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a b s t r a c t

Ultrasonic wave propagation in deteriorated concrete structures was studied numerically and experi-
mentally. Ultrasonic single-side access immersion pulse-echo and diffuse field measurements were
performed in deteriorated concrete structures at 0.5 MHz center frequency. Numerically and experi-
mentally it is shown that the undamaged layer thickness in a deteriorated concrete structure is mea-
surable using pulse-echo measurements when the deterioration depth is larger than the wavelength. The
signal overlapping, which occurs in the thin deteriorated layers, can be overcome using diffuse field
measurements or a pattern matching technique. The ultrasonic experimental data were shown to be in
good agreement with the widely used phenolphthalein test for concrete degradation.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

When concrete pipelines are buried in an aggressive soil, the
physico-chemical aggressivity of the environment causes dete-
rioration in the concrete; resulting in a decrease in strength of the
concrete over time. In the early stages of deterioration a thin
deteriorated layer is induced in the concrete structure. In a general
case the physico-chemical damage may occur from both sides of the
structure: from both internal and external surfaces [1]. Therefore, a
measurement technique, used for the inspection of deteriorated
concrete structures, must work reliably at different inspection
conditions: from both the undamaged and the deteriorated side of
the structure. Various inspection techniques such as visual, elec-
tromagnetics, acoustics and ultrasonics are used for concrete
structure testing [2–4]. Acoustic methods are especially attractive
for inspection of water mains due to the possibility of immersion
ultrasonic measurements from the inside. Hence, the measure-
ments are contactless and suitable for automatic robotic scanning.

Ultrasonic measurements have been widely used for the char-
acterization of concrete structures for a long time, for example, see
the reported work [5] which presents the characterization of
concrete structures by means of the analysis of the speed of
ultrasonic pulse propagation. The ultrasonic frequency range used
for concrete characterization, depends on the following condi-
tions: (a) concrete structure or/and concrete mixture (including its
A. Demčenko).
aggregate size), (b) structural thickness, and (c) measurement
method. Therefore, the frequency of the ultrasonic wave must be
selected according to the measurement conditions very carefully.
It is necessary to use high frequency ultrasonics in the frequency
range of 0.5–1 MHz to detect the early stages of deterioration in
concrete and to measure thin deteriorated layers using conven-
tional ultrasonics such as pulse-echo technique [6]. However, to
perform measurements at high frequencies, for example at 1 MHz
center frequency, is complicated when a deteriorated layer is
present in the concrete structure. The difficulties arise due to the
high acoustic losses which exist in the deteriorated concrete layer
and these losses are caused by high scattering. In the reported
work [6] the through-transmission measurement mode was used,
and this measurement mode enabled the signal to noise ratio to be
improved. However, through-transmission measurements are not
suitable for inspection of buried pipes or other structures when
only a single-side access to the structure is possible.

As an alternative to bulk wave ultrasonic techniques, different
acoustic measurements have been used for the characterization of
concrete deterioration. For example, different guided wave tech-
niques have been used such as the surface wave technique which
is limited to the measurement of the accessible surface of the
structure [3,7,8] (therefore it is not analyzed in detail in this study)
and the guided ultrasonic technique [2,9]. The latter technique is
attractive for field inspections, because the guided waves may
propagate over a long range (up to a few hundred meters). How-
ever, with this technique the detection of local low level dete-
rioration zones is questionable. Moreover, with the current state of
the technique it is only possible to determine an average status of
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Table 1
Concrete mixture components by ratio of mass fraction. Fine quartz sand is from
the current Dutch stock.

Cement Quartz sand Water Plasticizer

Ratio 1 0.5685 0.2041 0.0026

Table 2
Concrete treatment time by the 20% HCl acid solution. The reference specimen is
not listed in the table.

Time, h Single-sided deteriorated 168 336 504 672 1008
Double-sided deteriorated for each side 336 504 672
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the concrete structure within the inspection region. However, low
frequency guided waves can be used over a short range [10]. But in
this case to generate a single guided wave mode becomes difficult,
therefore it is complicated to utilize this kind of technique for field
measurements when only single-side access to a structure is
allowed [10]. A low density of the deteriorated concrete also
causes problems for the use of guided ultrasonics for inspection of
the buried concrete pipes. The density of the deteriorated concrete
may become close to the density of the soil, therefore Cremer’s
principle is not valid anymore [11]. Practically this means that the
propagation of the guided waves will depend on the acoustic
loading. For example, the properties of the soil will affect the
guided wave propagation in the buried pipe case.

Recently developed acoustic techniques, used for evaluation of
concrete properties, have investigated various nonlinear ultrasonic
techniques such as harmonic generation [12], wave mixing [13]
and diffuse field techniques [14–20]. The use of nonlinear ultra-
sonics for concrete inspection is attractive due to the high non-
linearity of the concrete and very high sensitivity of the nonlinear
ultrasonics to various types of damage. Usually the nonlinearity of
the concrete is one order higher than in metals [21]. However, it is
difficult to implement nonlinear ultrasonics measurements based
on the harmonic generation due to various parasitic nonlinearities
which distort the received harmonics. Wave mixing techniques
can be used to overcome these distortions, but it requires a more
sophisticated and complex acoustic configuration for the experi-
ments [22,23].

Diffuse field measurements also demonstrate a very high sen-
sitivity to material changes. The simplicity of a practical realization
of a diffuse field acoustic measurement makes this technique more
attractive for practical measurements than the application of
nonlinear ultrasonics. First of all, the diffuse field technique does
not require the ultrasonic transducers to be oriented at a specific
angle, i.e. the inclination of the transducers is perpendicular to
object’s surface. Secondly, it is easy to combine the diffuse field
measurements with pulse-echo measurements, i.e. the same
acoustic measurement configuration can be used during both
experiments.

Single-side access immersion ultrasonic measurements of the
undamaged concrete layer thickness in deteriorated concrete
structures is the key issue of this study. Pulse-echo and diffuse
field measurements are performed at a center frequency of
0.5 MHz on concrete specimens. The pulse-echo measurement
results from the test specimens are verified by the standard phe-
nolphthalein tests [24] and pattern matching technique [25].

This paper is structured as follows. The opening two sections
describe the preparation procedure which was used for the pro-
duction of the concrete specimens with different deterioration
levels and presents the two ultrasonic measurement methods, used
for the evaluation of the concrete. Then initial non-acoustic and
acoustic characterizations of undamaged and deteriorated concrete
specimens are presented. Next to the measured material properties,
a multi-layered wave propagation model is utilized for prediction of
ultrasonic signals reflected from the deteriorated concrete speci-
mens at different deterioration conditions is presented. Subse-
quently the experimental results for pulse-echo and diffuse field
measurements are presented. Finally, the phenolphthalein test
results of the concrete deterioration are presented and compared
with the acoustic results and numerical predictions.
2. Specimens

9 specimens were prepared from components listed in Table 1.
The specimens had approximate dimensions 30 mm�100 mm�
290 mm. An HCl acid solution of 20% was used to induce and
accelerate a chemical deterioration in the concrete specimens [26]
(for the description of the chemical reactions occurring, see [27]).
In the reported work [28] an analysis of concrete mechanical
properties when the concrete is deteriorated using HCl solution is
presented.

The following procedure was used for the concrete treatment
by the acid solution. A single-side of a raw concrete specimen was
kept in a box with the acid solution. The box contained 0.5 l of the
acid solution. A partial immersion of the specimens was achieved
in this way, keeping the un-immersed side in air. The specimen
submersion depth was 14–15 mm. The specimens were kept for at
least one week in the acid solution. After this, the specimens were
washed with fresh water and some specimens were immersed in a
fresh acid solution for another week. In this way, concrete speci-
mens with different deterioration levels were produced. The
concrete treatment time by the acid solution is listed in Table 2.

Single-sided and double-sided deteriorated concrete specimens
were prepared (see Table 2) for investigation of different mea-
surement conditions. The double-sided deterioration specimens
were kept in the acid solution identical time periods from both
sides. Each side of the specimen was immersed into the acid
solution separately. During the treatment of the second surface of
the concrete specimen, it was found that the first deteriorated
surface became wet in air. This never happened for the single-
sided deteriorated specimens. The wetting of the un-immersed
surfaces was attributed to the acid propagation via micro-
capillaries which were formed by the acid treatment of the first
surface.
3. Ultrasonic measurement methods

Two different ultrasonic measurement methods are used in the
measurement of the undamaged layer thickness in the concrete
specimens: (a) pulse-echo and (b) diffuse field technique. Both
measurement configurations are presented in Fig. 1. Due to the
advantages of immersion based ultrasonic measurement techni-
ques, the experiments are performed in a water tank employing an
ultrasonic scanner. B-scanning measurements were performed at
the center part of the specimens (see Fig. 1, dark gray area). A step
size of 1 mm is used in the scanning direction.

The pulse-echo measurement configuration, which involves a
single ultrasonic transducer operating in transmission and recep-
tion modes, (Fig. 1(a)) is attractive for industrial measurements
due to its simplicity in practical implementation and signal pro-
cessing. However, this measurement configuration has a limited
discriminating capacity for the estimation of the structural state of
the concrete. The limitations of the pulse-echo measurement
configuration are presented and discussed in section V.



Fig. 1. Ultrasonic pulse-echo (a) and diffuse field (b) measurement configurations,
where T and R being the transmitter and receiver, respectively.

Fig. 2. A schematic arrangement of the ultrasonic measurements performed at
deteriorated concrete specimens: (a) from the undamaged side, (b) from the
damaged side, and (c) from both sides of double-sided deteriorated specimens.

Fig. 3. Relative weight change of concrete specimens due to different 20% HCl acid
solution treatment time.
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The diffuse field measurement technique is used as an alter-
native to the pulse-echo measurements. This technique involves
two ultrasonic transducers (see Fig. 1(b)). Each transducer operates
in a single mode: transmission or reception. This is a relatively
simple configuration of the acoustic measurement, for example, it
does not require special inclination angles for the transducers,
which makes this technique attractive for industrial measure-
ments, too. However, in this case signal processing is somewhat
more complicated when compared to the pulse-echo case. The
pulse-echo and diffuse field techniques differ in their wave pro-
pagation ranges. The pulse-echo measurement is performed at a
single point, and the measurement covers the region of the beam
directly below the ultrasonic transducer. The diffuse field mea-
surement is performed over a certain range of the structure under
inspection, i.e. in the range which is between the two transducers
(see Fig. 1(b)). Therefore, a larger coverage of the structure under
inspection is achieved with a single measurement. It is also
important to note that the diffuse field measurement technique
can easily be combined with the pulse-echo technique, because
the transmitter simultaneously may work in the wave
reception mode.

The specimen arrangements studied in the experiments are
shown in Fig. 2. With the combination of these arrangements all
possible concrete access cases are covered: access to the concrete
structure from the undamaged (Fig. 2(a)) or the damaged (Fig. 2(b
and c)) side. When the concrete structure is deteriorated from
both sides, the measurements are performed for each side sepa-
rately. It is seen that the deteriorated concrete specimen becomes
a structure consisting of two or three layers, therefore the eva-
luation of these structures is more complicated than in the single-
layered material case.
4. Initial characterization of test specimens

After deterioration of the concrete specimens by the HCL acid
solution, the specimens were weighed. The relative weight change
is shown in Fig. 3. However, these measurement results are
approximate, because the deteriorated concrete becomes soft
making them susceptible to physical damage of the deteriorated
specimen. The measured density is ρ0¼2270 kg/m3 in the unda-
maged specimen, and the density of the damaged layer was
determined from the change of the weight employing the fol-
lowing equation:

ρd ¼
m1�ðV0�V1Þρ0

V1
; ð1Þ

where m1 is the weight of the specimen after the treatment by the
acid, V0 is the volume of the specimen, V1 is the volume of the
deteriorated part of the specimen. The calculated density is
1325 kg/m3 in the deteriorated part of the specimen.

From Fig. 3 it can be seen that the weight change has a linear
trend with time. The double-sided deterioration results show that,
as expected, the weight change is almost double that of the single-
sided deteriorated specimens. In the literature various rates of
weight loss are reported, including proportional to square root of
time [29] and linear [4,26].

Initially B-scanning is performed on the undamaged concrete
specimen to estimate longitudinal wave phase velocity in the
specimens. A 0.5 MHz center frequency planar ultrasonic trans-
ducer with a diameter 25 mm was used in the immersion mea-
surements and used in pulse-echo measurement mode (see Fig. 1
(a)). A single rectangular pulse excitation was used in all mea-
surements. A distance of 70 mm was maintained between the
transducer and specimen surfaces. From the collected data, the
phase velocity (cph) of the longitudinal wave in the specimen is
estimated using the phase-spectrum method [30]. The phase
velocity experimental data are averaged in the frequency domain,
due to the expected scattering of ultrasonic signals in the concrete.
The processed results including standard deviations are presented
in Fig. 4. Each averaged data point is the result of 208 different



Fig. 4. Measured longitudinal wave phase velocity in the undamaged (a) and
damaged (b and c) concrete specimens. The phase velocity measured dispersion
curves in the deteriorated concrete specimen: individual curves at each measure-
ment point (b) and averaged dispersion curve (c). The error-bars show the standard
deviations.
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measurement points on the concrete specimen. The mean stan-
dard deviations is estimated to be 60 m/s.

A measurement of the phase velocity becomes more compli-
cated in the deteriorated concrete layer due to an increased por-
osity in the specimen. These measurements are performed on the
single-sided deteriorated specimen which is kept in the HCl acid
solution for 1008 h. Initially, an undamaged layer thickness is
measured in the specimen from the undamaged side. From the
measured data it is found that the damaged layer thickness is
about 8 mm (true value is 7.74 mm 70.39 mm). The B-scan
is performed from the deteriorated layer side (Fig. 2(b)) and it is
found that the damaged layer thickness is about 8 mm (true value
is 7.93 mm 70.36 mm). When all ultrasonic experiments were
completed, the specimen was cut along B-scan axis and the
thickness was measured mechanically using a caliper. The
mechanically measured thickness was 7.9 mm70.2 mm. Hence, it
is assumed that the deterioration layer thickness is uniform and it
is 8 mm during extraction of the phase velocity from the experi-
mental data using the phase-spectrum method.

Fig. 4(b) depicts the estimated phase velocity dispersion curves
of the longitudinal wave in the deteriorated layer of the concrete
specimen. It is seen that the phase velocity has a very little dis-
persion in the measured frequency range and the dispersion is
slightly negative [31]. Here, 205 measurement points are included
in the averaged result (Fig. 4(c)) for the concrete specimen. The
corresponding standard deviation is 44 m/s. However, the
obtained standard deviation is approximate, because the dete-
rioration depth slightly varies from point to point, whereas the
depth level is assumed to be a constant during the measurements
of the phase velocity. From the dispersion measurement results it
is seen that the deteriorated concrete behaves as a two phase
material in the analyzed frequency range. More information about
the phase velocity behavior in porous materials is presented in
[31,32].

From the experimental data the following group velocities of
the longitudinal wave at the center frequency of 0.5 MHz are
estimated: 4800 m/s and 1620 m/s in the undamaged and
deteriorated concrete, respectively. A cross-correlation technique
is used for the estimation of time of flight of acoustic signals to
calculate the group velocity by searching for the maximum cor-
relation coefficient. It is seen (see Fig. 4 for the phase velocity
value at 0. 5 MHz frequency) that the group velocity is higher than
the corresponding phase velocity in the undamaged specimen. The
corresponding difference is 380 m/s. In the deteriorated concrete
case the corresponding difference is �20 m/s, i.e. the group
velocity is below the phase velocity at the 0.5 MHz frequency. This
small difference confirms that the dispersion is very small in the
analyzed frequency range. In this study the group velocity, esti-
mated by a cross-correlation technique, is used to measure the
deterioration level in the concrete specimens.

The wavelength λ can be calculated from the measured phase
velocity in the concrete specimens with λ¼cph/f, where cph and f
are the phase velocity and frequency of the wave, respectively. The
corresponding wavelengths are 8.8 mm and 3.2 mm in the unda-
maged and deteriorated concrete specimens, respectively, at
0.5 MHz center frequency.

Ultrasonic wave attenuation is not analyzed for the concrete
specimens, because they have a high local variation and it is dif-
ficult to use them for the estimation of concrete deterioration
level. However, it is useful to note that the attenuation is much
higher in the deteriorated layer than in the undamaged concrete.
The higher attenuation is thought to be caused by an increase in
the porosity of the deteriorated concrete.
5. Numerical prediction and analysis of ultrasonic signals in a
deteriorated concrete structure

A physico-chemical aggressive environment may induce a
single-sided or double-sided deterioration of the concrete struc-
ture. In the previous section it is shown that material properties
between the undamaged and damaged layers differ significantly.
Therefore, the damaged concrete structure is analyzed as a double
layered (for single-sided deterioration) or triple layered structure
(for double-sided deterioration) with the corresponding material
properties. The situation with a transient layer (in our analysis
linearly graded properties were employed to analyze this situa-
tion) has been analyzed numerically, but these results were not
presented in the final form of the manuscript (due to length
considerations). It can be shown that the transient layer starts to
play a role when its thickness is comparable with the ultrasonic
wavelength. In this study the stiffness matrix method [33] is used
to model the ultrasonic waves in the layered structures. Using this
method, the reflection coefficients of ultrasonic signals are pre-
dicted from the layered concrete structure immersed in water.
Finally, ultrasonic signals are calculated using the procedure pre-
sented in [34].

The following constraints are introduced to simplify the model-
ling: (a) the receiver is assumed to be a plane wave source, and (b)
each structure layer (undamaged and deteriorated) is assumed to be
homogenous and their properties are frequency independent. The
first constraint is valid in our case, because this study is dedicated to
the thickness measurements and the inclination angle of the ultra-
sonic transducer is perpendicular to the surface of measured object.
Therefore, the prediction of the time of flight of ultrasonic signals,
which provides information about the thickness of the separate
layers, is more important than a prediction of absolute amplitude of
ultrasonic signal. When it is necessary to predict a waveform more
accurately, more advanced modeling can be employed which takes a
finite dimension of the ultrasonic probe and a specific inclination
angle of the probe into account [33]. The second introduced con-
straint enables the effective concrete properties which are estimated
from corresponding averaged material properties to be analyzed.
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This constraint neglects the local variations in the material proper-
ties, which are present in the material. The dispersion is neglected,
because in our case waves propagate over a short range. Finally, the
predicted ultrasonic signal is represented via the inverse discrete
Fourier transform [35].

The used material properties, Lamé constants and material
density, are listed in Table 3. In this work the value for the shear
modulus μ is measured using the noncollinear wave mixing
approach [36] in the undamaged concrete specimen. The shear
modulus is chosen arbitrarily for the deteriorated concrete speci-
mens. It is useful to note that that the measurements were con-
ducted without rotation of ultrasonic transducer (inclination angle
0 degree), and only the stiffness constant c33¼λþ2μ was involved
in the ultrasonic response of the longitudinal wave. The ultrasonic
attenuation is introduced via complex stiffness constants, to keep
the predicted amplitudes proportional to the experimental results.
The imaginary parts are estimated using a trial and error approach,
i.e. minimizing the difference between the predicted and experi-
mental results.

For the prediction of ultrasonic signals, the following para-
meters are used as a 1D model input:

(1) The number of layers in a solid structure. For the undamaged
concrete structure there will be only one layer; two layers for a
single-sided deteriorated structure and three layers in a
double-sided deteriorated concrete structure.

(2) Viscoelastic properties and material density of each solid layer
(see Table 3);

(3) Thickness of each layer;
(4) Ultrasonic wave incident angle (in this study it is fixed and it is

0 degree);
Table 3
Material properties used in the modeling of reflection coefficients.

λe, (GPa) μ, (GPa) ρ, (kg/m3)

Undamaged concrete 29.52–i0.29 11.39–i0.11 2270
Deteriorated concrete 0.29–i0.03 1.60–i0.15 1325
Water, cf¼1480 m/s 1000

Fig. 5. Predicted (dashed gray) and experimental (black) reflected signals from the deteri
(b) reflection from deteriorated side, (c) reflection from deteriorated side when both side
indicate the time instants of the multiple re-reflections within the undamaged concre
reflections within the deteriorated concrete layer. Intermediate reflections are not shown
the reflection from the bottom surface of the second layer. D and U denote the deterior
(5) Analyzed frequency interval;
(6) Surrounding material properties (in the present case it is

water, see Table 3);
(7) Initial ultrasonic signal emitted by ultrasonic transmitter.

By varying the model input parameters, it is possible to model
different measurement conditions such as different deterioration
depth of the concrete or different material properties of the
concrete.

The experimentally obtained and predicted ultrasonic signals at
a 0.5 MHz center frequency are shown in Fig. 5. Fig. 5(a and b)
depict the following typical ultrasonic signals: reflected signals
when the measurements are performed from the undamaged and
deteriorated sides of the specimen (1008 h in HCl solution),
respectively. Fig. 5(c) shows results when the predictions and
measurements are performed in the double-sided deteriorated
specimen (576 h in HCl solution). It is seen that a very good cor-
respondence is obtained between the predicted (gray signals) and
experimental signals (black signals) (Fig. 5(a and b)). A disparity
between the signals (see Fig. 5(c), the third and the fourth
reflections) is caused due to different deteriorated layer thickness
in the experimental specimen. The difference of the deterioration
thickness could be caused by HCl solution which penetrated the
un-immersed surface via micro-capillaries. In the figure the
experimental signals are obtained from corresponding averaged
experimental B-scan data. It is useful to note that four reflected
ultrasonic pulses can be determined in the raw acoustic signal
with a reasonable signal to noise level.

A time-of-flight of the ultrasonic signals (see Fig. 5) is analyzed
to interpret the ultrasonic response from the deteriorated concrete
specimens. Knowing the wave velocities in the corresponding
concrete layers (undamaged and deteriorated), a periodicity of the
time instants are calculated for each possible re-reflected signal.
The time-of-flight analysis shows that a bottom surface reflection
(damaged layer) is not observed in the analyzed case (see Fig. 5
(a)). Multiple re-reflected ultrasonic signal within the undamaged
layer are presented in the ultrasonic response, only. Fig. 5(b) also
clearly indicates that the re-reflected signals within the deterio-
rated concrete layer are not seen in the ultrasonic response. Fig. 5
(c) shows the ultrasonic response from the two-side deteriorated
orated concrete specimens in pulse-echo mode: (a) reflection from undamaged side,
s are damaged. The signals are scaled by their maximum values. Solid vertical lines
te layer. Vertical lines with circles indicate the time instants of the multiple re-
. TR is the reflection from the top surface, IR is the reflection from the interface, BR is
ated and undamaged concrete layers, respectively.
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concrete structure. It is seen that both time instants (multiples of
the re-reflected signals within the deteriorated and undamaged
concrete layers) are very close to each other, i.e. an overlapping of
the signals occurs. However, previously analyzed cases (Fig. 5(a
and b)) show that a re-reflection of the ultrasonic signal within the
deteriorated concrete layer is not presented in a signal. Moreover,
the time instants of the re-reflections within the undamaged layer
coincident with peaks of ultrasonic signals. Therefore, it is possible
to assume that the re-reflections of the ultrasonic signal within the
undamaged concrete layer are presented in the signal shown in
Fig. 5(c).

A good temporal separation of ultrasonic signals is obtained
when the thickness of a measured layer is a few times larger than
the wavelength. If the thickness and wavelength become equiva-
lent, an overlapping of the signals occurs. Therefore, the accurate
measurement of the layer thickness becomes complicated or
impossible.
6. Pulse-echo measurement results

Fig. 6 shows pulse-echo measurement results of the unda-
maged layer thickness in the single-sided deteriorated concrete
specimens when the experiments are performed at 0.5 MHz cen-
ter frequency. A distance of 70 mm is maintained between the top
specimen surface and transducer surface in the experiments. 231
points are measured in each specimen, i.e. B-scans are performed
with a scanning step of 1 mm. Large measurement errors caused
by surface defects and/or voids in the specimens are removed from
the presented results.

Fig. 6(a) depicts the measurement results from the undamaged
and deteriorated sides of the specimens. TR and IR reflections are
Fig. 6. Measured undamaged layer thickness in the deteriorated concrete speci-
mens: measurements are performed from both sides of the specimens (Eq. (2)) (a),
and from the deteriorated side employing measurements of the deteriorated layer
thickness (Eq. (3)) (black color data) (b). Pulse-echo measurement results of the
undamaged layer thickness in the double-sided deteriorated concrete specimens
(c), where the gray and black colors mark the measurement results from two
opposite sides of the specimens.
used for the thickness determination of the undamaged layer in
the concrete structures from the undamaged side of the speci-
mens. IR and BR reflections are analyzed for the undamaged layer
thickness measurements when the measurements are performed
from the deteriorated side. In both cases the undamaged concrete
layer thickness is expressed in the following form:

h¼ 0:5cguΔtTR� IR; IR�BR ; ð2Þ
where cgu is the group velocity of ultrasonic wave in the unda-
maged concrete specimen, Δt is time of flight between the cor-
responding ultrasonic signals in the undamaged concrete layer.

The standard deviation of the results shows a low scattering of
the data (Fig. 6(a). In the worst case the scattering is less than
70.5 mm. A good matching of the experimental results is
obtained between the measurements from opposite sides. A small
difference in the measurement results is caused by a variation of
the measurement points (specimens were positioned arbitrarily
when changing for the measurement side) and by the measure-
ments itself. In the first case, the thickness is measured employing
the ultrasonic signals which propagate in the homogenous mate-
rial, i.e. in the undamaged concrete layer. Therefore, their wave
shapes are identical. When the measurements are performed from
the deteriorated side, the wave shapes of the informative signals
(IR and BR) are slightly different. This is caused by a significant
difference in the material properties of the deteriorated and
undamaged layers in the concrete structure (see Table 3). When
ultrasonic wave propagates within the damaged concrete layer,
higher frequency components of the ultrasonic wave have much
higher losses than the lower frequency components, therefore the
lower frequency components start to dominate in the signal. This
domination causes a difference between wave shapes of the
ultrasonic waves in the damaged and undamaged concrete layers,
respectively.

The thickness of the deteriorated layer is measured from the
deteriorated side of the specimens, to verify different measure-
ment possibilities. After that, the undamaged layer thickness is
recalculated from the following equation:

h¼ h0�0:5cgdΔ~tTR� IR ; ð3Þ
where h0 is the full thickness of concrete structure, cgd is the group
velocity of ultrasonic wave in the deteriorated concrete specimen,
Δ~t is time of flight between the corresponding ultrasonic signals
in the undamaged concrete layer.

The undamaged concrete thickness measurement results from
Eq. (2) (black color data) together with the thickness results from
the IR and BR signals (gray color data) are presented in Fig. 6(b).
The experiments prove that it is valid to use Eq. (2) in case signal
overlapping does not occur, i.e. if the deterioration depth becomes
larger than the wavelength. One can see that the signal over-
lapping increases scattering of the measurement data and more-
over, the interpretation of the measurement results becomes
complicated and hence cannot be reliably used. In the presented
results the thickness of the undamaged concrete is estimated
employing TR and BR signals where the signal overlapping occurs
and it is not possible to separate the echo signals from the dif-
ferent interfaces. It means that the ultrasonic measurements do
not detect the deterioration in the concrete, hence it is assumed
that the concrete structure is undamaged.

A difference which is seen between the two measurement
results (Fig. 6(b)) is mostly caused by a thickness variation in the
deteriorated layers.

The measurement of the undamaged layer thickness are per-
formed from both sides of the specimens in the double-sided
deteriorated concrete structures. The experimental results are
shown in Fig. 6(c). Two ultrasonic signals, reflected from top and
bottom interfaces of the undamaged concrete layer are used in the
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measurements. The experimental results show a low scatter of the
data. Only for the second specimen the scattering is higher due to
poorer surface conditions in comparison with the other two spe-
cimens. In this case the standard deviation of the thickness mea-
surements is 70.74 mm. The gray colored data show the mea-
surement results from the specimen side which is first treated by
the HCl acid solution and the black color marks the results mea-
sured from the second side.
7. Diffuse field measurement results

A typical main part of a diffuse field signal is shown in Fig. 7.
The signals are recorded from (a) the reference concrete specimen
and (b) the single-sided deteriorated concrete specimen (1008 h in
HCl solution) when the measurement is performed from the
deteriorated side. It is seen that the informative part duration of
the signal is about 92 μs. Longer duration diffuse field signals are
not analyzed in this work, because it is difficult to record long
acoustic signals without distortions which are caused by various
reflections. The focus here is on finding a correlation between a
diffuse field parameter and the deterioration layer thickness rather
than on estimating absolute values of the diffuse field parameters
such as dissipation and diffusivity. It is difficult to estimate the
absolute diffuse field parameters due to signal sensitivity to
transducer and specimen mounting variations [37].

The signal measured from the deteriorated concrete side (Fig. 7
(b)) clearly shows that the higher frequency components are fil-
tered out due to the high acoustic losses in the deteriorated con-
crete layer. These high losses limit the separation distance
between the transmitter and receiver.

Usually a spectral technique is applied to extract informative
signal features. In this study two features of the diffuse field
parameters are used for the interpretation of the experimental
results: the parameter E and the 2D cross-correlation coefficient.
The 2D cross-correlation coefficient is calculated between the
time-frequency surfaces of the diffuse field signals. The parameter
E is given by

E¼
Xk
i ¼ 1

max S� ST
� �

; ð4Þ
Fig. 7. Typical main part of diffuse field signal at 0.5 MHz center frequency mea-
sured from the reference concrete specimen (a) and deteriorated concrete (b). The
last signal is measured from the deterioration side of the single-sided deteriorated
concrete (1008 h in HCl solution). Vertical lines show the informative part of the
signal. The signals are scaled by a maximum value of the reference signal.
where T denotes the transpose of the matrix S, which represents
the discrete signal in the time-frequency domain. S is calculated
using a short-time Fourier transform with 80% overlap of seg-
ments. The segments are calculated using a Hanning window of
10.4856 μs duration. k is the number of data points. After multi-
plication of the matrices S, the matrix dimensions become k� k.
Finally, the maximum value is found in each column of the matrix,
and these maxima are summed. However, other features can also
be used for parameterization of the diffuse field signals. For
example, see the reported works [17,37].

The correlation between the diffuse field parameters and the
deterioration layer thickness in the concrete specimens are
demonstrated by representing the measurement results as a
relative change of the mean value in the particular diffuse field
parameter

Δx¼ x�xR
xR

� 100%: ð5Þ

Here x¼E, R. xR is the mean value of the reference parameter, x
is the mean measured value of the parameter. The reference
parameters are measured from the undamaged concrete speci-
men. An arbitrarily chosen signal is used as the reference in the
calculations of 2D cross-correlation coefficient.

Two 0.5 MHz center frequency ultrasonic probes of 25 mm
diameter were used in the measurements (fh¼15, where is f is the
frequency and h is the specimen thickness). In the experiments a
distance of 55 mm was maintained between the ultrasonic trans-
ducers. The distance between the transducers and specimens was
maintained at 10 mm. A single pulse was used for excitation of
acoustic diffuse field. A 40 dB gain was applied for amplification of
the received signals. The received acoustic signals were averaged
across 16 signals. The frequency range between the 0.5 MHz and
1 MHz was used in this study for the extraction of the diffuse field
features. The higher frequency bandwidth relative to the center
frequency of the incident wave was selected for the para-
meterization of the diffuse field signals due to the higher influence
of the concrete deterioration on the shorter wavelengths (see
Fig. 7).

Fig. 8 shows experimental results when the diffuse field mea-
surements are performed on single-sided deteriorated concrete
specimens from the undamaged and deteriorated sides, respec-
tively. A good correspondence is obtained between the results for
the measurements from both specimen sides: undamaged and
deteriorated. The diffuse field measurements show a very high
sensitivity to the concrete deterioration when the deterioration
depth is less than the wavelength (see the measurement results
for the first two specimens with the damaged layers). A validation
of ultrasonic measurements is presented in section VIII. For the
second specimen (around 300 h), the relative changes of the
parameters depending on the measurement side are in the range
of 47–67% and 58–67%, for the E and R coefficients, respectively.
This is a much higher change than obtained in the pulse-echo
measurements (see Fig. 6, signal overlapping zone).

When the deterioration depth further increases in the concrete,
a smaller change is observed in the diffuse field parameters (see
Fig. 8 and measurement points between 600 h and 1000 h). This
saturation indicates that the diffuse field measurements or our
chosen parameter becomes ineffective when the deterioration
depth is much higher than the wavelength.

Fig. 8(c and d) represent measurement results when the mea-
surements are performed in the double-sided deteriorated con-
crete specimens. It is seen that the measured differences are small,
i.e. almost a saturation is achieved. Therefore it can be difficult to
distinguish between the different deterioration levels in field
measurements. However, the diffuse field technique works well as
a detector of concrete deterioration.



Fig. 8. Relative change of spectrogram parameter E (a and c) and 2D cross-corre-
lation coefficient (b and d) when the diffuse field measurements are performed in
the single-sided and double-sided deteriorated concrete specimens, respectively.
The gray and black colors indicate measurements performed from the different
sides of the specimens.
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To summarize, the pulse-echo measurements provide sufficient
information about the undamaged concrete layer thickness when
the deterioration depth is more than the wavelength. When the
deterioration depth is less than the wavelength, it is preferable to
use the diffuse field technique. Moreover, the diffuse field tech-
nique can be employed for detection of cracks in concrete, for
example, see the reported works [17,18].

The diffuse field measurement results (see Fig. 8) show a higher
data scatter than in the pulse-echo measurement case. It can be
seen that the scattering decreases when the deterioration depth in
the concrete increases. This decrease is caused by a lower fre-
quency bandwidth of the diffuse field signals in the deteriorated
concrete specimens when the deterioration becomes more sig-
nificant. It means that most of acoustic signal energy is trans-
ported at the lower frequency (hence the ultrasonic signal is less
sensitive to intrinsic microstructure variations in the concrete)
which provides more stable amplitude of ultrasonic signals.
Fig. 9. Undamaged concrete layer thickness estimation by the three different
techniques: the pulse-echo ultrasonics (black curve), the phenolphthalein test
(black cross points) and the pattern matching technique (gray points). The results
are presented for the measurement case from the undamaged (a) and deteriorated
(b and c) sides of concrete.
8. Verification of ultrasonic measurement results using phe-
nolphthalein test and pattern matching technique

The standard Phenolphthalein test was performed for the
deteriorated concrete specimens. For this purpose, each specimen
was cut along the center. After that the phenolphthalein was
applied on the fresh cut. Finally, the thickness of the undamaged
layer was measured using a ruler. 12 measurement points were
considered for each specimen.

A simple pattern matching technique is applied for 1D pulse-
echo ultrasonic signals. The method uses the pattern matching
technique to detect the optimum match between the measured
and predicted ultrasonic signals of the reflected waves from the
deteriorated concrete specimens, and thus determined the
damage depth [25]. In this study the following objective function
is maximized [38]:

max

PN�1

k ¼ 0
sðnþkÞ�sðnÞ� �

smðkÞ�sm
� �

PN�1

k ¼ 0
sðnþkÞ�sðnÞ� �2 ! PN�1

k ¼ 0
smðkÞ�sm
� �2 !

0
BBBB@

1
CCCCA; ð6Þ

where sðnÞ and smðnÞ are the sample means of the experimental
and modeled signals in the time domain. The 1D multi-layer
model is used for the signal modelling. The maximized term
represents the centered correlation coefficient.

The phenolphthalein test results are presented with the ultra-
sonic thickness estimation data and data obtained by the pattern
matching technique in Fig. 9 for the single-sided deteriorated
specimens. The experimental results show very good correspon-
dence of all three techniques used for the undamaged concrete
thickness estimation: the pulse-echo ultrasonics, the phe-
nolphthalein test and the pattern matching technique.

The pattern matching is performed for each ultrasonic signal
from the corresponding B-scan data which also is used for estima-
tion of the time of flight of ultrasonic signals employing Eq. (2). The
estimated results show very good agreement between the pattern
matching from both sides: undamaged and deteriorated. The dif-
ference between the corresponding averaged values is less than
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0.05 mm. Also, the pattern matching technique demonstrates a low
scattering. The scattering is less than 70.5 mm in the worst case.
The direct thickness measurements by the pulse-echo technique
using the time of flight of ultrasonic pulses provide a higher differ-
ence between the measurement results. For details, see Fig. 6(a).

The phenolphthalein test results and the pattern matching
results for the double-sided deteriorated concrete specimens are
depicted in Fig. 9(c). In this case the pattern matching is per-
formed using the predicted signals for the double-sided symme-
trically deteriorated concrete, i.e. the predictions are not per-
formed separately for the double-sided deteriorated specimens
with the anti-symmetric deterioration. Therefore, the objective
function (Eq. 6) is calculated rejecting reflected ultrasonic pulsed
from the top and bottom walls. The mismatch between the phe-
nolphthalein test results and the ultrasonic results is larger than in
the previous case (see Fig. 9(a)). Two dominant reasons for the
mismatch are: (1) the local phenolphthalein test is performed on
the edge of the specimens (20 mm width from edge was cut),
therefore the deterioration depth is not verified along the length
of the concrete specimens. The ultrasonic measurements are per-
formed along the specimens. (2) The phenolphthalein tests are
subjective, because the remaining thickness of the undamaged
concrete is measured by a ruler and it is difficult to estimate true
boundaries for the undamaged concrete. The estimation accuracy
is 70.4 mm.
9. Conclusions

This study presents numerical and experimental investigations of
ultrasonic measurements with applications to estimate the unda-
maged concrete layer thickness in a deteriorated concrete structure.
The numerical studies show that a simple 1D plane wave propaga-
tion model, based on the stiffness matrix method [33], is a suitable
method to model and predict ultrasonic wave propagation in dete-
riorated concrete structures. The ultrasonic predictions are verified
by ultrasonic experiments and phenolphthalein tests.

Experimental pulse-echo ultrasonic measurements of the unda-
maged concrete layer thickness show that these measurements are
reliable when the thickness of the deteriorated layer is large than
the wavelength of acoustic wave. It is shown experimentally that the
measurement results have low scattering: (a) 70.5 mm for the
single-sided deteriorated specimens, and (b) 70.74 mm for the
double-sided deteriorated specimens when the pulse-echo mea-
surements are used. The use of shorter wavelengths is limited by the
high acoustic losses which are present in the deteriorated concrete
structures. Two different approaches are presented in this study to
overcome this limitation: (1) a diffuse field technique, (2) a pattern
matching approach. The first approach becomes attractive when it is
not possible to predict a measurement situation or predictions are
too complex. However, in this case it is necessary to find signal
features which correlate well with the thickness of the undamaged
or damaged concrete structure. In this study the diffuse field tech-
nique is presented as complementary/alternative to the pulse-echo
measurements. The experimental results show that this technique
works well when the deterioration depth of the concrete is smaller
or/and comparable with the wavelength. By combining the pulse-
echo and diffuse field measurement techniques, both minor and
major deterioration levels can be detected and quantified. Further-
more, the location of the deterioration (inner shell, outer shell or
both) can be determined. However, for the absolute thickness esti-
mation from the diffuse field measurements, it is necessary to use
calibration curves, which can be developed prior to the field
measurements.

It is shown that the predicted signals can be used in the pattern
matching approach. This technique is very useful when signal
overlapping occurs in the pulse-eco measurements. It is experi-
mentally shown that the pattern matching technique provides
comparable results with the direct ultrasonic measurements.
Alternatively to the pattern matching technique, it is possible to
invert a full structure geometry (number and thickness of layers)
with corresponding material properties using a global optimiza-
tion technique [39]. However, this process is iterative, hence is
computationally expensive.

Longitudinal wave phase velocity dispersion is measured in
undamaged and deteriorated concrete specimens. The measure-
ment results show that the phase velocity has very little dispersion
in the deteriorated concrete and the velocity is 1625 m/s
approximately in the measured frequency range 0.2–1 MHz.
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