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In this work the non-destructive monitoring of the self-healing progress of cracked mortars is presented
through the use of three combined methods: nonlinear Coda Wave Interferometry, 3D microscopy and X-
ray computed microtomography (CT). The aim of the acoustic method is to compare, at various healing
stages, both the ultrasonic velocity variations and decorrelation coefficients between a reference coda

signal and a signal perturbed by a high level lower-frequency elastic wave
variation of the extracted nonlinearities demonstrates its ability to accurate

3D microscopy also reveals this capabil
influence of age at cracking on healing
confirm the creation of localized bridges
X-ray microtomography
surement results of these two techniques agree for the

al. In reducing the voxel size to 12 lm, X-ray CT images
en crack faces and provide information on their location.
1. Introduction

Even if crack occurrence in concrete structures is taken into
account during the design stage, cracks still generate considerable
inspection and repair costs; moreover, they jeopardize structural
durability since aggressive substances (liquid solutions, ions and
gases) can easily penetrate and deteriorate the material, leading
in some cases to structural failure. Self-healing concrete could thus
provide a means to achieving sizable savings by decreasing both
the direct and indirect costs caused by repair works [1,2]. Self-
healing can occur naturally, without any particular additive, under
favorable conditions with the continuous or periodic presence of
water [3], by either a local reactivation of hydration [4–6] or the
formation of healing products arising from reaction with the envi-
ronment (mainly calcium carbonate from calcium in the concrete
and carbonate ions contained in water) [7,8]. Some studies have
reported the predominance of the precipitation phenomenon in
ordinary concrete with a water-to-cement (w/c) ratio of around
0.4–0.5 [8,9]. Due to natural healing limitations, innovative engi-
neering techniques have been developed to maximize healing;



these include embedded capsules/vascular systems [10–14], and
calcium carbonate-embedded bacteria production [15,16].

Healing can be quantified through the use of various tech-
niques. 2D optical microscopy offers the advantage of being fast
and easily repeated [17]. Since this self-healing phenomenon
may be more pronounced on the specimen surface and at certain
locations rather than others, any techniques capable of quantifying
healing products created inside the specimen or yielding global
information are to be encouraged. Recently, X-ray computed
tomography has been successfully applied [18,19] yet the small
voxel size (approx. 20 lm) has until now constituted a consider-
able limitation, especially when seeking to directly observe
hydration-based healing products or small crystals.

In the aim of assessing the self-healing capability of inaccessible
structures, non-destructive techniques have been developed for
both practical and economic reasons. Ultrasonic pulse velocity
has been employed to detect self-healing [20–25], although this
technique is unable to assess the full extent of healing. Signal
transmission measurements have also been used to quantify heal-
ing; however, this technique seems difficult to implement on lar-
ger structures due to inconsistency caused by coupling
variability, with similar results being displayed among cracks lar-
ger than 100 lm in width [25]. Recent studies have led to develop-
ing nonlinear ultrasonic methods that increase the sensitivity to
damage [26,27]. Through the introduction of diffuse waves, large
cracks/notches could be detected and crack evolution could be
monitored [28–32], thus making it possible to highlight the sensi-
tivity of diffuse ultrasound to a crack opening. Diffuse ultrasound
has been applied to monitor the self-healing capacity of mortar
cracks over time [33]. In fitting the envelope of the received signal,
it becomes feasible to calculate both the arrival time of maximum
energy (ATME) and effective diffusivity. These parameters how-
ever, and more specifically ATME, show great variations.

Coda Wave Interferometry (CWI), which relies on an analysis of
the last part of the signal formed by multiple scattered waves,
offers a highly sensitive method for detecting time-lapse perturba-
tions on a propagation medium. CWI has been successfully adapted
to concrete, which is a highly heterogeneous material, for deter-
mining nonlinear acoustic elastic properties [34] or detecting and
locating small defects (i.e. holes several millimeters in diameter)
[35,36]. By controlling for thermal bias [37], CWI can monitor
propagation velocities with high precision (10�3% with respect to
relative velocity variations) and good reproducibility in concrete;
moreover, this technique provides information on the level of
microcracking induced by loading [38]. The nonlinear acoustic
effects of self-action have been reported in strongly nonlinear
granular media [39]. In cracked solids, the nonlinear acoustic mod-
ulation method amplifies the signature of a defect when combined
with an acoustic load provided by a pump source, in which case the
sample is subjected to both a low-amplitude ultrasonic wave
(known as a probe wave) and a large-amplitude wave at a lower
frequency (known as a pump wave). If the sample contains a non-
linearity, caused for example by the presence of cracks or, more
generally, contact-type defects, then the probe wave will become
modulated due to variations in the local and surrounding effective
elasticity (elastic modulus or acoustic dissipation), resulting from
pump excitation [40–45]. Many distinct signal shapes may be
input as pump and probe waves; however, the use of higher-
order modulation side lobes or amplitude-modulated pump waves
has shown greater sensitivity to the presence of cracks than other
nonlinear modulation techniques [46]. By using nonlinear modula-
tion and diffuse ultrasound to perform coda wave interferometry,
we have recently proven that a very high level of precision can
be obtained, hence enabling the detection of very small cracks as
well as discriminating between different crack volumes [47,48].
Then throughout this paper, we describe the methodology we fol-
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lowed to increase nonlinear coda wave interferometry so that it
can detect small cracks and can be used as a monitoring technique.

In addition, 3D image analysis for characterizing concrete crack-
ing has been under development for a number of years. It is there-
fore possible to analyze fracture surfaces in conjunction with the
interfacial transition zone composition [49]. Such 3D analyses
can serve to obtain data in the form of surface topology, crack
branching measurements and surface element phase classifica-
tions as inputs to the micromechanical modeling process [50].
Topological parameters like roughness can also be correlated with
concrete performance, e.g. a new roughness parameter propor-
tional to the w/c ratio has been introduced in [51]. The 3D image
analysis of a concrete surface thus appears to offer a promising
field of research for purposes of generating geometric or topologi-
cal data and supplementing other experimental techniques or pro-
viding input for numerical models.

The objective of this paper is to accurately assess the extent of
self-healing in mortar specimens by use of two innovative non-
destructive techniques, namely nonlinear CWI and 3D microscopy,
and then confirm these observations using X-ray CT. Besides the
complementarity of these methods we show their pertinence to
assess partially healed specimens.
2. Experimental design and methodology

2.1. Specimen preparation, healing conditions and coda – 3D
microscope measurement procedures

Two series of mortar samples with an equivalent geometry
(7 cm � 7 cm � 28 cm) were mixed with a w/c ratio of 0.35. The
mortar mixtures consisted of 1350 g of (0/2) sand, 450 g of (CEM
II) Portland cement, 155 g ofwater and 8 g of superplasticizer (Chry-
soFluid Optima 206). All preparations were carefully vibrated in
order to minimize the amount of occluded air. After 1 day of curing
under sealed conditions in anair-conditioned roomat a temperature
of 20 �C, the specimens were demolded and a notch 1.5 cm deep by
5 mm wide was cut at the center of all beams in order to initiate
cracking. The specimens were further cured in tap water until an
age of 3 days for Series 1 and 18 days for Series 2; they were then
wrapped in aluminum foil in order to prevent drying shrinkage dur-
ing the first coda measurements before cracking.

Next, some selected specimens from these two series were
cracked using a crackmouth opening displacement (CMOD), as con-
trolled by a three-point-bending test (once the aluminum foil had
been removed from the central part). The final CMOD value before
unloading was adjusted to obtain an actual crack width on the bot-
tom part of the specimens equal to 50 ± 5 lm. Coda measurements
were then performedon the cracked specimens and the correspond-
ing uncracked references before immersion in tapwater for healing.
The specimens were immersed at the ages of 1 week and 3 weeks
respectively for Series 1 and 2. Three different healing durations
were studied: 1 day, 3 days, and 7 days. After the desired healing
period, the corresponding specimen was removed from water and
wrapped in aluminum foil once again before conducting coda and
3Dmicroscope tests over the subsequent 3 weeks. The various heal-
ing times and specimen labels are summarized in Table 1.

For the cracked specimens, 3D microscope measurements were
performed during the 2 days following their removal from water.
Coda measurements were recorded on all specimens while they
were still wrapped in aluminum foil in order to reduce drying.
2.2. Microscopic quantification of crack healing

After completion of the cracking and healing processes, 3 zones
of each cracked specimen were analyzed using a 3D optical micro-



Table 1
Specimens used for CWI measurements.

Specimen label Series (age at cracking (days)) Immersion time (days)

S1-R 1 (uncracked) 1
S1-1 1 (3) 1
S1-3 1 (3) 3
S1-7 1 (3) 7
S2-R 2 (uncracked) 1
S2-1 2 (18) 1
S2-3 2 (18) 3
S2-7 2 (18) 7
scope (Alicona Infinite Focus). These 3 zones were respectively
chosen: along the bottom part to measure maximum crack width,
in the middle, and at the top of the specimen to obtain indications
regarding the healing phenomenon for various initial local crack
widths. 3D images were reconstructed from a 20�magnification
over an area of approximately 450 � 600 lm2, with a vertical accu-
racy of around 500 nm and a lateral resolution of around 1.5 lm.
Automatic algorithms were applied in order to reconstruct 3D
images from the set of 2D images recorded at various vertical posi-
tions. A quantification of the healing products formed inside the
crack could thus be obtained over a large area. A conventional
2D optical microscope merely provides projected images, whose
capacity to output information on the healing product inside the
crack depends on the actual image field depth. Moreover, certain
healing products located tens of micrometers beneath the surface
can be distinguished with a 3D microscope while remaining
unclear on some of the 2D microscopic images (see Fig. 1, where
crystals are detected along the bottom of the image while they
are invisible using a 2D microscope).

3D microscopes offer several tools normally employed for
surface analyses that are capable of characterizing cracks and
Fig. 1. Comparison of the microscopic images of a partially healed crack from
specimen S2-3 with an initial local width of approx. 30 lm in the middle of the
specimen: a) reconstructed image from the 3D microscope and, b) image from a
conventional 2D microscope (scale bar on the left hand side of image a) represents
50 lm).
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quantifying healing. In this study, we have focused on the global
depth map and crack profile, local crack volumes and Abbott-
Firestone curves in order to derive a critical point of view regarding
use of these techniques for monitoring crack evolution. Most of the
crack pictures shown correspond to locations at the middle of the
specimen; hence, the initial local crack width equaled roughly
30 lm.

2.3. Acoustic measurements and data processing

2.3.1. Coda wave interferometry and diffuse ultrasonic parameter
settings

CWI measurements were conducted simultaneously on six
specimens: two uncracked references, and four cracked or healed
specimens. To carry out the CWI measurements, three piezoelectric
transducers were glued onto each specimen. These consisted of:
two transducers with an operating frequency range between 200
and 800 kHz glued to the specimen around the notch for the probe
wave excitation and detection, plus one frequency-swept piezo-
electric ceramic transducer responsible for generating the larger-
amplitude acoustic pump wave at lower frequencies (typically in
the range of 10–50 kHz) glued onto one side of each specimen in
order to induce nonlinear acoustic modulation (see Fig. 2,
[47,48]). During the test, the pump signal amplitude was automat-
ically increased by steps (16 records per step were saved) through
the power amplifier gain up to 60 dB. A 2-h time span was chosen
between the active pump periods, which lasted around 20 min.
More details about this set-up are given in [48].

2.3.2. Signal processing: CWI results and diffuse ultrasonic parameters
(ATME, n)

The probe signals corresponding to the various pump ampli-
tudes were recorded from all specimens and were used for both
CWI analyses and diffuse ultrasonic parameter calculations.

2.3.2.1. Diffuse ultrasonic parameters. The diffuse ultrasonic param-
eters were extracted from the intensity envelope of recorded sig-
nals. This envelope, shown in Fig. 3, is obtained by performing a
low-pass filtered Hilbert transform of the signal [52]. Three
parameters can be measured: Arrival Time of Maximum Energy
(ATME) [33], damping coefficient n, and diffusion coefficient D.
The process of estimating these three observables has been built
as follows:

– first, the ATME is set equal to the time of the peak in the signal
intensity envelope. For our study, the ATME lies in the range of
several microseconds, and its measurement resolution is lim-
ited to the sampling frequency of the acquisition system
(f e ¼ 5 MHz).
Fig. 2. Schematic diagram of the experimental set-up.



Fig. 3. Normalized intensity envelope of the coda recorded on the same sample for
3 damage states – The fitting of the damping coefficient appears to show that the
cracked specimen is less damped, while the diffusivity and ATME do not reveal any
significant variation.
– second, the damping coefficient is extracted by a linear regres-
sion of the decreasing part of the signal envelope, based on the
solution to the diffusion equation in the bounded medium [28]:

Iðx; y; z; tÞ ¼ I0

� 1þ 2
X1
n¼1

cos
npx0
L

� �
cos

npx
L

� �
exp �D n

p
L

� �2� �
t

 !

� 1þ 2
X1
n¼1

cos
npy0
l

� �
cos

npy
l

� �
exp �D n

p
l

� �2� �
t

 !

� 1þ 2
X1
n¼1

cos
npz0
h

� �
cos

npz
h

� �
exp �Dðnp

h
Þ
2

� �
t

 !

� exp �n� tð Þ
ð1Þ

where L; l;h are the sample dimensions, x0; y0; z0 the emitter posi-
tion and x; y; z the receiver position. The damping coefficient is then
proportional to the logarithm of intensity: n / logðIÞ. To correctly
apply this linear regression, the data between t = 0.1 ms and
t = 0.6 ms (i.e. after ATME and before a low signal-to-noise ratio,
see Fig. 3) are considered.
Fig. 4. Example of the acoustic pulse response of the sample (CODA), an
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– third, the diffusion coefficient is obtained by minimizing the
cost function [53]:

2¼
X
t

jIestimðtÞ � IexpðtÞj
meanðIexpðt � s < t < t þ sÞÞ
� �2

ð2Þ

where Iestim is calculated according to Equation (1), Iexp is the inten-
sity envelope of the experimental signal, and s is a regularization
parameter introduced to avoid any underestimation of the end of
the signal compared to its beginning. The calculation parameters
are set as follows: I0 equals 1 by normalizing the signal with its
own maximum, n equals the value previously obtained from the lin-
ear regression, and s is set equal to 50=f e.

The aim of this process is to calculate the error (cost function)
for each D defined beforehand between D ¼ 10 and D ¼ 100 with
a step of dD ¼ 1 for the first loop of the script. In the second loop,
dD is equal to +/�10% of D2min divided by 100 steps. However,
despite the precision of our calculation, a 20% variation in D
induces practically no variation in the signal envelope; conse-
quently, the diffusion coefficient cannot be used to accurately track
the healing.

2.3.2.2. Coda Wave Interferometry (CWI). The CWI analyses have
been performed using the well-known ‘‘stretching method"
[27,31,33,54–56]. Two observables can be extracted from this
analysis, i.e. e and Kd, which are respectively the velocity variation
and decorrelation, as calculated with the correlation coefficient
[57], between two signals separated in time and with different
medium states. This stretching method is applied on a late time-
window between t1 = 0.1 ms and t2 = 0.15 ms (Fig. 4).

e and Kd are sensitive to external stresses like temperature or
mechanical force, as well as to the presence of cracks [48]. How-
ever, they both require that a healthy reference signal be recorded
prior to damage. The method proposed herein consists of a nonlin-
ear modulation of the coda waves by adding a low-frequency mod-
ulation pump, which has been previously tested for detecting
cracks in glass plate samples [47]. This method seems able to effec-
tively detect and characterize cracks at any time without the
healthy reference signal. Furthermore, the nonlinear observables
are more sensitive than the linear ones, and it is possible to detect
and characterize the properties of different microcracks [48]. The
d close-up view of part of the signal where stretching is performed.



sensitivity to pump amplitude decreases considerably after healing
for all specimens, as illustrated in Fig. 5. For the cracked specimens,
since the pump amplitude increases from 0 to 60 dB, the propaga-
tion velocity actually decreases by up to 0.0025%, while a smaller
velocity variation can be observed on both the healed and
uncracked specimens as pump amplitude increases (by less than
0.0005%). According to a quadratic fit of the remnant correlation
evolution, the coefficient Kd vs. the local displacement near the
pump closely matches the CWI data (Fig. 5b):
aKd / u2
ac ð3Þ
where uac is the acoustic displacement of the modulation pump.
This parameter is measured with a laser vibrometer (Polytec OFV
503); the fitting parameter aKd obtained for the fitting coefficient
Kd can then be plotted vs. time, as illustrated in Fig. 5d. As the
response of the velocity variation is negative, the extracted nonlin-
ear observables are typically non classic hysteretic nonlinearities.
These two nonlinear observables are directly concerned by the con-
tact mechanics inside materials such as closed cracks and can serve
as crack volume indicators.
Fig. 5. a) and b) Evolution of e and Kd vs. time as the pump amplitude is increased after th
S2-7 sample. The velocity variation amplitude for the cracked step is clearly higher th
modulation pump; d) Quadratic fit of Kd measurement vs. the pump displacement mea
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2.4. X-ray microtomography

Following an air drying period lasting around 1 month, a num-
ber of specimens considered to be healed by CWI and 3D micro-
scopy were sawn into volumes of 15 mm � 15 mm � 5 cm and
subjected to X-ray microtomography in order to determine if heal-
ing products could be directly observed at a microscale using this
technique. X-ray tomography thus serves to validate the initial
measurements.

The l-CT is composed of an X-ray generator with an operational
voltage range of 40–150 kV and an operational current range of 0–
250 lA. Our study has set the tube voltage at 89 kV and the current
intensity at 112 lA. The scanned object is placed on a rotation
stage, and acquisition takes place over 360� at a rate of one image
per every ¼ of a degree. In all, 1440 radiographies are thus
recorded by the flat panel sensor, which converts the electromag-
netic signal transmitted throughout the sample into an electrical
signal, while each radiography yields a measurement of X-ray
absorption by the sample in a specific direction. The reconstruction
was carried out with the XAct [58] software, which primarily relies
on a back-projection method to reconstruct the linear attenuation
coefficient for each voxel. It is possible therefore to produce the
e temperature bias correction. The result is shown for all three damage states of the
an that of both the uncracked and healed states; c) Acoustic displacement of the
sured by laser interferometer for cracked, healed and uncracked specimens.



Fig. 7. Evolution in the nonlinear output aKd vs. time: on day 0, all specimens are
uncracked; on day 3, all specimens are cracked; between days 7 and 24, all
specimens are healed (though with different healing proportions).
internal structure of the sample within a three-dimensional vol-
ume. In each projection direction, 5 consecutive scans are con-
ducted, and averaged projection data are used for image
reconstruction. The ultimate voxel size obtained equals roughly
12 lm.

Following this first step, our post-processing program (segmen-
tation, mathematical morphology, 3D visualization or meshing of
the segmented object) was developed with the Mevislab software
[59]. Mevislab is a graphical language and allows building image
processing by means of connecting subroutine blocks in a work-
space. For the segmentation, we first binarized slices by selecting
a threshold and then applied the ‘‘region growth” module to define
the area to be segmented (e.g. cracks). This ‘‘region growth” algo-
rithm [60] uses validation criteria to analyze the vicinity of a
selected pixel in order to determine if it is part of the region. This
process is continued in every direction (x, y and z) until extra pix-
els can no longer be added.

An example of a CT slice image at one cross-section after recon-
struction is shown in Fig. 6. High CT values, depicted in white or
brighter colors, correspond to higher-density regions, whereas
regions of low CT values, shown in black or darker colors, are asso-
ciated with lower density. The crack is the black zone (zigzag) in
the central part of the image. Small white granular regions, corre-
sponding to high-density dehydrated particles, can also be
distinguished

3. Results and discussion

3.1. Healing quantification by nonlinear diffuse ultrasound

3.1.1. CWI results
Fig. 7 summarizes all of the results obtained with the nonlinear

modulation of the coda for aKd, which is the most sensitive of the
observable parameters, with each point being a value of aKd at a
given time. In order to estimate the possible variations in the
results, several non linear coda have been recorded for each state
of the healing. The aKd values are averaged based on the amount
Fig. 6. Sliced X-ray CT image of a cracked reference mortar specimen (non
representative because of a larger amount of voids).
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of time spent in water after cracking and the variations are pre-
sented as the standard deviation of the averaging. It should be
noted that the intra-cycle measurement dispersion (see for exam-
ple on Fig 5 b) is much smaller than variations over time during the
whole experiment which are represented by error bars on Figs. 8
and 9. Calculation of the averaged aKd makes it possible to differen-
tiate the various specimens according to their healing state. It
appears that the longer the healing time, the smaller the value of
aKd (Fig. 8). CWI can thus be used to monitor self-healing and effi-
ciently distinguishes the various healing states. It can also be
observed that specimens from Series 1 healed faster than those
from Series 2. While a more detailed study needs to be carried
out on this particular point, CWI results still indicate that speci-
mens cracked before 1 week heal faster than those cracked after
2 weeks. This finding may be explained by the higher amount of
dehydrated particles present at an early age. Upon crack formation,
these particles might partly dissolve and thus lead to faster
healing.
3.1.2. Diffuse ultrasonic parameters and comparison with CWI
parameters

As illustrated in Fig. 9, diffuse ultrasonic parameters are in
agreement with CWI measurements for the specimens from Series
2: like in [33], ATME decreases and diffusivity increases as the
crack heals. For younger mortar specimens from Series 1 however,
both ATME and n reveal unexpected trends that may be explained
by the fast evolution of the still hydrating material.

Better results, in terms of repeatability, can be obtained by
selecting the experimental data after specimens have been out of
water for a long time. This outcome could be explained by the dry-
ing of water remaining inside the crack.
Fig. 8. Evolution in the average nonlinear parameter aKd vs. healing duration for the
two series of mortar specimens.



Fig. 9. Evolution in diffuse ultrasonic parameters for the two series subjected to
healing vs. immersion time in water.
3.2. 3D microscopy for crack filling monitoring

The crack profile, apparent crack volume and Abbott-Firestone
curves all provide information about crack healing.
Fig. 10. Example of a 3D image reconstruction for the crack analysis of specimen S2-7 (i
healing (with healing products filling the central part of the picture), c) the correspondi
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First of all, a local crack profile indicates the presence of healing
products developing inside the initial crack. These products can be
easily detected on depth maps that compare initial and healed
states, as illustrated in Fig. 10. Although the specimen surface is
unpolished, depth decreases due to healing are easily observable
and drop in value from between 50 and 100 lm to close to 0 after
healing. Positive values can sometimes be found should the healing
product exit from the crack. Such was observed on specimens with
longer healing times (lasting several weeks) that were not pre-
sented in this study. Mean crack profiles over a typical width of
200 lm, computed perpendicularly to the crack direction, help
quantify global crack filling. Let’s note that the local crack width
at the surface decreases at the same time as depth is decreasing
in the entire crack due to the precipitation of healing products.
Nonetheless, the choice of profile location and measurement sensi-
tivity to the profile direction (ideally perpendicular to the crack)
both potentially make this method non-representative and prone
to errors. The user must carefully compare the two exact same pro-
files, turning profile analysis into a time-consuming process for
monitoring purposes.

Moreover, the apparent crack volume can be estimated using
the coordinates at each point of the reconstructed images. After
selecting a horizontal plane with an altitude a bit below the spec-
imen surface (leading to a 2D top view that corresponds to the
local crack area, as illustrated in Fig. 11a), the crack volume under
this plane, called Vc, can be calculated. Once the projected area has
been normalized, the apparent crack volume ratio, as calculated by
dividing the normalized apparent volume after an immersion time
t by the initial normalized apparent crack volume, provides an
overall indication of the healing state of a specimen, as illustrated
in Fig. 11b. From microscopic investigations conducted at the cen-
ter of specimens, only a very partial healing actually has time to
occur during the first day of immersion, since the apparent crack
volumes are close to their initial values. After 3 days of immersion
nitial crack width: approx. 30 lm): a) depth map before healing, b) depth map after
ng evolution in the mean crack depth profile.



Fig. 11. Determination of apparent crack volume using a 3D optical microscope: a) projected horizontal surface of the measured volume excluding healing products located
at the surface, and b) normalized apparent crack volume for the specimens.
however, the healing has progressed: it has indeed occurred at
some of the locations illustrated in Fig. 10 for the Series 2 specimen
and is nearly complete for the Series 1 specimen. Crack volume
ratios thus decrease over time as the cracks fill with healing
products.

Moreover, the Abbott-Firestone curve of an entire picture offers
a quick assessment of crack characteristics and quantifies the heal-
ing on larger zones of interest, as illustrated in Fig. 12a. The part of
the curve depicting the crack can be approximately determined as
the part where the derivative of the curve starts to significantly
increase (Fig. 12b), which corresponds to a quick increase in the
depth associated with image pixels. Depending on how crack
width compares to picture width, the portion of the Abbott-
Firestone curves corresponding to the crack thus lie between 90
and 95% and 100% of the cumulative depths in this study. The heal-
ing of a specimen changes the Abbot-Firestone curve that corre-
sponds to a picture taken at the same location, as illustrated in
Fig. 12a. It is interesting to note that healing products are created
(a) 
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curves.
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all along the observable crack depth (around 50 and 60 lm for
all cracks in this study), which is visible on the crack profile
(Fig. 10c). Hence, the Abbott-Firestone curves yield a similar obser-
vation with respect to crack filling as the volume determination
technique, yet this technique features the advantage of being very
quick to generate and analyze (integration of the Abbott-Firestone
curve should produce a single coefficient related to crack volume).

3.3. Supplements from X-ray microtomography

The X-ray CT observations have revealed the formation of heal-
ing products inside the crack near the surface within a range of
approximately 0.5 mm from the surface to the interior of the spec-
imen, which corroborates the observation using the two other non-
destructive techniques. As illustrated in Fig. 13, small bridges can
be detected through the crack as they locally decrease the gray
intensity inside the crack. Even after a very limited immersion time
of a few days, healing can still occur therefore in a narrow crack
(b) 
-70

-60

-50

-40

-30

-20

-10

0
95 96 97 98 99 100

He
ig

ht
 d

er
iv

at
iv

e

Bearing area ratio (%)

Cracked
Healed

% for Series 2–3 specimen; and b) corresponding derivative of the Abbott-Firestone



Fig. 13. X-ray CT slice after a 3 days healing period with a voxel size of 12 lm.
Healing products are detectable at the right end side, near the crack surface.
with a width of 30–50 lm. Let’s also note that these healing prod-
ucts display a different appearance than in [18,19]. This difference
could be explained by their distinct nature: though a specific study
was not conducted, Fukuda et al. most likely observed for the most
part calcite or portlandite formation (owing to the constant thick-
ness over large zones), while in our study the appearance of local
bridges suggests the formation of hydration products (CSH, ettrin-
gite or portlandite).
4. Conclusion and outlook

In conclusion, CWI and 3D microscope measurements present
the same trends and both seem sensitive to partial healing which
could be helpful for in situ healing characterization. For these
two techniques, the healing of younger specimens from Series 1
is faster than the healing of older Series 2 specimens which means
that the methods developed are sensitive enough to distinguish the
healing kinetics of two mortars with the same composition but
cracked at different ages (e.g. 3 days and 18 days). It appears that
CWI results are very sensitive at the beginning of healing: for spec-
imens with just one day of healing, CWI parameters are already
smaller than those of the corresponding cracked specimens, while
the healing indices can hardly be exhibited from either 3D volume
measurements or Abbott-Firestone curves for this healing period
(only the formation of small crystals on the top part of the crack
indicates that healing has begun). More precisely, nonlinear hys-
teretic observables extracted from the CWI decrease sharply dur-
ing the first 3 days of healing, due to the quick creation of
healing products bridging the crack. On the other hand, 3D images
reconstructed from a 20� magnification over an area of approxi-
mately 450 � 600 lm2 in a reasonable amount of time, clearly
show the spatial disparity of healing. We showed that post-
treatment algorithms leading to the apparent cracked volume or
the Abott-Firestone curves (for bearing area ratios higher than
90%) are sensitive to healing and supplement global non-
destructive measurements. Crack healing has been confirmed by
X-ray CT as some bridges can be locally observed near the surface
of the specimen with a voxel size of 12 lm. In our study, CWI
seems to be more appropriate than diffuse ultrasonic parameters
in the case of young mortars from Series 1, which are still evolving
due to ongoing hydration.

Nonlinear CWI, 3D microscopy and X-ray l-CT all appear there-
fore to be very valuable techniques for monitoring the healing of
cementitious materials regardless of the concrete formulation.
The main difference between these techniques is that using nonlin-
ear coda wave interferometry, the whole structure could be
explored and the nonlinearities from the cracks would be empha-
sized. On the other hand, if 3D microscopy is used a nondestructive
way, only the specimen surface (or the surface inside the cracks)
can be analyzed. However combining them would provide highly
useful local and global information at different scales. Several
applications of these techniques to larger concrete specimens or
9

outdoor structures could likely be developed for durability
purposes.
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