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Given the density value, elastic properties of a homogeneous and isotropic material can be determined
provided that primary and shear wave (P- and S-wave) velocities are known. P-waves are easier to monitor
and detect compared to the S-waves. In concrete, along with P-wave velocity, shear wave velocity
measurement is important in determining the elastic properties. These elastic properties could be
implemented in assessing the quality of in-situ concrete. After an extensive literature survey, this study
focused on the applicability of Hilbert transformation of waveforms to determine shear wave velocity in
concrete material. The experimental work consisted of a set of ultrasonic measurements on the surface of a
reinforced concrete deck. The recorded waveforms were then analyzed to obtain the arrival times of P- and S-

waves. Hilbert transformation of the waveforms proved to yield reliable and repeatable results.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is known to be the most widely used material in the
construction industry. For the quality control and quality assurance of
concrete, destructive tests are often performed to assess the proper-
ties of in-situ concrete. However, it has become increasingly evident
that utilizing non-destructive test methods are more practical and
cost effective in material evaluation [1-9]. Non-destructive testing
makes it possible to obtain changes in concrete properties with time
and external effects; thus it is plausible to use non-destructive testing
in quality control and quality assurance [10-16].

Among the many non-destructive test methods, the ones based on
stress wave propagation are utilized to assess the mechanical proper-
ties of a material. One of those non-destructive tests is ultrasonic pulse
velocity (UPV) determination which relates to material properties
such as porosity, permeability and elasticity modulus [6,11,17-20].
However, because of its heterogeneous nature, assessing the in-situ
properties of concrete is quite difficult through ultrasonic testing.

Theoretically, for a homogeneous and isotropic material the two
independent elastic constants, elasticity modulus and Poisson's ratio,
can be determined with the measured primary wave and shear wave
velocities (P- and S-waves) together with the density of the material
[1,2]. As the P-wave is the fastest wave, it is widely used in material
property characterization. On the other hand, S-waves are slower and
difficult to determine as reflected, refracted or scattered waves most
often hinder the arrival of these waves [14]. Therefore, research on the
use of shear waves in concrete material is rare, possibly because
utilizing shear waves is difficult even in steel materials [21-23].
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Several analysis techniques, both in time and frequency domains,
were considered to determine the S-wave velocity of concrete
material [24-31]. These techniques had been primarily developed
for geotechnical applications. Since both concrete and soil are known
as heterogeneous materials, these techniques might have been
applicable to concrete material as well. Among the methods
considered, impulse-response, resonant column, and spectral analysis
of surface wave methods required special equipment and geometry of
material in question, therefore discarded [32,33]. Other techniques of
determining the S-wave velocity in geotechnical applications were
wave stacking, P-correlated-S, and S-correlated-S methods [31]. The
last one, S-correlated-S method, is also known as cross-correlation
method; a window containing the S-wave arrival is cross-correlated
against the next record to locate the best fit [31]. In P-correlated-S
technique, P-wave arrival is determined first; then, the arrival of S-
wave is identified by searching down the record to find a value that is
approximately equal to or greater than the square of the energy of the
P-waveform [31]. However, these methods were not successful to
determine the S-wave velocity in the experimental phase of this work.
The reason was the overlapping S-wave arrivals by P-wave arrivals.
Analyses leading to this conclusion were intentionally excluded from
the discussion so as not to blur the objective by affecting the focus of
this study. In short, techniques which were successful in geotechnical
applications did not produce repeatable results in concrete.

Using Hilbert transform algorithm provides another method to
determine the P- and S-wave velocities by rectifying the ultrasonic pulse
waveform [34]. Putting in simpler terms, all positive frequencies of a
signal get a —90° phase shift whereas all negative frequencies get a
+90° phase shift. So, Hilbert transform is just a filter that changes the
phase of the spectral component depending on the sign of their
frequency. It only affects the phase of the signal; it has no effect on the
amplitude at all. By this method the rapid oscillations are removed,
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Table 1
Physical and chemical properties of Portland cement.

Chemical analysis (%)

Ca0 65.6
Si0, 212
Al,05 4.5
Fe,03 2.6
MgO 1.9
SO3 2.6
Equivalent Na,O 0.48
Loss on ignition 1.5
Insoluble residue 0.37

Physical properties
Specific gravity 3.06
Fineness (Blaine) (cm?/g) 3720

producing an envelope of the waveform. This characteristic of the
transformation gives the opportunity to observe the amplitude changes
in the waveform such that the arrival of S-wave could be distinguished.

The objective of this work is to utilize Hilbert transform like a filter
to process the signals acquired from the experiments and examine if
the technique produces repeatable and reliable results. Since the
technique yields only an envelope of the gathered data it seems to be a
simple yet rewarding technique for analysing the signals.

2. Experimental program
2.1. Material properties

The Portland cement used in this study was labelled as ASTM C 150
Type I Portland cement. The physical and chemical properties of the
Portland cement are listed in Table 1. The fine aggregate was river sand
and the coarse aggregate was crushed stone. The physical properties
of aggregates are provided in Table 2. The gradation of both aggregates
was also determined by sieve analysis and presented in Fig. 1. As seen
in Fig. 1 the nominal coarse aggregate size was 20 mm.

2.2. Mixture proportions

The concrete mixture proportions per cubic meter was 390 kg of
cement, 690 kg of fine aggregate, 992 kg of coarse aggregate, and
175 kg of water with a w/c ratio of 0.45. Each cubic meter of the mix
also included 248 mL of air entraining agent and 991 mL of retarding
agent. The mix produced a slump of 10 mm with 5.7% of entrained air.

2.3. Test specimen and mixture properties

The specimen consisted of a portion of a bridge deck that was
manufactured with a typical deck thickness value of 230 mm and with
the diameters of 10 and 16 mm reinforcements to simulate the field
conditions more realistically. Fig. 2 shows the cross sections of the test
specimen in both directions. The length of 1500 mm and the width of
1000 mm were arbitrarily chosen to construct a deck specimen that
could be handled in the laboratory. The placement of reinforcement
also followed the field applications; primary reinforcements were
placed with a 200 mm spacing between them; hence, there were 7
spaces in the long direction of the lab-deck as shown in Fig 2a.
Likewise, secondary reinforcements were placed 290 mm apart from

Table 2
Physical properties of aggregates.

Fine aggregate Coarse aggregate

Unit weight (kg/m?) 1.52 1.39
Specific gravity (SSD) 2.56 2.61
Absorption (%) 1831 1384

100
90
80 Fine

Ageregate
70
60

50
Coarse
40 Aggregate

~
e

~
™

h

5
L
y

% Passing

30 >
20 7
10 —#

0
0.01 0.1 1

Sieve Size (mm)

e

N

S
S

Fig. 1. Sieve analysis of aggregates.

each other; therefore, 3 spaces between the reinforcements existed in
the short direction as shown in Fig 2b.

In addition to this lab-deck specimen, 150x300 mm cylindrical
specimens were also cast from the same batch to obtain mechanical
properties. The compressive strength of the mixture was determined
as 35.83, 40.34, and 41.02 MPa at 7, 14, and 28 days, respectively
following the ASTM C 39 standard. In addition to the compressive
strength, the modulus of elasticity and Poisson's ratio of the mixture
were also determined following the ASTM C 469 standard and were
found as 28.4 GPa and 0.24, respectively at the end of 28 days. Finally,
the density of the concrete mixture was also determined as 2190 kg/
m° at the end of 28 days.

2.4. Test equipment

The USWV measuring system consists of pulser/receiver unit
(Panametrics 5058 PR), a personal computer with a 100 MHz 2-
channel digital oscilloscope board (Gage CompuScope 2125) and a
pair of normal incidence shear wave transducers.

In the pulser/receiver unit, the pulser settings prescribing the
pulse voltage and damping, receiver settings prescribing the gain,
attenuation, low- and high-pass filters were kept fixed throughout the
measurements. The software of the oscilloscope board was configured
to digitize the recorded wave signal at 0.02 ms time increments thus a
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Fig. 2. Experimental test specimen.
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a) Direct Transmission

¢) Indirect or Surface Transmission

b) Semi-Direct Transmission

Fig. 3. Transmission types.

50 MHz sampling frequency. Moreover, the acquisition system was
synchronized to the pulser so that the data collection started at the
exact time the pulse was applied. Therefore, there would be no
uncertainty in the time of pulse application. However, arrival times
could differ due to the presence of noise superposed with the wave
signal. The normal incidence shear wave transducers had a diameter
of 25 mm and a centre frequency of 100 kHz. It was essential that there
be adequate acoustical couplant between the lab-deck specimen and
the face of each transducer. The surfaces are not sufficiently smooth
for most of the concrete works. Since shear waves cannot propagate in
a liquid medium a very viscous couplant is necessary. Therefore,
honey was introduced as the coupling medium between the face of
the transducer and the lab-deck specimen to ensure good acoustical
contact.

2.5. Test procedure

In ultrasonic testing, transducers are utilized both to generate
pulses and to detect the response of the specimen. The arrangement
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Fig. 4. Experimental setup on the deck (plan view) for wave velocity measurements.

of transducers and the specimen determines the type of experiment.
As shown in Fig. 3, there are mainly three types of arrangements
[12]:

1) Direct transmission
2) Semi-direct transmission
3) Indirect or surface transmission

It is clear from Fig. 3 that the most desirable arrangement is the
direct transmission type since maximum energy of the pulse is
transmitted and received with this arrangement; the semi direct
transmission type can also be used satisfactorily as long as the
transducers are not placed too far apart and reinforcement concen-
trations are avoided. The indirect or surface transmission type is the
least satisfactory method because the amplitude of the received signal
may only be about 3% or less than that received by the direct
transmission method [1,12,35]. However, the only practical option to
obtain waveforms from an actual bridge deck is to use the indirect
(surface) transmission arrangement. Therefore, wave velocity mea-
surements were performed with an indirect transducer arrangement
on the lab-deck surface to imitate the real life conditions.

Before the measurements, the surface of the lab-deck was ground
to smooth it out but not eliminate the tining. The smooth surface is
important to ensure adequate transducer contact. As explained in the
Test Equipment section, there was a pair of shear wave transducers: a
pulser and a receiver. Indirect wave velocity measurements were
taken on the lab-deck by using a plexiglass template that had been
designed for precise placement of the pulsing and receiving
transducers. Without this template, one would have to mark the
prepared surface by measuring the distances for the pulser and the
receiver locations and then complete the wave measurements. This
application would slow down the wave measurements and induce
errors in the gathered data. To avoid such problems, a template,
manufactured from plexiglass material, seemed to be a reasonable
solution. A rectangular area with the dimensions of 200 mm by
500 mm was obtained from a plexiglass material; the length was

Table 3
P-wave arrival time (ps).

Transducer ~ Measurement axes

spacing A-01 A-02 A-03 A-04 A-05 A-06 A-07 A-08
(cm)

10 21.04 1940 1896 2034 2052 21.00 20.05 20.02
15 3162 3014 2952 3150 32.00 3150 33.00 32.50
20 46.88 4320 4412 4340 43.00 45.00 45.00 44.00
25 56.04 55.06 5416 56.00 56.04 56.00 56.30 56.09
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Table 4
S-wave arrival time (ps).

Transducer Measurement axes

?Pac)i“g A-01 A-02 A03 A04 AO05 A06 A07 A0S
cm

10 4232 3680 4338 4256 4442 4512 4270 4114
15 63.52 6140 64.66 62.02 6346 6322 69.06 65.32
20 83.60 8190 8450 8104 8414 8706 8852 8758
25 10840 100.64 103.12 102.80 104.08 102.52 106.94 105.30

deliberately chosen to be 500 mm to span the half-width of the
experimental lab-deck. Fig. 4 a depicts where the holes were made on
the template. The template corresponded to a measurement axis on
the lab-deck; there were four measurement locations to obtain the
waveforms from one axis. The labelling from A-01 through A-08 in Fig.
4b denotes the eight measurement axes and corresponds to the results
given in Table 3 and Table 4. The dotted lines show the locations of
reinforcements. Bigger circles were the pulsing transducer locations
whereas smaller circles were the receiving transducer locations. Even
though all of the holes had 25 mm diameter, pulser locations were
drawn bigger than the receiver locations to distinguish their positions
on the lab-deck. The holes for receivers were spaced at 5 cm distances
to each other; the nearest receiver and pulser distance was 10 cm.
When conducting the measurements, one would secure the template
on the lab-deck surface by using duct tapes. Then, the pulser was
placed in its location on the template. Next, the receiver was
positioned in the first hole that was the nearest hole to the pulser
location. At each receiver location, three measurements were
gathered to eliminate user introduced errors. When the measure-
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Fig. 5. P- and S-wave arrival times for Axis A-01.
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Fig. 6. P- and S-wave velocity calculation for Axis A-01.

ments were completed, the receiver was moved to the next hole and
the waveform measurements were repeated. After completing a
measurement axis that consists of four receiver locations, the
template was moved to the next location and the above procedure
was applied all over again.

3. Results
3.1. P- and S-wave arrival time detections by Hilbert transformation

The raw signals obtained from a typical data acquisition phase for
the four measurement points located in Axis-01 (A-01) are presented
in Fig. 5a. As seen in the figure, the amplitudes of the waveforms
decayed as the distance between pulser and receiver increases.

Fig. 5b gives the Hilbert transformation of the raw signals.
Basically, transformation envelops the signal. As presented in Fig.
5b, the first disturbances are located as P-wave arrivals whereas the
second disturbances at the sharp amplitude increases are located as S-
wave arrivals. The arrival times for P- and S-waves for all the
measurement axes are presented in Table 3 and Table 4, respectively.

3.2. P- and S-wave velocity calculation

P- and S-wave velocity calculations were carried out for the
measurements obtained from eight axes on the lab-deck. For each
axis, transducer spacing versus arrival times were plotted as shown in
Fig. 6 for the axis A-01 and the calculated slopes yielded the P- and S-
wave velocities for those particular measurements. Table 5 presents
the P- and S-wave velocities for each axis scanned. The mean P-wave
velocity for the lab-deck was calculated as 4181 m/s with a coefficient
of variation of 0.9%. The mean S-wave velocity was found to be
2417 m/s with a coefficient of variation of 4.3%.

3.3. Calculation of modulus of elasticity and Poisson's ratio

At the macro level, assuming the concrete as a homogeneous and
isotropic material, in fact it is not at the micro or meso level [36], the

Table 5
P- and S-wave velocities (m/s).

Measurement axes

A-01 A-02 A-03 A-04 A-05 A-06 A-07 A-08
P-wave 4122 4160 4225 4203 4217 4210 4137 4176
S-wave 2285 2349 2510 2501 2504 2535 2338 2318

Velocity
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two elastic constants, modulus of elasticity and Poisson's ratio, can be
calculated by the following:

1= 2(Ve/ V)
T2 2(Ve/ V)

)

(1)

E=2pVi(1 +v) 2)

With the P- and S-wave velocities that are experimentally
measured, the two constants are calculated by the equations given
above as 31.9 GPa for modulus of elasticity (E) and 0.25 for Poisson's
ratio (v). These values were 28.4 GPa for E and 0.24 for v as
determined through static testing on the 150x300 mm cylindrical
specimens. The Poisson's ratio values could be practically called equal
for both cases, static and dynamic measurements; on the other hand,
the modulus of elasticity value from the wave velocity measurements
of the deck is about 12% greater than that of the measured on the
concrete cylinders. This result agrees quite well with the literature; it
is already known that the value of dynamic elasticity modulus
measured by resonant frequency methods such as ASTM C 215-02 is
about 10% higher than the value obtained from conventional stress—
strain tests [1]. Malhotra and Carino [1] reported a detailed
comparison of dynamic and static moduli of elasticity based on the
previous works of other researchers.

4. Conclusions

In this study ultrasonic pulse measurements on a laboratory
produced bridge deck specimen were performed and applicability of
Hilbert transformation when trying to determine the P- and S-wave
velocities was investigated. The obtained results showed that analysis
of the waveform via Hilbert Transformation produced reliable and
repeatable results. In addition, experimentally obtained P- and S-wave
velocities could be used to assess the elastic properties of concrete
material. This aspect might come in handy when testing in-situ
concrete for quality control and quality assurance of the material.
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