify the quantitative relation between dominant wavelength of R-waves and the
depth of defect that causes distortion, so that the vertical location
of defect can be estimated in a more accurate way. In any case
however, it is worth mentioning that even if a defect is not visualized at its actual dimensions using the proposed methods, successful detection for the ﬁngerprint of the defect would help provide
useful information for minimizing the labour and increasing the
effectiveness of other pinpoint NDE techniques, such as the impact-echo method [18], to characterize in detail the defective area.
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6. Conclusion
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the selected frequency range of investigation without exhibiting
characteristic peaks. Nevertheless, distortion of R-wave energy by
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