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a b s t r a c t

This paper presents the application of surface Rayleigh waves in nonlinear dynamic acousto-elastic test-
ing for the nondestructive evaluation of the concrete cover. Numerous physical phenomena, such as con-
ditioning and slow dynamics, characterising the dynamic non-classical nonlinear elastic behaviour of
many types of micro-heterogeneous solids, were observed in concrete. Rayleigh waves were used as
probing waves to evaluate the effect of local property changes in a concrete cover. The proposed method
was validated for two typical problems of concrete durability, in a case of thermal damage – distributed
micro-damage – and in a case of carbonation – surface problem with determination of the carbonation
depth. In both cases, the results showed that the relative variation as a function of material changes of
the nonlinear parameters was much higher than that of the ultrasonic pulse velocity.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

This research falls within the civil engineering context of non-
destructive evaluation (NDE) by ultrasound of concrete [1], and
particularly of concrete cover. The external 3–5 cm concrete struc-
ture layer is most affected by various environmental factors. This
layer acts as a passive film that protects the reinforcing bars from
environmental impacts. Most concrete structures are large and it is
difficult to conduct measurements on these structures using trans-
mitted waves. The use of Rayleigh waves requiring only one-sided
access to a structure shows potential for monitoring the integrity
of concrete cover. Rayleigh waves are mechanical waves that prop-
agate along the free surface of a solid, and transfer most of their
energy to the near-surface region [2]. The effective depth of
penetration of a Rayleigh surface wave is approximately one
wavelength. The Rayleigh wave velocity is approximately 90–92%
of the shear wave velocity. In literature, variations in Rayleigh
wave velocity and attenuation have been widely studied in NDE
for cement-based material characterisation [3–5]. Recently, classi-
cal nonlinear measurements based on the second harmonic gener-
ation of Rayleigh waves have been developed to evaluate near-
surface nonlinearities for different concrete structures [6,7]. These
recent developments allow for evaluations of either linear acoustic
parameters or classical nonlinear parameters.

Concrete is a strongly heterogeneous material. The elastic beha-
viour of concrete-like materials is known as being nonlinear strain-
dependent [8–12]. In the nonlinear elastic theory of Murnaghan
[8], where a strain above 10�4 is applied to a material by quasi-
static solicitation, acousto-elastic measurements showed that the
elastic modulus variation is a linear function of the strain ampli-
tude. This linear variation allows for the experimental extraction
of the third order elastic constants l, m and n [13–15]. At lower
strain amplitude, 10�7–10�5, under dynamic solicitation, the mate-
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rial exhibits hysteresis during loading cycles. This behaviour has
been studied in some types of rock [19–23]. Once the material is
stressed dynamically, its elastic properties decrease and it reaches
a nonequilibrium dynamic state [9]. The material now is consid-
ered as being conditioned. Thus, the nonlinear evolution of the
modulus is described as a function that includes high order strain
terms, strain amplitude and strain rate [10].
Table 1
Thermally damaged samples data.

Designation T1 T2 T3 T4

Heat treatment Intact 180 �C 250 �C 400 �C
q (kg/m3) 2240 2131 2128 2119
Vpressure (m/s) 4628 3927 3718 3008
Vshear (m/s) 2578 2307 2236 1838
VRayleigh (m/s) 2354 2106 2042 1678
E (GPa) 38.5 28.0 25.9 17.2
m 0.275 0.236 0.217 0.202
Mðe; _eÞ ¼ M0f1þ beþ de2 þ . . .þ a½De; e � signð _eÞ�g ð1Þ
In Eq. (1), M0 is the linear elastic modulus; De is the local strain

amplitude variation, _e ¼ de=dt is the strain rate, signðeÞ ¼ 1 if _e > 0
and signðeÞ ¼ �1 if _e < 0. The parameters b and d are the classical
quadratic and cubic nonlinear parameters of the classical nonlinear
theory, respectively, whereas a is a nonclassical nonlinear param-
eter that represents material hysteresis. Note that Eq. (1) is a phe-
nomenological description of fast dynamics, especially for NDE
applications. It does not include slow dynamics that correspond
to the time-dependent recovery of the elastic properties after a dis-
turbance. In this study, the slow dynamics were also observed
experimentally, but were not analysed.

Many NDE nonlinear acoustic techniques, such as nonlinear
wave modulation spectroscopy (NWMS) [24] and nonlinear reso-
nant ultrasound spectroscopy (NRUS) [25], are based on the model
in Eq. (1). According to the general trend observe from these stud-
ies, nonlinear acoustic parameters showed a much higher sensitiv-
ity to material changes than linear measurement parameters,
particularly to damage-associated changes. In the literature on
cement-based materials (mortar and concrete), nonlinear acoustic
techniques showed their efficiency in evaluating different ageing
problems due to mechanical or environmental impacts, for exam-
ple corrosion of the reinforcing bars [26], alkali-silica reaction
[27,28], static mechanical loading [29,30], thermal damage
[31–34], carbonation [7,35,36].

Among nonlinear techniques, dynamic acousto-elastic testing
(DAET) is noticed as providing a more complete insight into the
acoustic nonlinearity exhibited by micro-inhomogeneous media
like granular and cracked materials. This recently developed
method [16–22] allows us to analyse the elastic behaviour of the
material during entire loading cycles. Thus, both the classical and
nonclassical parameters can be extracted. Based on the ‘‘pump-
probe” principle [15], we chose to use a Rayleigh wave as probe
wave in our measurement for its ability to conduct local inspec-
tion. A technique based on a similar principle to study indirect
and semi-indirect transmission configurations was presented by
Bui et al. [37]. In this reference study, only one high frequency
pulse was used as probe wave, whereas the pump wave was gen-
erated by a mechanical impact. The nonlinearity information
extracted was the sum of time shifts analysed by using a window
sliding over the probe signal.

Our proposed methodology was applied to thermal damage and
carbonation of concrete. Thermal damage is in the form of dis-
tributed micro-cracking and it was showed that the nonlinear
parameters were highly sensitive to the evolution of this damage
[31–34]. Carbonation depth evaluation represents a gradual sur-
face problem, which is still a challenge for nondestructive
techniques.

In this paper we analyse the nonlinear parameters measured in
a DAET experiment using Rayleigh waves, applying the technique
to two typical concrete durability problems. In the first section
the mechanisms of thermal damage and carbonation are described,
and information on the concrete samples is given. Next, all the
DAET experimental conditions are explained. The results are dis-
cussed and then compared with results reported in the literature.
Finally, we provide conclusions on nonlinear Rayleigh wave ultra-
sonic measurement, and propose some prospects.
2. Materials and methods

2.1. Materials

In this part, the description of microstructural changes occurring in concrete
caused by thermal damage and carbonation is presented. Each case study consisted
of a series of concrete samples. Before being tested for nonlinear DAET measure-
ment, all the samples were characterised based from velocity measurements. The
elastic modulus and Poisson’s ratio were thus estimated according to their recipro-
cal relationship with the pressure velocity and shear wave velocity. The density of
each sample was quantified by the ratio between mass and volume. All these values
are presented in detail in the next section.

Bulk wave measurement was performed by transmission, while Rayleigh
wave measurement was performed using two contact piezoelectric transducers
mounted on two wedges to generate an incident wave with a specific angle. The
measurements of both the pressure wave velocity and Rayleigh wave velocity were
made using two Panametrics-NDT ultrasonic transducers (model V101, central
frequency 250 kHz). Two Panametrics-NDT transducers (model V151, central
frequency 250 kHz) were used for shear wave velocity measurements.

As for the generation of the Rayleigh waves, the wedges were made of Polyte-
trafluoroethylene (PTFE), in which the pressure wave velocity is 1250 m/s. The
wedge inclination angle had been set at 45� – which is generally bigger than the
second critical angle of all the samples – to attenuate the bulk waves as much as
possible during Rayleigh wave generation. It was observed that the bandwidth of
a Rayleigh wave in a concrete sample was limited at about 170 kHz. Beyond this
limit, the signal-to-noise ratio of the received signal was very low. Thus, we chose
to work with 100 kHz waves for different reasons. The source signal was set as an
impulse-type signal – one cycle burst at 100 kHz with 150 V of input voltage. The
frequency spectrum of the received signal is centred at 90 kHz. The first reason
for the choice of frequency and high voltage was to achieve a good signal-to-
noise ratio for the Rayleigh waves. The second reason was that Rayleigh waves were
considered as propagating within approximately 22 mm of the surface layer (corre-
sponding to one wavelength). Therefore, the carbonation depth in all the carbon-
ated concrete samples presented below could be covered by the penetration
depth of the Rayleigh wave.

2.1.1. Thermal damage
Thermal damage is referred to for concrete structures (e.g., domestic residences,

tunnels) in the context of fire attacks or for radioactive waste packages that con-
tinue to radiate heat. At 105 �C, free water and physically adsorbed water evaporate
[17]. The porous structure of concrete is slightly modified. Upon heating to 400 �C,
the total porosity increases gradually. The network of interconnected pores result-
ing from micro-cracking becomes coarser. At 450–500 �C, chemical reactions begin,
which leads to changes in the microstructure. Above these temperatures, concrete
becomes severely damaged.

In this work, experimental tests were conducted on four prismatic concrete
samples (90 � 90 � 260 mm3). The concrete had a water cement ratio of 0.44 and
contained fine aggregates of maximum size dmax ¼ 8 mm. Samples were cured for
more than 28 days and were subjected to different heat treatments – T1 was kept
intact and T2, T3 and T4 were heated to 180 �C, 250 �C and 400 �C – involving
24 h heating in a furnace and 24 h cooling. Sample designations and measured
properties are summarised in Table 1.

The main consequence of a heat treatment (heating and cooling) is the genera-
tion of distributed cracks and a decrease in density as a function of temperature. An
increase in volumetric degradation due to heat treatment is indicated by the
decrease in bulk wave and Rayleigh wave velocities.

2.1.2. Carbonation
What is called carbonation is the progressive formation of calcium carbonate in

concrete due to the penetration of carbon dioxide (CO2) from air (there is a small
amount of CO2 in the pores) that reacts with calcium hydroxide Ca(OH)2 in the
cement paste. The chemical reactions can be described as [35]:

CO2 þH2O ! H2CO3



Fig. 1. DAET setup; green signal: LF acceleration, blue signal: ‘‘Transmitted” pulses,
orange signal: ‘‘Modulation” pulses. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Q.A. Vu et al. / Construction and Building Materials 114 (2016) 87–97 89
H2CO3 þH2O ! HCO�
3 þH3O

þ

HCO�
3 þH2O ! CO2�

3 þH3O
þ

The reaction between carbonic acid and carbon dioxide in the cement paste
after dissolution is:

H2CO3 þ CaðOHÞ2 ! CaCO3 þ 2H2O ð2Þ
The direct consequence of these reactions is a decrease in the pH of the affected

zone. Consequently, reinforcing steel loses its passive film protection and the risk of
corrosion increases significantly. As carbon dioxide penetrates into the concrete
from outside, the outer layer is the most exposed.

The carbonation series consisted of three 120 � 250 � 500 mm3 concrete sam-
ples, with three different thicknesses of the carbonated layer: 5 mm, 10 mm and
20 mm. The accelerated carbonation, in which carbon dioxide could attack only
one face of the sample, was carried out in the lab. The affected depth in each sample
was verified on duplicate samples that had undergone identical treatment. Sample
designations and some measured properties are listed in Table 2. Only Rayleigh
wave velocities increased regularly as a function of the carbonation depth whereas
bulk wave velocities did not change. This result can be explained by the ratio
between propagation zone and carbonation depth. Indeed, Rayleigh waves propa-
gated within a layer of approximately 22 mm under the surface, which is of the
same order as the carbonated concrete depth, whereas bulk waves penetrated into
the sample to a depth of 120 mm and provided volumetric information.

2.2. A nonlinear acoustic method: dynamic acousto-elastic testing (DAET)

DAET measurements are based on the ‘‘pump-probe” principle. A first low fre-
quency (LF) high amplitude wave, called ‘‘pump wave” disturbs the material and
highlights its nonlinear behaviour. Concrete is thus conditioned and exhibits
nonequilibrium dynamics. A second high frequency (HF) wave, called ‘‘probe wave”,
is a series of low-amplitude pulses. Pulses are sent at different times to measure the
elastic changes generated by LF for different levels of strain. It is assumed that the
probe wave does not disturb the material. The method computes the nonlinear
propagation time shifts of the HF pulses. These time shifts are denoted time of flight
modulations (TOFM). They characterise material nonlinearities due to the LF solic-
itation. The variation in elastic modulus induced by the LF perturbation as mea-
sured by DAET is deduced from Eq. (3) [19]:

DM
M0

¼ Me �M0

M0
� � 2

TOF0
TOFM ð3Þ

where TOF0 is the time of flight of an HF pulse without LF perturbation. Based on Eq.
(1), Renaud et al. [19] proposed a practical approach where the relative variation in
elastic modulus as a function of strain during loading cycles under steady state can
be fitted by a second-order polynomial (Eq. (4)).

DM
M0

� de2 þ beþ C ð4Þ

In this approach, d and b represent classic nonlinear effects and C measures the
conditioning offset which depicts a non-classical nonlinear manifestation. In litera-
ture, longitudinal waves have been used as ‘‘probe waves” for DAET in some kinds
of stone [18–22]. The use of surface Rayleigh wave in DAET measurement for eval-
uating nonlinear properties of concrete cover is presented and discussed for the first
time in this paper.

2.2.1. Experimental setup
The experimental setup is represented in Fig. 1. The shaker generated LF vibra-

tions that disturbed the concrete sample with the first bending mode (pump wave),
while the Rayleigh wave (probe wave) pulses were generated simultaneously to
auscultate the surface layer. The wave generation system consisted of two wave
generators (Tektronix AFG 3102 and generation card ARB), and two oscilloscopes
for signal acquisition (Lecroy 24MXs-A, Lecroy HDO 4024). The trigger systems of
the generators and oscilloscopes were interconnected so that all the signals were
synchronised. Two oscilloscopes were used to record the signals, to acquire more
Table 2
Carbonated samples data.

Designation C1 C2 C3

Carbonation depth (mm) 5 10 20
q (kg/m3) 2267 2277 2283
Vpressure (m/s) 4191 4001 4173
Vshear (m/s) 2393 2356 2423
VRayleigh (m/s) 1987 2064 2153
E (GPa) 32.7 31.2 33.4
m 0.258 0.235 0.246
points and a higher resolution. This fact is particularly important for HF signals in
view of the very fine time shift (up to 10�9 s) that would be analysed from these
signals.

For LF generation, the range of resonant frequencies for each sample was ascer-
tained by an eigen-frequency analysis using simulation software (Comsol Multi-
physics�), and their effective values were found experimentally. The resonant
frequencies found experimentally corresponding to the first bending mode at the
lowest excitation level were 3988 Hz, 3322 Hz, 3100 Hz and 2636 Hz for samples
T1, T2, T3 and T4, respectively, while they were 1536 Hz, 1530 Hz and 1488 Hz for
samples C1, C2 and C3, respectively. Therefore, an evolution of resonance frequen-
cies as a function of thermal damage was observed in thermally damaged samples,
whereas the same evolution was not observed in carbonated samples. This result
showed a good coherence with velocities measurement (Table 2). For a single test
at any excitation level, a sinusoidal burst containing about five hundred cycles of
LF was generated to reach the steady state and maintain it. Vibration was measured
as an acceleration by an accelerometer that was glued to the centre of themeasuring
surface (Fig. 1). Synchronised with the LF burst signal, two series of HF 100 kHz
pulses were sent. In fact, LF vibration was turned on only after 50 ms from the first
HF pulse. This allowed several pulses to propagate into the sample without being
disturbed by the LF field, and, thus, the reference time of flight (TOF0) to be calcu-
lated. The first pulse signal was a low voltage signal sent directly to the oscilloscope.
The recorded signal, marked in blue in Fig. 1, was termed ‘‘transmitted” signal. The
second pulse signal was a high voltage signal (150 V). It generated Rayleigh waves
into the concrete sample. The recorded Rayleigh wave pulse signal was termed
‘‘modulation” signal, and is marked in orange in Fig. 1. The availability of the trans-
mitted signal helped on the one hand to calculate the time of flight of each modula-
tion pulse (before LF and with LF), and on the other hand to avoid effects of temporal
drift in the generation system on the calculated time of flight. Positioning the HF
transducers in the central zone of the sample allowed probe wave inspection in
the most stressed zone in the first bending solicitation mode.

All DAET conditions were taken into account in this configuration. Firstly, the
‘‘quasi-static” condition requires that the propagation time of an HF pulse in the
material (TOF0) should be at least one tenth of the LF period [18]. In this study,
the first bending mode was chosen for the LF excitation. The LF frequency of each
sample is presented above. The distance between the transducers (see Fig. 2a)
was set for different practical reasons. The placed distances of 2 cm and 8 cm were
chosen for the thermally damaged samples and the carbonated samples, respec-
tively. These distances led to a ratio of just below one tenth between the propaga-
tion time of the HF pulse in the concrete and the LF period. This regulation helped to
assume that the strain during the time of flight of each HF pulse is constant. Sec-
ondly, the ‘‘quasi-uniform” condition requires that the strain field established over
the HF beam width should be spatially constant [18]. Indeed, in this study we con-
sidered the nonlinear effect to be only due to the deformation component upon
wave direction. By considering the investigated Rayleigh wave pulse penetration
depth relative to the sample thickness, we assumed that the considered deforma-
tion component within this depth would be constant. The determination of defor-
mation for the first bending mode will be presented in more details in the next
section.

Pulses were regularly spaced in time, which corresponded to a repetition fre-
quency (f rep). The temporal distance between two consecutive pulses is presented
as Eq. (5).

f rep ¼ 1
Trep

¼ 1
tpulseðiþ1Þ � tpulseðiÞ

ð5aÞ

with tpulseðiþ1Þ ¼ tpulseðiÞ þ n � TLF þ 1
16

TLF ð5bÞ



Fig. 2. Experimental conditions; (a) conventions of wave paths, (b) illustration of two consecutive modulation pulses.
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where TLF (s) is the LF period and n is an integer that denotes the number of LF peri-
ods that was chosen to ensure the absence of signal overlap (Fig. 2b). With this pro-
cedure, there were about two hundred pulses in total and about one hundred pulses
positioned within steady regime. In fact, the f rep in the tests was obtained by round-
ing the f rep obtained according to Eq. (5a). Consequently, the corresponding positions
of these pulses in the LF signal were placed automatically with a shift between them.
There were thus more than sixteen different strain values over the loading cycle. In
order to obtain a wider distribution of HF pulses corresponding to different strain
values, the test for one excitation level was repeated two times with a relative delay
of Tref /2 between LF and HF signals. As a result, more than thirty-two different strain
amplitude values were analysed for each excitation level. Each acquisition was an
average of ten sending times, with 30 s between two consecutive sendings. Further-
more, from the analysis that showed that nonlinearity is a function of LF perturba-
tion amplitude, each sample was tested for four LF excitation levels corresponding
to four input voltages of the shaker. The highest excitation level corresponded to
the maximum voltage that could be used to excite the shaker without saturation
of the accelerometer signal recorded. A big shaker (B&K type 4809) was used for
the carbonation tests because of the large sample dimensions.

2.2.2. Analysis of DAET
Nonlinear time shifts are normally quantified by comparison between modula-

tion signals and transmitted signals. To this end, a windowing process was applied
for the transmitted and modulation signals. Fig. 3 shows the illustration of a unique
temporal window applied over the two signals, as they are synchronised.

The window length was chosen so that only coherent Rayleigh wave portions
were selected (Fig. 3). Thus, only the Rayleigh wave contributions were included
in the time shift analysis. The synchronisation of the transmitted and modulation
signals allowed us to eliminate generator drift thanks to the windowing process.

The total time of flight of a modulation pulse can be understood as the sum of
its time of flight in concrete and twice its time of flight in the wedges. This full path
propagation time could be quantified as the time shift between the current modu-
lation pulse and the corresponding transmitted pulse using cross-correlation. A
second-order fit was applied afterwards over three points around the maximum
value of cross-correlation, in order to search for the oversampling peak. This
allowed the time shift to be estimated as being of the order of 10�9 s [18]. Then,
Fig. 3. Description of the windowing process over th
for each modulation pulse we considered only the time of flight into concrete
TOFCðiÞ. This time corresponds to the wave path in concrete, which was convention-
alised and determined by the distance between two wedge centres. Twice the time
of flight in one wedge (Twedge) was then subtracted, according to Eq. (6):

TOFCðiÞ ¼ TOFðiÞ � 2 � Twedge ð6Þ
The TOFM of each pulse was obtained from Eq. (7)

TOFMðiÞ ¼ TOFCðiÞ � TOFC-0 ð7Þ
in which TOFC-0 designates TOF0 in Eq. (3), corresponding to the mean reference time
of flight into concrete for j pulses recorded before LF activation.

To analyse the displacements and the deformations of the sample, we based
ourselves on the relation between the experimentally measured out-of-plane accel-
eration and these components obtained from a numerical simulation in Comsol�.
This algorithm was proposed and applied by Payan et al. [33,38]. The numerical
model used real sample dimensions and elastic properties (presented in Tables 1
and 2) computed from wave velocities in each state (Fig. 4a). Such exploitation
allowed us to correct the linear time shift due to geometric changes that can be
understood as wave path changes in the propagation direction because of flexural
vibration. The displacement in the propagation direction dlyy was estimated from
the measured out-of-plane acceleration and their ratio by a numerical model.

dlyy ¼ dlyy model

az model
� az measured ð8Þ

in which dlyy model and az model are respectively the displacement and acceleration
extracted from the eigen-frequency analysis of the first bending mode simulation,
az measured is the acceleration measured experimentally by the accelerometer. The
time shift due to the linear geometric effect was computed afterwards as the ratio
between the estimated displacement and the Rayleigh wave velocity. The final
experiment TOFMexp is described by Eq. (9), after correcting geometric changes con-
sidered as representing only nonlinear effects.

TOFMexpðiÞ ¼ TOFMðiÞ � dlyy
VRayleigh

ð9Þ
e transmitted signal and the modulation signal.



Fig. 4. Estimation of displacement and strain thanks to the measured acceleration and their ratio from linear simulation model in Comsol�.
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For illustration, in the case of an excitation level maximum for sample T1, the
estimated displacement (dlyy) was about 10�7 m. Thus, the linear time shift caused
by the geometric changes was about 3 � 10�10 s – about 1% of the nonlinear time
shift caused by the modulation effect (TOFMexp). The same order for the corrected
time was found for the other samples. This geometric effect can be very important
either in the case of materials and pathologies presenting small differences between
the nonlinear time shift (TOFMexp) and the linear time shift (dlyy=VRayleigh), or in the
case of a great distance between transducers. We conclude that such effect should
be taken into account for all measurements in which the first bending mode is
exploited.TOFMexp in Eq. (9) corresponds to TOFM in Eq. (3), and was applied to
obtain nonlinear parameters according to the approach in Eq. (4). The determina-
tion of strain in Eq. (4) is based on the principle presented above for estimating dis-
placement. Indeed, we considered, in the first bending mode of the current
configuration (in plane yOz), the strain components that concern two polarisations
of the Rayleigh wave pulse (upon Oy and Oz). According to the values quantified
from the simulation results, the vertical strain component ezz is equal to 0.23 times
the horizontal strain component eyy . We assumed in this study that the nonlinear
time shift effect of Rayleigh wave propagation was due principally to the strain
component which is parallel to the wave propagation direction (eyy) [15]. Further-
more, most of the Rayleigh wave energy is located within a one-wavelength layer
under the surface. In this study, we proposed an approach for strain determination,
in which the effective strain �eyy is the mean value of strain over the propagation vol-
ume. The proposed propagation volume can be described as a rectangular paral-
lelepiped – its length measured the distance between the wedge centres, its
width measured the wedge width and its height measured one wavelength of Ray-
leigh wave (Fig. 4a). This effective strain was estimated thanks to the measured
acceleration according to Eq. (10), and was used afterwards as the strain value in
Eq. (4) for nonlinear parameter extraction.

�eyy ¼
�eyy model

az model
� az measured ð10Þ

Fig. 5a shows an example of the relative variation in elastic modulus (DM=M0)
as a function of acquisition time. A decrease in elastic modulus due to LF excitation
and an offset of its variation corresponding to a nonequilibrium metastable state
can be observed. Fig. 5b presents the signature of nonlinear elasticity (DM=M0 as
a function of �eyy) in which the black curve recalls the second order polynomial
approach of Eq. (4). A positive axial LF strain corresponds to a tensile axial strain,
whereas a negative axial LF strain corresponds to a compressive axial strain. Posi-
tioning the pulse at the same strain value over LF cycles may induce the same vari-
Fig. 5. Illustration of resulting curves from signal analysis in the case of sample T1 at the
DM=M0 of the pulses positioned in steady regime as a function of �eyy .
ation in modulus. Over one cycle, a hysteretic behaviour is recognised from the
dissymmetry between increasing and decreasing strain. According to Eq. (4), d, b
and C represent the curvature, the slope and the offset, respectively, of the parabola
that fits the set of points (black curve in Fig. 5b). Physically, the conditioning offset
C can represent the nonequilibrium metastable state of the material induced by the
LF excitation.
3. Results and discussion

Concrete exhibits a nonlinear response with increasing distur-
bance amplitude. To characterise the state of the material, NDE
analyses the evolution of nonlinear parameters as a function of
strain amplitude. The strain amplitude (De) corresponding to each
excitation level was defined as the maximum strain value (Fig. 5b),
which was estimated from Eq. (10). We present in the following
section the evolution of three nonlinear parameters (d, b and C)
as a function of strain amplitude. According to these evolutions,
some qualitative nonlinear parameters will be proposed and their
relative variations will be compared with velocity measurements.
3.1. Thermal damage

The maximum value of strain amplitude that could be reached
without signal saturation in the case of sample T1 was 6.15 � 10�6,
6.58 � 10�6 for sample T2, 7.54 � 10�6 for sample T3 and
4.08 � 10�6 for sample T4. For illustration, Fig. 6a and b show all
nonlinear elasticity curves for the intact sample T1 and the ther-
mally damaged sample T3, while Fig. 6c presents each one of the
samples chosen such that their corresponding strain amplitudes
are of the same order. All the vertical axes in Fig. 6 have the same
scale. The curves for the damaged samples were observed as being
generally more open than those for the undamaged samples. Note
that no term in the second order polynomial-based approach in Eq.
fourth excitation level, (a) DM=M0 of all pulses as a function of acquisition time; (b)



Fig. 6. Relative variation of elastic modulus (DM=M0) as a function of e corresponding to (a) four excitation levels in the case of sample T1, (b) four excitation levels in the case
of sample T3, (c) approximately same strain amplitudes between all thermally damaged samples. The red circles represent an increasing strain while the blue asterisks
represent a decreasing strain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(4) represents mathematically the opening. We assumed that the
opening is one of the nonlinear acoustic signatures of the concrete
hysteretic behaviour during a loading cycle.

The evolution of nonlinear parameters (d, b and C) is presented
in Fig. 7a, b and c as a function of strain amplitude. Parameters b
and C were negative whereas d was positive. There was no obvious
trend in the evolution of d and b as a function of strain amplitude.
We thus proposed in this study an approach that considers the
mean values of d and b, designated by �d and �b – determined as in
Eqs. (11) and (12).

�d ¼
Pk

i¼1dðDeiÞ
k

ð11Þ



Fig. 7. DAET results for the thermal damage, (a) evolution of d as a function of strain amplitude, (b) evolution of b as a function of strain amplitude, (c) evolution of C as a
function of strain amplitude, (d) comparison of relative variation between linear and nonlinear parameters as a function of thermal damage.
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�b ¼ �
Pk

i¼1bðDeiÞ
k

ð12Þ

In this study k ¼ 4, corresponding to four LF excitation levels.
Therefore, these parameters, �d and �b, represented the level of ther-
mal damage (their values are given in Table 3).

As for the conditioning offset C, its absolute value increased sig-
nificantly in function of strain amplitude (Fig. 7c) and follows a lin-
ear variation. Thus, parameter a representing hysteretic behaviour
was introduced to determine the slope of the evolution of C (Eq.
(13)), and represented the level of thermal damage (Table 3).
a ¼ � C
De

ð13Þ

The relative variation of the nonlinear parameters in the DAET
analysis was compared afterwards with that of the Rayleigh wave
velocity (which is a linear acoustic parameter). Considering that
sample T1 (intact sample) was the normalisation reference, the
values of its normalised parameters were set at 100%. The param-
eters of the other samples were then normalised with respect to
the corresponding parameters of sample T1, and were given values
in percent (%). The result in Fig. 7d shows the much higher relative
variation as a function of thermal damage of the nonlinear param-
eters than of the Rayleigh wave velocity. In extreme cases, between
Table 3
Nonlinear parameters of thermal damage analysis.

Samples T1 (intact) T2 (180 �C) T3 (250 �C) T4 (400 �C)

�b 2.2 � 102 3.6 � 102 7.6 � 102 15.8 � 102

�d 3.9 � 107 3.8 � 107 14.9 � 108 84.5 � 107

a 5.1 � 102 5.8 � 102 11.7 � 102 24.1 � 102
the most damaged sample T4 and the sound sample T1, �d differed
by as much as twenty times, seven times for �b and nearly five times
for a, while the Rayleigh wave velocity decreased 0.3 times (30%).

3.2. Carbonation

The nonlinear parameters for concrete carbonation were anal-
ysed in the same manner as were those for thermal damage. In this
study, only one Rayleigh wave frequency was used to evaluate dif-
ferent carbonation depths. As presented above, by generating
100 kHz Rayleigh wave pulses, the carbonation depth in all the car-
bonated concrete samples (the maximum case carbonation depth
is 20 mm of sample C3) could be covered by the penetration depth
of the Rayleigh wave (approximatively 22 mm of the surface layer).
By this fact, we assumed that the effect of carbonated concrete on
the Rayleigh wave propagation could be obtained. The maximum
value of strain amplitude that could be attained without signal sat-
uration in the case of sample C1 was 3.68 � 10�6, 3.37 � 10�6 for
sample C2 and 3.66 � 10�6 for sample C3. In general, the curves
that characterised a nonlinear elastic modulus variation in carbon-
ation samples (Fig. 8) were more closed than those that charac-
terised the same variation in thermally damaged samples.

The evolution of d, b and C as a function of strain amplitude is
presented in Fig. 9. Indeed, d carries a different (negative) sign
for sample C2, whereas b is almost constant, and so the mean value
approach can thus be considered acceptable. The conditioning off-
set C obeys linear evolution as a function of strain amplitude. By
applying a mean value approach to d and b, and a linear approach
to C, the result indicates that these proposed parameters evolved
inversely as a function of the carbonation depth. Indeed, the value
of �b for sample C3 was 30% that of sample C1. The difference
between these two samples in terms of value of a was 50%, while



Fig. 8. Relative variation of elastic modulus DM=M0 as a function of e corresponding to (a) four excitation levels in the case of sample C1, (b) four excitation levels in the case
of sample C3, (c) approximately the same strain amplitudes for all the carbonated samples. The red circles represent an increasing strain while the blue asterisks represent a
decreasing strain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that from velocity measurements was only 8%. This result means
that the sample that presents a higher carbonation depth has smal-
ler nonlinear parameter values. All nonlinear parameter values for
the carbonation analysis are given in Table 4.
3.3. Discussion

This part consists of discussions about the result of this work,
how it can be linked to the microstructure of concrete, as well as
to improvements of the measurement technique.



Fig. 9. DAET results for the carbonation analysis, (a) evolution of d as a function of strain amplitude, (b) evolution of b as a function of strain amplitude, (c) evolution of C as a
function of strain amplitude, (d) comparison of the relative variations of the linear and nonlinear parameters as a function of carbonation.

Table 4
Nonlinear parameters for the carbonation analysis.

Sample carbonation depth (mm) C1 C2 C3

5 10 20

�b 4.4 � 102 3.1 � 102 1.3 � 102

�d 3.7 � 107 �0.4 � 107 0.9 � 107

a 5.3 � 102 3.6 � 102 3.1 � 102
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The first discussions concern the conformity of the results with
the literature. The absolute values of d, b and C were determined as
being of the same order as the equivalent parameters presented in
the literature. Indeed, the classical nonlinear parameters, d and b,
were of the same order as those obtained by Renaud et al. [19]
for Berea stone. In that reference study, d and b were almost con-
stant within the strain amplitude interval from 10�7 to 5 � 10�6.
Thus, the mean value approach can be considered acceptable.

As for the nonclassical parameter C, in general, a good linear fit
was observed for its dependence on strain amplitude. The absolute
values of a in the case of thermal damage (from 5 � 102 to
25 � 102) are comparable with those determined by Payan et al.
[33] in the quantitative study of thermal damage in ordinary con-
crete using the NRUS method. In addition, the same evolution
trend of carbonation nonlinear parameters was obtained by means
of another technique, such as NRUS by Bouchaala et al. [35], non-
linear Rayleigh wave harmonic generation based method by Kim
et al. [7], and nonlinear impact resonant acoustic spectroscopy
(NIRAS) by Eiras et al. [36]. Parameter a as a perspective could
be an effective parameter for concrete nonlinearity evaluation. Fur-
thermore, by referring to the power law exponents proposed by
Scalerandi et al. [39], the linear dependence observed in this study
between conditioning offset and strain amplitude (Eq. (13)) in both
cases, thermally damaged concrete and carbonated concrete, led to
the same value of the exponent b = 1. As a results, thermally dam-
aged concrete and carbonated concrete were considered as being
classed in the class B. According to these authors [39], the class B
contains in general consolidated granular and cellular media
exhibiting nonlinear hysteretic behaviour. Thus, the linear depen-
dence approach proposed in this study showed a good agreement
with the power law analysis proposed by the authors. This result
confirms our expectation that nonlinearities originate from a den-
sity of nonlinear contacts [9,39]. In systems exhibiting brick-
mortar features (i.e., hard-soft and fragile portions) in general,
and particularly in concrete, a nonlinear contact can be localized
at the interface between soft and hard portions of materials, i.e.,
in the region between grains or between cracks.

The second discussion is about the repeatability and repro-
ducibility of the measurements. These kinds of measurement are
not presented in this paper. We propose here to consider the prob-
lem by referring to the literature studies on the same methods.
Indeed, the repeatability and reproducibility of velocity measure-
ments are generally good. The coefficient of variation was found
1.62% for pressure wave velocity in transmission configuration
and 2% for the Rayleigh wave velocity [1]. In the case of big changes
in the elastic properties of the material (like, for instance in sample
T4), velocity measurements can be a reliable technique. However,
nonlinear behaviour allows getting insight on the type of nonlin-
earity. So nonlinear parameters complement linear parameters.
In addition, in the context of early damage characterisation, the
nonlinear techniques should be more interesting due to the high
sensitivity of the nonlinear parameters. Renaud et al. [18] studied
the precision of the DAET technique for the nonlinear parameters
of Lavoux Limestone by repeating the measurement three times
in the same conditions. In this reference work [18], while d seemed
to be highly varied, the slope b and the offset C have a coefficient of
variation between 3% and 8%. These authors also indicated two



96 Q.A. Vu et al. / Construction and Building Materials 114 (2016) 87–97
possible causes of the scattering in TOFM. The first cause relates to
the performance of the waveform generator used to excite the US
probe in terms of phase and amplitude jitters. In this respect, we
used the transmitted signal, which was synchronised with the
modulation signal. This synchronisation helped to avoid any elec-
tronic effect for the calculation of the time modulation. The second
cause of scatter in TOFM was determined by the signal to noise
ratio of the received probe wave signals. The authors ([18]) took
this ratio into account since they used a head wave, which is usu-
ally a weak signal in terms of amplitude. Conversely, the Rayleigh
wave (presented in Fig. 4) was detected as the first arrival and
showed a very good signal to noise ratio. In short, even some
experimental conditions could be discussed by considering influ-
ential factors analysed in the literature, it is noted that to obtain
a reliable measurement method all experiment conditions should
be taken into account. A part of our future work will concern the
testing of the repeatability and reproducibility of the current
method.

The last discussion highlights the links between concrete non-
linearity and its microstructure in two cases, thermally damaged
concrete and carbonated concrete, through the evolution of the
nonlinear parameters. Firstly, it was observed that the absolute
values of a for thermally damaged concrete are bigger than those
for carbonated concrete. Note that thermally damaged concrete
was assumed to contain distributed micro-cracks, whereas carbon-
ated concrete has a lower porosity that leads to a higher elastic
modulus than that of non-carbonated concrete. Therefore, these
results showed good correlation between the evolution of param-
eter a and the evolution of nonlinearities in concrete, provided
these nonlinearities originate from a density of nonlinear contacts
(micro-cracks, porosities, etc.) [9].

Secondly, some interesting points can be discussed when
observing the nonlinear elasticity signatures (curves representing
DM=M0 as a function of e). Indeed, it was observed that for approx-
imately identical strain amplitudes, the curves for greatly ther-
mally damaged concrete samples are more open than those for
sound concrete and carbonated concrete samples
(Figs. 6c and 8c). In addition, the maximum value of DM=M0 can
be subject of discussion. This value of DM=M0 in fact corresponds
to the maximum strain value in compression attained in each test.
It seems that for not severely damaged concrete (as in the case of
samples T1 and T2) or carbonated concrete (as in the case of sam-
ples C1, C2 and C3), the maximum value of DM=M0 in compression
is smaller than or equal to zero. Conversely, this value for ther-
mally damaged concrete (samples T3 and T4) could be greater than
zero. A positive value of DM=M0 means that the elastic modulus of
a material under compression is higher than that of a material in
its initial state without mechanical solicitation. In order to account
for these observations, it is suggested that the cracks opening in
concrete in its initial state would close under compression solicita-
tion, which would result in a denser material and consequently in
higher wave velocities. On the contrary, the modulus of a material
with no opening cracks or containing a small number of micro-
cracks, even in compression state, may not exceed the modulus
of the initial state Therefore, DAET measurement can contribute
to the discrimination between thermal damage and carbonation
in concrete.

To sum up, the proposed experimental method showed a
remarkable evolution of nonlinear parameters as a function of
thermal damage and carbonation depth. Absolute value of nonlin-
ear parameters was found to be of the same order as those
obtained in the literature. It is acknowledged that this study needs
to be tested for the repeatability and for other samples. These tests
will be a part of our future work.

To complement this study, it is suggested that the obtained
results need to be explained by a good understanding – numeri-
cally and analytically – of the nonlinear behaviour of concrete.
Recently, Lombard et al. [40] proposed a numerical model where
the nonlinear hysteretic behaviour can be explained through tak-
ing the viscoelasticity of the material into account. A simulation
model based on this approach and taking into account not only
the mechanisms of thermal damage and carbonation but also the
interaction between Rayleigh waves and the heterogeneous
microstructure of concrete could open up explanatory prospects.
4. Conclusion

This research associates nonlinear acoustic DAET and surface
Rayleigh waves to assess two typical concrete problems – thermal
damage and carbonation. DAET can be used to analyse the strain
dependence of the modulus and reveal the hysteretic behaviour
of concrete, whereas Rayleigh waves are an advantageous tool
for in-situ measurements. The use of the transmitted signal pro-
vides a good and reliable technique for time delay processing, par-
ticularly for correlating automatically the coherent wave parts and
avoiding any electronic effects. Classical nonlinear parameters d
and b as well as nonclassical nonlinear conditioning offset C were
analysed. The proposed nonlinear parameters �d, �b and a showed
higher relative variations as a function of elastic properties
changes than the wave velocity. If the results for thermal damage
help to validate the proposed method, then the carbonation results
open up possibilities for nonlinear acoustic applications using sur-
face Rayleigh waves to evaluate gradual problems. The proposed
measurement method will soon be tested for repeatability and
reproducibility. For the final objective of in-situ measurements in
which a simple and efficient evaluation is usually required, a nat-
ural dynamic perturbation, such as the passage of a truck or a train
on a bridge, could be used to generate the deformation. Otherwise,
one-sided measurement using hammer impact and Rayleigh wave
could be a first solution to following the evolution of material
changes on site. These research prospects will be considered
within the project DCND (Dynamic and Nondestructive Testings).
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