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Abstract: Recently, great deals of civil engineering NDT techniques are developed for safety
evaluation of concrete structures. With regard to the detection of the inner defects in concrete,
image scanning scheme will provide very useful information. The traditional ultrasonic image
shows good results on lab-cast concrete specimen, but it will not be practical on real structure
owing to the high attenuation nature of ultrasound in concrete and the complexity of the
equipment. In this paper, a new imaging method for defect scanning on in-situ structure will be
proposed. It combines the well-known point-source/point-receiver measuring scheme and the
SAFT technique for signal post-processing. The numerical simulation shows good result. The
reflected signal could be enhanced with this method, the geometry and the location of defect
could be clearly defined in the scanning image. It could possibly break through the limitation of
scanning depth in traditional ultrasonic method and then be used to detect the inner defects in the
in-situ structures.

Introduction: Among the present civil engineering NDT technologies!", the application based on
the elastic wave theory always plays a very important role. The point-source/point-receiver
scheme is especially suitable for the on-site civil infrastructure. It overcomes the limitation of
transmission distance caused by the low output power nature of the traditional ultrasonic probe.
Base on the theory of transient elastic wave, Wu et al.”>*! proposed a new method to measure the
elastic wave velocity just on one surface of the in-situ structure and then use the result to obtain
the elastic constants of the material non-destructively. Besides, he also proposed the method to
measure the depth of the surface-breaking crack in concrete based on the diffraction nature of
elastic wave!". Liu et al.l’) use the imaging technique to scan the depth of surface-breaking crack
in reinforced concrete. By transforming the time domain signal into frequency domain to find the
resonance frequency out, the impact-echo method could be used to detect the defects in
specimen'®®!. The SASW (spectral analysis of surface wave)'” method utilizes the dispersive
characteristic of elastic wave propagating in layer medium to check the pavement of roadway.
When use the above mentioned methods to detect the inclusion in concrete infrastructures,
however, it will be a very difficult task to analysis the received signal because of the complex
reflection from the boundary and the lack of information from single signal. Applying the concept
of phase array probe often used in medical ultrasound, it could be a reference to develop the new
method finding out the defects with the scanning image of the concrete infrastructure!''™"*. It is
important to note that the energy of ultrasound decayed so quickly in concrete that the detectable
depth will be limited seriously. Besides, the cost is too high and the size is too huge to be used as
the NDT apparatus for civil infrastructure. It is in need of developing a new imaging method for
the specific material.

SAFT (synthetic aperture focusing technique) is often used as a signal processing strategy in
ultrasonic NDT. A pulse-echo probe is utilized to produce the ultrasonic wave and then received
the reflected signal. Shifting and superposing the recorded signals, it could get the result as
scanning with the phase array system and then enhance the S/N ratio of the received signals. The
point-source/point-receiver scheme has been widely used in the field of NDT in civil engineering.
It could produce high energy source to increase the detectable depth and also reduce the cost and
size of the system. In this paper, the point-source/point-receiver scheme and SAFT image
processing were combined to develop a new imaging method based on the transient elastic wave
principle. From the FDM numerical simulation, it shows very good results. The defects could be
clearly identified from the image. It shows the information of the location and the geometry of



defects. This result could be a practical and effective NDT method for defect imaging of civil
infrastructure.
Principle of SAFT-imaging: In the traditional SAFT-imaging, the measurement is performed
just with one ultrasonic probe. To match the present NDT measuring scheme in civil engineering,
the measurement in this paper is replaced with a pair of point-source/point-receiver with a certain
offset. Shown in fig.1 are the mechanism of measurement and the arrangement of imaging grid.
The surface response 7;(¢) and the location of source and receiver S; , R;, should be recorded for
the following process after the impact was performed.

The space should be divided into grids for imaging before the SAFT calculating begins. The
image intensity /(m,n) in each grid can be expressed as
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Fig.1 Grids and mechanism of measurement. Fig.2 Arrangement of source/receiver pairs.

According to the elastic wave theory, the wave will be reflected at the interface between two

media with different acoustic impedance. The reflection could be found on the time domain
signal if it could be received by the transducer. In general case, however, there are so many
reflected signals from the boundaries and defects that make the trace so complex and thus hard to
identify the location of defect. Besides, the information of size and geometry are still invalid from
one time domain signal. In SAFT-imaging process, it extracts the information not just from one
signal but all the received signals to form the image. The intensity of each grid is summed with
the corresponding point in all traces. The corresponding time of such point is the theoretical
travelling time the wave propagating from source to grid point and then back to the receiver. With
this process, the amplitude will be enlarged evidently when an interface exists right at the grid
and it will appear as a bright point. In contrast, it will show a dark point in the image. The result
will be similar to that scanned with a phased array system.
Results of numerical simulation: In this paper, a finite difference program for solving 2-D
plane-strain problem was used as the numerical simulating tool to check the practicability of the
new method mentioned above. The displacement signals were calculated out and then processed
to form the SAFT image. A half sin’”t force-time function with 30ps contact time was used as a
6mm diameter steel ball impact. The signals of displacement and velocity on the surface are
recorded after the calculation of finite difference program.
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A. Displacement scanning image of single defect: The dimension and location of defect is shown
in fig.2. There is a 0.25m*0.125m rectangular cavity in the 2m*Im concrete block. The
longitudinal wave velocity of concrete is 3871m/s. Air is defined as the material of cavity. The
impact point S; of the first source-receiver pair is 0.5m away from the left boundary. The space
between the source and the receiver is 0.1m. The signal was recorded at R; when the source was
applied at S;. The displacement between two source-receiver pairs is 0.05m. The B-scan diagram
of 20 displacement signals in y direction is shown as fig.3. The portion marked R is the signal of
Rayleigh wave. B is the reflection from the bottom surface. These two signals are shown on all
the recorded traces. The arrival time and the amplitude are almost the same. D is reflection from
the defect. The receivers near the central region get much larger reflection from defect; others
receive smaller reflection. The more the distance of the receiver from the central region, the
smaller the amplitude of the reflection and also the larger the delay of the arrival time it is.
Besides, the bottom reflection nearby exist some Rayleigh wave reflected from the side boundary
in the signals recoded by the left and right side receivers.
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Fig.3 Displacement B-scan diagram. Fig.4 Image with single rectangular defect.

The algorithm of SAFT-imaging could be considered as another concept. The time axis of the
received signal is transformed into the distance axis. The distance is the sum from source to index
point and then back to receiver. In other words, each point on trace can produce an ellipse whose
focal points are located at source and receiver. Superpose all the ellipses to get the image
intensity field. As shown in fig.4 is the image composed with 20 traces in fig.3. The horizontal
and vertical axes represent the actual dimension. The image intensity is mapping into the
brightness. The stronger the intensity, the brighter it is. In this figure, a bright strip could be found
near the surface. It doesn’t represent the actually reflectional interface but the ghost image caused
by Rayleigh wave. The bright strip in the center, as the portion marked with dotted rectangular,
shows the existence of defect. It doesn’t only show the location but also the length of the defect.
It must be noted that only the surface of the defect could reflect the wave back to the receiver.
Just the upper boundary of the defect could be found in image with this method. In fig.4, the
larger rectangular marked with dotted line is the actual boundary of the specimen. The bottom
boundary represented with a long bright strip could be also obviously found in the image. Two
curves crossing at the center of the image are produced by the reflected Rayleigh wave.

It is worth to note that the amplitude of the Rayleigh wave is relatively larger than the
reflected signals. The dynamic range of the image intensity is too large that the contrast of the
defect image will be compressed. Remove the value of the region above 0.2m of the surface and
redraw the image as shown in fig.5. The contrast of the remnant image increases evidently after
the influence of Rayleigh wave was removed. The location and geometrical properties of the
defect and bottom boundary could be obtained clearly from the enhanced image.

As shown in fig.6 is the scanned image of a concrete specimen with a 0.2m diameter circular
hole in it. The size and location of the hole is marked with the dotted circle. From the result, not



only the location but also the shape of the upper part of the defect could be clearly obtained. It is
obvious that the result obtained by the method in this paper is much easier to be read than the
traditional B-scan diagram.
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Fig.5 Image with Rayleigh wave removed. Fig.6 Image with single circular defect.
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Fig.7 Velocity B-scan diagram. Fig.8 Velocity image with single rectangular
defect.

B. Velocity scanning image of single defect: Fig.7 is the B-scan diagram of 20 velocity signals
measured on the specimen in fig.2. The velocity signals were removed the influence of Rayleigh
wave and then processed with the SAFT method to form the image as shown in fig.8. When
compare the velocity scanning image with the displacement scanning image, it could be found
that the contrast of the image is higher and thus the location and shape is easier to define. In
addition, the ghost image is fewer. The reason for this is not hard to see: it is that the reflected
velocity signals in fig.7 have both positive and negative value. The value of the grid at the
interface will increase owing to the in-phased superpose; otherwise it may be eliminated owing to
the out-of-phased superpose. On the contrary, there are still some bright images near the defect in
fig.5. The reflected displacement signals from defect in fig.3 are similar with the force-time
function of the source: the signals are all positive. The value could not be eliminated by
superpose even the out-of-phased superposing. Nevertheless, the displacement scanning image
still can show the information of the defect in specimen. In practical application, the image could
be generated according to the type of receiver used in the measurement.

C. Multi-defect scanning image: Fig.9 is the displacement B-scan diagram of a specimen with
two rectangular holes in it. Take the portion before 600us of these 20 signals into the SAFT
processing and then form the image as shown in fig.10(a). All the same, the location and shape
are marked with dotted rectangular. From the image, the upper boundary of the two defects could
be clearly identified. The shape and location of the bright zone are consistent with the defects.
The bottom of the specimen could also be found in the image. The bottom reflection is not as
clear as that in fig.5. It’s comes form that most of the energy are reflected back by the defects.
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Only few energy could arrive the bottom boundary and then back to the receiver. It is worth
noting that these two defects could not be distinguished directly from the traditional B-scan
diagram even though the reflected wave could be found in the traces. The image processing
technique proposed in this paper makes the identification of the defect in image more easily.
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Fig.9 Displacement B-scan diagram. Fig.10 Image of double rectangular defects.

D. The influence of the signal length: Fig.10(b) is the SAFT-imaging generated from 20 traces of
fig.9. It is almost the same as fig.10(a) except the signal length. It takes the full-length traces into
the process. The image could still show the information of these two defects. But some ghost
image could be found beneath the bottom of specimen. It comes from the reflected Rayleigh wave
on the lateral boundary as marked RR in fig.9. Reflected Rayleigh wave with larger amplitude
induces unwanted bright zone in the scanning image when longer signal is taken into process. It
will interfere with the defect judgment of the image. The influence of the signal length should be
carefully taken into consideration when using the SAFT-imaging method.

Conclusions: When mention about NDT in civil engineering, point-source/point-receiver
scheme, using high energy elastic wave, is a good solution to measure the reflected signal from
the inclusion deep beneath the surface. On lack of useful information, however, it is hard to
identify the exact location and shape of the defect with single received signal. The traditional
ultrasonic method could be used to scan just the shallow defects owing to the low wave energy.
Besides, the cost and complexity of such equipment seriously limits its application for in-situ use.
In this paper, it takes advantages of the point-source/point-receiver technique and SAFT-imaging
process and then proposes a new method to detect the defects of the in-situ structures by imaging.
It makes the elastic wave propagate longer using the point-source mechanism and thus the
receiver could detect the signals reflected from deep inclusion. The SAFT process could be used
to achieve the effect as scanning with a phased array system by post-processing the recorded
signals but no bulky apparatus is needed. It extracts the useful information in all signals to
enhance the S/N ratio of the image and expose the location and shape of the defects. What is
important is that the imaging method proposed here could adopt the well developed apparatus of



the elastic-wave-based technology. It is not needed to spend lots of money to develop new

equipment. From the numerical result done in this paper, it shows great potential on imaging the

defects of concrete structures by using the transient elastic wave technique. It will be a

breakthrough on civil-engineering NDT technology, if the practicability is proved by the

experiment performed on real-size specimen in the future.
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