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Abstract

This paper deals with lifelong monitoring of concrete structures using embedded piezo-
electric transducers. Thanks to such transducers, monitoring of the concrete can be
automated both at the early age, right after the concrete is cast, and over the long term,
until the end of the lifetime of the structure. For long term monitoring, the wave ve-
locity variations introduced by operational factors effects should be filtered out. In
the present study, we introduce a new technique called the Direct Wave Interferometry
(DWI) which uses time stretching only on the early part of the recorded wave. This
appears to be a good tradeoff between the high resolution of the Coda Wave Interfer-
ometry (CWI) for low velocity variations and the reliability of the measurement of the
time of flight (TOF) for large velocity variations.

Keywords: Ultrasonic Wave, Embedded Piezoelectric Transducer, Direct Wave
Interferometry (DWI), Concrete Assessment, In-situ Monitoring

1. Introduction

Concrete is the most widely used construction material in the world. It is a complex
material whose mechanical properties evolve continuously from the time of casting un-
til the end of its lifetime. During the construction phase, the main issue for the operator
is to determine the time when the formworks can be removed which depends mainly
on the evolution of the compressive strength. The time when post-tensioning can be
applied is also governed by the evolution of the compressive strength. Nowadays, such
evolution is assessed through very conservative norms or compressive tests on small
specimen which have been cast at the same time as the structure and stored at the same
location. There is a certain degree of inaccuracy associated to this technique as the tem-
perature evolution in the actual structure is not the same as the one in small specimens,
especially when the structure is massive. In order to overcome this drawback, maturity
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methods [1, 2] which are based on the measurement of the actual temperature evolution
inside the concrete, calibrated laboratory compressive tests on small specimen and the
knowledge of the activation energy can be used to get a more accurate estimation of the
compressive strength. There exist currently automated maturity systems which allow
to monitor remotely and wirelessly the evolution of the compressive strength. There is
a clear demand from the industry for such automated solutions. The method does not
allow however to estimate the Young’s modulus of concrete, which can be of interest
at early-age for structures with cantilevers.

Over the time, when the structure is in service, the mechanical properties of con-
crete can also deteriorate due to several mechanisms such as the loss of prestress in
prestressed concrete or chemical attacks such as alkali-silica reactions or delayed et-
tringite formation. In order to ensure the safety of the infrastructure, it is important
to be able to assess its remaining strength. Destructive compressive tests can be per-
formed on sampled cores extracted from the structure. For obvious reasons however,
non-destructive techniques are preferable. Among these, the ultrasonic pulse velocity
method (UPV) is currently one of the most widely used techniques. It is an established
technique described in different national norms among which the European standard
EN 12504-4 [3] or the ASTM norm C 597 – 02 [4], and used in many commercial
systems. It consists in exciting the emitter by a short pulse signal and measuring the
time of propagation of the wave from the emitter to the receiver. Knowing the distance
between the transducers, the velocity of the fastest wave (the compressive wave, also
called the P-wave) can be measured. The P-wave velocity is related to the mechanical
properties (Young’s modulus and Poisson’s ratio) of the concrete and can therefore be
used to assess the uniformity and relative quality of concrete [5]. It can also indicate
the presence of voids and cracks [6] and can be used to evaluate the setting time in fresh
concrete [7]. Provided an assumption is made on the value of the Poisson’s ratio, it can
be used to give an estimate of the Young’s modulus. The wave velocity has also been
shown to be correlated to the concrete compressive strength, but as this relationship de-
pends on many parameters of the concrete, a calibration curve needs to be established
for a specific concrete [8].

The typical frequency range for UPV testing is from 20kHz to 200 kHz. In that
frequency range, wave propagation in concrete is a complex phenomenon due to the
high heterogeneity of the microstructure: the wave sent from the emitter will inter-
act with the aggregates causing multiple reflections. The initial wave will be split in
many different components traveling different paths, and reaching the receiver at dif-
ferent times, resulting in a very long recorded signal. Typically, for a pulse input of
five microseconds, the signal recorded at the receiver side will be several milliseconds
long. Although there is no strict limit, one can distinguish between the early-wave, also
called the ballistic wave, and the later wave, called the CODA. The wave components
which reach the receiver first have travelled the shortest path, and therefore interacted
mainly with the microstructure in the direct line of sight between the emitter and the
receiver. The UPV is therefore a measure of the properties of concrete between the
emitter and the receiver, while the late arrival wave carries information about more
distant locations, but is much more complex to interpret. While still at the stage of re-
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search, there have been a few attempts at extracting information from the late CODA.
The most widely used technique is coda wave interferometry (CWI) and has been used
to estimate the acoustoelastic parameters of concrete in [9, 10]. Providing a dense net-
work of sensors is used, it is also possible to locate damage in a concrete structure
using more advanced techniques based on coda wave interferometry [11–13].

There are several drawbacks to the techniques described above. None of them is
suited to monitor concrete over the whole lifetime, from the time of casting. Maturity
methods are limited to the early age (first few days) and cannot give information about
the deterioration of concrete over time or the early cracking. Ultrasonic testing, includ-
ing UPV and CWI using external probes cannot be used on site at early age due to the
presence of formworks, requires manpower and is difficult to apply over the long term
due to accessibility issues. Over the last ten years, several researchers have studied the
possibility of embedding the ultrasonic probes directly inside the concrete. The first
and obvious advantage of the technique is the potential automation of ultrasonic mon-
itoring. Additional advantages are an enhanced coupling (without coupling agents)
with the concrete for stronger waves generation over longer paths, the protection of
the transducers from environmental and accidental attacks, the possibility to perform
measurements in the presence of formworks, and an added flexibility of transducers
arrangements which allows for direct wave propagation paths. A major requirement
with such transducers is however their low-cost as they will be lost in the structure.

Such kinds of transducers have been successfully used for the monitoring of (i)
cement and concrete hydration [14, 15], (ii) the evolution of the compressive strength
of concrete at early age [16, 17], (iii) concrete cracking [18–22], (iv) water seepage
[23–25] and (v) mechanical properties of concrete [26] including the acoustoelastic
effect in compression [27]. At ULB-BATir, we have worked on the development of
our own embedded transducers to measure the P-wave velocity at early-age [28] and
monitor cracking in several laboratory tests [29, 30] (pull-out, three-points bending and
compressive tests).

Although limited to laboratory or short-time monitoring, all of these applications
show the high potential of ultrasonic testing with embedded transducers to perform
real-time on-line monitoring of concrete infrastructure. An important step forward
is however needed, as long term monitoring involves environmental variability which
needs to be filtered out. It is known that when in service, the temperature, the moisture
or the stress state have an impact on the measured ultrasonic signals which needs to be
distinguished from the impact of the evolution of the microstructure (damage).

This paper focuses on two important aspects of real-time monitoring: monitoring
of the hardening phase of concrete structures, and long-term damage monitoring. For
both aspects, the same monitoring hardware is used, which consists in pairs of em-
bedded ultrasonic transducers where the emitter is excited via a pulse excitation, and
the signals are recorded at the receiver side. The post-processing is however different
for each application: for the hardening phase, automated UPV measurements are per-
formed in order to follow the evolution of the Young’s modulus at early age. For the
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damage monitoring, a novel method is proposed for the filtering of the environmental
effects. It is inspired from the approach used in CWI based on time stretching and the
definition of a correlation coefficient, but is applied to the early part of the wave instead
of the CODA. The new method, called direct wave interferrometry (DWI) is shown to
be better suited for on-line damage monitoring under changing operational conditions.
This is because the time stretching method is efficient to remove operational variability
only when applied to signals which have travelled through areas in which the stress
state, the temperature and the moisture are more or less uniform, which is generally
not the case when later parts of the wave are considered. The use of the early wave also
preserves the local nature of the damage indicator.

In this paper, the efficiency of the proposed monitoring system based on embedded
piezoelectric transducers is demonstrated on two small concrete beams. The test spec-
imens, the embedded transducers and the testing hardware are presented in section 2.
The monitoring of the hardening phase and the damage monitoring are presented in
sections 3 and 4. The hardening phase is monitored by computing the evolution of the
UPV based on the estimation of the time of flight, and deducing the evolution of the
Young’s modulus. One of the samples is then loaded under a three-point bending test
and damage monitoring is performed. The operational variability is due to the evolu-
tion of the stress state in the beam which, due to the acoustoelastic effect (change of
wave velocity due to the applied stress), impacts the wave velocity even in the absence
of damage. The novel approach based on DWI is applied to filter out successfully the
acoustoelastic effect. It is also shown that applying time stretching before computing
the damage indicator is equivalent to tracking the change of amplitude of the first peak
of the recorded waves [30].

2. Specimens and monitoring system

Experiments are performed on two short non-reinforced concrete beams in which
a pair of transducers has been embedded with a spacing of 14.3 cm. The beams are
made of ordinary concrete. The geometry and the components of the beams are given
in Table 1.

The embedded transducers have been developed at ULB-BATir and are made of
a thin Lead Zirconate Titanate (PZT) patch which is a piezoelectric material [31, 32]
and surrounded by several coating materials (Fig. 1). The use of such embedded trans-
ducers allows for direct measurement instead of indirect, semi-direct or through the
thickness measurements [31, 33].

The ultrasonic monitoring system is described in Fig. 2. It is composed of a data ac-
quisition board NI PXI-6115 (10MHz sampling rate) and a variable gain pre-amplifier
SmartPre (+18− 60 dB, band-pass 1 kHz− 1MHz) designed by SMARTMOTE which
are controlled by an in-house program based on the LabView programming environ-
ment. The system is able to perform up to 150 ultrasonic measurements per second
while the signal which is generated is a short pulse of 5µs corresponding to a fre-
quency band up to 200 kHz (−6dB at 120 kHz). For the present experiments, the
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Fig. 1: Embedded piezoelectric transducers designed and manufactured at ULB-BATir

ultrasonic measurement rate has been set to 25Meas./s. The duration of each mea-
surement is 3ms which allows for a complete attenuation of the ultrasonic wave before
the next measurement.

The excitation signal is a low voltage short pulse (10 V , 5 µs). Such a voltage
is very low in comparison to commercial ultrasonic systems which generally involve
high voltage (400-800 V) pulsers to increase the signal to noise ratio (SNR) and hence
the accuracy of the evaluation of the onset time. This is particularly important for the
monitoring of the hardening phase due to the very low amplitude of the recorded sig-
nals in fresh concrete. Our approach to increase the SNR for early age monitoring
is to benefit from the high measurement rate of our system (which cannot be reached
with high-voltage pulsers) and compute the average of one hundred successive mea-
surements. In section 3, one signal consisting of an average of 100 signals measured at
a rate of 25Meas./s is recorded every four minutes in order to follow the evolution of
the P-wave velocity during the first 70 hours after casting the concrete.

For the bending test, the initial SNR is much better than in fresh concrete: the wave
is much less attenuated in hard concrete, so that an average of only ten signals is used.
The monitoring is performed continuously at a rate of 25Meas./s. Due to the very high
measurement rate in this test and the occurrence of damage, some recorded signals are
polluted with acoustic emission events which have to be filtered out. Acoustic events
are waves generated by the sudden release of energy due to cracking events [34, 35].
In the present study, it was decided to remove these signals from the data. This is not
problematic as there are enough non-polluted signals due to the very high measurement
rate. Another option would have been to increase the voltage at the emitter side, but
this is not the choice made in this study, as explained above. The measurements which
are presented in section 4.3 correspond to an average of the last 10 sane signals (i.e.
without acoustic emission events). The procedure which is used to detect and remove
the polluted signals consists in a cross correlation test with the average of the previous
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ten non polluted signals:

AE j =

∫ t f

0
S j (t) S m (t) dt√∫ t f

0
S 2

j (t) dt
∫ t f

0
S 2

m (t) dt

(1)

where S j(t) and S m(t) are respectively the jth signal and the average of the last ten
sane signals. t f is the measurement time (here 3 ms). This indicator is theoretically
equal to 1 for two identical signals. As the measurement rate is much higher than
the rate of change due to damage, it can be considered that then successive signals
should be almost identical. When an acoustic event occurs, the local cross correlation
coefficient drops strongly due to the drastic change of shape of the signal, which allows
for discriminating those signals from the sane signals [30]. In practice, because of
the inevitable noise on the recorded signals, and the slow evolution of the signal with
damage, the indicator is not strictly equal to 1 for a signal without acoustic event so that
a threshold has to be considered. We have found that a value of threshold of 0.9 allows
for removing all the signals polluted with acoustic emission events. The first ten sane
signals are taken when no load is applied to the specimen so that there are no acoustic
emission events. The value of AE j is then computed for each new measurement and if
it is sane (AE j > 0.9), it is included in the stack of the last ten sane signals (see Fig. 3)
for averaging.

3

5
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1 DAQ 2

3

Emitter

Receiver 4 Ampli�er 5 DAQ

OUT

IN

≤150 
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1

2 4

5
+18...60dB

Fig. 2: Fast (≤ 150 ultrasonic measurement per second) and low-voltage (≤ 10 V) data acquisition system.
The DAQ is a NI PXI-6115 (out 4 MS/s, in 10 MS/s) and the pre-amplifier is a SMARTMOTE SmartPre.
The DAQ and the pre-amplifier (gain) are automatically controlled by a LabView based in-house program.

3. Monitoring of the hardening phase using UPV measurements

The P-Wave velocity is computed from the known distance between the emitter
and receiver and the estimated time of flight of the ultrasonic wave. The onset time
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Fig. 3: Process to remove the signals polluted by undesired events such as acoustic emission events: each
signal is compared with the average of the last 10 sane signals.

Table 1: Composition of the concrete and geometry of the Non-Reinforced Concrete (Mini) Beams

Geometry of the Non-Reinforced Beam
L × l × h cm 40 × 10 × 10
Distance between transd. cm 14.3

Concrete components Density
CEM I 52.5 N PMES CP2 (Saint Vigor, FR) kg/m3 340
Sand 0/4 (Bernières, FR) kg/m3 739
Gravel 8/22 (Bernières, FR) kg/m3 1072
Total water kg/m3 184

Total wet density kg/m3 2335
Total dry density kg/m3 2250

Mechanical Properties
Young’s Modulus∗ Ecm GPa 36
Compressive Strength (cube)∗ fck,cube MPa 38.04
Compressive Strength (cylinder)∗ fck MPa 30.05
Tensile Strength† fctm MPa 0.3 f 2/3

ck = 2.89
Flexural Strength† fctm, f l MPa (1.6 − h(m)

1000 ) fctm = 4.63
Expected Maximum Load† kN 8.1
∗ Measured
† Estimated from EUROCODE EN 1992-1-1:2004

of the ultrasonic wave can be automatically estimated by finding the minimum of the
Akaike Information Criterion (AIC) computed in a given interval (Fig. 5). The AIC is
computed as follows:

AIC (k) = k log (Var (S [1, k])) +

(N − k − 1) log (Var (x [k + 1,N]))
(2)

where Var(X) denotes the variance, k is the kth sample of the signal S (k) of length N.
This time window is defined around a first estimate of the time of arrival found as a
threshold of the amplitude of the envelope of the signal [32, 36]. The envelope function
is calculated from the wavelet transform C(λ, τ) [37] of the signal at a low scale (i.e.
low frequency) λ

C(λ, τ) =
1
√
λ

∞∫
−∞

x(t)Ψ
( t − τ
λ

)
dt (3)

where the wavelet Ψ is a Complex Gaussian Wavelet.
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(a) Two pairs of embedded piezoelectric transducers are
set in two non-reinforced concrete beams.

(b) Zoom on the embedded transducers

Fig. 4: Specimens used in the study. The concrete property and the geometry of the beams are given in
Table 1.
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Fig. 5: Estimation of the onset time with the AIC.

The different devices of the monitoring system and the layers surrounding the trans-
ducers necessarily result in a certain time delay in the sensor-actuator line so that the
system should be calibrated for accurately determining the time-of-flight between the
sensor and the actuator. This is performed by measuring the travel time in water [28],
where the wave velocity is accurately known.

Knowing the distance between the emitter and the receiver and the delay, the veloc-
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Fig. 6: Evolution of the P-Wave Velocity as a function of the time since casting.

ity of the fastest wave (the P-wave) can be deduced. Fig. 6 shows the evolution of the
P-Wave velocity during the first 70 hours after casting the concrete. It can be observed
that the typical S -Curve which describes the hydration kinetics is well caught by the
monitoring system from very early age.

The dynamic E-modulus can therefore be deduced from the P-Wave velocity [38]:

Edyn = ρV2
P

(
1 + νdyn

) (
1 − 2νdyn

)(
1 − νdyn

) (4)

Assuming a value of the dynamic Poisson’s ratio of νdyn ≈ 0.3 at 28 days [38], the
dynamic E-modulus is 36 GPa.

4. Long term damage monitoring

A three-points bending test is performed on one of the two non-reinforced concrete
beams after 28 days. An overview of the test setup is shown on Fig. 7. The load-
ing machine is a 200 kN hydraulic jack bending testing machine. The force and the
displacement have been recorded on a computer using a National Instruments DAQ
system (NI PXI-4461). The vertical displacement at the center of the beam is mea-
sured by an inductive displacement transducer (±5 mm LVDT, HBM W5TK) wired to
the DAQ through a specific signal conditioner. The ultrasonic monitoring system is de-
scribed on Fig. 2. During the bending test, short low voltage pulses are sent at regular
interval (5 µs, 10 V , 25 S ignals/s).

4.1. Loading Procedure
Since the beam is not reinforced, the maximum load which can be applied is

reached at the initiation of the crack. The loading machine is controlled in displace-
ment thanks to an inductive linear displacement transducer (LVDT) as shown in Fig. 7.
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Fig. 7: Overview of the test setup for the bending test. The geometry of the specimen is given in Table 1.
The loading machine is a 200 kN hydraulic jack bending testing machine.

In order to make sure that the crack is initiating at the center of the beam, a notch of
1 cm of depth is sawed (Fig. 8). The loading procedure and the force-displacement
curve are displayed on Fig. 8 where different pictures allow to track the crack open-
ing. The beam is unloaded right after the crack visually appears. The different pictures
are numbered (from 1 to 3) in order to relate them to a) the force-displacement and
force-time curves on Fig. 8, b) the relative velocity variation displayed on Fig. 10, and
c) the evolution of the damage index on Fig. 13. The crack visually appears when the
maximum load is already exceeded (see 2 in Fig. 8). It is important to note that the
sudden load decreases which can be observed in the loading phase are due to technical
features of the loading machine.
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Fig. 8: Loading Procedure and Force-Displacement curve related to the visual appearance of the crack. The
three point bending test is controlled in displacement using a LVDT.

4.2. UPV measurements
When in service, a concrete structure is subject to operational variability due to

changing loads (traffic, wind, ...) and environmental effects (temperature, humidity).
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It is known that the wave velocity varies to a certain extent due to these changing
conditions, as well as due to the damage. These relative velocity changes are very small
compared to the changes of velocities at the early age. In this paper, we explore and
compare different methods to estimate in real time the relative wave velocity variation
using embedded piezoelectric transducers with the focus on the efficiency to monitor
very small changes of velocities :

I) The first method consists in estimating the onset time of the received wave (UPV)
as described in section 3. Considering a small variation of the velocity, the relative
velocity change is therefore given by

ε =
δV
V0
≈ −

δtr
tr,0

= −
tr − tr,0

tr,0
(5)

where tr and tr,0 are respectively the onset time of the current signal S (t) and the onset
time of the baseline signal S 0(t). It is known that the direct evaluation of the time
of flight leads to high uncertainties as it clearly appears in the experiments presented
hereafter (Fig. 10). The precision of ε depends directly on the sampling rate of the
measurement (10MHz in the present case).

II) The second method is based on the classical coda wave interferometry (CWI)
method. This method is known to be very precise to track small velocity variations due
to the temperature effects or small stress variations (acoustoelastic effect). The total
wave field is simply the summation of all the waves that propagate along all the possible
paths. One can therefore describe a multiply scattered wave S (t) as the superposition of
the different components of an initial wave packet with random amplitudes and delays.
Consequently, the effect of a global velocity change ε = dV/V in the medium is to
stretch the original signal S 0(t). The stretching factor ε is determined by searching for
the maximum cross-correlation coefficient CC(ε) in all the duration of the CODA (see
Fig. 9)

CC(ε) =

∫ t f

t0
S (t) S 0

(
t (1 + ε)

)
dt√∫ t f

t0
S 2 (t) dt

∫ t f

t0
S 2

0

(
t (1 + ε)

)
dt

(6)

where t0 and t f depend on the time window in which the cross correlation is estimated.
The strategy which is adopted is to use the MATLAB optimization function fminbnd to
find the minimum value of the decorrelation factor (DC = 1−CC). When the maximum
correlation is high, ε can directly be used as an estimate of the relative wave velocity
change. This will only be the case if the velocity change is uniform in a large area
around the transducers. The extent of this area depends mainly on the time of arrival
of the latest waves which have travelled a much longer path and potentially reached
much more distant locations than the area around the transducers. In most practical
applications, the stress field and environmental parameters are not uniform in such a
large area, so that the method is not applicable.
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III) As an alternative, the third method, which is introduced in the present study, is
directly inspired by the CWI, but it is applied on the direct wave instead of the CODA
(see Fig. 9). The introduction of the direct wave interferometry (DWI) is motivated
by the fact that this part of the wave is mainly impacted by variations in a restricted
area located along the line of sight from the source to the receiver [39–41]. In such a
restricted area, it is expected that the wave velocity changes will be almost uniform,
making the measurement robust to complex loading conditions and effects of boundary
conditions. The use of a shorter wave will result in a lower resolution than CWI because
the delays in the early part of the signal are smaller than the delays in the CODA.

The initial (ti) and final times (t f ) used for the computation of the correlation coef-
ficient CC for CWI and DWI are shown in Fig. 9. For CWI, we consider that the wave
path should be longer than several (at least 2 or 3) times the elastic mean free path ls

(the distance between successive scattering events, see [41]). For concrete the elastic
mean free path ls is usually around 15 to 20 cm at 200 kHz [12, 42]. For a wave velocity
of 4500 m/s, 3ls corresponds to a time of flight of 133µs. For DWI, t f is based on the
observation that before that instant, signals are not changing before cracking occurs. At
that time, the wave has only encountered a few scattering events. Further investigations
are needed in order to link this value to an intrinsic measure which should be related to
the stress gradients and relative positions of boundary conditions, but this is outside of
the scope of the present study.

0 85 200 300
−4

−2

0

2

4

Time (µs)

A
m

pl
itu

de
 (V

)

 CWIDWI 
Sj

S0

 tf,DWI  ti,CWI ti,DWI

1100
 tf,CWI

1000900

Fig. 9: Snapshot of a signal and definition of the time windows used for the CWI and the DWI methods in
the case of the bending test.

The evolution of the relative wave velocity change during the three-point bending
test is shown in Fig. 10 using the three methods. The line corresponding to the direct
measurement of the TOF is obtained by denoising (wden in MATLAB) the values
actually found. One can observe that

(a) the direct estimation of the relative velocity variation from the TOF leads to very
noisy results. In particular, one can observe that the resolution is constrained by
the sampling rate of the measured wave (see the individual dots corresponding
to the actual measurements in Fig. 10). Before denoising, the accuracy of the
relative wave velocity change is in the order of 2% (2.10−2). After denoising, the
resolution is improved and reaches about 2.10−3.
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(b) the resolution of CWI is about 2.10−5, as can be estimated from Fig. 10 (bottom).
The later result is in accordance with the findings in [9]. Fig. 11 shows however
that for CWI, the wave starts to be decorrelated from the baseline after a time of
approximately 3 minutes. When the signal is decorrelated, time stretching will
fail to give a physical value of the relative wave velocity variation. CWI clearly
fails to catch the strong velocity variations due to damage after 10 minutes while
these are obvious from the TOF measurements.

(c) the resolution of DWI is about 2.10−4. The decorrelation starts to increase around
11 minutes which corresponds to the time of the initiation of the crack. The
technique can therefore be used with confidence before damage appears to track
small relative wave velocity changes, with an accuracy which is a compromise
between TOF and CWI. When damage occurs, the velocity changes seem to be
slightly underestimated by DWI due to the decorrelation.
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Fig. 10: Evolution of the relative velocity change as function of the time (bending test). The ’time of flight’
line is obtained by denoising (wden in MATLAB) the actual measurements (green dots).

The decorrelation coefficient is a clear indicator that the shape of the wave has
changed, in which case, the value of the time stretching (and therefore the wave ve-
locity change) is not reliable. When wave velocity changes in the media are uniform,
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time stretching gives a reliable estimate of the wave velocity change. In our tests, we
see that when using CWI, the wave shape is altered well before damage occurs. The
CODA contains wave packets which have travelled in the whole concrete specimen.
As the stress state is not uniform due to the nature of the test (bending), the acoustoe-
lastic effect will have a non-uniform impact on the CODA, resulting in a decorrelation.
Other factors such as stress concentration in the areas close to the boundary conditions
have a similar effect. When using DWI, the wave that is recorded and used to compute
the decorrelation has only travelled in a restricted area around the transducers, and we
notice that the correlation is very good before the damage occurs. As the damage in-
duces a local change of wave velocity between the transducers, the decorrelation starts
to increase with its appearance.

One can conclude that before the damage occurs, DWI can be used with confidence
to track accurately very small (up to 0.3 % in our test) velocity changes. We believe
that these velocity changes are mainly due to the acoustoelastic effects. The focus of
this paper is however not to understand deeply where these changes are coming from,
but to propose a method to filter out their effects.

4.3. Damage monitoring under changing operational conditions

For real-time monitoring, it is important to be able to distinguish between the ef-
fects of damage and operational conditions. As the wave velocity varies due to the
appearance of damage as well as changing operational conditions, it is not a robust
indicator of damage. The previously used damage indicator, the early wave damage
index, has also been shown to be sensitive to operational conditions [30]. In this paper,
we propose to apply time stretching with DWI in order to filter out operational condi-
tions before computing the damage index.
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The time-of-flight and the first wave amplitude are known to be sensitive to crack-
ing. We have therefore proposed in [29] to define a damage indicator which focuses on
the early wave in the signal. This damage indicator has been used to monitor cracking
in different laboratory setups consisting in: (i) three points bending tests on concrete
beams [29, 31], (ii) pull-out tests on an anchorage in a large concrete block [29, 33],
(iii) compression tests on a cylinder [30].

For (i) and (ii), the results have shown the excellent sensitivity of the damage indi-
cator to the onset of cracking, the indicator is able to detect damage before cracks are
visible on the outer surface. For (iii), we have found that because of the higher levels
of stresses involved in compression tests, the acoustoelastic effect [10] was affecting
the damage index. An alternative indicator was therefore proposed which consists in
monitoring the change of amplitude of the first peak only. In much the same way, we
propose here to apply the damage index on the stretched rather than the initial signal
using the time stretching technique described in Section 4.2. This allows to get rid of
the sensitivity to the change of the wave velocity and focus on the change of amplitude
and shape of the first peak. The damage index DI is now expressed as

DI j =

√√√√√√√√√√√√√
∫ t2

t1

(
S j

(
t (1 − εmax)

)
− S 0 (t)

)2
dt∫ t2

t1
S 2

0 (t) dt
(7)

where S j(t) corresponds to the amplitude of the damaged signal, S 0(t) is the amplitude
of the healthy signal, t1 is the time of arrival of S 0, and t2 − t1 corresponds to the du-
ration of the first half-period. This is represented on Fig. 12 where an example of a
healthy and a signal with cracking are presented. εmax corresponds to the value of time
stretching which maximizes the correlation coefficient CC defined in (6).

Fig. 13 shows that if no time stretching is applied to the measured signals, the DI is
affected by these small velocity changes (see the small increase of the DI around point
1 which corresponds to the time when the velocity change is the highest according
to the DWI time stretching presented in Fig. 10). Applying time stretching allows to
get rid of the small velocity changes due to operational perturbations, at the cost of a
slightly lower sensitivity to the damage.

In Fig. 14 we compare the DI corrected with time stretching to the evolution of
the amplitude of the first peak of the wave previously proposed in [30] as a damage
indicator robust to environmental factors such as the acoustoelastic effect. As the fig-
ure shows, the two approaches lead to very similar results. The choice between one
or the other should be mainly dictated by the computational efforts involved for the
computation of each indicator.
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5. Conclusions

This paper presented a methodology for lifelong monitoring of concrete structures.
The technique is based on the use of pairs of low-cost piezoelectric transducers which
are embedded inside the concrete structure during the construction phase. A high-
frequency pulse is sent to the emitter and the receiver records the wave after propa-
gation. Based on the recorded signals at regular time intervals, information about the
state of the microstructure of concrete can be obtained. The efficiency of the method
has been demonstrated through laboratory tests on two small concrete beam specimen.

At early age, we have shown that it was possible to track the P-wave velocity
change from the liquid to the solid state, and to use it to estimate the evolution of me-
chanical properties in real-time. For long-term monitoring, we have tested one of the
sample beams under a three-point bending test in order to induce progressive crack-
ing in the middle of the beam. Three different techniques were analyzed in order to
track small relative velocity changes. The time of flight has a low resolution (around
1%) which can be improved to 0.1% with denoising if the number of measurements is
sufficient. The CWI approach has been shown to be too sensitive to the non-uniform
stress field and effects of boundary conditions in the test. While its accuracy is very
high (around 2.10−5), it is not applicable for in-situ monitoring of the wave velocity
changes on real structures. As it is focused only on the early wave arrive, the DWI has
a slightly lower accuracy (around 2.10−4) but is much more robust with respect to the
loading conditions and changing boundary conditions. We have shown that it is able to
track accurately small velocity changes before the damage appears.

DWI can therefore be used to stretch the recorded signals and correct for small
wave velocity changes due to operational conditions. Based on this finding, we have
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defined a damage indicator which is made robust to operational changes thanks to
time stretching using DWI. The velocity changes in our tests are thought to be due
to the effect of applied stresses (only acoustoelastic effect), and not to environmental
factors such as temperature or humidity. The applicability of the technique in changing
environmental conditions remains to be tested, but as environmental changes are likely
to produce more or less uniform changes of material properties, the velocity changes
are also likely to be uniform so that time stretching is applicable to compensate for
these effects and differentiate them from cracking.

In our test, the corrected damage indicator is able to track efficiently the appear-
ance of damage while being insensitive to changing operational conditions. The results
obtained have been compared to the previously proposed damage indicator based on
the first peak amplitude, which shows very similar results. Both approaches are there-
fore seen as very efficient for automated long term monitoring of cracking in concrete
structures using embedded piezoelectric transducers.

One important issue which needs further investigation is the a priori determination
of the final time t f to be used in DWI in order not to be sensitive to changing boundary
conditions and non-uniform stress fields. This will be investigated in more details in
the future.
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