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Effects of autogenous healing on the recovery of mieanical performance of

High Performance Fibre Reinforced Cementitious Compsites (HPFRCCs): part 1

Liberato Ferrard?, Visar Krelani*, Fabio Morettt, Marta Roig Flore$and Pedro

Serna Ros

ABSTRACT

This paper presents the results are shown of auligbr characterization of the self-
healing capacity of High Performance Fibre ReirddrcCementitious Composites
(HPFRCCs). The capacity of the material will bedstigated to completely or partially
re-seal the cracks, as a function of its compasitoaximum crack width and exposure
conditions. The analysis will also consider differdow-induced alignments of fibres,
which can result into either strain-hardening oftesong behaviour, whether the
material is stressed parallel or perpendicularly the fibres, respectively. Beam
specimens, initially pre-cracked in 4-point bendimg to different values of crack
opening, were submitted to different exposure daomak, including water immersion,
exposure to humid or dry air, and wet-and-dry cychsfter scheduled exposure times,
ranging from one month to two years, specimens wested up to failure according to
the same test set-up employed for pre-cracking.cédues of the self-healing
phenomenon, if any, were analyzed in terms of regowf stiffness, strength and
ductility. In a durability-based design framewoself-healing indices quantifying the
recovery of mechanical properties were also definaed their significance cross-

checked.
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1. Introduction

The not seldom dramatic deterioration of existingding structures and infrastructures
have revamped in the last decade the technicaiesttand related research efforts on
the self-healing capacity of cement-based constmichaterials [1,2].

As reportedly known since 1836 (French Academy dafeikes) and as also
demonstrated by several tailored or “serendipitydiges all along the last century, even
ordinary concrete inherently possesses an “autaggnself-healing capacity due to
either delayed hydration of cement/binder or caaton, or the combination of both
[1,2]. As a matter of fact, because such a capdaityed out to be quite randomly
scattered and thus neither reliable nor predictablean engineering application
perspective, a paramount effort is currently clmglleg the concrete research
community: “engineering” self-healing capacity obncrete and cement based
construction materials. With that purpose, tailoratk design concepts and related
additions are being investigated with the aim okimg healing less scattered and hence
more reliable, predictable and able to be contdoded regulated as required by the
anticipated service and exposure conditions [1-4].

As well known, a discontinuous and randomly diseérdibre reinforcement in a
cement-based matrix is able to effectively conth@ opening of the cracks and hence
provide a reliable support to any kind of self-lveg@lmechanism, in the sense that
narrower cracks can be more easily and better ¢thgéle In more recent years, a
“signature” category of fibre-reinforced cement-dxsnaterials has been developed and
is going to be increasingly employed, broadly knoas High Performance Fibre
Reinforced Cementitious Composites (HPFRCCs). Thddmental idea underlying the
concept of HPFRCCs is that, once a crack is formeke matrix and the through-crack

fibres start working, the energy required to pulk ¢the fibres at the cracked section



must be higher than the energy required to formaakcat a new position. The iteration
of this concept and stress redistribution mechaniprno the complete saturation of the
crack spacing, results, before the localization mtsingle unstably propagating crack,
in a stable multi-cracking process in which the ropg of each single crack is very
effectively controlled and restrained thanks tolthidging effect provided by the fibres.
The aforementioned stable multi-cracking process/ rha associated to a strain-
hardening behaviour in direct tension, as welloaa tleflection-hardening behaviour in
bending, which is likely to bring substantial inadon into concept and design of
engineering structures [6].

The composition of HPFRCCs which can yield the naeatal behaviour explained
above, is characterized by low maximum aggregate, dhigh cement and binder
content for high compactness of the matrix, lowesinder (w/b) ratio and a fibre
volume fraction higher than 1%. Because of the lugider content and low w/b ratio, 3
it is likely that, even after aging, a significaarhount of the binder phase remains un-
hydrated. Once the cracks form, the un-hydratedidsirmaterials, which generally
remain as such in the inner part of a structurameint or building component, may
come in contact with water, even simply in the foofair moisture, and undergo
delayed hydration reactions. The products of thesetions, precipitating onto the
crack surfaces, can be able to seal the crack aen leeal the material, i.e. provide
some recovery of the pristine level of performanceterms of engineering and
mechanical properties (i.e. permeability, strenatil stiffness, etc.). Moreover, water
does not only promote further hydration of cememtl &dinder grains but may also
encourage the dissolution and leaching of calciydrdxide from the cementitious
matrix to form calcium carbonate self-healing caystwith the carbon dioxide dissolved

in water [7]. Different supplementary cementitionaterials, such as fly ash (class C or



F) and slag, also play different role in enhandimg self-healing capacity [8], thanks to
their delayed reaction, guaranteeing the reped#talahd persistence of the same
capacity upon repeated cracking-healing cycles [9].

A few investigations were performed in the pasttnself-healing capacity of ordinary
Fibre Reinforced Concrete (FRC), with different égpof fibres and under different
exposure conditions, demonstrating the abilityhef tested specimens to recover their
strength and stiffness, at different levels depegpdn the aforementioned variables
[1,3,10-12]. Interestingly, it was also observedttin the case of higher volume
percentages of fibres, the same fibres were ableetter promote self-healing in the
sense that they constitute a network supportingfdh@ation and increase of crystals
between the faces of the cracks.

Yang et al. [13], investigated the self healing amty of Engineered Cementitious
Composites (ECCs, which can be regarded as a cgtedHPFRCCs) subjected to
different wet and dry conditioning regimes. Theyrd that if the crack width is kept
below 150um, and even better if below 580m, an even complete recovery of the
mechanical performance, in terms of strength ardildy can be obtained. Moreover,
higher temperatures in the drying stages of théesyworsened the healing capacity. Li
and Li [14] and Yang et al. [15] also found thaeevn aggressive conditions, such as
high-chloride atmosphere or water, the autogenoealifg capacity of ECCs is
maintained, at level obviously depending on thelkcraidth and aggressiveness of the
environment. Similar studies in more recent yeargehconfirmed the aforementioned
educated guess [16-33] thus qualifying HPFRCCsudieg ECCs, as highly conducive
to autogenous healing. At the same time, researdfeere also started investigating the
possibility of enhancing this autogenous healingacity through so-called self-healing

engineering techniques.



Snoeck et al. [34] and Snoeck and de Belie [35) algite recently studied combined
synergistic effects of fibores and Super Absorbeunliyers (SAPs) in ECCs whereas
Ferrara [36] and Ferrara et al. [37] combined Bbend crystalline admixtures to
enhance the self-healing performance of HPFRCCs.

In most recent years, a few studies [38-41] hage heen published on the effect that
natural fibres, either alone or in combination wather types of fibre reinforcement,
may have on the self-healing capacity of HPFRCGCanly in the case of exposure to
wet and dry cycles. As a matter of fact, it wasniuhat, due to their porous structure,
natural fibres can absorb water during the wetsitagies of the cycles and then release it
and diffuse throughout the matrix during the drystgges, thus promoting the healing
processes more effectively.

In this study, a thorough investigation of the geatwous healing capacity of a typical
HPFRCC mix [42], containing 100 kg/{1.28% by volume) of short straight steel
fibres has been performed, considering differeqtosure conditions. As a distinctive
feature of this study, the influence has been igated of the flow-induced alignment
of the fibres on the material behaviour, eithedat#ion-hardening or softening, and on
the related self-healing capacity of the cemenigicomposite. The recovery of load
bearing capacity, ductility and stiffness has besaluated by means of four-point
bending tests performed on specimens in the prkedaand post-conditioning stages.
Suitable healing indicators for the recovery of #ierementioned properties have been
defined and quantified in this study through aot@tl methodology. In a companion
paper [43], the healing recovery indices will beretated to an Index of Crack Healing,
evaluated both through visual image analysis offtba&led cracks as well as through a
tailored indirect method, proposed by the firsthaus in a previous study [3]. This

method is based on the comparative analysis otlmeage evolution curves built for



both the pre-cracked and the healed stages froravilleation of the flexural stiffness.
In the authors’ opinion, this step represents addmmental contribution in order to
reliably and consistently incorporate the effedtsaif-healing into tailored durability-

based design approaches, based, e.g., on a “heatadtk width threshold concept.

2. Experimental programme

The composition of the HPFRCC employed in the presevestigation is shown in
Table 1. Slabs 30 mm thick, 1m long and 0.5 m wadge casted. Fibre-reinforced
material was poured directly from the mixer ontohaute along one short edge of the
moulds, and allowing it to flow parallel to the prsides (Figure 1). From the slabs,
once hardened, beam specimens 100 mm wide and B0@mg were cut to be tested in
4-point bending, according to the schematic alsowshin Figure 1. The beam
specimens were cut from the slabs so that thes, and hence the direction of the
principal tensile stresses due to the bending mdtobe applied during the tests, was
either parallel or perpendicular to the flow direntof the fresh concrete, along which
the fibres are aligned [42, 44-48].

After two or eleven months aging in lab environméam specimens were tested in 4-
point bending, according to the set-up shown inufgg2. Tests were performed
controlling the actuator displacement, which waplieg at a rate equal to jim/sec,
and measuring the Crack Opening Displacement (C&Dhe beam intrados over a
gauge length equal to 200 mm. The test set-up dgemplith Model Code 2010
guidelines on the design of SFRC structures, whaaiterial characterization through
tests on un-notched beams is recommended in tleeatasther structural elements in
bending less than 150 mm deep or strain/defledtemalening FRC, which both apply to

the present study. Results of typical tests onispeEts bent parallel or perpendicular to



the preferential fibre alignment are shown in Fegg&; in terms of nominal bending
stress vs. COD curves: the material evidently festua deflection-hardening or
softening behaviour whether stressed parallel throgonal to the aforementioned flow
induced alignment of the fibres. The deflectioneleaing behaviour was the result of a
stable multi-cracking process in the central pdrthe specimen (Figure 4a), made
possible by the favourable alignment of the fibnath respect to the applied stress; on
the other hand, an unfavourable alignment of thee§ resulted in a single unstably
propagating crack (Figure 4b). As from the imageFigure 4a, an average crack
spacing of about 15 mm, of the same order of madaitof the fibre length was
obtained in all deflection hardening specimens.

In view of the aforementioned behaviour, it was ided to pre-crack specimens
featuring a deflection softening response (i.ehwibres perpendicular to the beam
axis) up to a COD value equal to 0.5 mm. On therttand for specimens with fibres
parallel to the axis, most likely featuring a deflen-hardening response, three different
levels of crack opening were selected and induodtie specimens. Two values of the
pre-crack opening were chosen in the pre-peak eegiespectively equal to 1 mm and
2 mm, and one in the post-peak regime equal to (2P 0.5 mm), where COf.«
denotes the value of the COD measured in corregmmedof the peak stress. It is worth
remarking that, because of the stable pre-peaki-raitking process and of the
employed test set-up, the measured value of the @QBe pre-peak regime actually
represents the sum of the opening of all the cra®ksthe other hand, the value of pre-
cracking COD in the post-peak regime has been teelemn the basis of an equivalent
opening of the unstable localized crack, in analtgyhe deflection softening/single
cracking case [42, 46].

After pre-cracking, specimens were submitted tofedéht exposure conditions,



including: immersion in water at 20°C; exposuredypen air in the lab courtyard
(temperature and humidity were daily monitored -€orded trends all along the
exposure time are shown in Figure 5); exposuredhamnber at constant temperature T
= 20°C and relative humidity RH = 95%; exposurea ichamber at constant temperature
T = 20°C and relative humidity RH = 50%; wet ang dycles, consisting of one day in
water and one day in the 50% RH chamber.

Different exposure durations were scheduled, narhef/and 24 months for specimens
pre-cracked at the age of 2 months, and 1, 3 ambrths for specimens pre-cracked
after 11 months aging. The effects of age of peeldng (two or eleven months) was
considered only for specimens immersed in wateregreds for other exposure
conditions only specimens pre-cracked two montler afasting were tested. In this
way, not only cement hydration but also a significpart of delayed cementitious
reaction of slag was completed. This is due tddkewater content in the mix, and the
need of water/atmosphere moisture to activate tbhlaydd hydration reactions
responsible of self-healing. Later age of concféfie months) was considered in order
to simulate any crack occurring at an indeterminiee during the service life of the
structure, complying with reasonable time to acclishghe experimental programme.
For each exposure conditions, reference un-crasgedimens, at the same age of pre-
cracking, were also monotonically tested up toufail A synopsis of the experimental
program is given in Table 2.

After the scheduled exposure times, specimens wam®ved from the conditioning
environment, wiped, in case, and, after drying themab environment for a few hours,
tested up to failure according to the same sethgws in Figure 2. Superposition
between pre-cracking and post-conditionmgCOD curves allowed the evaluation of

self-healing capacity and its effects on mechanpsaformance of the material, as a



function of the testing variables listed above.

Ultrasonic Pulse Velocity (UPV) tests were alsof@ened according to the set-up
shown in Figure 6 at three steps: 1) before prekang, 2) after pre-cracking but before
starting the conditioning and 3) after conditionibgt before the final failure tests.
Variations in the wave speed associated with cheeling were thus evaluated. Since
the wave speed in a solid medium is related tostiffness, UPV tests provided a
complementary (indirect) measure to be jointly geadl with the data garnered through
mechanical tests to evaluate the recovery of sn Cross comparison will be thus
instrumental at assessing the reliability of thensadata as well as of the tailored
analysis procedure, through which “healing indicks” different analysed mechanical
properties will be defined and calculated. It isrthoremarking that, besides the
measurements taken in the central region of theisea (1-2 in Figure 6), which
allowed to evaluate the effects of crack sealinglihg, measurements in the edge 9
portion of the same specimen (0-1 in Figure 6) vadse garnered and used to evaluate
the effect due to the delayed bulk hydration. Batieasurements allowed to
discriminate whether the detected recovery of meicaaproperties was strictly due to

self-healing and/or also to delayed bulk hydration.

3. Experimental results

The results of the pre-cracking and post-conditignd-point bending tests, performed
as described in the previous section, have beeregsed in terms of nominal bending
stressoy vs. COD curves, for the different investigated -prack openings and

exposure conditions. Distinction has been made dmwdeflection-softening and
deflection-hardening specimens as well as considéhie different pre-cracking ages.

By comparing for each and all the specimens, thgesuin the pre-cracking regime



with that in the post-conditioning one, or with tlesponse of the reference un-cracked
specimens, suitable indices will be defined to difjarthe effects of healing on the
recovery of the load bearing capacity, ductilitiextiral stiffness and toughness, as

hereafter detailed.

3.1 Index of Strength Recovery

3.1.1 Deflection-softening specimens

In the case of deflection-softening specimens effectiveness of healing in promoting

the recovery of the “through crack” residual streearing capacity can be evaluated by
calculating the amount of strength gained afterctveditioning period, with respect to

the residual strength featured at the maximum paekcopening, and comparing it to

the stress loss exhibited by the same specimen wirercracked up to the
aforementioned crack opening threshold (Figur&\Vidh reference to the notation in the 1 O

same Figure, the Index of Strength Recovery (ISRlefined as follows:

_f peak postconditionng ~ JN unloadingpre-crackng

Index of Strength Recovery ISR 1)

peak pre-cracking I N unloadingpre-crackhg

From the plots shown in Figures 8a-b it holds that:

- specimens immersed in water, together with spesmexposed to 90% RH,
featured, in average, the highest, and a quitdaiymecovery trend, able to gain, in
the post-conditioning stage and after quite lorggrosure times, a strength even
slightly higher that the cracking strength of thgn specimen;

- specimens pre-cracked at 11 months and immersedtier, featured a moderate
and moderately increased healing capacity withgoigéd immersion;

- specimens exposed to air featured an initial ajpgiéx healing rate, but without any

further significant improvement with prolonged espoe time. Besides the



discontinuous availability of water, this can bgaateliably attributed to the fact that
the (quite high) humidity of the environment iniyatriggered delayed hydration
reactions, which started sealing the crack fronmtauth and to such an extent to
prevent further effective penetration of the wataslecules, also more difficultly
available because dispersed in air. Moreover, cetan reactions, if any, only
involved the Ca(OH)available on the crack surfaces, no leaching ftbeninner
matrix being possible in such a condition.

It is worth remarking that, for immersed specimemater could penetrate deeper into

the cracks and promote to a larger extent and dogdr time delayed hydration

reactions, originating from the tip of the crack.ofdover, being the specimens
completely immersed, leaching of Ca(QHyould also be possible, promoting more
effective carbonation reactions with the L£d@issolved in the water, fully and

continuously available. The precipitation of Ca3dystals would be, in an initial stage,
slower than leaching, thus allowing further watepénetrate and making it possible for
delayed hydration reactions to proceed for longeosure times.

- as expected, specimens exposed to a dry environiesnted an almost negligible
healing, even if somewhat increasing with prolongexposure time, thus
compensative the worsening effects of the drying;

- performance under wet and dry cycles was initiedhatively poor, even if a strong

increase after six months, with no further improeamwas measured.

3.1.2 Deflection-hardening specimens

In the case of deflection-hardening specimens paeked in the pre-peak regime, i.e. at
a COD value equal to either 1 mm or 2 mm, the amadfirstress bearing capacity

recovered due to healing has to be carefully evatligAs a matter of fact, since the pre-

11



cracking threshold was set before the specimerdcaitiin its peak and enter into the
stage of unstable propagation of the localizedkcfaoftening), a deflection-hardening
(wrongly interpretable as strength gain) would hasyway occurred even in

instantaneous unloading-reloading tests. The dinergpin measured after the
conditioning has hence to be suitably cleansedhef aforementioned deflection-

hardening capacity that the specimens do inhergotgess.

In this framework, with reference to the notatiofplained in Figure 9a, the Index of
Strength Recovery for deflection-hardening specsnere-cracked in the pre-peak
regime is defined as follows:

Index of Strength Recovery ISR =

1:peak,virgin - aN, unloading,virgin

(f peak, post-conditioning ~ UN, unloadingprecrack) - N, unloading precrack

UN, unloadingyirgin

(f _ \UN,unIoading,precrack
peakvirgin UN,unIoading,virgin /

N, unloadingvirgin

g g

(f peak post-conditionng ~ ~ N unloainhg precrack) N,unloading,virgin 1 (2)

(f peakvirgin - UN, unloading,virgin ) UN, unloading precrack
-0

peakvirgin

g

N, unloading,virgin

where the term

rightly represents the amount

N, unloading precrack
N, unloadingyirgin

of load bearing capacity that the specimen, duistaeflection-hardening behaviour,

would have anyway gained after the pre-cracking tes

In the case of deflection-hardening specimens paeked up to 0.5 mm after the

attainment of the peak stress, the ISR is caladlate in Equation (1) for deflection

softening specimens (Figure 9b) since, similarlywbat happened for deflection

softening specimens, the pre-cracking brought dirélae specimen into the stage of the
unstable localized crack propagation. It is worémarking that in the case of

deflection-softening specimens, in which only omack formed, the ISR does really

represent what is due to the healing of that sangescrack. On the other hand, in the

12



case of deflection-hardening specimens pre-craekied the peak, the value of the ISR
computed as above will incorporate the effects edling both the single localized
cracks and also all the other multiple cracks winatie been formed up to the peak.
The trends of ISR for deflection-hardening specisndar the different pre-crack
opening cases herein investigated, are shown iar€sg10 a-c (respectively for pre-
cracking up to 1 mm, 2 mm and 0.5 mm after the pstakss). With very few
exceptions, which can reasonably be attributedtoesrandom experimental scattering,
the trends and influence of exposure conditiondikedy to be confirmed, as discussed
in detail for deflection-softening specimens. Farthore it can be observed, as already
with reference to deflection-softening specimehst the on-going healing of cracks
was also instrumental to overcome the damage ithapme cases (see e.g. specimens
pre-cracked up to 0.5 mm after the peak) was cabgesme non-favourable exposure
conditions (dry environment, or even for older spems immersion in water). 1 3
Significantly, in the case of specimens pre-crackiter the peak and before the peak at
2 mm crack opening, for the most favourable expwstwnditions (such as water
immersion or even wet and dry cycles), the recodkaynot significantly proceed upon
exposures longer than 6 months. As a matter of thet already almost completely
sealed cracks may have reliably prevented any durithgress of the activator of the
reaction (water) and the quite impervious matrsogbrevented any further hydration of
the bulk matrix. Moreover, for specimens pre-crac&ell months age, the recovery of
the load bearing capacity was in some cases igitiaks significant, whereas it
proceeded much faster henceforth, reasonably daestower activation of the delayed
hydration of older un-hydrated binder particles.

The faster and, evidently, better strength recoeadyibited by specimens pre-cracked

at 2 mm, than those at 1 mm, may lead us to dramegareliminary conclusions about



the effects of crack opening on the whole healimiress. As a matter of fact, because
of the multi-cracking, each single crack is likétybe opened, in average, between 150
and 200um, and about half of that, for specimens pre-crdcke 2mm and 1mm
respectively. In such a crack-opening range, as @sfirmed by a previous study on
NSC [3], a compromise between the opening of thekcand its “healability” has to be
achieved: a wider — in the range detailed abovd, @geeper penetrating, crack may
promote better healing, in a twofold sense. Onatie hand, it facilitates the ingress of
water and, on the other, it exposes to the actfahis a larger amount of un-hydrated

binder particle clusters.

3.2 Index of ductility recovery

As it can be observed from typical stress crackaomepre-crack and post-conditioning
curves for deflection-hardening specimens (Figyreh® self-healing reactions, besides 14‘
a recovery of the load bearing capacity, assesséddeaaluated as in the previous
subsection, are likely to affect the deformatiorpamty, i.e. the ductility of the
specimens. This can be clearly seen, in the caspeaxfimens pre-cracked in the pre-
peak stage, from the values of the Crack OpenirgplBcement measured at the peak
load in the post-conditioning stage tests, whiah leigher than the ones measured for
the un-cracked virgin specimens, even after samagtime and conditions as the ones
underwent by the pre-cracked specimens.

Coherently with the engineering concept of dugtilan Index of Ductility Recovery,
IDuR, has been defined as follows, for specimerscpacked in the pre-peak stage
(Figure 11a):

_(CODp'eak,pos-fconditionhg - COD.Lst crack,pr‘e—crack)
(CODpeak,virglh - CODLstcrack,vrigin)

Index of Ductility Recovery IDUR -1 (3)

As a matter of fact, this index compares the gaiductility that the specimens exhibits



because of self-healing to the ductility that thegim specimen would have anyway
inherently exhibited.

For specimens pre-cracked beyond the peak, IDgingly defined as (Figure 11b):

_(CODpeak post-conditionng ~ COIqJnIoading pre—crack) (4)

Index of Ductility Recovery IDUR
(CODpeak pre—crack ~ CODlstcrack pre—crack)

It can be observed (Figures 12 a-c) that all speesrieature a recovery of the ductility,
even if with a decreasing trend upon prolonged symand that only for some selected
crack openings and exposure conditions the dyctlitthe healed specimens remains
higher than that of the reference virgin one. Mesxp specimens pre-cracked beyond
the peak provided quite scattered results for wiainl trend was hardly detectable,
even if the worsening with respect to the virgire@mens performance was always
confirmed. Interestingly, as far as the effecthsd exposure conditions is concerned, it
looks that the exposure to open air provides aebeticovery of the ductility than
immersion in water, which, on its hand, was deen®dbe the most favourable
conditions to healing with reference to the recgvefr load bearing capacity. Finally,
wet and dry cycles promote an initial quite sigrafit gain of ductility, up to six months
exposure, followed by a rather dramatic loss.

This trend can be reasonably attributed to the flaat healing products closing the
crack and restoring the cross-crack continuityhef material, on the one hand restored
the load bearing capacity of the material itselh e other hand, this effect was
confined to the same crack location and had séardtidetrimental effect on the stress
redistribution capacity upon the re-opening of g@me crack when reloading the
specimen after conditioning exposure.

In order to have a deeper insight into the effeftself-healing on the flexural ductility
of the material, a different calculation proceduegher related to the post-peak stage is

hereafter proposed (Figure 13a) for specimens @eked before the peak:

15



(CODSE% peak post-conditionng ~ CODpeak post-conditioning ) (5)
(CODSE% peakyvirgin ~ CODpeakvirgin )

IDu Rpost-peak:

The index compares the crack-opening amplitudehefpost peak interval for a stress
decay equal to 15% of the peak strength, as in-gmditioning failure tests, to the

amplitude featured by the reference virgin specifoethe same strength loss.

For specimens pre-cracked after the peak the satoelation is performed comparing

the stress loss in a COD interval equal to 0.5 nftar ahe peak, that the same
specimens features in the post-conditioning artierpre-cracking regimes respectively

(Figure 13b):

( f peak post-conditioning ~ g 0.5mm post-peak post-conditioning ) (6)

IDu Rpost-peak: ( f )
peak pre-cracking ~ UO.Smm post- peak pre—cracking

Results, though highlighting some recovery alsohef post-peak ductility (Figures 14

a-c), are actually quite sparse, even if a tendeocylecrease, or at least remain 16
unchanged upon prolonged immersion can be caught.

3.3 Index of stiffness’damage recovery from mechanical 4pb tests

Thanks to unloading-reloading cycles performed hkahing pre-cracking and post-
conditioning tests, the values of secant unloadangl tangent reloading stiffness,
respectively denoted as,k; and K, at different levels “” of crack opening were
evaluated (see Figure 15 for example). It is woetinarking that the unloading process
always took place in a matter of few tenths of sesp which is quite short for any
significant relaxation to have occurred.

From them, an Index of Damage Recovery was cakudlas:

K ) . oK ) .
|ndeX Of Dam age Recove ry | DaR ~ reloading, postcondiibning unloadingpre-cracking (7)

loading, pre-cracking ~ KunIoadin(:]pre}cracking
whose plots are shown in Figures 16 and 17a-ceotispely for deflection-softening

and hardening specimens, and appear to be cohergmtthe previously discussed



trends with reference to other indices. In particul

- deflection softening specimens exhibited a st$fhrecovery ranging from moderate
to significant, as a function of exposure condisiowet and dry cycles and exposure
to open air providing the best results;

- all deflection-hardening specimens, except fad epecimens, featured evident

stiffness recovery, with influence of exposure dbads as expectable.

3.4 Index of Toughness Recovery

For the sake of completeness, a recovery of thghtoess for deflection-hardening

specimens has been also calculated, by relatingatba subtended by the post-
conditioning nominal stress vs. COD curve up to @um after the peak to the area
subtended up to the same COD level by the cuntheofeference virgin specimen (or,

in the case of specimens pre-cracked beyond tHe pgdhe same specimen in the pre-
cracking regime).

Results, in Figures 18 a-c, show a trend that, rgdligespeaking, after an initial increase
upon the first six months of exposure, remainsethter constant or decreases. It is
anyway worth highlighting that in most cases theowered performance attains levels
comparable or even slightly higher that of the waeked reference specimens.

Effects of crack closures and of recovery of stiesaring capacity and ductility, as

discussed above, can be called to explain the rafardoned trends. Significantly, and

coherently with previously exposed statements abmiteffects of crack-opening, the

performance trends of specimens pre-cracked up non2or even beyond the peak,

appear to be more stable than that of specimensrpcged at 1mm.

3.5 Index of stiffness’‘damage recovery from UPV test

17



In Figures 19a-b the values of the velocities dottgxl, as measured in the central and
edge portion of the specimen respectively, andhm three aforementioned testing
stages, i.e. before pre-cracking, after pre-crackimd after conditioning.

It can be immediately observed that, for the daferring to the central part of the
specimen, which undergoes cracking, a significastywer wave is detected after
cracking, followed, in case and as a function of ttrack-opening and exposure
conditions and durations, by recovery in the pastditioning stage. On the other hand
for the data referring to the edge portion of thecgmen, no relevant change is detected
neither between before and after pre-cracking, mmte significantly, between after
pre-cracking and after conditioning tests. Thisikely to confirm that any measured
recovery of the mechanical performance featuredth®y specimens, as extensively
discussed above, is rightly attributable to thelihgeof the cracks and not, or at least
not very significantly, to a delayed bulk hydratihrat the material may undergo along
time, mainly when immersed in water or exposedumid environments.

This, on the one hand, supported the reliabilityh&f garnered results and of all the
analysis procedure explained and detailed so fdr @m the other, makes it worthy to
further process the UPV test data to obtain, froenrheasured wave speed velocities, an

estimate of the stiffness/damage recovery defised a

l:)Vpostcondibning - UPVprecracking (8)

U
Index of Damage Recovery IDgR~=
Ul:)Vvirgin - UPVprecracking

The trends of the index as a function of the exposonditions and times (Figures 20
a-d) are absolutely coherent with previously exdosemments, with reference to the
Index of Damage Recovery as evaluated from mecabsipoint bending tests.
Recovery, as estimated from destructive (4pb) addestructive (UPV) tests (Figure
21) also proves the reliability of the proposedezxpental data processing procedures,

with reference to the effects of crack sealing ba healing of different mechanical

13



properties of the tested material.

3.6 Visual images and SEM analyses of healed cracks

Visual images of cracks featuring different healidggrees and for the different
examined cases in terms of exposure conditionsdanations and pre-crack openings
are shown in Figure 22-27.

In order to support the analysis of experimentalits performed so far, SEM analysis
of the healed crack surfaces of selected specimasgerformed after the final failure
post-conditioning tests. In Figure 28 an examplghiewn of the fracture surface and of
the composition of the healed products, in the cdse deflection softening specimen
after 6 months in water. The composition of the padsl on the healed crack surfaces is
absolutely coherent with products of delayed hydmabf cement. For the sake of
completeness and coherence, results of charadtenzz a siliceous grain sand on the 19

fractured surface and of a fibre protruding frorarg also shown.

4. Conclusions

In this paper the results have been presented nalysad in detail of a two year

experimental program aimed at characterizing theganous self-healing capacity of
High Performance Fibre-Reinforced Cementitious Caositps (HPFRCCs) when

exposed to different conditioning environments. &ese of the effects of flow induced

alignment of fibres, resulting in an either deflenthardening or softening behaviour,
different levels of crack openings were investigate

The proposed methodology of analysis, which encosgsaa wide range of parameters,
including material behaviour, as above, crack-apgniexposure conditions and

durations, may stand as a promising referencehetvaluation of self-healing capacity



of advanced cement based materials in future relsear

As from the analysis of the results presented éenpper, even if affected in some case
by some scattering, it is evident that HPFRCCsufeat remarkable capacity of not
merely sealing the cracks, but also of recoveryr tpestine level of mechanical
performance in terms of load bearing capacity difithess. This capacity is obviously a
function of the crack opening and of the exposredions and duration.

In general, presence of water, even in form of laghhumidity or in the case of wet
and dry cycles, favoured faster and higher healtayeover, prolonged exposure, even
after two years, continued to induce healing, eifém some cases at a lower rate than
in the early exposure times.

The healing results in terms of load bearing capaxit stiffness show an improvement
of these properties, continuously growing with angoexposure even if to a different
extent as a function of the exposure conditionsti@nother hand, in terms of ductility, 2 O
the recovery features a worsening trend with tifhexposure. This can be explained by
taking into account that self-healing products,taesg the material “cross-crack”
continuity and hence its “through-crack” load begrcapacity, also negatively affect,
e.g. through some local bond increase, the trariefegth and the consequent stress
redistribution capacity which is responsible of @litg. As a matter of fact, upon post-
conditioning tests, reopening of the previouslyried cracks was always observed, and
in no case a new crack formed at another location.

The autogenous self-healing capacity of HPFRCCs rimaguily due to delayed
hydration of un-hydrated cement and binder, resgitfom high binder content and low
water-to-binder ratios in the mix composition. Upcmracking, such products become
exposed to outdoor moisture and/or water, whicHdcoat otherwise penetrate the quite

impervious and compact skin of an undamaged specirmaed undergo delayed



hydration reactions which produce CSH crystalsisgand healing the cracks. At the
same time, fresh crack surfaces expose to outdoaromment, significantly to C@in

the air or dissolved in water, hydration produatshsas Ca(OH)which may combine
with carbon dioxide and produce Cag@Crystals also contributing to healing. The
balance between the two aforementioned reactioadusiction of exposure conditions
and material composition and deserves further tiyeson also to understand the role
of each process on the phenomenon of healing dsasvef the recovery of the different
investigated mechanical properties of the mateTihis has exceeded the scope of this
paper.

In a forthcoming companion study, the data heremysed will be complemented with
visual microscopy and image analysis processingratk closure, which will allow to
quantitatively correlate the recovery of mechanpraberties to the crack sealing.

The results obtained in this study hence contriboitdefine a new significance of the 2 1
sustainability of structures made of or retrofittedh the signature category of cement
based materials such as HPFRCCs, able to “rejusettadir physical and mechanical
performance upon cracking and thus to autogenoeslgnd their service life. In a
durability and sustainability based design framdwdine concept of “maximum
healable crack width” (as a function of materiampmsitions and structure service
conditions, including stress level and environmexpiosure) could thus replace and/or

“enrich” the current “absolute” crack opening threlsl concepts.
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Notation

fpeak pre-cracking : Maximum nominal bending stress in the pre-cractasy
f peak post-conditioning - Maximum nominal bending stress in the post-cornuiitip test

foeakyirgin © Maximum nominal bending stress of the virgin refese specimen tested
monotonically up to failure

On,unloading, precracking: NOMinal bending stress of the specimen at the Cfp&ning
Displacement (COD) level attained during pre-cragkibefore unloading the specimen
for condition treatment)

On,unloading, virgin: NOMinal bending stress of the virgin reference ispec at the same
COD level attained during pre-cracking tests fanpanion specimens

On,05 mm DP precracking: NOMinal bending stress during the pre-cracking &sa COD
value equal to 0.5 mm after the peak (only for speas pre-cracked beyond the peak)

ON,0.5 mm DP post-conditioning: NOMiNal bending stress during the post-conditiortest at a
COD value equal to 0.5 mm after the peak (onlysfeecimens pre-cracked beyond the
peak)

COD 1 crack, pre-cracking: COD at f' cracking during the pre-cracking test
COD 1 crack, precracking: COD at ' cracking during the pre-cracking test

COD1s crack, virgin: COD at ' cracking of the virgin reference specimen tested
monotonically up to failure 2 9

CODpeuk, precracking: COD at the maximum nominal bending stress durimg pre-
cracking test (only for specimens pre-cracked bdytbe peak)

CODpeak, post-conditioning: COD at at the maximum nominal bending stress duthie post-
conditioning test

CODpea, virgin: COD at the maximum nominal bending stress exhdidng the reference
virgin specimen tested monotonically up to failure

tests, upon which attainment the specimen was datband exposed to conditioning

CODgs% fpeak,pre-cracking: COD value measured during the pre-cracking teshénpost-
peak softening regime corresponding to a stressevedual to 85% of the peak stress
(only for deflection hardening specimens pre-crddieyond the peak)

CODgs fpeak,post-conditioning: COD value measured during the post-conditioningitethe
post-peak softening regime corresponding to a stvatue equal to 85% of the peak
stress (only for deflection hardening specimenscpaeked beyond the peak)

Kioadingpre-crack: tangent stiffness measured when loading the specteng the pre-
cracking test

K'eloading,post-conditioning: tangent stiffness measured when reloading the s@ecin the
post-conditioning test

Kunloadingprecrack: S€cant stiffness measured when un-loading the rspecin the pre-
cracking test, upon attainment of the maximum priesd pre-crack opening



Tables

Table 1 Mix-design of HPFRCC

Constituent Dosage (kg/m)
Cement 600
Slag 500
Sand (0-2 mm) 982
Water 200
Superplasticizer 33 (I
Straight steel fibres{(E 13 mm; d=0.16 mm) 100

Table 2.
Deflection behaviour
Softening Hardening
Pre-crack opening 0.5 mm 1 mm 2 mm CORak*+ 0.5 mm
Exposure duration (months) | 1| 6 | 24|1|6(24|1|6|24| 1 6 24
Waterimmersion |12 | 1| 21|11 |21] 2 2 2 2
Air exposure 1121111 ]2|1] 2 2 2 1
Exposure 0o “RH=00%| 1] 2| 1| 1|1] 1|2|1]| 2] 2 | 2 2
Conditions
20°C—-RH=50%|1|=| 2 |1|1|1|2|4]| 2 2 2 2
Wet and dry 11221111 ]2(2]|1 2 2 2

Synopsis of the experimental program: number ofispens tested per each exposure
condition and duration, deflection hardening/sdftgrbehaviour and pre-crack opening

(Age of pre-crack of 2 month3

Deflection behaviour

Softening Hardening
Pre-crack opening 0.5 mm 1 mm 2mm | COR.+ 0.5 mm
Exposure duration (months)|1|3|6|24(1(3[6(24|1]|3|6|24| 1 | 3| 6| 24
2months |1]| |2 1|1 (1|12 (1|2] 2 2| 2
Age of pre-cracki " oins|3[2(3] |1|1]=] |1]2]|1] | 1] 1] 1

Synopsis of the experimental program: number ofispens tested per each exposure
duration, age of pre-cracking, deflection hardefsofjening behaviour and pre-crack

opening Exposure Conditions Water immersior)
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Figure 1. Slab casting scheme and beam specimen cuttingduoee
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Figure 2. 4-point bending tests set-up for beam specimerardat as in Figure 1.
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Figure 3. Nominal stressy vs. COD curves for specimens featuring: (a) stplde
peak multi-cracking and deflection hardening bebawv(fibres parallel to the bending
axis); (b) unstable post-cracking localization aedlection softening behaviour (fibres

orthogonal to the bending axis).
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(b)
Figure 4. Crack patterns in specimens featuring: (a) stpldepeak multi-cracking and
deflection hardening behaviour (curve in Figure ; 3@)) unstable post-cracking

localization and deflection softening behavioumeuin Figure 3b).
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Figure 6. Ultrasonic Pulse Velocity test set-up (a) and sdtemof the reference

positions or UPV measurements (b): references 03awdl be supports during testing
whereas the zone between references 1 and 2 wikrgo cracking because of the
applied bending moment — measurements have been takzone 0-1 (for undamaged

reference) and 1-2 (for cracked portion of the Bpen) — measures in cm.
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Figure 7. Notation and definition of the parameters for thdex of Strength Recovery

for deflection-softening specimens.
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Figure 16.Index of Damage Recovery vs. conditioning timedeflection softening

specimens (hollow markers refer to values of sibggts, solid markers represent

average values of nominally identical tests).
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Figure 17. Index of Damage Recovery vs. conditioning time deflection hardening
specimens pre-cracked up to 1 mm (a), 2 mm(b) ahandn after the peak (c) (hollow
markers refer to values of single tests, solid markrepresent average values of
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Figure 20. Index of Damage Recovery as per UPV tests vs. tiondig time for

deflection softening (a) and deflection hardenipgcsmens pre-cracked up to 1 mm (b),

2 mm (c) and 0.5 mm after the peak (d) (hollow reeskrefer to values of single tests,

solid markers represent average values of nomirdgiytical tests).
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Figure 22.Examples of healed cracks of specimens pre-cradk2dn@nths age and

immersed in water for 1 (a), 6 (b) and 24 (c) menth
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Figure 23.Examples of healed cracks of specimens pre-cradk®d h months age and

immersed in water for 1 (a), 3 (b) and 6 (c) months
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Figure 24.Examples of healed cracks of specimens pre-cradk2dn@nths age and

exposed to open air for 1 (a), 6 (b) and 24 (c) tingn
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Figure 25.Examples of healed cracks of specimens pre-cradk2dnanths age and

exposed to RH 90% for 1 (a), 6 (b) and 24 (c) menth
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Figure 26.Examples of healed cracks of specimens pre-cradk2dnanths age and

exposed to RH 50% for 1 (a), 6 (b) and 24 (c) menth
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Figure 27.Examples of healed cracks of specimens pre-cradk2dn@nths age and

exposed wet and dry cycles for 1 (a) and 24 (b)th®n
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Figure28. Microscopy image of a “healed” fracture surfacegayl SEM analysis of

cement paste (b), sand grain (c) and a fibre (d).
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