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Abstract

The objective of this work is the characterizatmnheat and mechanical damage in the
mortar by the nonlinear acoustic waves. The cdicglebetween non-linear/linear acoustic
parameters and damage in mortar is studied basedpatiments and modelling.

Experimental measurements of non-linear acoustianpeters as a function of temperature
and crack size were performed on mortar.

The velocities showed a decrease when increasiagdégradation and the non-linear
parameters showed an increase when increasin@thage.

For the heat damage, cylindrical specimens werg@gpeel and were characterized by
studying the porosity and saturation. Then, thepenature controls the degradation.
Indeed, the linear acoustic (UPV) and non-lineasuatic (Higher harmonic generation)
were applied to characterize the damage. The lineaustic tests have shown that the
longitudinal, transverse velocities and modulus Yafung of the mortar decreases in
function of the temperature. The non-linear aceauststs have shown that beta increases in
function of the temperature.

For the mechanical damage and the self-healingnanlar specimens were prepared and
cracked by controlling the size of each crack. Thiem self-healing phenomenon was
characterized by the permeability and the acots$its. Indeed, the permeability tests have
shown that the airflow and the crack size decregaekly in the first month then slowly
for the rest of the self-healing process. On theeiohand, the non-linear acoustic tests
shown that the alpha and beta decreases accoalthg self healing process which means
that the nonlinear parameters are good indicatorscharacterize the self-healing.
Moreover, the analysis of the experimental resmtscates that the frequency resonant
technique is more efficient to characterize theedesf in the mortar than the higher
harmonic generation.

From the experimental tests and to get a genesaltrimdependent for our case study, the
nonlinear parameters were related to a damage .ifl@olynomial correlations of a"2
degree was established between the nonlinear pteemaad the index damage.

A numerical model based on the finite element va@umwas proposed to establish a
correlation between the crack size and the airflole numerical results were compared
with the results of the permeability tests and shavgood agreement.

The findings of this work should be most approgrias a foundation for the study of the
self healing by the nonlinear acoustic waves.

Keywords: nonlinear acoustic, self-healing, mortaeat damage, mechanical damage,
linear acoustic, porosity, resonant frequency, &idtarmonic generation.
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Résumé

L'objectif de ce travail est la caractérisation’dadommagement thermique et mécanique
dans le mortier par les ondes acoustiques nonil@gd.a corrélation entre les parametres
acoustiques linéaires et non-linéaires étudiédhasée sur les essais expérimentaux et la
modeélisation.

Des mesures expérimentales des parametres acasstigm linéaires en fonction de la
taille de la fissure et la température ont étéotdii€es sur mortier.

Les vitesses ont montré une diminution et les pataa non-linéaires ont montré une
augmentation en augmentant le dégrée de fissuration

Pour 'endommagement thermique, des éprouvettasdrijues ont été préparées et ont
été caractérisées par I'étude de la porosité stlaation. Ensuite, la température contrble
la dégradation.

En effet, l'acoustique linéaire (UPV) et l'acoustq non linéaire (génération
d'harmoniques) ont été appligués afin de quantifiendommagement. Les essais
acoustiques linéaires ont prouvé que les vitesaaswuersales, longitudinales et le module
d'Young du mortier diminue en fonction de la tenapdre. Les essais acoustiques non
linéaires ont montré l'augmentation du béta famcte la température.

Pour 'endommagement mécaniques et l'auto-cicéiiisades anneaux de mortier ont été

préparés et fissurés en controlant la taille dejebdissure. Ensuite, le phénomene d'auto-
cicatrisation est suivi par la perméabilité et lessais acoustiques. Les essais de
permeéabilité ont montré que le débit d'air et ifletale la fissure diminue rapidement au

cours du premier mois, puis lentement durant Iéeres processus d'auto-cicatrisation.

D'autre part, les tests acoustiques non linéairgsnwontré que « alpha » et « béta »

diminuent durant le processus de l'auto-cicatrigatjui signifie que les paramétres non

linéaires sont un bon indicateur pour caractéasggshénomeéne.

En outre, l'analyse des résultats expérimentauxjuedque la technique de résonance de
fréquence est plus efficace pour caractériser éfautk dans le mortier de la génération
d'harmoniques plus éleves.

A partir des essais expérimentaux et dans le holitehir un résultat plus général
indépendant de notre cas d’étude, les parameétreslim@aires ont été liés a un index
d’endommagement. Une corrélation polynomiale de d&mgré a été établie entre les
parametres non linéaires et I'index d’'endommagement



Un modéle numeérique basé sur la méthode des voltimssa été proposé afin d'établir
une corrélation entre la taille de la fissure eflua d'air. Les résultats numériques ont été
comparés avec les résultats des tests de pern@abitnontré un bon accord.

Les résultats de ce travail représentent un boart@pur étudier le phénomene de l'auto-
cicatrisation par les ondes acoustiques non lingéair

Mots clés: acoustique non linéaire, auto-cicatiesatmortier, endommagement thermique,
endommagement meécanique, acoustique linéaire, if@roséquence de résonance,
génération d’harmoniques.
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General Introduction

In the areas of advanced industrial (nuclear, gaws etc...), assessing the damage of the
materials is the key to control the durability amdlability of materials in service. In this
perspective, it is necessary not only to quantiydamage but also to identify the different
responsible mechanisms. It is therefore essemtigahéracterize the material and identify
the most sensitive indicators of the damage presém@revent their ruin and use them
optimally. In order to resolve this problem, theoastic methods seem to be interesting
because of their non-destructive aspect and tkesisvity to damage. Thus, the ultrasonic
linear acoustic methods have often shown theiitglid characterize the damage through
changes in velocity and attenuation of ultrasonaves. However, several experiments
have shown that linear acoustic methods are naitsenenough to detect and localize the
damage. Often, the first damage mechanisms arpréweirsors of final fracture, thus they
are therefore very important to be identified. Fhedth such difficulty, the nonlinear
acoustic methods offer an important alternativé tam detect and potentially characterize
the weak or damage early, even localized or diffuleus in recent years, nonlinear
acoustics is becoming more like very promising meay in non-destructive evaluation and
control of structural materials. Indeed, even ifnineearities can be pertinent in
heterogeneous materials such as rocks and cemsed-beaterials, they increase
significantly in presence of damage. Many potenaglplications exist in nonlinear
acoustics for the characterization of both macrpgctocalized cracks and diffuse damage
assessment due to the presence of micro-crackbelfatter case, because of their high
sensitivity, nonlinear acoustic methods are pakity effective especially in the detection
and characterization of early damage. The most kiteehniques in nonlinear acoustic are
nonlinear elastic wave spectroscopy (NEWS) methdtsse techniques (Shift resonance,
higher harmonics generation...) are powerful, aresgnt new tools in interrogation of
damage in materials. Due to material nonlinearidy, wave can distort, creating
accompanying harmonics, multiplication of wavesdifferent frequencies, and, under

resonance conditions, changes in resonance fregsems a function of drive amplitude.
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In other hand, for many concrete structures inctase of their lifetime, the assessment of
durability is a key parameter needed in order tovkwhether safety is ensured or not. The
presence of cracks, due to mechanical stressesmer dependent effects (shrinkage,
creep...) is one of the major factors which can erfice durability and serviceability of
concrete structures in terms of resistance, perititgednd transfer properties.

Self-healing of cracks is phenomenon acting padigivn durability problems of cement-
based materials. This process can take place antyesence of water (dissolved £
not always needed), and consists of chemical m@mactof compounds exposed at the
cracked surfaces. These reactions produce crystatsthe accretion of these from the
opposite surfaces of a crack can re-establish adh&rwity of the material eventually. The
essential requirement, with water, is the presehoc®@mpounds capable of further reaction.
Thus, cement, hydrated or not, is the essentiativeaelement. There are two major
assumptions regarding the reactions of healing: tlipdration of unhydrated clinker
available in the microstructure of hardened corcr@nportant for concrete with low
water/cement ratio), or the precipitation of cafsicsarbonate CaCOSome studies carried
out until now highlight the self-healing phenomermnmeans of water permeability tests.
A diminution of the flow rate through cracked caceter is the main technique used to
characterize self-healing of cracks.

The thesis is composed to 5 chapters as descréded’b

First chapter is contributed to a short bibliogriaph review about the performance
approach and durability of cement based materials.

The second chapter introduces the self-healing ghena: definition, the different
techniques used to follow the self-healing pro@exsit main advantages.

The third chapter focuses in the non-linear acoustaves. First, the linear technique is
exposed then the non-linear acoustic. Second, the difference between both techniques
is discussed. Finally, two non-linear technique® aresented: Higher Harmonic
Generation and Shift resonance.

The fourth chapter is dedicated to the descriptiotihe objectives of this study with details
in plus the experimental protocol adopted during thesis.

The fifth chapter presents and evaluates the teesidl acoustic testing for the mortar

sample before and after the heat damage. The lmhig#t, shear velocities and modulus of
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Young obtained by the linear acoustic wave are @etgbto the non-linear parameter beta
measured by the higher harmonic generation. Thesdts were discussed with the already
published and correlated to the porosity, waterezgmatio and temperature...

The sixth chapter is contributed to the self-henlinThe evolution of the air flows and
cracks size measured by the permeability testsr@ndon-linear acoustic parameters alpha
and beta are analysed which helps to charactérezedif-healing process.

The last chapter is a numerical study designed ddemthe permeability test done in the
sixth chapter. The variation of the airflow withack size obtained numerically is

compared to the experimental results.
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Chapter 1: Performance approach and
durability of cement-based materials
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Introduction

Currently, in various countries, considerable redeas devoted to development of new
approaches to durability, to increase the lifetiofiereinforced concrete structures at the
lowest cost. These new approaches are based octirsgl@urability indicators, the
definition of adequate performance-criteria on ¢hieslicators and evaluation of the life of
the structure subject to predictive models.

The objective of this approach is to design comcregsistant to internal hazards
(Alkali-reaction, reinforcement corrosion...) ankte¥nal (sulphated environments, ocean
...) for a given lifetime.

From a practical standpoint, the predictive appnoean be applied, first phase design of
structures and secondly for the monitoring of éxgsstructures (degraded or not).

The performance approach requires the use of moagle or less sophisticated. It offers
the engineer and the designer a complete methoglfdoghe assessment and prediction of
the durability of structures, with greater freedand technical / economic benefits (Fig.1,
Fig.2)

Examples:

1)

Fig. 1: Confederation Bridge (1997)
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» Lifetime: 100 years
* Risks:
- Reinforcement
- Corrosion (chlorides)
- Abrasion of concrete by ice

- Freeze / thaw

2)

Fig. 2: Bridge Rion-Antirion, 2004. (Photo: J. Hartley)

» Lifetime: 120 years

* Risk: reinforcement corrosion (chlorides)

1. Course of the performance-approach

The performance-approach (Baroghel-Bouny v., 20pE)ceeds in general as
follows:

» Defining the category of structure by determinimg @conomic importance and

strategic and particularly in selecting the redaitfe;
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» Definition of environmental conditions includingorf example the type of
aggressiveness, variations in humidity, ...

» Defining risk of degradation; reinforcement cormosialkali reaction, ...

» Choice of durability indicators and characteristidthe material as a function of
characteristics of structure, environment and can8bn details;

» Selection of specifications for durability indicegobased on the importance of
structure, type of environment, life and requiredcural arrangements;

» Choosing a predictive model of life where durapiliindicators appear

as input data.

2. Indicators of the durability

The application of performance-approach in the gfegihase requires, first time, a
census of durability indicators. These indicatore ehosen in function of their
importance by the durability characteristics ofusture and its environment and
choice of structural arrangements (coating...). yTrege simple but relevant

parameters to quantify the phenomena and to deyeéjictive tools.

v' General indicators of durability

Durability indicators general, listed below, are first order parameters to assessing
and predicting durability. They are essential tevent the corrosion and alkali
reaction. The number of these parameters is vegll @nd they are complementary
and are not routinely required to each case study.
These indicators are:

- Porosity accessible to water (NT BUILD 443, 19¢5.3)

- Diffusion coefficient (effective or actual) of icdnide ions (NT BUILD 443, 1998;

NT BUILD 492, 1999) (Fig.4)

- Permeability to liquid water and gas (AFPC-AFREMI9&; NF EN 12390-

8,2001)
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- Content of portlandite (Ca (OH) (Baroghel-Bouny v.,2004)

- Carbonation test (Fig.5)

silica
gel

vacuum pump

vacuum desiccator &
samples to be tested

Fig. 3 : Porosity water

l :u downstream
upstream
compartment compartment

Generator voltage
Continuous adjustable

Fig. 4: Measuring coefficient of chloride diffusio
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Fig. 5: Accelerated carbonation test

v"Indicators of the substitution

The general indicators can be substituted by ageaewf the contracting authority,
by parameters that are easier to identify moreipgoblems or more adapted to

the models used. These parameters are as follows:

* Porosity accessible to mercury (Baroghel-Bouny @40

* Electrical resistivity (Baroghel-Bouny V..,2004)

* Quantity of electricity (Baroghel-Bouny V.,2004)

* Diffusion coefficient of CQ or O, (Baroghel-Bouny V.,2004)
* Capillary absorption coefficient (AFPC-AFREM,1998

v/ Additional parameters:
The additional parameters previously defined indisa are required when the

predictive model uses as input data or to assistannterpretation of durability. The
choice of these parameters is often subjectedido farthe probation of the owner.
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Among these indicators:
- Characteristics of the porous structure,
- Degree of hydration of cement,
- Nature’s hydrates,
- Content of C-S-H,
- Rate of water saturation,
- Isotherms of adsorption-desorption of water vapor .
- Diffusion coefficient of water vapor,
- Heat of hydration,
- Tensile Strength.

3. Classes and limit values for indicators of durability

Durability indicators (General and Substitution)edsprimarily for definition of
classes depending on the potential durability ef l#vel "very low" to rated "very
high".

These classes will be used for a qualitative omtjtaaive Durability "potential” in
terms of the material. The limits associated witti¢cators (Tab.1) are relative to
measurements made in laboratories, according mettledcribed in the standards
guides (design of concrete for a given lifetimewadrks) applied on specimens or
molded concrete cores stored in laboratories.

Performance evaluation of a given concrete canchewed by comparing values of
durability indicators that have been obtained foe tformula to be considered
corresponding classes offered (Table 1). This tabke simple tool that can be used
by the designer to select the concrete on the lodgisedefined criteria, and / or to

optimize the formulation or to control the qualitiithe material.
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Tab 1: Summary of classes and limit values (indicative) for indicators of durability
General (G) or Substitution (S): porosity, electrical resistivity, coefficient of
diffusion and permeability (Baroghel-Bouny V.,2004).

Classes and limit values

: . Very
Potential durability _ Very low
hight
Porosity accessible to water
> 16 6to9
(%)
Porosity measured by
) ] > 16 3to6
mercury intrusion (%)
Electrical resistivity
<50 > 1000
(Ohm.m)
Effective diffusion
coefficient of > 8
chlorides (10 m?)
Effective diffusion
coefficient > 50
chlorides(10% m?)
Effective permeability to
gases > 1000
(10-18 m2)
Liquid water permeabili
i 15 2 Y s <0,01
(207 m?)

Very low durability potential very




Conclusion

The performance approach is now an indispensableltallows you to specify the design

phase, especially for large projects, performarerg-velevant criteria and objectives for
sustainability. The identification of sustainalyilindicators requires the completion of
studies relatively long because of the importarfdde duration of the tests recommended.
These indicators must be taken into account beforsstructing. The application of this

approach will provide performance-formulas regioreferences taking into account the
sustainability indicators. These are determinedheycharacteristics of local materials, the
rate of aggressive medium and the required lifetime

28



Chapter 2: Healing and self-healing of
cement based materials: Definition,
process and advantages
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Introduction

The aging of infrastructure generates significamestment because of the so large number of
structures damaged and very high costs of repadedd, there is an explosion in the budget
to repair these structures in order to ensure éslamation and maintenance of its quality.
The life of a cement-based structure is very ofteked to the ability of the cement-based
materials to prevent the penetration of aggresspents in the porous network. The ability of
strength cement based materials was the intruditimese agents is characterized by physical
guantities: the permeability, porosity...

Cracking is a key parameter for durability of cemstmuctures. But the coupling between
cracking and the durability is complex, becausedtaeks can be evolutive. Their location
and geometry (crack opening) may vary as a reduihternal stresses (alkali-aggregate
reaction, freeze-thaw) or external (mechanical doathermal cycling). The self-healing
mechanisms may also contribute to changing the gtaral properties of cracks (length,
breadth and openness) and consequently the tramspohanisms in the cracking plane.
Approaches to take account of cracking on the lasetf degradation of cement structures
and the prediction of it life span are still relally poorly developed. This lack of reliable and
efficient tools stems in particular from poor urgtanding of the mechanisms and kinetics of

self- healing cracks in the cement matrices.

1. Definition of healing

The term healing is often associated with mediedd to designate "the spontaneous repair of
body tissue affected by a lesion." This term haanbextended to the field of cement based
materials designer for healing / repair of crackstlte structures presented. The phenomena
involved in this process can be of different nadur&ome consequences are inherent
properties of the material: water in the preserfcehemical or physical reactions take place
within cracks and reseal can (partially or wholly¢ latter. Cracks can also be healed / fixed
per injection of different sealers.

Various terms are used in the literature dependmthe type of healing studied. These terms
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are very similar and the reader can sometimes meiwden different concepts. Indeed,
different authors sometimes use a same word t@uigs and separate phenomena, a same
phenomenon is sometimes designated by differendsvdiris then interesting to take stock of
the vocabulary used in the literature in order &vehclear ideas on the terms to be used
according to the studied phenomenon. This helgsvtdd a misinterpretation of the data of
the literature.

A distinction is first made between the autogenbealing and healing / repair provoked by
human. These two categories are then redividedtimbo Autogenous healing includes the
natural healing and self-healing (Fig.6).

Despite these differences, autogenous healingsacaged with the capacity of cement based
materials, once produced, has partially or wholgeal cracks, in the presence of water
thanks to chemical and physical phenomena witherctiack.

Neville (2002) defines the phenomenon as autogeheabng to restore the continuity of the

two lips of a crack without external interventianthe material.
(a)

Fig. 6: Micro cracks before (a) and after (b) $keé-healing (Yang et al., 2009)
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2. Phenomena involved in the healing process

For many years, information about the phenomenorhedling was limited. The first
description of healing back to the French Acadei8mences in 1836 (Clear, 1985; Hearn,
1998). Subsequently, many researchers have sttidgeghenomenon of healing and have
confirmed its existence in the presence of water anack, the latter is able to close in part or
in whole.
However, as mentioned by Neville (2002) and Hed®98), the literature has not always
been unanimous in regard to phenomena at the oofimealing of cracks. Several
phenomena involved in the healing process are oedi in the literature. Some studies
conclude that a single phenomenon is a cause dhewavhile others think it is couples of
different effects physico-chemical phenomena. Tlaegrphenomena that could potentially be
at the origin of healing were already largely idiged in 30 years (Turner, 1937) and are
deferred in almost all introductions articles ois ttopic. The following phenomena can then
take place (Fig.7):
* The formation of calcium carbonate (Cagf@nd, more specifically of calcite in the
crack (Clear, 1985; Edvardsen, 1999, Homma eR@09; Lauer & Slate, 1956; Li &
Yang, 2007; Loving , 1936; Nanayakkara, 2003);
» Continuous hydration of cement (anhydrous cement)e flow path (lips of the crack
to crack the case of concretes) (Li & Li, 2011; [8ohen et al., 2006; Zhong Yao & ,
2007);
* Blocking the flow of water due to the presence mpurities in it or particles of
concrete that have "Spare parts" of the lips ofdtaek and blocking the passage of

water.
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Hydratation of cement

Flow of water through the crack

F ti f calcit
onuation arexicre Blockage of water by particles

Fig. 7: Phenomena causing the decreasing indlnedf water in cement materials

Hearn (1998) draws the reader's attention to phenarthat could be construed as causes of
healing but, in reality, are not. She calls thidatse healing since it is then reversible
phenomena. An example is the lack of saturatiothefspecimen in testing permeability to
water. In this case, the presence of air in theia matrix or swelling of the cement paste
when water penetrates into the concrete, can Gadeerease in permeability over time. This
can then be the consequence of poor saturatiomatnidecessarily due to healing. In tests of
permeability, a measure of the flow as input angbwaty or the evolution of the weight of the
specimen can check the good condition of saturatdfotie test specimen and thus avoid a
misinterpretation of results.

When there is formation of calcite, white marks aften visible at the cracks. In 1936, the
carbonation reaction (formation of Cag)@eems to cause full healing of cracks presemted i
numerous aqueducts (Loving, 1936). These crackisl gmup to the surface openings of 1.5
mm and had been observed 5 years earlier, in 198drtly after the construction of
aqueducts. Lauer and Slate (1956) confirm the itapoe of this reaction in the healing
mechanism with the help of chemical and petrog@pmalyzes and has the help of
microscopic observations of compounds forms (saeangement, distribution, crystal

orientation). Subsequently, the formation of caicicarbonate on the lips of the crack is the
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phenomenon that attracts the most attention bedtis®ften regarded as the predominant
phenomenon in self- healing (Hearn, 1998; Li & Ya2§07; Neville, 2002). Edvardsen
(1999) estimates that just consider this react®tha cause of healing, other phenomena that
have no or very little influence.

As mentioned previously, some studies concludehidtation is the only explanation for the
healing of concrete, while excluding the healinghwy formation of CaC® In the beginning

of research on self- healing, continuous hydrati@s often been regarded as the main
phenomenon involved (lgarashi et al., 2009). Néwtetss, an analysis of the results of these
studies allows us to see that they focus on coestested at a young age, that is to say cracks
in the early days and "subject” of a healing. Tthesphenomenon of continuous hydration is
essentially a phenomenon that has its importancedicretes at very young age and would

therefore have much less importance for concretdis iHearn, 1998; Neville, 2002).

3. Study of healing: different approaches

In the literature, techniques and different apphescare used to discuss and study the
healing. Given that this phenomenon has a partiaotarest in the cracked structures that
would present a problems of sustainability and tfdsearing capacity of their damage. Most
studies on self- healing include the creation atks. These last are generally induced tensile
tests (Edvardsen, 1999, Homma et al., 2009; Hosbdal., 2009; Lauer & Slate, 1956;
Nanayakkara, 2003; Jooss & Reinhardt, 2003; YingetZal., 2005), and bending tests
(Granger et al., 2007; Schlangen, et al., 20060onetimes even through compression tests
(Yao & Zhong, 2007), although this is much lesgjirent. For other studies, cracking results
from freeze-thaw cycles (Jacobsen et al., 199&b¥amn et al., 1995, Jacobsen & Sellevold,
1996; Sukhotskaya et al., 1983).
Following a cracking, the specimens are sometinusrpmoistcuring (often an immersion
in water) and then refills to evaluate the mechalnadvantages that could make healing
products forms. Such studies compare the differ@am¢erms of strength, stiffness, dynamic
modulus of elasticity, damage, etc.., before andrdfealing. These studies were then used
primarily permeability tests and sometimes a testefration of chloride ions. In the case of
permeability tests, the decrease in the coefficenpermeability over time indicates the
potential for healing. From the tests of permeahilt is sometimes possible to determine the
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evolution of the crack opening equivalent in tirtiegt is to say, to estimate the volume of the
crack filled with healing products. The studies atded above (mechanical approach or
sustainability) are often accompanied by microscoppbservations of different
characterization techniques of materials, and ctamanalysis to identify the nature and
geometrical characteristics of the compounds founing the process healing.
The main techniques used in literature to studfylesling are:
= Continuous tests of permeability to water, withcattuous flow under a pressure
gradient, during which healing takes place (Cl&885; Edvardsen, 1999; Hosoda, et
al., 2009; Li & Yang, 2007; Nanayakkara, 2003) ;
= Immersion of specimens in water and testing watmmgability (Homma et al.,
2009; Hosoda, et al., 2009, Yang et al.,, 2009) @asuring air permeability
(Argouges & Gagné , 2009; Ismail ,2006);
= Testing of penetration of chloride ions (Li & Yar)07);
= Mechanical tests (Granger, et al., 2007; Hommd.g2@09; Jacobsen, et al., 1996,
Jacobsen & Sellevold, 1996; Lauer & Slate, 1956% ILi, 2011; Sukhotskaya, et al.,
1983, Yang et al., 2009; Zhong & Yao, 2007);
= Chemical analysis of water (Clear, 1985; Edvard46A9);
= Analysis by X-ray diffraction (Clear, 1985; Edvaets 1999, Ismail 2006; Jacobsen,
et al., 1995; VC Li & Yang, 2007) and analyzed gnfan spectroscopy (Homma et
al., 2009);
= Optical microscopy (Clear, 1985; Edvardsen, 1998sddla, et al., 2009; Lauer &
Slate, 1956) or digital microscopy (Homma et &009);
= Chemical and petrographic analysis of compoundsigoon the lips of the cracks
(Lauer & Slate, 1956);
= Scanning electron microscopy (SEM) conventionalvariable pressure (Ahn &
Kishi, 2010; Edvardsen, 1999; Homma et al., 2008hKet al., 2007; Li & Yang,
2007);
= Visual observation of the white precipitate at thacks (Argouges & Gagne, 2009;
Clear, 1985);
= Analysis of acoustic emission (Granger et al., 300iose technique "Ultrasonic
Pulse Velocity, UPV" (Jacobsen & Sellevold, 19281j0ng Yao, 2007);
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= Analysis of the frequencies of resonances (Li & ¥,a2007);

= Technique of time reversal mirrors (Granger et24(8).

This first section aimed to define what is healimpre particularly autogenous healing. The
main phenomena involved in this process have besaritbed and the different approaches
taken in the literature to study the phenomenoretmen enumerated. It is now interesting
to understand under what conditions it occurs arfdvoured. A good understanding of the
physicochemical processes (and parameters inflagnttiem) which caused healing is
necessary to know when this phenomenon occursisttihctures. A good understanding of
the phenomenon may also permit the developmenewifeat based materials with better
healing ability. The following section aims to deke the main parameters that influence

the ability to heal cracks.

4. Parameters affecting the healing process

» Influence of crack opening and its length

The healing potential of a crack is strongly linkedts opening. Several studies have
studied the influence of crack opening on the gbof healing (Argouges & Gagne,

2009; Clear, 1985; Edvardsen, 1999; Hosoda, e2@09, Ismail 2006; Nanayakkara,
2003; Yang et al., 2009, Yi et al., 2011). Theseligts focus on the openings of cracks
less than 0.4 mm (surface). Table 1 shows the apgekings studied in the various

references listed above.
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Tab 2: Most important studying of the healing for different values of opening cracks

Year Authors Opening of cracks
2003 Reinhardt & Jooss 0.05, 0.1 and 0.15 mm
2009 Argouges & Gagné 0.05, 0.1 and 0.22 mm
1985 Clear 0.1, 0.15, 0.2 and 0.3 mm
1995 Ramm & Biscoping, 0.2,0.3 and 0.4 mm
2009 Hosoda, et al. 0.1, 0.2 and 0.4 mm
1999 Edvardsen 0.1, 0.2 and 0.3 mm
2003 Nanayakkara 0.1, 0.15, 0.2 and 0.25 mm]
2009 Yang. et al. 0to 0.3 mm

2006 Ismail 0.078, 0.092 and 0.117 mn
2011 Yi. et al. 0.03, 0.05 and 0.1 mm

By studying the ability of healing with the permddy tests, several studies (Argouges &
Gagne, 2009; Clear , 1985; Reinhardt & Jooss, 2608¢lude that the healing is faster for

the small initial opening crack than the big ofég.8 illustrates this result.
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Fig. 8: Evolution of the relative flow vs. timerforack openings w = 0.05 mm, 0.1 mm and 0.15 (et &

Jooss, 2003)

This figure, which represents the evolution of tkative flow (% of initial flow) over

time for crack openings of 0.05, 0.1 and 0.15 mreirfRardt & Jooss, 2003), shows

that the relative flow rate decreases more quitkiyhe crack opening of 0.05 mm than

for 0.1 and 0.15 mm. Argouges and Gagne (2009)rwalahe same type of result: the
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crack is more refined when the flow decreases tintie, especially in the first month
of storage.
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Fig. 9: Evolution of the opening of cracks of caete vs. time (Argouges & Gagne,2009)

It is interesting to note that Fig.8 and Fig.9 esamt the evolution of relative values. These
values give information about the importance of effects of healing, but not really on the
mechanisms involved in the healing process. We mersin cautious in interpreting the
results. Saying that a thinner crack heals fast&s ot necessarily mean that the healing
process is different depending on the crack opeming crack a finer would have more
potential to form products of healing. Indeed, mfiegouges and Gagne (2009), the rate of
product formation of healing forms on the lips bketcracks conserved one month has a
relative humidity of 100% does not significantlyactye depending on the opening of crack.
A same thickness of healing products has more itpaterms of gain durability, if the
opening of initial crack is smaller, because thepprtion of products filled with crack
healing is more important.
Although several studies show that the effect odlihg is faster in thinner crack, the
literature is not entirely unanimous. Nanayakk&@0@) showed, by studying cracks with

openings on the surface of the specimen betweerar®d10.25 mm and by deducting the
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corresponding equivalent crack openings (deducsd the law of Poiseuille flow through a
crack), there is a crack opening for which the roptitime needed to completely heal the
crack is minimal (Fig.10). It would be longer toahehe crack to an opening smaller and
larger than the optimum aperture. Nanayakkara (R68glains this phenomenon by the fact
that for a crack opening too low, the water floow and is thus longer react to calcium ions
(Ca") from the cement paste to form of calcite (CaCO

3000
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Healing time (h)
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Fig. 10: Time required for full healing cracks aating to their opening two hydraulic gradients Klsgakkara,
2003)

On the other hand, when the crack opening is latiggm the optimum aperture, the water
flow in this case may be too high and, althoughrgdr amount of CaC{an potentially be
formed, some of these new compounds are probaldfing. Ismail (2006) indicates that for
a crack opening of 78 um, healing is slower tharaferack open more than 117 um after 1
month of storage in a humid chamber. This res@htioined in part the idea of Nanayakkara
(2003): the finer the crack does not always hestefa Ismail (2006) combines this result has
a lower capacity of penetration of water in theckréiner and more precisely the lack of
intake of carbon dioxide (C{pdissolved while limiting the formation of calcite the first
months of storage in humid conditions. This explima also supports the hypothesis
Nanayakkara (2003). Due to lack of supply of CiDtakes longer to react gaons to form
calcite.

In the preceding paragraphs, the influence of tlaekc opening on the sustainability was
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discussed. Other studies have instead focused emukstion of the influence of crack
opening on the recovery properties of mechanicapgrties and damage by following the
phenomenon of healing. Then, different testing néempiies have been used. Yang (2009)
studied the recovery properties of the resonaresuéncy of healed specimens as a function
of crack opening. The test parameters of this star@ydifferent than in the previously cited
studies. While, they focused mainly on ordinaryaetes or mortars, Yang (2009) studied a
fiber mortar containing PVA fibers. This materiashthe peculiarity of having a very ductile
behavior in tension and a multi-micro cracking véne cracks up to reach break) while
having a percentage of fiber length 6 mm less @#nby volume. Moreover, rather than
being canned in water continuously, this time gpecis cracks are subjected to cycles of
wetting-drying. The resonance frequencies obtaimedspecimens healed are compared to
those obtained on a same specimen without heade#trThe results indicate that for a crack
width (w) less than 50 um, a total recovery prapsrof the resonance frequency is possible.
It therefore becomes identical to that of the gspecd before cracking. Their recovery
becomes less and less important when w evolveseketw0 and 150 um. These results are
strongly linked to those obtained on the influemdecrack opening on the durability of
concrete gain brings the healing. Indeed, Yang $20@lidates the above conclusions by
permeability tests that show a marked decreasbeopérmeability for w = 50 um. For w =
150 um, there is no difference in permeability ew specimens that underwent 10 cycles of
wetting drying and those who have not healed.

Schlangen et al. (2006), for their part, observeel influence of crack opening on the
recovery of mechanical strength due to the healiflge parameters studied are the
characteristics of cracks (Ex: length, roughnegs,.)eAssociated with different crack
openings before healing. These cracks are creatgmling age by three-point bending until it
reaches a certain openness. Subsequently, thelppacke held together. Compressive stress
is to keep the lips initiates cracks in contactimyithe healing process. The compressive
loading was done in order to reproduce loadings#s&t may occur on the concrete at early

age in dams for example. For this type of loadingngling), the crack size is more higher
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than in the previously tests. Despite a certairpetsion of results, it seems there is no
significant influence of the crack opening on theavery properties of resistance to bending.

Some authors studied the influence of hydraulicligra on the critical crack opening can

heal completely (Edvardsen, 1999; Nanayakkara, 2003

¢ Influence of humidity

Healing can take place only in the presence of matee it is mainly the result of chemical
reactions between water and certain compoundsrafrete exposed close to the crack. Water
is essential. However, it may be stationary oddw fthrough the crack. The ideal for there to
be healing of cracks is a relative humidity of 1Q@®hich is the case in most studies on this
phenomenon. When the rate of moisture decreasesetfthealing is much less pronounced
(Neville, 2002). This result can be explained by f#ct that if we do not have 100% humidity
there is a lot less Clissolved in water available for the reaction altite formation (Lauer

& Slate, 1956; Neville, 2002 ). In addition, aftesiuer and Slate (1956), Ca(GQHjan react
with dissolved CQ in water can migrate more easily if the waternissufficient quantity.
These authors also studied the difference in sdfihg (in reality the recovery of tensile
strength caused by healing) depending on whetlesplecimen was undergoing a wet cure
(immersion in water: 100% humidity) or if it wasftlen an environment with a relative
humidity of 95%. Their conclusion is that waterusation is essential for optimal healing
with mechanical gain. For a relative humidity oP85the specimens found at best 25% of the
strength of specimens immersed in water (100% hityhidn this study, the kinetics of
healing (in terms of renewed strength here) alsmsedifferent rates depending on the
humidity. For an immersion in water, the evolutmiirenewed strength in the first 90 days is
parabolic in nature, whereas for a relative humi¢fRH) of 95%, this evolution is slower and
seems rather linear suggesting that the healingfiomatakes place over a longer period of

time.

41



5. The Kkinetics of healing of inactive cracks

The kinetics of healing appears faster in the estdges and then slows thereafter (Argouges
& Gagne, 2009; Clear, 1985; Edvardsen, 1999; Hagsedal., 2009, Ismail 2006; Lauer &
Slate, 1956; Nanayakkara, 2003; Biscoping & Ram®951 Jooss & Reinhardt, 2003). When
specimens (concrete or mortar) cracks are storewaiter, the healing appears to occur
predominantly in the first three months (ArgougesG&agne, 2009, Ismail 2006; Lauer &
Slate, 1956). Kinetics is faster in the first mottien slowed between thé' &nd % month
after the creation of the crack (Argouges & Gadtt¥)9). In case the healing is done under
flow, that is to say that pressure is applied angpecimen to initiate a flow of water through
the cracks or, three months of this period is redu a few tens or hundreds of hours,
depending on the level exerts pressure (Edvards€#99; Nanayakkara, 2003; Reinhardt &
Jooss, 2003). This shows that although the kinatickealing is dependent by the test
conditions (crack openings, temperature, pressumjdity, etc.).

The kinetics of self-healing is followed througtverl types of tests. This can be highlighted
by evaluating the decreasing in the coefficienfpefmeability over time, by studying the
recovery properties of certain mechanical propgrtie by observing the amount of product
forms of healing. Lauer and Slate (1956) measueeetiolution in time of the mechanical
properties of a specimen crack heals. In theirysttlte increased resistance over time is of
parabolic (faster at the beginning and then sloawsn). Yang et al. (2009) found a variation
in the kinetics of healing by studying the recovprgperties of the resonance frequency for
specimens that have healed under wetting-dryingesyddomma et al. (2009), whether by
studying mortars with polythene fiber, steel or i wf both (hybrid fibers), found that the
thickness of the product (formed by healing) is enonportant in the early days and then
slows by on. This result has been validated sulesgtyuby tests of permeability.

This healing kinetics may be explained by the pheswa involved in the healing process. In
the case of concretes at very young age, the lgealmuld be associated primarily to a
continuous hydration of anhydrous cement (Nev2@02; Schlangen, et al., 2006; Zhong &
Yao, 2007) and the kinetics of healing could therekplained by the nature of the hydration
process of the early days of concrete. After 28&dmpost researchers agree that the formation
of calcium carbonate is the main cause of selfthgalf mature concretes (Yang et al., 2009).

However, once the nucleation of calcite, it is pmesto distinguish two phases of growth
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(Edvardsen, 1999). The first is controlled on tlhefexce, while the second results from a
phenomenon of diffusion of Gaions through the concrete and the calcite layszasly
formed.

The first phase of growth occurs while there isuffigent amount of C# ions on the
surface. Growth of calcite then occurs rapidly. ©titese CA ions are no longer available
directly on the surface of the crack, they diffuseough the concrete thanks to this
concentration gradient between the surface andcthek inside the concrete. During this
growth phase, the time required for ions to difftls@ugh the concrete and already formed
the layer of calcite is often longer than the tinezessary for these same ions to be absorbed
by the layers through which it passes. Thereford¢his phase, the growth rate depends on the
diffusion rate and thus the microstructure of ceter These phenomena may therefore

explain the growth kinetics decreasing healing pleskin the literature.

6. The healing effect on the mechanical behavior

It has been shown previously that healing causdscaease in permeability and that this
phenomenon has an interest in sustainability. Agrotispect of healing is to see if this
phenomenon may provide an advantage in terms ofamécs, restoring the strength or gain
of rigidity. Several studies have examined to ustderd the effect of healing on the
mechanical behavior of concretes. Mechanical t@stssile, bending and compression) and
non-destructive testing (acoustic techniques) weggformed to evaluate the mechanical
behavior of the damaged specimens and the evolaticthe healed cracks. The acoustic
emission tests have enabled to characterize theo+oiacks in a cracked specimens before
and after healing (Granger et al., 2007). Thesecgghes give a better understanding about
the cracking of a healed crack. This damage staits a shattered healing products.
Subsequently the pre-existing crack continues teagp(Granger et al., 2006). Li and Yang
(2007) also noticed that, if an uniaxial tensioapplied to a healed specimens, cracking takes
place generally in the healed cracks. This is empth by the low resistance of healing
products compared to products of hydration (Li &ga2007). The observation of surface
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cracks of lips healed and unhealed shows that dmehealing concrete presents a dense
structure compared to that of crystal forms dutiegling (Granger et al., 2007; Granger et
al., 2008; Jacobsen, et al., 1995). These comeeiiorm of clusters less dense and therefore
have different mechanical properties of the maltdéedore cracking. This would explain that
when reloading a healed specimen, the damage &akgrst place in the healed zones.

Later in this section, we summarize the main resoitttained in terms of mechanical effects
has caused by healing, depending on the type tiélimiamage and mechanical properties

tested.

7. The benefits of self-healing

7.1. Gain of mechanical properties after being subjected to freeze-thaw

Jacobsen and Sellevold (1996) have noted a snta#ldaee in compression resistance of 4 to
5% on specimens of ordinary concrete healed dfreetmonths of storage in water due to
damage by freeze thawing. During these cyclesspeeimens had lost 22 to 29% of their
initial compressive strength. In another study mch the identical specimens were preserved
in three months in saturated lime water after hqwindergone various cycles of freezing-
thawing, the specimens underwent 31 cycles witbcawvery properties were present in 10%
of the compressive strength whereas specimen$évat undergone more cycles (61 and 95
cycles) did not show gain resistance (Jacobseh, €t9®6). Parallel to these tests, analysis of
acoustic tests conducted on identical specimensvesthothat the resonance frequency
(dynamic modulus of elasticity) have found, aftelalng, 85 to 98% of their initial value.

Healing would have absorbed much of the damagee&zé thaw, but this phenomenon don’t
recover the compression strength. Observationaxksr showed that they were only partially
filled by the healing products, which can expldie small increase in compression strength
after healing (Jacobsen et al., 1995). The posiéffect of healing, after a freeze-thaw

damage, has also been highlighted by Sukhotskaya. €1983). They have found that,

proceeding with a regular periods of immersionsewat certain times during the freeze-thaw
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cycles, can limit the damage to these cycles, ittereasing the frost resistance.

Jacobsen et al. (1995), Sukhotskaya et al. (19B8) reoted a gain of dynamic elasticity
modulus. The immersion of the specimens in the wpeiodically decrease the loss of
compressive resistance to freeze-thaw: the compeestrength after 300 continuous cycles
(without immersion in water) has decreased by 1@8¥ile this reduction is only 7% when

there is an immersion after 500 cycles.

7.2. Gain of mechanical properties after damage by bending

Granger et al. (2007) have carried out a bendiats ten the 3 points on a matrix of a high-
performance concrete. It was cracked (10 um) aed tlecharged after storage in water
ranging from 1 to 20 weeks. They observed thatihgalllows a global recovery in rigidity of
damaged concrete and a slight recovery in beaapgaty. When the specimen is preserved
in the air, the mechanical properties of the sampdsted are not improved compared with
those obtained in the case of a reload directlgraftacking, unlike the case of storage in
water (Fig.11). Their recovery of partial mechahm@perties of specimens stored some time
in water is especially important as the immersiometis long, this being associated with a
greater advanced the healing process (Fig.12). rihity of the healed specimens after
immersion in water of about 10 weeks is approachighe initial rigidity of the healthy
specimen. Nevertheless, the bearing capacity asidtaace (bending) of the non-cracked
concrete are not completely reached due to thengeal

Schlangen et al. (2006) also study the mechangécalvery properties of cracked concretes at
early age by a 3-point bending test, until it reechn opening crack of 50 um. The healing
conditions are different in this study becausesimecimen is subjected to a compressive force
(0, 0.5, 1 or 2 MPa) to maintain the two crack lghssed. It is then immersed in water and
then retests 3 points bending. Schlangen et a06Rfbund that recovery properties of the
flexural strength and the stiffness is possible mitiee crack is made at very young age and

that the lips of the crack are then kept closedtdube compression.
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7.3. Gain of mechanical properties after damage in traction

Lauer and Slate (1956) studied the tensile strenfjth cement paste of w / ¢ ratio of 0.4.

After the specimens have been immersed in wate9@atays, the first tensile test shows that
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25.1% of the tensile strength has been found &igaling. When the specimen had been
cracked, they are tested at 7 days and then afjam98 days in water, 14.2% of resistance
was reached. Thus, there is a resurgence of strémgsion when the specimens are cracked
at a young age and the proportion of that gain afgp occur in the first 90 days. Lauer and
Slate (1956) have seen the size, arrangement, ,sbapeatation of compounds forms of
healing within the crack and the proportion of Hugface crack covered by the compounds.
The resurgence of resistance could be explaindgtéinterpenetration of healing products in
the surface of the cement paste, by Van der Waeé$obetween the crystals, the paste and
aggregates, as well as the link between crystatddiLauer & Slate, 1956). By observing the
thin sections under the microscope, they also ntitatithe increase in resistance is directly
related to the percentage of the crack where bpghdre in contact (instead of full healing)
and the area of the crack filled with these comjggun

Li and Yang (2007) have also studied the recoveppgrties in uniaxial tension test of a
cracked specimens. The cement composite has thieytsity to enable a very fine crack
and a very ductile behavior in tension. This matezontains less than 2% of PVA fibers of
length 8 mm, no large aggregates and ductilitydn@90 to 500 times greater than that of a
concrete reinforcing by a conventional fiber. Aftexaling, the specimens are reloaded and
their tensile strength is compared to: the behaolirnined during the first loading and the
behavior of unhealed specimens. Li and Yang (2@®8erved a recovery properties of the
initial dynamic elasticity modulus for most specmsetested when the specimen has
undergone 10 cycles of wetting-drying (periods 4fi2drying at 2iC ambient air and 50%
RH). Moreover, after these 10 cycles of wettinghagy the specimens reloaded show a
rigidity. These results are consistent with theultssof resonance frequency, which are
directly related to the stiffness of the material.

Li and Li (2011) continued the studies of the sanmeerial as that studied by Li and Yang
(2007). The specimens are always triggered byitracevertheless, this time the specimens
preloaded at 0.5, 1 or 1.5% tensile strain are imatkin saline (NacCl) for 30, 60 or 90 days

to observe the healing process in a marine envieotor exposed to salt. The specimens are
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then retested in tension. These specimens, immenséis solution, show a decrease in
resistance to first cracking and ultimate strength7 to 13% compared to the specimen
preload. Nevertheless, immersion in the NaCl sofutioes not affect the ductility of the
material nor the multicracking. Thus the healedcspens show a reversal of rigidity and
tensile ductility compared to the unhealed specsndiealing products can reseal the

microcracks, but also reshape links between fiaetsmatrix (Li and Li, 2011).

7.4. Gain of mechanical properties after damage in compression

The studies examining the effect of healing on spens loaded in compression are much
less numerous. Nevertheless, Zhong and Yao (200&)e wlamaged a cylinder by
compression of an ordinary concrete and high-peréoice concrete at a young age. They
found, after UPV test (Ultrasonic Pulse Velocitgpme repair of the damage due to the
healing phenomenon. They also found that the regowé compressive strength due to
healing is dependent on the degree of damage tinspes:

- More damaging the concrete at an early age moreetieved strength is important.

- The effect of healing decrease with the increas#aaiage.
Zhong and Yao (2007) explain this by the fact tiedling is associated with the hydration of
anhydrous cement grains in concrete. Thus, if #traatje is not large enough, the amount of
anhydrous cement available for hydration remaims Mevertheless, if the damage exceeds a
certain threshold, the anhydrous cement is avaiahlt the damage is too great for healing
products can form bridges between the lips of tlaeks. In this case, the impact of healing

on the recovery properties of compressive strebhgtomes weaker.
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Conclusion

This literature review has to take stock of curdeamdwledge in the field of healing. There are
a lot of information about gains in terms of susility and on the mechanics that can bring
healing cracks. Researchers trying to understart identify different phenomena have
caused scarring. An effort is also made to targeameters that influence this process. Many
experimental techniques have been used in varesesarch projects in order to visualize and
report, quantitatively or qualitatively, the pheremon of healing stage of product formation
was that of healing their damage during reloadAk®ya measure that seems a new study, the
phenomenon is becoming increasingly well understaod it is possible to have an idea
about the conditions that favor or not the procé&s®wledge of chemical reactions at the
origin of the phenomenon allows the developmentaricretes with a greater capacity for

healing.
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Chapter 3: The different techniques of the
Non Destructive Testing (NDT)
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Introduction

Methods of nondestructive evaluation of structuees derived from the need for engineers to
ensure the safety of goods and people. This typsvaluation has long been used in high-tech
industries, but much more recent in civil enginegri

The techniques of nondestructive testing of matedad structures are tools of investigation and

diagnosis. They allow contractors and buildersaweehan inventory of structures and pathologies.

1. Magnetic Control

This method (Fig.13, Fig.14) is based on magneticels and does highlight defect on the surface
of magnetic materials (Bray & McBride, 1992). By gnatizing the part to be tested, lines of
force are disturbed at the location of each disoaity in the properties magnetic (crack or
inclusion non-magnetic). Small particles of irorsgension of iron filings (developer), spread

over the surface, where the focus lines of forcergm

Magnetic field lines

L
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Material without cracks Damaged material

Fig. 13: Principe of the magnetic contr@ray & McBride, 1992)
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Detection of the transverse
directions

Lines of force
Fig. 14: Test of the magnetic control

The lines of force (and therefore the flow) arestabtially parallel to the north-south axis.

This method makes it possible to detect discortigmitransverse (or perpendicular) to this axis.

2. X-ray tomography

This technique (Fig.15, Figl6) is directly derivddom the medical world (Bray &
McBride,1992; Fournier & Brousset, 2006) . The degi used are quite comparable to the
"scanning” medical. The major advantage of thi©iwegue is that it achieves 3-D images of a
defect.

In addition, the images are delivered in digitarnfio which simplifies their processing.

Furthermore, new devices called "micro-tomograpdmg’ able to obtain a resolution of a few tens
of microns.

X-ray
¢ 5 R
7y B A7)
\

Photographic plate

Clear zone due to the extra

Dark area due to the cavity
thickness
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Fig. 15: Test of the X-ray
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Fig. 16: Test Procedure of X-ray

3. Infrared thermography

Thermal NDT (Fig.17, Fig.18) methods (EttemeyelQ£0Huber & Berger, 2006) are based on
detection of a disturbance of the thermal field tqgpears when, in the structure to be inspected,
it induces a permanent or transient heating. Tetodion can be induced by the presence of a
defect in one of the interfaces. Methods basechertdmporary transfer of heat supply as much
information, they are:

- Rapidly heating the surface to be inspected,

- Record changes in temperature on surface wiihfeared camera.

The fault behaves as a thermal barrier and thergpd slower than over a healthy area.
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IR Camera

Thermal flash

Fig. 17:Principe of Infrared thermography

Defect

Fig. 18: Defect seen by Infrared tomography
The limitations of this technique are mainly frohe thermal diffusion that depends on the nature
of the materials and thickness.
Infrared thermography is a method of controlling@ll relatively easy to implement and which,
in some favorable cases, to establish a relatipnfl@tween thermal diffusivity and the

membership level.

4. Ultrasonic and Acoustic emission

Ultrasounds (Kouzoubachian, 2006) (Fig.19) are raeal vibrations of electrical origin, which
propagate in a solid or liquid media. The princigdgo emit an ultrasonic wave that propagates
through the test piece and is reflected in the raaih an echo on the obstacles it encounters
(faults, cavities). These waves are emitted by onseveral "translators" manipulated by an

operator or an automated system.
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The use of a "coupling”, usually an agueous gelvéen the probe and the sample to allow a
good transmission of the waves between them, énafecessary.

The echoes are analysed on a screen by the centoollprocessed in a measuring system for
automatic installations. These methods are seasitivdetect the discontinuities in the defected
materials by transmission and reflection.

Acoustic emission also uses the wave propagatiomaterials: when the material changes,
warps, cracks under the action of an external st(esechanical, thermal, chemical, etc..), he
creates spontaneous waves "elastic".

The discontinuous release of energy in the fornraihs of mechanical waves occurs for each
change of state of matter. These trains of wavepgwate in the material according to its

acoustic properties and geometry and reach th@semstalled on the equipment to examine.

Pitch-Catch

Transmitting Receiving
Transducer Transducer ’

\ Transmitting
) and Receiving Pulse-Echo

) \ | Transducer

Fig. 19: Test of transmission and reflection efave

The signals collected and processed by a meassysigm used to locate the area of degradation
(a mapping) and to evaluate its intensity as atfanof the stress imposed. Measurement quality
depends in part on the choice and positioning néees. In the next chapter, this method will be

explained with more details.
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5. Criterias for choosing a NDT method

We just very briefly present the main NDT technigjapplicable to the bonding and application
domain.

Each case is unique; it is difficult to choose e control technique. If certain considerations
or factors are neglected during the implementatibthe means of control, it can quickly lead to
failures such as the outstanding reliability of thethod or results. It is imperative to take into
account not only the physical and technical pararmsdbut also the importance of human factor
and procedures manual and possibly the financingfeakibility or preliminary work of

developing the process. Nevertheless two main tsafecriteria emerge:

% NDT must be technically suitable for the test objec

v' Good detection, interpretation of results withoubéguity
v" Mechanical compatibility

v' Security

R/
°

NDT must be economically adapted to the goal

<

Equipment cost - outstanding reliability,

v" Periodic control

This last criterion is often crucial in the choiées the table below (Tab.3) demonstrates, the cost

of certain techniques is not negligible.
With technological advances of recent years, pa#letity computer processing, these control
technigues are increasingly used in industry. Theeans of control have become automated,

reliable and simple use.
The fact remains that the qualification of operataho will implement these controls remains

paramount.
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Tab 3: Summary of techniques of NDT: Costs, advantages & drawbacks (Kouzoubachian ,2006 )

S

Techniques | Equipment costs Advantages Drawbacks
(K€)
Acoustic 20 to 300 - Good sensitivity - Coupling the sample with
- Location and sizing of sensors
defects
- Well suited to automated
Thermography 40 to 200 - Cartography - Thermal diffusivity
according to the material
- Limited to the interfaces
near the surface
- Characterization of defect
X-ray 250 to 400 - Industrial Method - Expensive equipment
- Safety related to radiation
- Image interpretation
Optical 200 - Good resolution - Environmentally sensitive
methods - Sample must be subject t

stress

O

The last table shows the many advantages of thesicanethod and especially its cost is less

expensive compared to other techniques.

In addition, statistics (Fig.20) show that the atmutechniques are increasingly used to make

non-destructive testing.
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others methods

Ultrasound
Magnetic Control \
30%
I \
L “
Foucault currents 10%% l
) ]
20%
Others X-Ray iy
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Fig. 20: The different percentages of the utilatof each NDT techniqueSHull, 2002)

Conclusion

The term non-destructive testing grouped all tegi@s and processes capable of providing
information on the health of a structure withoutaducing alterations detrimental to their future
use. In this sense, non-destructive testing (N&ppears as a major component of quality control
products. Each technique presented in this chafiars certain advantages and disadvantages in
terms of instructions and cost. The technique ef dhoustic wave is the most used and most
pertinent so it will be adopted to continue the kvor
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Chapter 4: Comparison between the
linear and the nonlinear acoustic & the
different techniques used in the
nonlinear acoustic waves
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Introduction

The evaluation of structural changes of materiats @nstructions and monitoring their ultimate
strength and endurance in operation is requiredniamy industrial structural integrity problems.
Especially the evaluation of accumulated damaggegradation in the material properties at the
early stage of fracture is important in refineramtk, nuclear power plants, or aircraft parts in
order to ensure their structural safety. One ofnttost useful non-destructive ways of evaluating
material degradation is the ultrasonic method sitlee characteristics of ultrasonic wave

propagation are directly related to the propentiethe material.

1. Linear acoustic

Ultrasonic linear waves can be of different typesoading to the mode of vibration of the

material. There are:

* Body waves: longitudinal wave (compression omany waves), transverse wave (shear

waves or secondary waves).

» The guided waves: Rayleigh wave, Love wave, Lavatze...

This section describes the body waves.

Body waves are mechanical vibrations that propagsiee the material. Depending on the

mode of propagation, we define two types of waves

+ Longitudinal waves Their transition in a medium results in a sust@s of expansions
and compressions (Fig.21). The direction of theoaeétion generated is parallel to the

direction of propagation of the wave. Their velgdg denoted Y or Vp.

Direction of propagation

Movement //
to the direction
of propagation

Fig. 21: Longitudinal wave
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+ Shear waves:The movement of particles accompanying their ggssaperpendicular to
the direction of propagation (Fig.22). Shear wawass propagate only in solids. But the
fluids (gas or liquid) do not constitute a supposterial for this type of vibrations, with
the exception of highly viscous liquids where sh&awes arrive to spread despite high
attenuation. They are slower than longitudinal veaveor the shear wave propagation
velocity is denoted Yor Vs

Direction of propagation

Movement |

W e

Fig. 22: Shear wave

2. The difference of the response between the linear and nonlinear
acoustic wave

Traditional ultrasonic NDE is based on linear tlyeand normally relies on measuring some
particular parameter (sound velocity, attenuattcemsmission and reflection coefficients) of the
propagating signal to determine the elastic progemdf a material or to detect defects (Birks,
1991) .The presence of defects changes the phaser amplitude of the output signal, but the
frequency of the input and output signals is thmesaHowever, the conventional ultrasonic
technique is sensitive to gross defects or opeasksr where there is an effective barrier to
transmission, whereas it is less sensitive to gvdidtributed microcracks or degradation. An
alternative technique to overcome this limitatismonlinear ultrasonic. The principal difference
between linear and non-linear acoustic (Fig.23,28igis that in the latter the existence and
characteristics of defects are often related tac@ustic signal whose frequency differs from that
of the input signal. This is related to the radiatand propagation of finite amplitude (especially

high power) ultrasound and its interaction withcdistinuities, such as cracks, interfaces and
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voids. Since material failure or degradation is alisupreceded by some kind of non-linear
mechanical behavior before significant plastic defation or material damage occurs,
considerable attention has recently been focusedhenapplication of nonlinear ultrasonic
(Jhang, 2000; Jeong, 2003). Linear acoustics dedls propagation of vibrations through
medium. Deviations from the equilibrium state ofmadium that are caused by these vibrations
are assumed to be small; that is, the propagatangevis assumed to have small amplitude or a
low intensity. The propagation of finite-amplituder high-intensity) ultrasonic waves is
accompanied by a number of effects, whose magrstuldgpend on the vibration amplitude.
Investigation of the propagation of finite-amplitdlastic waves in gases, liquids, and solids has
been of continuing interest. The presence of nealirierms in the wave equation causes intense
acoustic waves to generate new waves at frequendieh are multiples of the initial sound-
wave frequency. The nonlinear third-order elastinstants of solids were first measured in the
early 1960’s and harmonic generation of bulk wawas soon reported by a number of authors
(Parker, 1964; Carr, 1964). This resurgence ofréstelet to more convenient formulations of
nonlinear acoustic propagation by (Thurston & Brigd 964) and by (Wallace, 1970).
Thereatfter, it was found in a solid exposed torangt ultrasonic field that there occur such
nonlinear effects as sub-harmonic generation, shifesonance frequency, or mixed frequency
response as well, besides the higher harmonic gtower

All these phenomena can exert a strong effect erstlucture and interaction of solids, making
intense ultrasound applicable in material charazgon. Moreover, these effects are enormous
in damaged material but nearly un-measurable iramnadjed materials, hence the interest in
applying nonlinear ultrasonic. Those are expectetled much more sensitive to micro-damage
than the conventional linear characteristics ofaslbnic wave, where the ability of several

nondestructive and destructive methods is sumnthitzthe detectable defect size.
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Conventional (linear) acoustic NDT:

Input spectrum Output spectrum

A \/
| |

Amplitude and phase variation of input wave

Fig. 23: The linear acoustic response

Nonlinear acoustic response

Input spectrum Output spectrum

|

Fig. 24: The nonlinear acoustic response

3. The different techniques using in the nonlinear acoustic waves

3.1. Mixed Frequency Response

One of the simplest ways to evaluate nonlinear sttoproperties of a material is to measure the
modulation of an ultrasonic wave by low-frequendyration (Van Den Abeele, 2000; Van Den
Abeele, 2001; Korotkov, 1994).
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This method is known as nonlinear wave modulatmecsoscopy (NWMS). The physical nature

(Fig.25, Fig.26) of this modulation can be expldisanplistically as follows (Sutin, 2005):

| 1
] '

a b

Fig. 25: Sample with flaw: a - closed by vibraticompression, b —open under dilation (Sutin, 2005)

/N .

Time

Fig. 26: Amplitude modulation of probe signal: y@ration, (b) ultrasonic signal (Sutin, 2005)

Non-resonance methods are used to study nonlifiegtseon elastic waves propagating through
the medium. According to the previous experimemark (Jun, 2010; Payan, 2010),
intermodulation phenomena can be observed in thetatal response of damaged material when
an excitation as shown in Fig.27 is used. In paldic the excitation is made by the superposition
of two sine waves with fundamental frequendiieandf2 respectively.

The spectrum response of the sample is charaalelbizéwo effects: the presence of harmonics
of both fundamental excitations frequeney ( n=1,3,5...;for example:3f1, 5f1...nf1 and 3f2,
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5f2... .nf2) and the generation efdebands around f2( fatnfi; n=24,...;for example: , f2-2fi,

f+2f1.....b-nf1, +nf1) as shown in Fig. 28.

WA= == | Y

Input signal Qutput signal

NN "/

NN 74"

Fig. 27: lllustration of the nonlinear acoustibre-modulation effect

Amplitude AAmplitude

>

> >

Fig. 28: Response in the case of linear acoustic

Amplitude AAmplitude

Nonlinear modulation effects
/' ‘ ‘\
// {
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Fig. 29: Response in the case of nonlinear agousti
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Alternatively, the vibro-modulation technique (Zagr2004) utilizes two excitation signals: an
ultrasonic probing signal and a low frequency Wiora as shown in Fig. 29. An exciting
vibration at $ creates appreciable stress in the material affgamterfaces at all scales of
damage. An ultrasound probe wavetfaveling through these interfaces is modulated tiu
vibration induced changes in the interface condit@nd, as a result, additional spectral
components appear at the frequenciesntf,. The presence and the level of modulation can be
used for damage assessment (Straka, 2008; Yos; D@@skoy, 2001).

3.2. Higher Harmonic Generation

Higher harmonic generation (Guillaume et al., 2008¢ & Keyung, 2009; Ankit & Francesco,
2010) is the most classical phenomenon that theefwaw of incident wave is distorted by the
nonlinear elastic response of medium to the indigd&ve, and so that higher harmonic waves are
generated in the transmitted wave as shown inJeg.

This phenomenon can be understood simply by consgléhe nonlinear system (Zaitsev, 2010).
Let's consider a™ order nonlinear system as shown in Fig. 31, asid@wave is given as input.

Then the output of this system will hav¥ @rder higher harmonic wave component.

Receiver
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Sample

Transmitting Receiving
Transducer ~ ~ Jransducer
@ | Fundamental(z,)
D Second - &
3 Harmonlc > 'B * 2
-‘_3 o (8“ )
a
£ Third
<
/\ Harmonlc
Frequency(MHz) ]

Fourier spectrum of the received signal after
transmission and relation to 8

Fig. 30: Distortion in the waveform during proptga by the nonlinear elasticity and higher harncaggneration
power of fundamental

Input Quadratic Nonlinear | Output
System
sin ot —— ('sin wt)?2 — (1 + cos 2wt)/2

Fig. 31: 2° harmonic generation in the quadratic nonlineatesys

When we consider®or higher order nonlinearity, then the system ottgill have 3° or higher
harmonics also. However, usually the nonlinearceféé 3¢ or higher orders is much smaller than
2"%rder, therefore we used to consider up"fooBder nonlinearity.

Physically the phenomenon of higher harmonic gaiaar is related with the nonlinearity in the
elastic behavior of material, as shown in Fig. BRat is, the relationship between stressand
strain ¢ is nonlinear, which is called the nonlinear versodrHooke’s law as shown in Eq. 1 for

the simple one-dimensional case (Jhang, 2000; Jetolg 2003; Na et al., 1996) :
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g—:=E(1—B£+--') Eq. 1

Where, E is Young's modulus arfidis 2'° order nonlinear elastic coefficient which calldub t

nonlinear parameter.

2O

Fig. 32: Nonlinear relationship between stresssirain

In order to explain the generation of higher ordarmonic waves, let's now consider the case
where a single frequency ultrasonic wave (longitadiincident upon one end of a thin circular

rod propagates through the rod with degradationisdétected on the other end.

If it is now assumed that the attenuation can bglested, then the equation of motion for

longitudinal and planar waves in the thin circufads can be represented as follows:

190 _ 9%u
pdx otz

Eq. 2
Where,p is the density of the medium, x is the propagatimtanceg is the stress and u is the
displacement. Using Eg. 1 and 2 and the relatignbbiween strain and displacement, we can
obtain the nonlinear wave equation for displaceréxt) as follows:

2 (1 g2u) 2 _ o
¢ (1 Bax)axz T a2 Eq.3

We can find the expression of the nonlinear coeffic given by the authors (Shah & Ribakov,
2009) :

8 A,

ﬁ=wA—12 Eq.4
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Where:

- Aj, Az the fundamental and the second harmonics inith80=
- d: the distance of the propagation

- K: the wave number

The magnitude of harmonic waves depends on mediaterial properties. Thus, it would be
possible to evaluate the degradation of elastipgmty by monitoring how much magnitude of
higher harmonic wave is generated in the transchittave (Hikata et al.,1963; Johnson, 2001;
Meo et al, 2008) .

3.3.  Shift of Resonance Frequency

Resonant ultrasound spectroscopy (RUS) (Visschal.et1991; Antonaci, 2010) is a linear
ultrasonic or acoustical technique which can bdieggo extract all the elastic constants of a
sample based on the values of its resonance fremserits geometry and its density. This
method is very accurate when applied to samplesngaa well-defined geometry and
homogeneous elastic constants. However, RUS isifsrent linear technique, and it is not be
sensitive to the early stages of damage developnmside a sample. Contrarily, nonlinear
version of RUS, which is called Nonlinear RUS (NRUSan Den Abeele et al., 2000; Jun,
2010) analyzes the dependence of the resonanagfreyg on the strain amplitude while exciting
the sample at relatively low amplitudes. By obseguhe relative frequency shift, it is possible to
have a measure of the internal degradation of tierostructural properties of the material
(Johnson, 2001; Windels & Van Den Abeele, 2004)atThs, in NRUS, the resonant
frequency(ies) of an object is studied as a fumctibthe excitation level. As the excitation level
increases, the elastic nonlinearity is manifesa lsift in the resonance frequency. In Fig. 33 and
Fig. 34 a result of this method is shown; accordmgxperimental evidence (Van Den Abeele et
al. ,2000; Van Den Abeele et al. ,2001; Windel¥&n Den Abeele, 2004) the sample under a
sweep load centered on one of its natural modessskdferent behavior of structural response
depending on the status of sample: intact or dathage
do

— = — — 82
. E(1 —Be—6e” + aAe...)
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* fo: Central frequency

e (0

* f: Frequency after shift

* a,f and § : Non linear parameters
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magnitude
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frequency (kHz)

Fig. 33: Aresult of NRUS : healthy material
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magnitude

0.I16 0.'18 0.2 0.22
frequency (kHz)

Fig. 34: Aresult of NRUS: damage material

Currently, NRUS is being actively applied in chaesization of various materials, concrete

(Payan et al., 2007), fiber reinforced plastic cosiges (Meo, 2008) as well as metallic material.
Several tries to apply NRUS to medical diagnosisil{&f et al., 2005) are undergoing, and defect
imaging (Van Den Abeele et al., 2001) by NRUS soainder investigation.

4. Evaluation of damage in cement based materials by non linear acoustic

Previous experiments show that the linear acons¢ithods are practical to detect damage from a
relatively high cracking, but it is clear that theear acoustic techniques are less effective for
detection micro cracks concrete.

However, the nonlinear acoustic measurements, warehinterested in the consequences of
changes in elastic properties, are more likelyateck small damage in materials.

The excitement of an environment induced a modificathat could lead to the appearance of
unknown phenomena such as linear acoustic modualdtenuency, harmonic generation, the
time lag of the ultrasonic wave, etc. Note thatrtiero cracks and the cracks as those generated
by the damage increase the non-linearity in theereipased materials.

The difference between linear and nonlinear acousgthods rests on a supposition about the

frequency components of propagating waves. Thesmigues were used to characterize various
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types of damage, such as compressive loading (\éeanAbeele & De Visscher, 2000; Shaha &
Ribakov, 2010) and alkali-silica reaction (Les miek al. 2011; Y. Boukari et al. 201%:.
Moradi-Marani et al. 2014; A.S. Kodjo et al., 2011

4.1. Mechanical damage

The majority of studies carried to investigate thipact of mechanical damage on linear and
nonlinear acoustics and shows the relevance datter.

Van Den Abeele, and De Visscher (2000sing both linear and nonlinear (amplitude -
dependent) acoustical experiments on a reinforaettrete (RC) beam in which damage is
gradually induced by means of static loading tedtew that the relative value of the nonlinearity
parameterr (due to the shift of the frequency) increasestaraty by a factor of 200 as function
of the induced damage in the RC beam. Also, theyloded that the relative expansion of the
non- linearity is far more sensitive to damage thanlitnear material properties (Fig.35). This is
specifically important when examining the early s of deterioration where reduction of linear
wave speed is hardly measurable (D< 0.1).

For D> 0.2, it appears as if the change in theineality reaches a point of saturation when the
micro cracks coalesce to form a crack that is le@sdi the surface. At this point the change in
linear properties may be used as damage indicadorse they probably are more sensitive to
macro cracks.
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Fig. 35: Relative changes of the linear and ne@ircharacteristics derived from SIMONRAS analgsis

an RC beam as function of damage due to consedotiding steps

Moreover, Shaha and Ribakov (2010) show that tloeistc emission activity and the nonlinear

acoustic were found very sensitive to change inapglied loading events and w/c. Acoustic

emission events increase significantly as damagegyresses. Additionally, the increase in

acoustic emission events was higher for high wftcoete compared to low w/c one. Attenuation

has also increased with increase in damage. Thegekdn attenuation, however, are greater for
low w/c concrete than for high w/c one (Fig.36).
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Fig. 36: Acoustic emission parameter and nonlimeaustic parameter vs. the applied load (w/c =)5®Haha and
Ribakov (2010))

Antonaci et al (2010) reported that the nonlineatidgator seems to offer some advantages in
monitoring damage evolution. In fact, degradatioduiced by quasi-static load is not expected to
have a uniform growth. The existence of differenages in damage evolution is consistent with
results from other techniques used in monitorirglhogression of damage in concrete. Indeed,
the nonlinear indicator (Fig.37) allows distinguigh three stages in the evolution of damage,
none of which is enlightened by the linear indicato

v' 0 to 30% of the failure load: early damage occuiith formation of micro-cracks and a
sudden change of the performances of the material.

v' 30% to 70% of the failure load: micro-cracks betgirtoalesce in larger cracks and only a
few new micro-cracks are formed. This correspondsat slight increase of the
nonlinearity, with consequent moderate decreaseeoperformances of the material.

v 70% to failure: micro-cracks coalesce into macreks. The nonlinear indicator
suddenly increases. This increasing of the nonlipaaameter can be interpreted as an
indication of imminent failure. In the other hartle linear indicators do not show any

similar precursor sign.
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Fig. 37: Superposition of results from differepesimens. (a) The variation effor different specimens leads to the
definition of a curve that describes the differstatyes of damage evolution. (b) and (c) point loat linear
indicators show a linear evolution of damage ( Aaim et al (2010))
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4.2. Thermal damage

After an overview on the detection of mechanicahdge by the nonlinear acoustic, this section
will be dedicated to studying the effect of therrdamage on nonlinear acoustic parameters.
Thermal damage to concrete includes the formatidncantact-type defects based on
physicochemical changes, which are a dominant factoeat damage.

Park et al. (2014) in his study evaluated the gifitesonance frequency after exposing concrete
structures to fire. The experimental study wasgraréd on 100 concrete samples with different
mix proportions and fire scenarios.

At two specific peak temperatures (200 °C and 4Q), the non linear parameter (Fig.38)
increased sharply compared to other temperatuoethese ranges of temperatures, in particular,
seem to cause contact-type defects in concretecaifelude that nonlinear resonance vibration

can be used as an essential method to evaluaainaged concrete.
6
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Fig. 38:Total results of the hysteretic nonlinearity paréenaccording to the
peak temperature to which fire-damaged concretebbad exposed (Park et al. (2014)).

Moreover, Meo et al. (2014) attempts to visualire thermal damage and characterizes the
thermally damaged concrete using a nonlinear wtiasmethod. Thermal damage in concrete
structures was induced and the nonlinear parametnes measured as a function of the damage.

A visible shift in resonance frequency (Fig.39) walsserved and the nonlinear parameter
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measured as a function of the damage temperatuogiesi a dynamic range ten times greater

than the variation velocity of the ultrasonic waves

(b) 3.5

34

2.5

Normalized parameters
N
!
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Fig. 39: Relative variation of the nonlinear paeder and velocity of pressure waves as a functidhe damage
temperature (Meo et al. (2014))

Conclusion

Cement based materials is an micro inhomogeneoterialalt includes inhomogeneities larger
than a distance between atoms. In addition, tha@ystd its damage through acoustic waves is
produced from the emission of waves whose wavedfengtlarger than the size of these
irregularities. These two phenomena characterizeraninhomogeneous materials. However,
since the material starts to deteriorate, the neality is a whole new dimension and becomes
largely dominant compared to the nonlinearity & thaterial before degradation. Thus, for very
little damage states developed, one can easilycdet-linear phenomena, whereas this is not

allowed by the use of linear acoustic methods.
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Chapter 5: Definition of the project
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1. Context of the study

For twenty years, the characterization of matebglsiltrasonic sound has progressed through the
study of nonlinear phenomena.

This development of control health applicationsliiectly related to the discovery that although
very different from each other (rocks, concretely@ystalline metals, tired materials...)
nonlinear elasticity of a large number of materialas mainly due to contacts (grains, cracks...)
within it. Thus, because of these contacts, thestemals have a huge nonlinearity (several orders
of magnitude compared to a solid mono-crystallimefloid) is very sensitive to structural
changes they undergo (fatigue, water uptake..)s;Tthe importance of non-linear macroscopic
effects, measured from the change in function & #xcitation level of various acoustic
parameters (speed, attenuation, spectral contsanance frequency...), is an excellent indicator
of the amount of degradation of existing micro &sin the material and the durability.

The aging of infrastructure generates significaviestment because of the so large number of
structures damaged and very high costs of repadedd, there is an explosion in the budget to
repair these structures in order to ensure thameation and maintenance of its quality.

The life of cement-based structure is very oftarkdd to the ability of the cement-based
materials to prevent the penetration of aggresagents in the porous network. This ability of
cement-based materials against the intrusion ofethagents is characterized by physical
guantities: the permeability, porosity...

Cracking is a key parameter for durability of cemstructures. But the coupling between
cracking and the durability is complex, becausedtaeks can be evolutive. Their location and
geometry (crack opening) may vary as a result tdrimal stresses (alkali-aggregate reaction,
freeze-thaw) or external (mechanical loads, therryaling). The self-healing mechanisms may
also contribute to changing the geometrical progermf cracks (length, breadth and openness)
and consequently the transport mechanisms in dekicrg plane.

Approaches to take account of cracking on the ldseif degradation of cement structures and
the prediction of its life span are still relatiygboorly developed. This lack of reliable and
efficient tools stems in particular from poor urstanding of the mechanisms and kinetics of

self-healing of the cracks in the cement matrices.
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2. Problematic

This research project aims to study and charaetéhe damage and degradation in the mortar

using the nonlinear acoustic and it contains egdbntwo related axes:

+ A first part : to study the effect of thermal damage on nonlireustic parameters in
mortar. Indeed, thermal cracking induced by a teatpee gradient represents a problem
in the cement-based materials. For a multi-phagenal the deformation equity arising
from the heterogeneity deformations of the phasepaments inevitably cause cracks in
the composite, even if it is under a uniform tenapare field. Also, this type of cracking
reduces significantly the strength and elastic maglof the mortar. However, the overall
thermal cracking process (initiation, propagatiod &nkage of cracks) and stress related
to distributions under high temperatures are diffito quantify experimentally, mainly
due to the limitation of equipment and complex ciee of a composite material. So, the
goal is to characterize the sensitivity of the hdamage in mortar by the nonlinear
acoustics using the higher harmonics generatiomoapp. Moreover, the effect of the
cracking on the nonlinear parameter and his linhitsaddition, the impact of the porosity
and W/C ratio on the cracking by finding a cornelatbetween those parameters. Besides,
compare the response of the linear and non-lineaustic of detecting damage and the
limitations of each approach.

+ A second part: to follow the phenomenon of self-healing in mortar nonlinear
acoustics. Indeed, the presence of cracks is orn@eofmportant factors affecting the
durability of the mortar, especially in terms o$istance or transfer properties. The self-
healing of cracks is a physicochemical phenomenavinly a positive impact on the
sustainability issues. So, the goal is to createrdrolled cracks (mechanical damage) on
mortar and follow the closing/clogging of the crasike due to the self-healing by the
nonlinear acoustics using the shift resonance aigheh harmonics generation
approaches. Besides, comparing the evolution of a@hflow (measured by the
permeability tests) and nonlinear parameters aaupto the healing. In addition, seeing
the effect of the initial crack size on the pararet@, p) and the airflow. Moreover,

identify the limitations of the nonlinear acoustigproaches against the permeability tests.
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3. Objectives

In the framework of this project, the objectives:ar

¢ In the first part:

» Define the heat cycles to create cracking in thetano

e Choose initially the nonlinear acoustic method \Wwhwill be used to characterize the
heat damage: Higher Harmonic Generation.

 See the effect of the damage, porosity, W/C on rtbelinear and linear acoustic
parameters.

« Estimate the level of damage in the mortar accgrdinthe propagation of cracks by
non-linear and linear acoustic parameters.

» Coupling of mechanical and acoustic measuremeritsltov the cracking.

0.0

In the second part:

» Choose initially the nonlinear acoustic method thélt be used to characterize the self-
healing: Shift Resonance and Higher Harmonic Géioera

» Correlating mechanical measurements and permagatailinonitor acoustic cracking and
self-healing of the mortar.

» See the effect of the crack size on the nonlinedrliaear acoustic parameters.

» Establishing a comparative study of the evolutibaaustic and elastic parameters and
geometric for different types of cracking propestie

» Creating a numerical model for the permeabilityisds find a numerical relationship

between crack size vs. air flow and validate th@eexnental results.

The experimental is divided into two parts (presdnh the next scheme):
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Experimental Procedure

First part

Preparation of the samples:

v Different W/C ratio:
0.3,0.4,0.5and 0.6
v' Cylindrical shape

4

Heat Damage

v' Determine the heat
cycles:
80,140,200,240 °C.

v Different

damage

4

/ Acoustic tests \

v" Characterize the

order of

damage by Linear
/nonlinear Acoustics
v' Determination the

nonlinear parametef)

N /

Project

A

\ 4
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Second part

Preparation of the samples :

v' 6 samples mortar
(ASTM C109)
v" Annular shape

4

Mechanical Damage

v Controlled cracks

v’ Different order of
crack size: 110, 80,
15 um

4

/Healing / Acoustic tests\

v' Characterize the
damage by linear
/nonlinear  acoustics
(o, B).

v Air permeability tests

o /




Chapter 6:

Heat damage: Protocol, results and
discussion
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Introduction

In this chapter we are basically interested indffect of the heat damage on the velocities and
the non-linear parametgrin mortar.

However, it would be interested to see the vamatbthe velocities, the modulus of Young and
B according to the temperature, porosity and saturafhus, in this section, the experimental
procedure of specimens’ preparation and heat pobte presented. Then, as first a step, we
analyse the results obtained by the linear acoastit as second step we analyse those of the

nonlinear parametes.
1. Experimental procedure

1.1. Mortar sample preparation and generation of heat treatment

In order to obtain various samples with differentgsities, mortar samples were fabricated with
four different water/cement (w/c) ratios: 0.3; 05 and 0.6. The corresponding cement mass
densities are reported in Fig.44, and some sangreeshown in Fig.40 (a). The samples are
cylinders with a diameter of 37 mm and a heigh74éfmm (Fig.40 (b)). They are cored from
larger slabs of a Portland cement (CEM | 52.5N)sereed in limewater and then rectified to
obtain parallel end faces. Several heat treatneaftniques were applied in mortar in previous
studies (Fu et al. 2004; Xu et al. 2003; Joshua.€007; Lion et al. 2005). In this work, it was
chosen to impose the temperature variations usetulst al. (2003), as illustrated in Fig.41. The
reference case considered in this study is the chsesaturated ambient temperatugelying
between 23°C and 30 °C (it was most often equabt& in the laboratory). To prepare damaged
mortar, the sample was first put in the oven foO 18in, during which temperature was
progressively raised up (In order to avoid heattkbg to a maximum temperature Tmax. The
samples were then maintained at temperature Tma@&0fanin. Then, samples were exposed to
ambient temperature. Advection heat exchanges whid atmosphere made the sample
temperature decrease. For each ratio w/c, heatgtdrsamples were studied for four maximum
temperatures (80°C, 140°C, 200°C and 240°C), amdpaoed to a sound sample. As a result,

five samples were prepared for each ratio w/c etlidi
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Fig. 41: Time evolution of temperature during hieaatment.
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1.2. Porosity and density

Porosity was measured by the gravity method, ugtgum saturation. This is a well-established
technique, as it has the benefit to be fast ang &aspply. Furthermore, it is considered to
deliver an effective approximation of porosity o&t@rials such as mortar or concrete. It consists
of submitting the sample to a moderate oven dr@h@ temperature of 60 °C. The drying is
stopped when the weight of the sample persiststaonswhich is achieved when its variation
does not exceed 0.01% (Fig.42). The weight of theddsample, symbolized asq is then
measured with a precise balance. Afterwards, tleEisen is immersed under vacuum in a
container filled with distilled water. The weight the sample is measured at different times until
it becomes stable; the sample is then consideredllgssaturated with water and its weight
denoted as M: In addition, the volume of the sample (V) wascmely measured with a
pycnometer. Then, porosity (Fig.43) is calculatgdhis formula :
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Fig. 44: Density vs. Porosity

All the results in this part are determined by makthe average of three experimental tests. The
results (Fig.42) show that the variable kineticgadative mass is related to the wit/e note a
stabilization of the latter at the end of 66 daysdil samples.

Fig.43 show the variation of porosity with w/c mfor the mortar for a linear trend curves. As
expected, the results show an increase in the pypafshe mortar according to the ratio w/c. As
an example, porosity increases from 9% to 21% wherw/c ratio goes from 0.3 to 0.6. These
results are consistent with those obtained by a#srarchers (Baroghel-Bouny, 2001).

In the Fig.44, we determine the density becauseeesl these values to determine the dynamic

modulus of Young.
2. Linear acoustic

2.1. Experimental device

Broadband ultrasound spectroscopy was used tonobltaasonic parameters of the samples. This
technique can be applied either in transmissionenwdth a pair of transducers, one transmitter
and one receiver (as used in this study), or isgrelcho mode with a single transducer working
as both transmitter and receiver. The transmitté@sonic pulse is wideband, with a 1 MHz
central frequency and a 60% bandwidth. As the amaig performed in the frequency domain,
ultrasonic parameters are estimated from 0.6 tdMiH2. A Panametrics 5055 pulser—receiver is

used to send a high voltage pulse to the trangmaned to amplify the received signal. The
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amplified signals are then acquired by a digitaliltmsscope and transferred to a PC for further
analysis (Fig.45). A thin layer of coupling agestapplied between the transducer face and the
sample. It is either a silicone gel (Sofranel D glowg agent) for longitudinal waves or a highly
viscous liquid (Sofranel SWC coupling agent) foeahwaves. Pulse velocity is measured by
estimating the flight time between the signal Say the reference signal S1(t) (Fig.46).

Computer [

Oscilloscope

| Transducer
@
[ 4

Pulser / Receiver

Fig. 45: Experimental device of linear acoustic
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Fig. 46: Determination the time of flight
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Linear Acoustic Methods were used extensively m plast at Ecole Centrale de Lille (ECL) in
order to characterize the elastic and permeabiityperties of cement-based materials. This
technigue allows measuring the velocities (Longitaland Shear Velocities) of pulse waves
emitted through a material sample. Assuming thattitne-of-flightAt (i.e. the time for the wave
to cross the entire sample) can be measured itabwatory (Fig.46), the wave velocity V is
simply computed as:

L

At
In which L is the length of the sample. Mechanigaiperties (such as Young’s modulus E and

Poisson’s coefficienf) are related to wave velocities according to:

pVE(3Vi-4Vv7) (v
V) 02

) UV=— 2
2 (/.
VL

Wherev, andV; are longitudinal and shear velocities, ghid the mass density of the cement

sample.

2.2. Effect of saturation

Initially, linear acoustic tests (longitudinal asdear velocities) were carried out on saturated and

dry specimens. The following graph summarizes theselts:
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Fig. 47: The variation of the velocity for dry asaturated cases according to porosity
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Fig.47 shows the ultrasonic pulse velocity versosogity for longitudinal and shear wave,

respectively. Again, the expected trend is observetbcity of both waves decrease as porosity

increase (negative slopes). All values of theessjon coefficient Rare found to be higher than

0.9, which means that the measured variation of UB\us porosity is correctly described by a

linear relationship in the range of porosity coesatl. This was already observed by Ohdaira and

Masuzawa (2000).
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The relationship between Young's modulus and pbygsiis taken in the form of a power law

(Lafhaj, Z. et al (2006))
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Tab 4: Correlation between porosity and linear acoustic parameters

Parameter
Case Xo b R2
X=Xo(1-bp)
Saturated 4696 1.4097 0.94
VL
Dry 4988.9 2.2941 0.94
Saturated 3259.7 1.2840 0.99
Vr
Dry 3032 1.8214 0.97
73.685 2.0546 0.9
E Saturated
Dry 59.586 1.4839 0.92

Tab.4 is filled using the trend curves in Fig.4&.#7 and Fig.48 to compare the proposed law
and the experimental results.

All values of R are found to be higher than 0.9, which means ttimtsimple model describes
correctly the behavior of UPV in the range of pasogalues considered (8% to 19%).

The variations observed of the) Y¥arameter (When p=0) according to the degree tofaon
can be linked to certain processes, such as tliugraevelopment of micro cracks during the
drying phase (Baroghel-Bouny,1999). This affects #lasticity of the mortar and thus the
velocity. The second explanatory of the processhima rearrangement in the porous structure,
resulting in a collapse of the gel pores and araegion of capillary pores (Powers & Brownyard,
1947; Feldman & Sereda, 1968).

These observations are similar to those reporteddmgan et al (2002) for longitudinal waves in

the saturated and dry concrete.

91



2.3. Effect of heat damage
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Fig. 49: Modulus of Young vs. Temperature

The evolution of mortar Young modulus with temperatis plotted in Fig. 49 for the four w/c
ratios studied. The curves show that young's malulecreases as temperature is raised,
following a linear curve. From the slope of thevaishowing the evolution of Young’s modulus
with temperature, it can also be noticed that higie ratios tend to enhance the degradation
process. As an example: for the same temperat@®24he normalized Young's modulus of the
sample at ratio of w/c=0.6 is equal to 0.4, but wic=0.3, it is equal to 0.75, which is
approximately the double value.

It may be noted also in the graph:

- Two curves for (W / C = 0.3 and 0.4) which Bnear: the amount of water in these specimens
is so small that the drying time is short, thereftite thermal damage begins quickly (just after
80).

- Two curves (W / C = 0.5 and 0.6) are not compjelimear (between 25 and 140 °C): the
amount of water in these samples is larger so thiegitime is longer. The heat damage occurs
after the 140 ° C.
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Before this temperature is the phase drying anémetaporation.
We can remark also that the ultrasonic wave geseraduld not propagate through the severely

damaged sample due to its high attenuation.
3. Nonlinear acoustic

3.1. Experimental device

A generator, controlled by a PC, was used to sesth@ wave to the audio amplifier and the
setup transformer in order to amplify the signaheTamplified signals were then transmitted
through the sample and received by an acceleronieteéhe other side that linked to an
acquisition card. Finally the data will be transéerto a PC for further analysis (Fig.50). A thin
layer of coupling agent was applied between thesttacer’'s face and the sample. Fig.51
represents the principle of measurement of betagube peaks corresponds to the multiple of the
initial frequency.

The non-linear paramet@ris measured using the eq.4.Actually, a train wigveent by wave
generator than we examine the variation betweetitsteand the second harmonics. The graph
(Fig.52) shows an example @fIt can be remarked that non-linear parameteoiequal to zero
(as shown in the figure), which prove the hetereggrof the samples and the presence of the

cracks in the cement structure.
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Fig. 50: Experimental device of the nonlinear atmuvaves
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Fig. 51: Principle of the High Harmonic Generattechnique
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Fig. 52: Example of determination of nonlineargraeter beta

3.2. Effect of saturation

Initially, nonlinear acoustic tests were carriedt an saturated and dry specimens. The
following graph (Fig.53) summarizes these resultaanlinear parameter. The influence of
w/c on the nonlinear parametgrs studied for the extreme water saturation st@deg and
Sat).
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Fig. 53: Evolution of the Non-Linear Parametewnith porosity for dry and saturated specimens

Two essential observations appear:

- The first is that porosity rate has a notabldusice on the nonlinear parameter into the
usual w/c range and consequently the porositynfgdgibetween w/c=0.3 and 0.6).

Payan et al. (2010) shows that w/c has not and¢mpa the parameter. Although, this
study demonstrate that the paramg@tés sensitive to the variation of porosity (means)w
This can be explained by the difference betweemtwdinear parametersandf becauser

Is measured by the shift resonance Ansl measured by the higher harmonics generation.

- The second is that water saturation has alsoffuence on the nonlinear parameter: this
influence is not significant for low porosity (p<#, but it becomes significant for a high

porosity, which demonstrated by Payan et al. (2010)
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3.3. Effect of heat damage
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Fig. 54: Evolution of the Non-Linear Parameiewnith Temperature (linear trend)
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The graphs (Fig.54, Fig.55) show the evolution loé nonlinear parametgy according to
temperature, for the three values of w/c underystiidcan be observed that the nonlinear
parameter is affected by both temperature and vweagerent ratio. For a given value of water
content a significant increase [pfvith increasing temperature or damage degreenfexample,

an increase db, for w/c=0.5, is about 40% when temperature inmesdrom 140°C to 240°C, yet
this increase is about 20% when temperature r@m®a 25°C to 140°C. After plotting the trend
curves an exponential function is established betwtee temperature and non-linear parameter.

The nonlinear paramet@ris also sensitive to the ratio wi/c, i.e. to ponpsit

Conclusion

This part included a special attention to variowgegimental techniques that were necessary to
evaluate the heat treatment in the mortar. Indiedlinear acoustic tests show that the velocities

and dynamic modulus of Young decreases accorditigetporosity linearly.

In addition, the saturation has an impact on thHecies, while the velocities for a saturated

mortar are higher than a dry one.

In order to quantify the heat treatment, linearustic tests were done and showed that the
velocities decrease after the thermal damage. Merewe can observe a linear loss of the

modulus of Young.

In the other hand and using the nonlinear acoussts, the nonlinear parameter beta was
determined by the higher harmonic generation techfihe measurements showed that beta
increases linearly with porosity especially for thigher porosity and sensitive to the saturation

of the mortar.

The study showed also that the beta is a goodatatito quantify the heat treatment. Indeed, the

nonlinear parameter rises linearly according totéimeperature.
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Chapter 7:

Self-Healing: Protocol, results and
discussion
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Introduction

This chapter is dedicated to study the self-heglingnomenon by the non-linear acoustic waves.
First of all, the specimen’s preparation and tleeking system are presented.

Then, experimental tests of permeability used tantjty the mechanical damage and to follow
the self-healing process are explained.

Besides, it is interested to utilize both linead aron-linear acoustic waves tests to characterize
the mechanical damage and the self-healing anddiedrrelation between the crack size and
alpha and beta.

Finally, the nonlinear parameters alpha and betaelated to damage index in order to observe
the effect of the damage on these parameters.

1. Specimens preparation

The test pieces of mortar are a ring shape (Fighdi)an opening in the center to allow insertion
of the cracking mechanism controlled: the expansore.

All test of mortar samples are reinforced with @esting having a circular section of 4.8 mm and
an inner diameter of 95.2 mm (Fig.57). This ringsaas an internal reinforcement for simulating
the behaviour of a composite tensile reinforcedcoete. It allows preserving the overall
coherence after the cracking of the test.

The cylindrical molds, comprising a cylindrical @rsinto the center, have been completed in two
layers using a slight vibration after the introdostof each of the layers.

The upper surface of the test piece is then levatetia rigid impermeable plate of plastic covers
the mold for approximately 24 hours.

Immediately after the release (Fig.56), the samateskept in a humid chamber maintained at 23
°C and 100% relative humidity. Before starting tnacking, the upper surface of the specimen
(referred to the leveling of fresh concrete) wabsped or, if necessary, corrected by a precision
machining using a diamond-grinding wheel mountedholstrial tower.
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a) b)

Fig. 56 : An example of a specimen
a) After molding

b) After the releasenfi the mold

Fig. 57: A mold to make a specimen
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In order to follow the evolution of the crack sizflow and the effect of the self-healing by

permeability tests and acoustic methods, the folgwexperimental process was established
(Fig.58).

After the preparation of the specimens, they aaelerd and the crack size will be determined by
the video microscope and permeability tests. Thiea,samples will be placed in the humid

chamber to begin the self-healing process. Aftgpexified period time, the airflow and the crack

size will be measured again by the permeabilitistes

Sound sample
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Fig. 58: Experimental process
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The mortar specimens were cracked by the applitatioa deformation controlled traction
generated by the expansive core (Fig.59).

The expansive core consists of a truncated coreermédteel, which slides within six conical
steel petals.

A thin ring retains all petals against the intermare and acts as a cushion between the
deformable expansive core and the inner surfaceoofar specimens.

The controlled cracking is affected by tightenithge assembly: bolt and nut made of high
strength steel, which forces the core penetratibiimvthe petals (Fig.60).

This process increases the diameter of the ringchwleads to a deformation of the internal
diameter of the specimen mortar.

Controlled cracking (crack opening) is obtainedabjusting the deformation of expansive core.

Plastic Ring /

Steel ring

Assembly:Bolt+Nut

Petals

Fig. 59: Specimen with the expansive core
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~__Crack

Expansive core

Fig. 60: Crack created by the expansive core

2. Airflow and permeability tests

The development of self-healing, and its effecttba transport properties in a crack, was
quantified using a cell of air permeability by folling of the variation of the airflow of the crack
(Fig.61).

This cell is specifically designed for use with artar specimen cracked by an expansive core. It
allows a precise measurement of the airflow throagtingle crack under well-controlled flow
conditions (constant temperature and pressure eyrgdiThe absolute pressures upstream and
lateral are kept constant. The downstream voluimw {liter / minute) is measured by a digital
flow-meter. Cracks were established 28 days afsrufacturing the specimens.

During cracking by the expansive core, severalksaan form in the same specimen. So, in this
case, an aluminium tape is applied to the upper ddiche test. This waterproof film is previously
cut to create a thin opening directly to the righack (that we want to study) and cover all the
others crack.

This technique is used to force the passing ofttfow through a single crack. Hence, for each
size of crack, the airflow was measured. IsmaiD@Qlemonstrates that this aluminium plate has

not an impact on the tests.
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h Upstream pressure

Digital flowmeter

Fig. 61: A cell of air permeability

The initial opening of a crack was measured witlvideo-microscope (images with high
resolution) with graphical tools for performing geetric measurements (length, surfaces, etc..).
The opening of a crack is the average of 5 measmendistributed over the top and bottom

faces of the specimen (Fig.62)

105



Fig. 62: Initial crack taken by a video microscdjethe order of 100 pm)

The experimental results made on nineteen cradgss@ in the laboratory show that there is a
polynomial correlation between the flow and thetiahi opening of the crack (empirical

relationship).
Q=8x10"%+xw3—-8%10"*xw? +0.0356 xw Eq.5

Q: Airflow measured by the cell of the permeability min)

W: apparent opening measured by a video micros@ompe

This relationship will be used later to estimate &pparent aperture of a crack in healing. Indeed,
from an experimentally measured airflow (Q) by st t&f a permeability, the apparent opening
(w) can be estimated using the last equation. fipie of relationship is consistent with the flow
model proposed by Ismail (Ismail, 2006).

The apparent opening is an indirect estimate ofattteal opening of a crack being self-healing.
This value is however very useful because it ispussible to measure the actual opening of a
crack after self-healing. Indeed, during storaga lumid chamber, after the initial cracking, the
formation of secondary hydrates and carbonatidiéncrack and on the external surfaces of the

specimens make practically impossible the precisation of the cracks lips
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Fig. 63: Initial crack size Vs. Airflow

3. Results: Self-healing effect

After the measurement of the initial crack by therrpeability tests for each sample, the
samples are placed in a humid chamber for one mdiité specimens were subjected to
drying at 40° C for 24 hours before starting theéflav measurement. This treatment
facilitates the evaporation of water into the craakd reduces the risk of contamination of
the cell permeability and flow meters. Then, thél@avs are measured again after 2 and 5
months by the cell permeability. Then, from theuesl of the airflow and using the equation
Q=f(w) the size of cracks are calculated (See Biglig.65).We can’t use the video-
microscope because during storage in a humid charfaster the initial cracking) , the
formation of secondary hydrates and carbonatidheéncrack and on the external surfaces of

the specimens make practically impossible to peettis lips cracks location.
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3.1.

Airflow (L/min)

The evolution of the airflow
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Fig. 64: The evolution of the airflow before arftbaself-healing in humid chamber for all the dmc
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Fig. 65: The variation of the airflow for differearacks Vs. Time
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The curves represent the effect of the self-headimghe airflow after 1, 2 and 5 months in the
humid chamber.

Fig.64 shows the evolution of airflows as a funetaf storage time in the humid chamber after
the initial cracking. All the airflows decrease amting to time, regardless of the initial opening
of the crack. This general pattern demonstrateseitigence of a self-healing mechanism that
gradually fills the volume of cracks and opposes ghssage of air. So, the airflows are reduced
after self-healing, which shows that moisture playsajor role in closing cracks.

While, the self-healing of small cracks is gredban that of big cracks. Thus, the decreasing of
the airflow is more remarkable for the big cracks.

The analysis of the slope of the curves versus thndeates that the kinetics of self-healing is
most important during the first month after theialicracking. Between 1 and 5 months, flows
continue to decrease, but about flows 4 times Ialvan that measured during the first month.
The opening of the initial crack influences theletion of the airflow. In general, the decreasing
of airflows is more quickly in the first month ftme higher initial cracks. (Fig.65).

To further analyse the influence of the self-hagalon the evolution of flows versus time, the
histogram (Fig.64) is plotted to express the prbporof airflow of each stage (after 1 month,
after 2 months and after 5 months) comparing tartitial airflow (after cracking).

The flow of medium and small crack®<2.5 L/min) decreases significantly more quickly
during the first month of self-healing. After 2 ahdnonths, the decreasing continues slowly. So,
the results show that the crack is thinner, thevdlaecline rapidly during the first month and
become slow after 2 and 5 months of storage arditterero.

During the first month, the formation of hydratesdacarbonation fill part of the volume of the
crack. Subsequently, this phenomenon continues,mugh slower, probably because of the
significant obstruction of the crack limiting theipply of CQ and moisture for the further
reactions.

For larger crackgQ > 4 L/min), the relative rate gradually decreases over tiAfeer five
months, the final flow rate is 25% of the initi&dw.

Clogging is more gradual because the volume toilleel fis bigger. Even after one month, the
crack is still relatively few and closed. Moistard CQ are always available in large quantities

to continue the reactions of hydration and carionaturing the 4 months.
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3.2. The evolution of the crack size

The apparent crack was determined for all samtes @ach step of self-healing (After cracking,
after 1 month, 2 and 5 months). These apparentingenW) were calculated using the
experimental relatiorQ=f(W), by inserting the experimental airflow (Q), thextracting the
roots of the polynomial (Fig.63). The analysisloé evolution of the apparent crack allows more
precise quantification of the self-healing mechiasisn the cracks.
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Fig. 66: The evolution of the size of crack befanel after self-healing in humid chamber
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Fig. 67: The variation of the crack size for diffiet cracks Vs. Time

Figure 67 presents the evolution of the appareahimg function of time for 3 types of cracks.
As in the case of the flows, the kinetics of th@paent opening is variable in time. It is much
faster during the first month after cracking. Thealmg rate is about 45 microns / month during
the first month. This rate varies relatively slighivith the initial opening of the crack (38-56
microns / month). Between 1 and 3 months of stoedtgr cracking, the average rate of healing
decreases very significantly to an average ratabofut 6 microns / month. Between 1 and 3
months, the healing rate is strongly influencedtiy opening of the crack. It is higher for the
crack of 254 microns (14 microns / month) but viemy for small crack 41 microns (1 micron /
month). As an example for the big crack, the hegalimthe first month is equal to 30 micron and

in the fifth month is 5 micron.

4. Linear acoustic waves

After the measurement of the initial velocity byetacoustic tests for each sample, the samples
are placed in a humid chamber to trigger the sedlihg process. Then, the velocities are
measured again after 1, 2 and 5 months.

The cracks are placed between the two transdusesh@wn in the Fig.68. An example of a

longitudinal velocity is shown in the graphs (F@#ig.70)
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Fig. 69: Example of velocity measurement
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Fig. 70: Zoom for the previous example of velocitgasurement

Since the specimens contains many cracks so waedefiVelocity for each sample which

represents the average of all velocities measwuredllf the cracks in one sample. In the next

table, we presented the specimens with their Iratecks.
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Tab 5: Number of cracks on each sample and craeknseasured via video-microscope

Initial cracks
Crack N° Crack Size (micron)
1 11
Sample 1
(3 cracks) 2 13
3 11
1 24
Sample 2 2 35
(4 cracks)
3 24
4 30
1 108
Sample 3
(2 cracks) 2 80
1 52
Sample 4 2 45
(3 cracks)
3 52
1 57
2 62
Sample 5
(5 cracks) 3 56
4 62
5 52
1 90
Sample 6
(2 cracks) 2 87
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4.1. Effect of self healing on longitudinal velocity

Figures (From fig.71to Fig.76) show the variatiohtloe velocity during the self-healing
process. Globally, it is observed that the curndesasan increasing in the first month then a
negligible variation of velocity after 2 and 5 mbst This growth can be linked to the kinetics
of self-healing which is most important during tivst month after the initial cracking. For
example, it can be noted a variation of 2% in teleeity after one month of healing.

Indeed, after cracking, the volume of crack is gn{fited by air) and after self-healing the
same volume will be filled step by step due to Hyelration of cement. Or the acoustic
velocity is greater in the solid than the air.

The results show a good correlation between airthom velocity in the first month but this
correlation is neglected after 2 and 5 months So,cen conclude that velocity is a good

indicator for self-healing.
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Fig. 71: The variation of the velocity vs. time foe sample N° 1

115



Time (months)

2.580 L 2 S 2 54000
| Sample 2
2 \\\\\ -3950
Velocity 13900
€
£ 1.5
< -3850
2
)
£ 1 .
= Airflow
< . -3800
0.5
-3750
I | 1 1
0o 1 2 3 4 53700
Time (months)
Fig. 72: The variation of the velocity vs. time the sample N° 2
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Fig. 73: The variation of the velocity vs. time fbe sample N° 3
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Fig. 74: The variation of the velocity vs. time the sample N° 4
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Fig. 75: The variation of the velocity vs. timea fbe sample N° 5
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Fig. 76: The variation of the velocity vs. timea tbe sample N° 6

5. Nonlinear acoustic waves

5.1. Choice of resonance frequency

In non-linear acoustic, the choice of the frequeraryge is one of these challenges, which
must be chosen according to the tested materrathiel case of homogeneous materials (like
the majority of metallic materials), we have ontydhoose the frequency so as to obtain a
wavelength less than the size of the defects tddbected. In the case of nhon-homogeneous
materials (such as cement-based materials), tmsideration becomes complex because
there are several types of particles (eg. Fineeggge, cement hydrated phases) and several
types of irregularities which sizes are not knowithwprecision. In this case, defects are
"invisible" to the low frequency waves because theyinferior to the sent wavelength. This
shows that it is important to find the appropridtequency ranges for the type of
characterization referred.

In addition, the frequency of resonance dependf®iform of the specimens. For the sample
form (cylinder, cube...) it is easy to determine fireguency of resonance. It's normally
linked to the mechanicals, physic characteristinosthe case of an annular specimen, the
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determination of the resonance frequency becomedifScult. To solve this problem, we
need a numerical simulation. To do this, we chd¢skl Lab 2D as a software (Fig.77) and a

triangular mesh (Fig.78)
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Fle Edt Options Oraw Physics Mesh Solve Postprocessing Mukiphysics Help
DEE& 'Rk AL R4=2B PP+ a0 ?

Z I
4 .
z
Ll
= 05 —
I i
3 //
) / f |
005 |- K 3 “\)
K/./
o
FTS 52 o1 o1 o5 5 03 or o1 o2 3 o5
&]
=
(0473,0.048) |GRO [EQUAL Memory: (1487 /188.8)

Fig. 77: Definition of the domain of the resolutio
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Fig. 78: Triangular Mesh
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After simulation, two frequencies are chosen fomahd 15 KHz (Fig.79+Fig 80). This choice

is based essentially on the clearness of the expatal curves.

Fig. 80: Frequency of resonance 15 KHz
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+ Examples of experimental shift resonance
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Fig. 81: Shift resonance of a sound sample
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The curve of resonance (Fig.81) of the sound sarsipbevs that the sound mortar shift is not

necessarily equal to zero, which implies that mo&ucture admits already negligible

nonlinearity. This type of nonlinearity comes fréine inhomogeneity structure of mortar.
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Fig. 82: Shift resonance before and after selfihgdor a cracked sample

The curve of resonance (Fig.82) for a damaged sastppws that the shift decrease after self-

healing witch improve the:

« Existence of self-healing phenomena

» The technique of the shift resonance is able tea¢he self-healing
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5.2. Evolution of non-linear parameter “Alpha” for 12 KHZ
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Fig. 83: The variation of the alpha vs. time foe sample N° 1
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Fig. 84: The variation of the alpha vs. time foe sample N° 2
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Fig. 87: The variation of the alpha vs. time foe sample N° 6

The graphs (From Fig.83 to Fig.87) show the evolubf alpha according to time. As expected,
Alpha decreases with time. The values of alphaedess significantly and more quickly during
the first month of self-healing. After 2 and 5 mwtthe decline continues slowly. So, the results
show that when the crack is thinner, alpha dedapdly during the first month and become
slow after 2 and 5 months of storage and tend tto. 28 general, at the end of the self-healing
process, alpha does not reach the value 0 whiclire@nthat the crack is not completely healed.
It can be noted also the big difference betweenviiges of initial alpha and after 5 months
which can reaches to times five in same cases. difieyence can prove the high sensitivity of

alpha to follow the self-healing phenomena.

5.3. Relationship between airflow and Alpha

In order to see the effect of the self-healing tpha, the figures (From Fig.88 until Fig.91)
are plotted. The figs show the variation of the -inear parameter alpha with airflow. The
alpha increases according to the airflow.

In general, alpha reminds small for the small awfl(small crack size) but increases
exponentially when the airflow increases (big craide). So the non-linear parameter alpha

represents a good indicator to follow the self-imggbhenomena.
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6. Correlation between non-linear parameter and airflow

6.1. Correlation: Alpha 12 KHz and airflow

For the purpose of seeing the impact of the airftowthe non-linear parameter alpha 12, we

plot all the results corresponds to “alpha 12 Khktz'the same graph. The figures (Fig.92,

Fig.93) show the variation of the alpha accordiaghe airflow. In overall, the non-linear

parameter increases with the airflow. In the fiigtire we see that that we have socni¢ical

points due tothe experimental errors. So, we make another figla¢ contains only the

correct points. The points that don’t respect thaps curve will be neglected but for each

case we will keep the different curves. .

The critical points can due to:

* The experimental errors: in fact the tests of thelinear acoustic tests are sensitive to the
noise although the tests are done in secure room.

» The accelerometer and the transducer should bedlac the same place during all the
tests (after cracking, 1 month, 2 month and 5 monh#elf-healing).

» After retrieving the samples from the humid rodhey are dried for 24 hours. Maybe,
the samples are not dried in the same way.

» During the data processing, the non-linear parametee determined by trend curves and
by FFT and in general these numerical treatmeetbased on same assumptions.

- Such and other effects can produce errors indheeg of the non-linear parameters.

In fig.93, we can remark the existence of threeezon

v' For airflow <1 L/min: the values of alpha doesmceed 1500: So for the small
crack (<60 micron) we can deduce that the valuamaflinear parameter are less
than 1500.

v For 1< airflow < 5: the values of alpha reaches®08o0 for the crack size
between 60 and 110 micron we can deduce that fbess/af non linear parameter
can reaches 2000.

v For the airflow>5: the values of alpha reaches 5@ for the big crack (crack
size > 110 micron), we can deduce that the valdason-linear parameter can
reaches 5000.
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Fig. 93: The variation of the alpha 12 vs. airflaith a polynomial approximation
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6.2. Correlation: Beta 12 KHz and airflow

For the purpose of seeing the impact of the airflowthe non-linear parameter beta 12, we
plot all the results corresponds to “beta 12 KHz' the same graph. The figures
(Fig.94+Fig.95) show the variation of the beta adowy to the airflow. In overall, the non-
linear parameter increases with the airflow. In fingt figure we remark that we have some
critical points due to the experimental errors. 8e,make another figure that contains only
the correct points. These values are determinedelgjecting the points that doesn’t respect
the shape curve. In the second figure we can retharkxistence of two zones:
v" For airflow <1 L/min: the values of beta doesn’te&d 30: So for the small crack
(<60 micron) we can deduce that the values of nwat parameter are less than
30.
v For 1< airflow < 3: the values of beta reachesSWfor the crack size between 60
and 95 micron, we can deduce that the values oflinear parameter can reaches
40.
v For the airflow>5: the values of alpha reachesSibfor the crack size bigger than
85 micron we can deduce that the values of noratiparameter can reaches 65.
- As conclusion concerning the variation of the HEaand alpha 12, we note that alpha is
more sensitive to the self-healing than beta. Iddelee evolution is more speed for the
change of the crack size. As an example, the sddpiee alpha curve is equal to 50 is bigger
than the slope of beta curve that equal to 8.
So, we can deduce that the alpha 12 and beta Igbackindicators to follow the self-healing

but the shift resonance technique is more effidieah the higher harmonic generation.
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6.3. Correlation Alpha 15 KHz and airflow
For the purpose of seeing the impact of the airftowthe non-linear parameter alpha 15, we
plot all the results correspond to “Alpha 15 KHz' the same graph. The figures (Fig.96,
Fig.97) show the variation of the beta accordingthie airflow. Overall, the non-linear
parameter increases with the airflow. In the fiigure we view that we have one critical
point due to the experimental errors. In the sedande we can observe the existence of two
zones:
v For airflow <3 L/min: the values of alpha doesmtceed 2000: So for crack size
between 0 and 95 micron, the values of alpha aeettean 2000.
v For the airflow>3: the values of alpha are highemt 2000: So for the crack size
bigger than 100 micron, the values of alpha are/éend 2000 and 4500.

5000 : : :

T
””” y =57.598 + 587.1x R=0.82179
L]

4000 - -

3000

Alphal5

2000

1000 s . .

Airflow(L/min)

Fig. 96: The variation of the alpha 15 vs. airflow
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Fig. 97: The variation of the alpha 15 vs. airflow

6.4. Correlation Beta 15 KHz and airflow
For the purpose of seeing the impact of the airftowthe non-linear parameter beta 15, we
plot all the results correspond to “Beta 15 KHz” the same graph. The figures
(Fig.98+Fig.99) show the variation of the beta adowy to the airflow. In overall, the non-
linear parameter increases with the airflow. We abaserve the existence of two zones:
v' For airflow <3 L/min: the values of beta are fewiban 50: So for crack size
between 0 and 95 micron, the values of beta axedeaet O and 50.
v For the airflow>3: the values of beta are biggant0: So for the crack size
bigger than 100 micron we can deduce that the sadfi@mon-linear parameter are
superior than 50 and can reaches 250.
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- As a conclusion concerning the variation of theall#i and alpha 15, both the non-linear
parameters increases according to the crack siteéhanair flow. We also note that alpha is
more sensitive to the self-healing than beta. Iddeke evolution is more speed for the
change of the crack size. As example, the gradiktite alpha curve is equal to 604 is bigger
than the gradient of beta curve that equal to 28.

So, we can deduce that the alpha 15 et beta 1& gwed indicators to follow the self-healing
but the shift resonance technique is more effidiean the higher harmonic generation.

We can observe also that the non-linear paramefelS KHz give us as a good correlation
between the crack size and alpha /beta than thBnean parameters of 12 KHz. So the
frequency of resonance corresponds to 15 KHz iemensitive to characterize and follow

the damage than 12 KHz.

7. Correlation between non-linear parameter and damage index
We looked for a correlation between the airflowétraize and the non-linear parameters, but
that results are related to our case study. Soptain a general relation ship, we defines a

damage index:

Where:
- w: Crack size
- r: Mean radius of the annular specimen (Fig.100)

-1 : index damageym/m)

.

Fig. 100: Mean radius of the annular specimen
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If the specimen contains more than one crack, weriahine the total airflow (the sum of each
airflow) then using the relation Q=f(w) , we calatdd the appropriate crack size

In the interpretation of the results, we define2D8 um/m as the break value of the mortar.

7.1. Correlation Alpha 12 KHz and damage index

Fig.101 shows the evolution of the Alpha 12 withm@@e index. The non-linear parameter
increases in function the damage index accordinmplgnomial function of & degree. Based
on the breakdown value, two zones can be defined:

- Before the breaking (Damage Index < 200): alpBaslless than 1000. So for the small
crack (<60 micron) the value of alpha 12 doesndesd 1000.

- After the breaking (Damage Index >200), alphaslBigger than 1000. So for the medium

crack size (>60 micron) the value of alpha are saptan 1000.
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Fig. 101: Alpha 12 Vs. Damage Index
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7.2. Correlation Beta 12 KHz and damage index

Fig.102 shows the evolution of the Beta 12 with dgeindex. The non-linear parameter
increases in function the damage index accordinmptgnomial function of & degree. Based
on the breakdown value, two zones can be defined:

- Before the breaking (Damage Index < 200): betasl2ss than 25. So for the small crack
(<60 micron) the value of beta 12 doesn’t exceed 25

- After the breaking (Damage Index >200), betaslBigger than 25. So for the medium and
big crack (>60 micron) the value of beta are sigpd¢han 25.
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Fig. 102: Beta 12 Vs. Damage Index

- As a conclusion concerning the variation of algaand beta 12 according to damage
index, both the non-linear parameters increasesrditg to the index damage with a
polynomial function of a”¥ degree. We note also that “alpha 12" is more igrsio detect
damage than “beta 12”. Indeed, the evolution iserspreed for the change of damage. As an
example, the gradient of the alpha curve is equél.0@03 is higher than the gradient of beta

curve that equal t@0~°.
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To obtain a better correlation between index danagknonlinear parameters, we need more

experimental tests with different crack size.

7.3. Correlation Alpha 15 KHz and damage index

Fig.103 shows the evolution of the Alpha 15 withmdge index. The non-linear parameter
increases in function the damage index accordimmplgnomial function of 2 degree. Based
on the breakdown value, two zones can be defined:

- Before the breaking (Damage Index < 200): alph&less than 500. So for the small crack
(<60 micron) the value of alpha 12 doesn’t exce@@D1

- After the breaking (Damage Index >200), alphaislBigger than 500. So for the medium
crack size (>60 micron) the value of alpha are sap¢an 500.
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Fig. 103: Alpha 15 Vs. Damage Index
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7.4. Correlation Beta 15 KHz and damage index

Fig.104 shows the evolution of the Beta 15 with dgeindex. The non-linear parameter
increases in function the damage index accordinmplgnomial function of & degree. Based
on the breakdown value, two zones can be defined:

- Before the breaking (Damage Index < 200): betas1Bss than 10. So for the small crack
(<60 micron) the value of beta 12 doesn’t exceed 10

- After the breaking (Damage Index >200), betaslbigger than 10. So for the medium and
big crack (>60 micron) the value of beta are sugeéhan 10.
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Fig. 104: Beta 15 Vs. Damage Index

- As a conclusion concerning the variation of thealds and alpha 15, both the non-linear
parameters increases according to the index darmég@eote also that alpha is more sensitive
to the damage than beta. Indeed, the evolutionickgr for the change of index damage. As
example, the gradient of the alpha curve is equél.@03 is higher than the gradient of beta
curve that equal t2 107°.
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So, we can deduce that the alpha 15 and beta 13aueé indicators to characterize
mechanical damage but the shift resonance techrigjuaore pertinent than the higher

harmonic generation.
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Conclusion

This part included a special attention to variowgegimental techniques that were necessary to
evaluate the self-healing in the mortar. Indee@, ¢hack size is correlated by a polynomial
function to the airflow by a permeability tests. daddition, these tests demonstrated that the

kinetics of self-healing is influenced by the iaitopening of a crack.

On the other hand, both linear and non linear wesed to characterize the self-healing
phenomena. Indeed, ultrasonic longitudinal velesiincrease during the healing process and
show the presence of self-healing phenomenon aaccridick close gradually. Moreover, the
nonlinear parameters alpha and beta decreasegdherealing process, which indicate that the

residues of damage decrease progressively.

We succeed to establish a correlation between dméinear parameters (alpha and beta) and

airflow in the from of a linear and polynomial furons.

Then, aiming to propose a general correlation basethe experimental results, we defined a
damage index that will be correlated the non-linearameters. Indeed, we achieve to define

correlations in the form of polynomial function 2¥ degree.
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Chapter 8:

Numerical modelling
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Introduction

To determine the relationship between crack size ainflow, many experimental tests of

permeability were done which take a lot of time.dw objective in this part is to modelize the
permeability tests and find a numerical correlati@tween the crack size and the airflow. Then
this relationship allows avoiding permeability seahd link directly the airflow to crack size.

In this chapter we will define the problem, thernedmine the equations of Navier-Stockes and
fix the boundary/initial conditions. Finally, weilldiscuss the difference between the numerical

and experimental results.

1. Problem
During the last part, the equation between Airfland crack size was determined by a
permeability tests. Our objective in this chapteita model this experience in order to find a
numeric correlation between theses parameterhiereginning, we suppose that the crack can
be modelling by two parallel plates (Fig.106). These fix the boundary and initial conditions
(Fig.107). Finally, we solve the equations of mosiodepends on velocity (vertical and

horizontal) and the pressure.

Hydratation of cement

Flow of water through the crack

F ti f calcit
ormaion of calcre Blockage of water by particles

Fig. 105: Schema of the crack
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Fig. 107: Boundary conditions

2. Equations and model

After determination of the Navier-Stockes equatibasveen the two lips of crack, we need to fix
some hypothesis.

Hypothesis:
We suppose that:

- The two lips of cracks are parallel
- The velocities are equal to zero near the lips.

- The air is an incompressible fluidg = 0) which means thagi = p,
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We start with the incompressible Navier-Stokes &qoa in conservative form:

Where:

-1
Us+ (UU) .+ (VU), = 7p_x +Vv(Uxx +Uy,y)

-1
Ve+ (UV)x+(VV), = > Py +v(Vax +Vyy) — g

a
(A.x) = a_:

)
(A.t) = a_:l

p : Density of the air

v: Viscosity

g: Gravity (neglected value)
U: x-Velocity (m/s)
V:y-velocity (m/s)

p : Pressure (Pa)

Ux+V,=0
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Fig. 108: Meshing of domain of resolution

We want to discretise these equations in spacenvMWapply central differences. The discretised
parts of the Navier-Stokes equations are (withoesgure term, which will be added in the

pressure correction equation):

Ux = 2h,
Uij+1— Uij-1
U. = 2k ,
Y Zhy
Vierj = Viey
V. = , ,
x 2h,
- Vijs1 — Vij-1
Y Zhy
U,xx _ Uit1,j=2U;j+U;_q j (4)

hy?
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U= Upjy1 — 203 + Uy jq

Yy = 2
hy
i Vijer = 2Vi; + Vi
vy = b2
y
Vierj — 2Vij +Vieqj
V,xx =

hy’
We insert the last equation in equation Eq.1:

Uisr,j — Ui—qj N Vija1 = Vij-1

2h, 2h, 0

u,,, —u, u,., —u,_ u,,, —2u,+u, u,., —2u,+u,_
+u +1/ llj+ i+l !jl=V[ +1/ i /1,/_*_ iJ+1 i Ijl}

1" 2h ary 1 %

X ¥

VI-U_V/_U+V Vi1 — Vi . ":—lJ_ZV/j+"/—1J+V/j+1_2Vy+V//-1 3
2h Y 2h hf hf.

X 0 4

uy

Vi.e

+UU

Navier-Stokes equations discretised in space anahte

We start from (6) and (7), but first write it ali bit different: We will discretise these equaso
in time with the use of the Euler method for timscdetisation. We will first calculate a guess for
the velocity and use the pressure from the old tewel. After that we will update the pressure
with the use of equation (1) and calculate thecititss for the new time level.

The Euler scheme is given as:

U*=U"+F, (UM V")
V*=V"+E, (U V")
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3. Results

3.1. Convergence of the solution
We chose as a condition of stop:
|Velocity; — Velocity,_,| < e = 107°
Where:Velocity = VU? + V?

The following figures (Fig.109+110) shows the camnce of the velocity solution in
time.

4
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——V-Velocity
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0
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Fig. 109: The convergence of the solution in time
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Fig. 110: The convergence of the solution in tifin@garithmic scale)
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3.2. Pressure
The figure (Fig.111) shows the variation of thesstee in the crack for two types of meshing.
The first one for 10 nodes and the second is 4@&snoWe increase the number of nodes to
concentrate the mesh and to obtain a more accresidt. This remark can be observed in the
difference between the pressure corresponds toaiimg the second case. Certainly, the second

curve is smoother than the first curve. The presgarnot exactly linear as supposed by
Poiseuille.

b eopuans oipen: oo s eopues eeape o apos T apas. conpees ol
01 0.015 0.02 0.025 Yo(:?) 0.035 0.04 0.045 005 o 0005 001 0015 002 0025 003 0035 004 0045 005

Y(m)

Fig. 111: Variation of the pressure in the crack

3.3. Vertical velocity
As shown in the fig.112, the vertical velocity igy@metric. We can also verify our results by
the boundary conditions (velocity=0 near to th&)liprhe values of vertical velocity appear
neglected comparing to the horizontal velocity.ded, the max for the vertical velocity is
equal to 0.2 m/s or for the horizontal velocitisiequal to 20 m/s means times 100 (Fig.114).

In general, in the literature, the vertical velgcis neglected so our results confirm this
assumption.
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3.4. Horizontal velocity
The numerical program allows calculating the hartab velocity too (This velocity is more
important because from it flow will be calculated@he velocity starts from zero until reaching
the establishment of flow (the convergence).

For the mesh, forty nodes are already enough targappropriate result (Fig.116).
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Fig. 118:Curve 3D of velocities (U and V) and @ty field in the crack before the flow establishthe
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Fig. 119: The establishment of the flow in theckran time

4. Comparison between numerical and experimental airflows

After the flow establishment and the calculatiortha velocity, the airflow can be determined by
this equation:

Q= fdedyzbedy

To do we need for each velocity the determinatibanointerpolation function.
After the integration of the interpolation functiare obtain the following curve.
The fig.120 displays both the numerical and expenital evolution of the airflow according to

crack size. It shows an increase of the airflow.
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We observed two zones:

- Crack size<150 micron: the experimental valuesiaferior to the numerical one which is due
the neglecting of friction

- Crack size>150 micron: the experimental valuesiaferior to the numerical one which is due
the neglecting of friction.

The difference between the experimental and nuarsults is due to:

The form of the crack size: in reality the cracknist a two paralleled plates as supposed in
modelling.

In the modelling, we suppose that the velocity iearack is equal to zero or the velocity.
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Conclusion

Our objective in this part is to determine the tielaship between crack size and airflow. We
arrived model the permeability test by solving Mevier-Stockes equation by FVM.

The crack is supposed as two parallel plates aednitial / boundary conditions are fixed in
accordance with the experimental tests. After meglpressure and velocities are calculated then
the airflow was determined by integration the hamial velocity and this process is repeatable
each time by changing the crack size.

The numerical results (represented the airflow &ting to crack size) show a good agreement
with the experimental measurements.

The results can be improved by improving the assiomp as an example:

- Changing the form of the crack such it represeatrdal crack

- Changing the boundary conditions of the velocitiear to the lips of the crack
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General Conclusion

The present work is expected to give new insightghie field of Non Destructive Testing

Methods. In particular, this preliminary study abile used to detect the non-linear behavior of
standard civil engineering materials (such as egecmortar and cement) in the early stages of
damage. Non Linear Acoustic Methods are expectezhéble earlier failure diagnosis and thus

reduce maintenance costs of infrastructure.

In the first part: Mortar samples with differentitial porosities were subjected to different
temperature gradients in order to evaluate theceféd¢ thermal damage on cement elastic
properties, and to establish a relationship betwdsnage, temperature and water content. It is
assessed in the laboratory by measuring sample deassties and wave velocities. Mass density
tends to decrease with higher applied temperatiaéients and with higher water contents. The
Linear Acoustic Method allows relating wave vel@stto Young's modulus. The variations of
Young’s modulus with temperature changes also sholinear trend. Although the Linear
Acoustic Method is easy and fast to implement iimited to damage models assuming that the
virgin material is linear elastic, which is notisédctory for an inhomogeneous micro-material
such as mortar. That is the reason why a nonliteghmic was used in order to use a more
sophisticated damage assessment technique, bagbd biigher Harmonic Generation Method.
The experimental set up is described in this refiogperimental measurements provide evidence
of an exponential growth @fwith temperature gradient.

Several results have been showed in this first part

- The linear acoustic tests show that the velociéied dynamic modulus of Young
decreases according to the porosity linearly.

- The saturation has an impact on the velocities evttie velocities for a saturated
mortar bigger than a dry one.

- Linear acoustic tests were done and showed thavelaeities decreases after the
thermal damage moreover we can observe a lineswofafie modulus of Young.

- The nonlinear acoustic measurements showed that inereases linearly with

porosity especially for the higher porosity andsstve to the saturation of the mortar.
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- Beta is a good indicator to quantify the heat treatt. Indeed, the nonlinear

parameter rises linearly according to the tempegatu

In the second part: an annular specimens of mastae subjected to different crack size in order
to evaluate the effect of mechanical damage onanetastic properties and to follow the self-
healing phenomena. The airflow and the size oficesie reduced after self-healing, which shows
that moisture plays a major role in closing cra¢dkghe other hand, a nonlinear technic was used
in order to use a more sophisticated damage assessechnique, based on the Shift Resonance
and the Higher Harmonic Generation. The Experinlemiasurements provide evidence of a
decay of alpha and beta with the self-healing.

In this part, several results have been demondtrate

- The tests permeability showed that the kineticsatf-healing is influenced by the initial
opening of a crack.

- Ultrasonic longitudinal velocities increase duritiie healing process and show the
presence of self-healing phenomenon and the ctask gradually.

- The nonlinear parameters alpha and beta decreasigw dhe healing process, which
indicate that the residues of damage decreaseqssigely.

- Correlations between the nonlinear parameters gadplal beta) and airflow in the form of
a linear and polynomial functions were established.

- relationships between the nonlinear parametersigadmd beta) and index in the form of
polynomial function of % degree were determined

Finally, a numerical part was done to model thatre@hship between the airflow and the crack
size to find a numerical model that allows us toidvesting permeability.

The numerical results (represented the airflow ating to crack size) show a good agreement
with the experimental measurements.

The results can be improved by improving the assiomg as an example:

- Changing the form of the crack such it represeat#al crack

- Changing the boundary conditions of the velocitiear to the lips of the crack
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Résume étendu en francais

Dans les domaines industrielles de pointe (nu@geaiéronautique, etc ...), évaluer les dégats des
matériaux est la clé pour contrdler la durabilitéaefiabilité des matériaux en service. Dans cette
perspective, il est nécessaire non seulement detifjeale préjudice, mais également d'identifier
les differents meécanismes responsables. |l est dessentiel de caractériser la matiere et
d'identifier les indicateurs les plus sensibledadprésence de dommages pour éviter leur ruine et
de les utiliser de facon optimale. Afin de résoutkg@robléme, les méthodes acoustiques semblent
étre intéressantes en raison de leur aspect noruckdge et leur sensibilité aux dommages. Ainsi,
les méthodes acoustiques ultrasoniques linéairesauvent montré leur capacité a caracteriser
'endommagement par des changements de vitess&@t@nuation des ondes ultrasonores.
Cependant, plusieurs expériences ont montré qumétsodes acoustiques linéaires ne sont pas
suffisamment sensibles pour détecter et localesedbmmages. Souvent, les premiers mécanismes
d'endommagement sont les précurseurs de frachake fiainsi ils sont donc trés importants d'étre
identifiés. Face a cette difficulté, les méthodesuatiques non linéaires offrent une alternative
importante qui permet de détecter et de caractéasefaibles endommagements, méme localisés
ou potentiellement diffusés. Ainsi, ces dernieresées, I'acoustique non linéaire est de plus en
plus comme nouvelle facon trés prometteuse en reatiévaluation et de contréle des matériaux
de structure non-destructive. En effet, méme snlaslinéarités peuvent étre pertinents dans les
matériaux hétérogenes tels que des rochers et dgsiaux a base de ciment, ils augmentent de
maniere significative, en présence de dommagesioD®reuses applications potentielles existent
en acoustique non linéaires pour la caractérisates deux macroscopique fissures localisées et
diffuse I'évaluation de la fissuration en raisonlaerésence de micro-fissures. Dans ce dernier
cas, grace a leur sensibilité élevee, des méthadmsstiques non linéaires sont particulierement
efficaces en particulier dans la détection et leac@risation de I'endommagement précoce. Les
techniques les plus connues en acoustique nonirenéant les techniques de résonance. Ces
technigues de résonance sont puissantes et pnésdet@ouveaux outils dans les interrogatoires
de fissuration dans les matériaux. En raison defalinéarité matériau, une onde peut déformer,
ce qui crée des harmoniques annexés multiplicagsnondes de différentes frequencies.

En revanche, de nombreuses structures en bétonlelacurs de leur vie, I'évaluation de la
durabilité est un paramétre clé et nécessairedafisavoir si la sécurité est bien assurée ou ron. L

présence de fissures, en raison de contraintesnigées ou effets dépendant du temps (retrait,
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fluage ...) est I'un des principaux facteurs quiveat influer sur la durabilité et la fonctionnalit
des structures en béton en termes de résistamogéalalité et de transfert des propriétés.
L’autocicatrisation de fissures est un phénomenssagt positivement dans les problémes de
durabilité des matériaux a base de ciment. Ce psosepeut avoir lieu qu'en présence de l'eau
(CO2 dissous est pas toujours nécessaire), etrapose de réactions chimigues des composés
exposes sur les surfaces fissurées. Ces réactiodsigent des cristaux, et I'accumulation de ceux-
ci a partir des surfaces opposées d'une fissureepeuétablir la continuité du matériau fini.
L'exigence essentielle, a l'eau, est la présenceodgosés capables d'une réaction ultérieure.
Ainsi, le ciment, hydraté ou non, est I'élémenttiéassentielle. Il y a deux principales hypottese
concernant les réactions de guérison: I'hydratationclinker non hydraté disponible dans la
microstructure du béton durci (important pour letobéa faible / ciment de I'eau), ou la
précipitation du carbonate de calcium CaCO3. Qetaitudes effectuées jusqu'a présent mettre
en évidence le phénoméne d'auto-guérison au mogetests de perméabilité a I'eau. Une
diminution du débit a travers le béton fissurélagtrincipale technique utilisée pour caractériser
l'auto-cicatrisation des fissures.

L'objectif de ce travail est la caractérisation’dadommagement thermique et mécanique dans le
mortier par les ondes acoustiques non linéairescdreélation entre les parametres acoustiques
linéaires et non-linéaires étudiée est basée swdgais expérimentaux et la modélisation.

Des mesures experimentales des paramétres acasstiqu linéaires en fonction de la taille de
la fissure et la température ont été effectuéemsutier.

Les vitesses ont montré une diminution et les patees non-linéaires ont montré une
augmentation en augmentant le dégrée de fissuration

Pour 'endommagement thermique, des éprouvettaadrijues ont été préparées et ont été
caractérisées par I'étude de la porosité et larat@in. Ensuite, la température contrble la
dégradation. En effet, l'acoustique linéaire (UPaf) 'acoustique non linéaire (génération
d'harmoniques) ont été appliqués afin de quantiferdommagement. Les essais acoustiques
linéaires ont prouvé que les vitesses transverséegitudinales et le module d'Young du
mortier diminue en fonction de la température. kssais acoustiques non linéaires ont montré
'augmentation du béta fonction de la température.

Pour I'endommagement mécaniques et l'autocicatisatdes anneaux de mortier ont été

préparés et fissurés en contrélant la taille deqebafissure. Ensuite, le phénomeéne
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d'autocicatrisation est suivi par la perméabilitt les essais acoustiques. Les essais de
perméabilité ont montré que le débit d'air et ibetale la fissure diminue rapidement au cours du
premier mois, puis lentement durant le reste duwgssus d'autocicatrisation. D'autre part, les
tests acoustiques non linéaires ont montré quphaat et « béta » diminuent durant le processus
de l'autocicatrisation qui signifie que les paramagtnon linéaires sont un bon indicateur pour
caractériser ce phénomene.

En outre, l'analyse des résultats expérimentauiqued que la technique de résonance de
fréequence est plus efficace pour caractériser kfauts dans le mortier de la génération
d'harmoniques plus élevés.

A partir des essais expérimentaux et dans le bbtehir un résultat plus général indépendant de
notre cas d’étude, les parameétres non linéaireg@ntiés a un index d’endommagement. Une
corrélation polynomiale de 2eme degré a été étalliee les parametres non linéaires et I'index
d’endommagement.

Un modéle numérique basé sur la méthode des voltfimiesa été proposé afin d'établir une
corrélation entre la taille de la fissure et lexfhllair. Les résultats numériques ont été comparés
avec les résultats des tests de perméabilité etrénon bon accord.

Les résultats de ce travail représentent un bonartlépour étudier le phénoméne de

l'autocicatrisation par les ondes acoustiques imé@ires.
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Caractérisation de 'endommagement thermique et mé&mnique dans le mortier par les ondes
acoustiques non linéaires

L'objectif de ce travail est la caractérisationl'égeadommagement thermique et mécanique dans leiengrar les
ondes acoustiques non linéaires. La corrélatioredes parametres acoustiques linéaires et noaHEgétudiée est
basée sur les essais expérimentaux et la modeétisaRour 'endommagement thermique, des éprouvettes
cylindriques ont été préparées et ont été caraétsipar I'étude de la porosité et la saturatioreftet, I'acoustique
linéaire et l'acoustique non linéaire (génératiorhadmoniques) ont été appliqgués afin de quantifier
lendommagement. Les essais acoustiques linéaimeprouvé que les vitesses transversales, longidles et le
module d'Young du mortier diminue en fonction dedmpérature. Les essais acoustiques non linéaitesiontré
l'augmentation du béta fonction de la température.

Pour 'endommagement mécaniques et l'autocicatisaties anneaux de mortier ont été préparés ®irés en
contrdlant la taille de chaque fissure. Ensuitepiénoméne d'autocicatrisation est suivi par langebilité et les
essais acoustiques. Les essais de perméabiliténontré que le débit d'air et la taille de la figsswiminue
rapidement au cours du premier mois, puis lentemerstnt le reste du processus d'autocicatrisafi@utre part, les
tests acoustiques non linéaires ont montré quephaal et «béta» diminuent durant le processus de
l'autocicatrisation qui signifie que les paramétmesn linéaires sont un bon indicateur pour caresegrce
phénomeéne. A partir des essais expérimentaux &t ldaout d'obtenir un résultat plus général inddpanhde notre
cas d’étude, les paramétres non linéaires oniét&lun index d’endommagement. Une corrélatiogrmohiale de
2éme degré a été établie entre les parametresméairés et I'index d’endommagement. Les résullatee travail
représentent un bon départ pour étudier le phénemétiautocicatrisation par les ondes acoustigoadinéaires.

Mots clés: acoustique non linéaire, autocicatrsgtimortier, endomagemment thermique , endomagemmen
mécanique, acoustique linéaire, porosité, fréqueeagsonance , génération d’harmoniques.

Characterization of heat and mechanical damage in ortar by nonlinear acoustic waves

The objective of this work is the characterizatiminheat and mechanical damage in the mortar byntirdinear

acoustic waves. The correlation between non-litinedr acoustic parameters and damage in morstuiied based
on experiments and modelling. For the heat dan@agdiedrical specimens were prepared and were cleiaed by
studying the porosity and saturation. Indeed, thear acoustic (UPV) and non-linear acoustic (Highamonic
generation) were applied to characterize the dam&lge linear acoustic tests have shown that thgitodinal,

transverse velocities and modulus of Young of tletan decreases in function of the temperature. ridrelinear
acoustic tests have shown that beta increasesatidn of the temperature.

For the mechanical damage and the self-healingnanlar specimens were prepared and cracked byodorg the
size of each crack. Then the self-healing phenomeves characterized by the permeability and theisteotests.
Indeed, the permeability tests have shown thaaifilew and the crack size decreases quickly irfitts¢ month then
slowly for the rest of the self-healing process. tBa other hand, the non-linear acoustic tests shwat the alpha
and beta decreases according to the self healiogeps which means that the nonlinear parameters g@od
indicators to characterize the self-healing. Moerpvthe analysis of the experimental results irtdikahat the
frequency resonant technique is more efficientharacterize the defects in the mortar than thedrnidfarmonic
generation. From the experimental tests and toaggéneral result independent for our case stuayntimlinear
parameters were related to a damage index. A poilialaorrelations of a 2nd degree was establistetaiden the
nonlinear parameters and the index damage. Th@a of this work should be most appropriate dsuadation
for the study of the self healing by the nonlinaeoustic waves.

Keys words: Keywords: nonlinear acoustic, self-mglmortar, heat damage, mechanical damage, lmeaustic,
porosity, resonant frequency, higher harmonic cggiten.
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