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Abstract

The Synthetic Aperture Focusing Technique
(SAFT) is well established for ultrasonic
imaging purposes, for example in non-
destructive testing (NDT) of materials. The
ultrasonic  inspection of concrete s
notoriously difficult however, due to its
combined  attenuating and  scattering
characteristics, especially at high frequencies.
Since low frequency transducers must be
used, inspection has traditionally been limited
to rather simple measurements conducted in
the time domain, such as the ultrasonic pulse
velocity. Since the propagation velocity is
related to the modulus and density, and hence
indirectly to the strength of concrete, the
pulse-velocity method has been established as
possibly the only standard technique of non-
destructive testing of concrete. It is of limited
value when attempting to establish the internal
condition of the material. For cases where the
interrogation frequency is very low (below
250kHz), normally the transducers do not
have a broadband frequency response, which
causes prolonged ringing in the time domain.
Recently however, advances in transducer
technology and signal processing have enabled
the direct visualisation of internal defects both
by using pulse-echo systems and SAFT the
development and application of an enhanced
time-domain SAFT algorithm that uses a
correlation technique to perform the
coherence summation. Not only is this
method faster, by an order of magnitude, than
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equivalent time-domain SAFT algorithms, it
produces images of defects within the
concrete that are unobtainable by other means
of processing the ultrasonic signals.

1-Introduction

There are many methods for the NDT of
concrete. Based on the source, which is used
for inspecting concrete, they can be classified
as ultrasonic, microwave, X-and Gamma ray:
and magnetic and electrical methods [1].
Any method has some restrictions and some
advantages over other methods. When only
one surface of the concrete is accessible for
testing, the X- and Gamma ray methods
cannot be used. For finding cracks and non-
metallic flaw(s) the Ultrasonic methods are
the only suitable techniques.

In this work the ultrasonic method and SAFT
algorithm is used to reconstruct images of
flaw(s). Image processing algorithms such as
negative  image, edge detection and
equalisation are then used to make the images
more clear.

2- Methods and Materials

In any ultrasonic inspection system. the
scanning method, number of transducers and
method of analysis data are important.

There are many methods of scanning
classified by the manner of data collection.
When data is collected at different points
along a single line, the method is called B-
scan. In the C-scan method, data is collected
from points on a two-dimensional test surface
[2]. If the spread angle of the transducer is
enough to cover all the test area in one scan
line, the B-scan method may be used. In this
work the C-scan method was used. because
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the spread angle of the transducer was about
76.16 degree and so too small for C-scan.

The minimum distance measurable by a single
transducer (in pulse-echo mode) d,,., is given

by:

d. =vT/2

min (1)
In which the v is the velocity of ultrasound in
the concrete media and the T is the ringing

time of the transducer.

For distances below d,,,, transmitter and
receiver transducers are required. Figure |
shows the ringing of the transducer after one
excitation. The ringing time is 50usec (see
Fig. 1). The velocity of ultrasound through
the concrete is about 4500 m/s [3]. Equation
I shows that the minimum distance
measurable is 112.5mm in this circumstance.
For the following reasons any crack or void,
which is less that 100mm under the surface
must be recognised.
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Figure 1. Ringing of trapsducer

Concrete has a high compressive strength but
low strength under tensile or shear loading.
Its tensile strength is about 10 percent of its
compressive strength [4]. Reinforcing with
steel bars (Rebars, with standard diameters,
which are 5,6,8,10,12,16,20, 25. 32 and 40
cm) strengthens concrete under tensile loads.
Reinforcement bars are arranged in a grid
pattern, whose dimensions will vary, but bar
spacings of the order of 120 mm are not
uncommon. Concrete cover over such mesh
under normal circumstances is between 40
mm and 80 mm. Carbonation and chlorinate
are the main agents of corrosion. Cracks and
voids can permit oxygen and moisture to
reach surface of the rebars, which causes rapid
corrosion. In addition the big size of flaw(s)
can change the characteristic of material
mixture, which affects the compressive
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strength of concrete structure. In this work
the flaws were located in a Tegion 40 mm to
70 mm below the surface. Therefore a single
transducer with the ringing characteristics
specified previously could not be used.

Using separate transducers for transmitting
and receiving ultrasound, allows the use of
different transducer configurations. It could
be possible to fix the transmitter in place and

move the receiver around the surface. But
when inspecting concrete, the lateral
transmission  between two  transducers

precludes this. In this piece of work the
transmitting and receiving transducers were
fixed together, with a constant separation
whilst being scanned over the concrete
surface.

The data was analysed by using a SAFT
algorithm. The US Nuclear Regulator
Commission (NRC) began development of
SAFT in 1974. This method produced a full
volumetric image at high resolution with a
high signal-to-noise ratio. ~ The physical
aperture area on any imaging system is
limited. The SAFT method is an imaging
method, which was developed to overcome
some of the limitations caused by physical
apertures size [5]. It can be performed in two
ways, in the time domain or in the transfer
domain [6]. In the time domain the following
formula is used to reconstruct the image of
flaw(s):

N
1 4
I[x,y,z]= WZ]XI'[_;]
1=
I is the ultrasound reflected intensity from
point (x,y.z), N is number of measuring points
or receiving transducers, X, represent the
measured signal by the ith transducer, r, is the
distance between the transmitter and receiver i
at position (x,y,z) and v is the velocity of
ultrasound in media [7].

(2)

Theoretical basis of SAFT is valid for
homogenous media. Concrete is built up from
coarse-grained materials. Therefore the SAFT
algorithm must be modified to gain better
results for imaging purpose [8]. In previous
studies Koehler B. et al made improvements
in the pulse echo testing of concrete, by using
signal conditioning methods and a scanning
laser vibrometer. Techniques such as using



<RV ARESE VR

specially designed ultrasonic probes, pulse
compression, ultrasonic wave detection by.
laser Doppler interferometer, random speckle
modulation and space time signal processing
methods were also employed. In their work
3D-SAFT reconstruction increased the signal
to noise ratio further and lead to a 3D-image
of a reflector distributions inside the specimen
[9]. Schickert M. et al, used the longitudinal
waves for inspecting concrete as usual. They
found any object must be larger than the
concrete aggregates to be detected. Strong
signal attenuation arose at high frequencies,
coarser aggregate added to the amplitude of
deterministic noise. It was also found that by
increasing the sound path the shape of the
transmitted pulse changed, this was due to
frequency dependence of the phase velocity.
They suggested the following improvements
for overcoming the mentioned problems and
obtaining better images. 1) Measuring a
reference signal without an object and then
subtracted this from all data to correct for late
oscillation of the transducer. 2) Adjusting
amplitude manually for certain records to
remove effect of variations of transducer
coupling on image quality. 3) Considering the
diverge angle of the transducers to reduce the
noise. 4) A non-linear time scaling to
compensate the change in pulse velocity with
increasing the depth. 5) Finally amplitude
depth correction to equalise scattering and
absorption losses. In their experimentation
they tried to find two drill holes 55mm in
diameter, which are lpcated on 113 mm and
191 mm under the surface. For 8 mm
aggregate grain size, the holes were image
successfully. But with 16 mm grain size the
image is less clear and for a 32mm grain size
there is no clear image of the drill holes [10].
Jansohn R. and Schickert M. improved the
above images by using object interpretation of
the brightness distribution in statistical image
processing. They knew that the grain noise
could not be removed by time averaging or
matched filtering, because it was correlated
with the time-invariant position of the
aggregate. But it is possible to assume a
random position for aggregates in space. By
using the central limit theorem, which states
Gaussian distributions occur in random
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processes when the number of statistically
independent single events is increased (o
infinity. They believed the unwanted
ultrasonic echoes, which are generated by
scattering at non-homogenous materials
showed some similarity to thermal noise. For
smaller resolution cells the central limit
theorem is not valid. Therefore for such cells
the family of Weibull-distribusions or log-
normal was used. By knowing the amplitude
distribution of grain noise, an appropriate
threshold value was found and the false alarm
probability was computed. After computing
the threshold functions any value of the image
matrix had to be compared against the
threshold value corresponding to its depth. If
the image value exceeded the threshold it
remained unchanged, otherwise it was
changed to the median of its row [11]. Burr E
et al, use a modified SAFT-algorithm in
simulation. The plane wave was used in their
simulation, this wave is difficult to transmit
through concrete. As they said it is not a very
useful simulation from the experimental point
of view [8].

In this work the following modified SAFT
formula was used:

Rp(0) =Ry x (1) +Ryx, (12) +

...+RyXN (rn) (3)
In which N is the number of transducers or
receiving points, R, shows the cross-
correlation between the reflected signal from
point (x,y,z) and pattern signal y. The terms on
right-hand side show the cross-correlation
between the pattern signal and ith transducer
recorded data in time 7; (7]. This method has
many advantages over the other methods.
First, it requires simple and easy to use
equipment. Second, no data pre-processing is
required. Third, time domain data is used
therefore it is fast. Forth, all processing steps
can be computerised.

3- Experimental set up

Figure 2 shows the test system configuration.
As it is shown the transmitter and receiver are
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Figure 2. System test configuration

fixed together. The transmitter is a spatial
high damped low frequency transducer. Its
nominal frequency is 125KHz with 75KHz
bandwidth. The scanner moves around the
test surface, while the transmitter send
ultrasound through the block and receiver
produced a voltage proportional to the
reflected ultrasound wave. This voltage goes
through an amplifier. After 20dB
amplification, it is sent to an analogue to
digital (A/D) board ‘to change to discrete
value. The board has 12 bits resolution and
input level is =10 volts.  Therefore, the
20/4096= 4.883x10™ volt is the quantum
resolution or less significant bit (LSB) of the
board. The sampling frequency is 2MHz,
although, 400KHz would be enough. But the
higher sampling frequency, the greater lateral
resolution. The pulser is used to stimulate the
transmitter.  This device also produces a
trigger pulse for triggering the A/D board.
This  trigger  signals  guarantees the
transmitting ultrasound wave and recording
the reflection simultaneously, which is
important in SAFT algorithm. Computer has
a supervisory and processing role in the
system. It controls the scanner movement,
acquisition data and does process in data to
reconstruct the flaw(s) image. After
reconstructing the image some other image
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processing algorithms, such as negative, edge
detection and equalisation algorithms are used
to make the image clearer. Figure 3 shows the

“configuration of flaw(s) before pouring
concrete on the casts.

Figure 3. Configuration of flaws: (a) one flaw 40
mm under the surface and (b) two flaws
the larger one 40 mm and small one
70mm under the surface

(b)




4- Data analysis and results

(b)

Figure 4. Reconstructing image by 2D-SAFT
algorithm: (a) one flaw and (b) two flaws,
in which the left image is about 50mm
above the right one and first image start at
30mm below the surface.

When making volumetric images it is difficult
to use 3D-SAFT, because it needs a lot of
memory. To simplify the calculation 2D-
SAFT is used for different planes. There are
two kinds of images in this work; in one of
them the image is calculated by taking depth,
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7. as a constant in each 2D-image. In figure 4
the horizontal images of one and two flaws
are shown. For one flaw only the second
picture is shown and for two flaws, which are
in different depth, 10 images are shown.
These images are called horizontal, as they
give information about surface of flaw(s).
The other group of images are reconstructed
by taking X as a constant. These images are
called vertical images because they give
information about vertical cross-section of
flaw(s). Below one of them is shown for two
blocks of concrete (see Fig. 5).
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Figure 5. Vertical image: (a) one flaw and (b)
two flaws

5- Image processing

To make the vertical images much clearer, the
edge detection algorithm is used. In the edge
detection algorithm the two-dimensional
gradient is used to determine the changes in
grey level in two directions. In order to build
better image, the maximum grey scale in the
result image is calculated. Half of this
maximum is chosen as a threshold to build
another image. Then the negative image
algorithm is used. Finally the histogram
equaliser algorithm is used to create the final
clear image. Figure 6 and 7 show the result
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of each algorithm, when each of them is
appliced to the image in both one and two flaw
cases.
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Figure 6. Applying image processing on vertical
image of one flaw: (a) edge detection, (b)
using half of maximum as threshold, (c)
negative image and (d) using histogram
equaliser algorithms.

6- Discussion

As horizontal images show the number, shape
and orientation of flaw(s) are reconstructed
clearly. The exact place of flaw can be
recognised from vertical image. Fig. 5(a)
shows the image of one flaw. It is the second
and best image of ten images. As Fig 5(b)
shows, for a two flaw block, first the big flaw,
which is 40mm under surface is reconstructed.
Then the second one, which is 70mm under
surface, appears in the deeper images. It is
completely clear in final image. which is in a
plane 7lmm under the first image. The
relative difference in depth between two flaws
is clear. By comparing the 5(a) and 5(b)
images, it is clear that the orientation of one
flaw is different from the others.
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Vertical images can be used to show the exact
position of a flaw. The processed image in
figure 6(d) correctly shows the 40mm distance
from surface for one flaw. For two flaws the
figure 7(d) clearly show the position of two
flaws. They are in 40mm and 70mm below
the surface, respectively.
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Figure 7. Applying image processing on
vertical image of two flaws: (a)
edge detection, b) using half of
maximum as threshold, (c)
negative image and (d) using
histogram equaliser algorithms.

7- Conclusion

This new SAFT method can successfully
reconstruct the shape, orientation and size of
flaw inside blocks of concrete. The difference
in depth of flaws can also be recognised.
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