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In this study, an innovative permeability device allowing permeability measurement simultaneously to load-
ing was used to investigate the water permeability and self-healing of reinforced concrete. The experimental
conditions focused on normal strength concrete (NSC) and fiber reinforced concrete (FRC) tie specimens
under static and constant tensile loadings. Crack pattern and crack openings under the same loadings were
measured on companion specimens. Experimental results emphasized the positive contribution of fibers to
the durability of reinforced concrete. Under static tensile loading, the FRC tie specimens were 60% to 70%
less permeable than the NSC tie specimens at the same level of stress in the reinforcement. After 6 days of
constant loading, the FRC showed greater self-healing capacity with a reduction in water penetration of
70% in comparison to 50% for the NSC. The main cause of self-healing was the formation of calcium carbonate
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1. Introduction

A large proportion of reinforced concrete structures present durabil-
ity problems (steel corrosion, chemical attacks by chlorides and sul-
fates, freeze-thaw damage, carbonation, etc.) before reaching their
design life. Most of these deteriorations are due to ingress of water
and aggressive agents into the concrete. Three transport modes can
occur in structures: diffusion (due to a concentration gradient), perme-
ability (due to a pressure gradient) and capillarity suction (due to cap-
illarity effects). Transport by diffusion occurs typically in structures
exposed to severe environment (chloride, sulfate ions, etc.) for which
the ions concentration is higher outside than inside the concrete. Trans-
port by permeability is predominant for structures submitted to high
pressure (dams, liquid containments, nuclear power plant contain-
ments, etc.), but may also occur under smaller pressure gradients in
other exposed structural elements (beams, slabs, walls, etc.). Transport
by capillarity suction occurs for example when a structure is subjected
to wet-dry cycles. Depending on the kind of structures, the three trans-
port modes can occur simultaneously. Nevertheless, one of these modes
is often predominant.

Numerous parameters can modify the transport properties in rein-
forced concrete structures (concrete type, concrete cover, rebar type,
reinforcement ratio, presence of cracks (resulting from environmental
or mechanical loadings) and their healing capacity). Reinforced con-
crete structures are usually cracked in service. Cracks create favorable
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paths for fluids penetration; which can significantly modify the trans-
port properties into the structures and accelerate the chemical deterio-
ration of concrete or the kinetics of steel corrosion [1]. Cracks located in
the structures' concrete cover are particularly detrimental since they
represent a direct access to the steel rebars. Nevertheless, the prejudi-
cial impact of cracks on durability can potentially be compensated by
their healing capability. An accurate understanding of the impact of
cracks and loading on the transfer properties and on the self-healing
capacity of concrete is therefore needed to obtain a good prediction of
the long-term durability of structures.

Most of the existing studies on the influence of cracking on the
transport properties of concrete focused on the effect of cracking on
permeability. These investigations were carried out with various
kinds of equipment and loading procedures, as summarized in a re-
cent paper [2]. Theoretically, the water flow between two uniform
planes increases in function of the cube of their distance according
to Poiseuille's law. Practically, unless a crack reaches a threshold
width in the concrete matrix, water penetration remains low due to
granular interlocking and clogging at crack surfaces. Beyond the
threshold crack width, water penetration rises steeply [3-5]. This
threshold crack width varies from 0.05 mm to 0.1 mm [2,4-6]. Some
studies also showed that presence of fibers in the concrete matrix
decreases permeability by limiting crack initiation and propagation
[6-8]. The influence of cracking on diffusion is more limited than
its effect on permeability because the increase of diffusion is only
proportional to the crack opening [9].

The self-healing capability of the concrete matrix has also been ex-
amined using permeability tests. It was shown that different physico-
chemical phenomena could explain crack self-healing, which results
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in reduced water permeability over time. The phenomena concern the
formation of calcium carbonate CaCO5 [ 10-14], the continued hydration
of the unhydrated cement in concrete [15-17], and the sealing of cracks
by water impurities or concrete particles broken during the loading
procedures. The kinetics of self-healing is initially fast and then slows
significantly [11,13,14,18-21]. Moreover, research works demonstrated
that thinner cracks heal faster than larger cracks [11,20,21].

Despite current knowledge about the impact of cracking and self-
healing on water transport in concrete, how to take it into account in
predictive numerical models of durability and in the design criteria
for reinforced concrete structures is not clear. Indeed, there remains
a large gap between the laboratory test conditions and in situ condi-
tions, which limits extrapolating current knowledge to structures.
Structures are reinforced with steel rebars, support dead loads, and
are randomly cracked in service. Nevertheless, most of the trends
mentioned above were obtained with permeability tests carried out
on single-crack specimens, unreinforced specimens, specimens with
unrealistic crack patterns, or unloaded specimens.

A comprehensive research project was launched at the Ecole Poly-
technique de Montréal as a first step towards an accurate reproduc-
tion of water seepage into structures. The first objective was to
develop an innovative device to assess the water permeability of rein-
forced concrete tie specimens under realistic tensile loadings. The
second objective was to demonstrate the gain in durability brought
about by including fibers in tie specimens submitted to various loading
conditions. The last objective was to determine serviceability design
criteria adapted to fiber reinforced concrete. This paper summarizes
part of the research related to the second objective. It focuses on deter-
mining the water permeability and self-healing capacity of tie speci-
mens with and without fibers submitted to static and constant tensile
loadings.

2. Methodology
2.1. Experimental program

Two concrete mixtures were used in this investigation to study
the permeability and self-healing of reinforced concrete under
loads. The first mixture was a normal strength concrete (NSC) with
a water-binder ratio (w/b) of 0.60. The second mixture was a fiber
reinforced concrete (FRC) with a w/b of 0.43. Both concretes were se-
lected because they were being studied in ongoing complementary
research projects. The impact on the permeability and self-healing re-
sults of using materials with different w/b ratio will be explained in
the Discussion section. Table 1 provides the mixture compositions of
the NSC and FRC. The cement was the same for both concretes; it was
a North-American Portland cement type GU (equivalent to European
cement CEM1) used for standard application.

The reinforced concrete elements studied in this project were tie
specimens. They represent a rebar and the surrounding concrete
found in the tensile zone of beams, thick slabs, or walls subjected to
bending loads. For these structural elements submitted to bending
load, the stress gradient is small and the tensile stress is nearly

Table 1
Composition of the NSC and FRC.

Component Content (kg/m?)
NSC FRC
Cement 325 501
Silica fume 0 50
Coarse aggregate (2.5 mm-10 mm) 1002 668
Sand (50 pm-5 mm) 821 801
Superplasticizer (naphthalene sulfonate) 2 8
Water reducing admixture (sodium lignosulfonate) 1 0
Fiber (1%; Dramix 65/35) 0 80

Total water (admixture included) 195 237

uniform in the concrete cover. Applying a uniaxial tensile load to
the specimen is thus appropriate to represent the state of loading
and the resulting cracking pattern of damaged concrete cover in
structures. The tie specimens had a length of 610 mm and a prismatic
cross-section of 90 x 90 mm? with a centered rebar with a diameter of
11.3 mm. The specimen characteristics were chosen to obtain the
concrete cover and crack pattern found in structures [3].

Once the tie specimens were produced, they were demolded after
24 h and stored in lime-saturated water for 3 months before testing.
Characterization specimens were produced for each concrete mixture
to determine the mechanical properties given in Table 2. The tensile
properties of the reinforcing bars were a Young's modulus of
210 GPa, a yield strength of 456 MPa, and an ultimate strength of
563 MPa.

Twenty NSC and thirteen FRC tie specimens were subjected to a
static tensile loading until the rebar yielding (Fig. 1a). Ten NSC and
seven FRC specimens were instrumented with PI displacement trans-
ducers to characterize the crack development under tensile loading.
Ten NSC and six FRC specimens served to assess water penetration
during loading.

In order to assess the self-healing capability of the concretes under
study, another group of tie specimens were submitted to static tensile
testing with a period of constant loading (Fig. 1b). The constant load-
ing lasted 6 days and corresponded to an average stress of 250 MPa in
the rebar to reproduce a reinforced concrete element with dormant
(inactive) cracks under service conditions.

2.2. Measuring devices

The tie specimens were submitted to uniaxial tensile testing with
or without simultaneous permeability measurement. The validation
for the loading and permeability systems as well as the results analy-
sis procedure can be found in Desmettre and Charron [3]; a summary
is provided here.

2.2.1. Tensile loading system

The tie specimens were subjected to uniaxial tensile testing on a
2.5-MN testing machine. Fig. 2a illustrates the instrumentation
setup installed on the specimen. The loading was continuously con-
trolled by the average displacement of two linear variable differential
transformers (LVDTs) fixed on opposite faces at the ends of the specimen.
For static loading, the rate of displacement was set at 0.05 mm/min. For
constant loading, the specimen displacement was kept constant. When
no permeability measurement was made, the other two opposite faces
of the specimen were instrumented with twelve PI displacement trans-
ducers to record the crack opening displacement (COD). Once a macro-
crack localized in the specimen, the COD was obtained by removing the
elastic displacement from the total displacement of the PI transducer.
The average stress in the rebar was calculated from the specimen elonga-
tion, assuming a perfect bond between the concrete and the rebar.

2.2.2. Permeability system

When the tie specimens were submitted to simultaneous perme-
ability measurement, a sealing membrane was installed on the con-
crete surface and a permeability cell clamped on (Fig. 2b). The
permeability system included a set of two tanks (Fig. 3). The inlet
tank was initially filled with water, while the output one remained

Table 2

Mechanical properties of the NSC and FRC measured at 28 days.
Properties NSC FRC
Compressive strength (MPa) 37.0 55.0
Tensile strength (MPa) 2.1 25
Elasticity modulus (GPa) 31.7 33.0
Poisson's coefficient (—) 0.245 0.260
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Fig. 1. Loading procedures applied to the tie specimens.a) Static tensile loading,
b) static-constant tensile loading.
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Fig. 2. Instrumentation of the tie specimen.a) Tensile test, b) permeability test.
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empty. The tanks were connected to aluminum boxes filled with
water and installed upstream and downstream from the tie specimen.
All tubing connected to the inlet and outlet tanks were saturated with
water. At the beginning of the permeability test, the water in the inlet
tank was pressurized to initiate a pressure gradient of 50 kPa to the
specimen. As a consequence, water traveled from the inlet tank,
through the inlet box, specimen, and outlet box and then to the outlet
tank, which remained at the atmospheric pressure. The pressure gra-
dient initiated a unidirectional water flow through the specimen. Two
pressure transmitters were installed near the inlet and outlet alumi-
num boxes (Fig. 2b) to measure the pressure gradient applied to the
specimen.

A set of differential pressure transmitters were connected to the
base of each tank to continuously measure the amount of water that
circulated through the specimen. They recorded changes in tank
water height and volume, and provided for computing the associat-
ed water flow through the specimen during the permeability test.
Fig. 3 depicts one set of tanks for sake of simplicity. Nevertheless,
the device included 3 sets of tanks with different diameters to ob-
tain accurate measurement and a sufficient water supply at any
time during the test.

The water permeability coefficient K, (m/s) was calculated with
Darcy's law (Eq. (1)), which is often used to describe the water flow
through a homogeneous porous medium [9]. In this equation, Q
(m3/s) represents the flow rate, A (m?) the specimen cross-section,
Ah (m) the drop in the hydraulic head across the specimen, and L
(m) the specimen thickness. Despite the heterogeneity found in con-
crete microstructure, a concrete matrix and a uniformly cracked ma-
trix can be considered as homogeneous at a larger scale [22]. It must
be mentioned that, in cracked concrete, the water flow is controlled
by the crack openings. Between cracks, the water flow is much
lower in the concrete matrix and negligible compared to the bulk
permeability coefficient determined with Darcy's law.
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Fig. 3. Water permeability device installed on the universal testing machine.
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2.3. Statistical analysis

Statistical analysis was conducted on some experimental results.
The variability of results was calculated with Student's Law using
Egs. (2) to (4) [23]. In these equations, Xpeqn is the average value, s
the standard deviation, I the interval of confidence, n the number of
specimens, and T the student's coefficient. The student's coefficient
depends on the number of specimens and the selected percentage
of confidence. In this project, the average value X;eq;, Was plotted
with an interval of confidence of 90%. Table 3 presents the values con-
sidered in the statistical analysis of tensile loads and permeability co-
efficients.

I= [X=T(s/m)2:X; + T (s/m)""?] 2

4 2
Z (Xi_xmean)
i

Xmean = (1/n)' in (4)
3. Results

3.1. Mechanical and permeability measurements under static loading

The mechanical behavior of the tie specimens during the static
tensile loading was obtained from tensile tests conducted with the in-
strumentation shown in Fig. 2a. The PI displacement transducers
allowed characterization of crack development into the specimens.
Fig. 4a presents the typical load-displacement curves for the NSC
and FRC specimens. Different phases can be distinguished. At the be-
ginning, the curve presents a linear phase, associated with the mate-
rial's elastic behavior. Microcracks then appear, and the curve
becomes nonlinear. Microcracks propagate and merge to form a local-
ized macrocrack. Other macrocracks occur and develop until reaching
the rebar yielding. As the macrocracks formed, the tie specimen's ri-
gidity decreased, resulting in a decrease in curve slope. Sudden
drops of force occurred when the macrocracks localized and propa-
gated through the cross section of the tie specimen due to a release
of energy in the test setup. These drops were less pronounced for
the FRC specimens than for their NSC counterparts. The contribution
of the concrete to the total tensile strength of the tie specimens was
higher with the FRC than with the NSC, resulting in greater forces be-
fore reaching the rebar yielding.

When a macrocrack appeared, the PI displacement transducers
measured the COD. Fig. 4b shows COD evolution during the tests
depicted in Fig. 4a. More cracks and thinner cracks developed in the
FRC specimen in comparison to the NSC specimen. For example, at
rebar yielding, the three cracks in the NSC specimen had CODs greater

Table 3
Parameters for the determination of an interval of confidence of 90%.

Parameters Tensile load F (kN) Permeability K, (m/s)
Fig. 5 Fig. 7b
NSC FRC NSC FRC
Statistical value P P K,P K.’
Percent of confidence (%) 90 90 90 90
Number of specimens (—) 10 7 10 6/4°
Student's coefficient (—) [23] 1.833 1.943 1.833 2.015/2.353¢

2 F: Tensile force.
b K, Permeability coefficient;
¢ At 0,>350 MPa, n is equal to 4 and T changes to 2.353.
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Fig. 4. Typical tensile behavior of the NSC and FRC tie specimens under static
loading.a) Load-displacement curve, b) load-crack width curve.

than the maximum COD of around 0.25 mm measured in the four
cracks in the FRC specimen. The formation of new macrocracks fre-
quently resulted in an instantaneous reduction of the CODs of the
existing macrocracks.
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Fig. 5. Variability of the tensile behavior of the NSC and FRC tie specimens under static
loading.
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Fig. 5 shows the plots of the mean value of the load-displacement
curves and the interval of confidence of 90% for the NSC and FRC tie
specimens, based on the statistical parameters detailed in Table 3.
The intervals of confidence calculated are small and thus illustrates
the good reproducibility observed in the mechanical behavior of the
NSC and FRC tie specimens. The FRC presented a better load-
carrying capacity and rigidity than the NSC. In the cracked state and
for the same displacement, the force applied to the NSC specimens
was equal to 60%-70% of that applied to the FRC specimens.

Fig. 6 shows a typical curve representing changes in the water per-
meability coefficient versus the average stress in the rebar for an NSC
tie specimen during the loading procedure detailed in Fig. 1a. Changes
in the permeability coefficient during loading are closely related to the
material's mechanical behavior, and thus can be divided into different
regimes. Firstly, the permeability coefficient can be considered constant
during the elastic phase of the tensile loading (2x 10~ '°m/s). Then,
microcracks appear and propagate, resulting in a very slight increase
in the permeability (from2x10~ 1 m/sto 4x 10~ '° m/s). A sudden in-
crease in permeability (from 4x10~°m/s to 1x10~®m/s) occurs
when the first macrocrack localizes. Finally, other macrocracks form
and develop, and permeability increases until the rebar yielding. At
this stage, the permeability is close to 1x 10~ > m/s. Such permeability
results can be plotted on a logarithmic scale to focus on low permeabil-
ity values (Fig. 6a) or a linear scale to bring out the increased permeabil-
ity of the cracked concrete (Fig. 6b). The second option was selected for
the following results.
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Fig. 6. Water permeability coefficient versus the stress in reinforcement in the
NSC.a) Logarithmic scale for Y-axis, (b) linear scale for Y-axis.

Fig. 7a summarizes the permeability results for all the NSC and
FRC tie specimens subjected to tensile static loading. At a same stress
level in reinforcement, there is a dispersion in the permeability
values, related to the inherent variability of the materials. Neverthe-
less, the results obtained for each material were collected in two
quite distinct zones. For the same stress levels in the rebar, the FRC
tie specimens were less permeable than the NSC specimens. Fig. 7b
represents the mean value with the interval of confidence of 90%, cal-
culated with the parameters listed in Table 3. There were only 4 data
for the FRC tie specimens with a stress level superior to 350 MPa,
resulting in a larger interval of confidence at the highest stress levels.
When the tie specimen was cracked, the average permeability was
60%-70% lower with the FRC than with the NSC.

3.2. Mechanical and permeability measurements under constant loading

The loading procedure was modified to measure the permeability
change with time and estimate the self-healing capacity of the mate-
rials. The variation consisted in maintaining the loading constant over
6 days at an average stress level in the rebar of 250 MPa (Fig. 1b).
This stress level was chosen as being representative of admissible
loading applied to reinforced concrete under service conditions. The
crosses in Fig. 5 indicate the force at which stress in the rebar reached
250 MPa (34.8 kN and 41.0 kN for the NSC and FRC specimens
respectively).
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Fig. 8 plots the changes in crack opening during the constant load-
ing. It confirms that the COD measured on the tie specimen remained
nearly constant during such a loading. A negligible increase in COD
(less than 0.018 mm) was observed in the first 24 to 48 h before sta-
bilization. It represents around 6% of the initial COD values. Comple-
mentary tests demonstrated that these results were the upper limits.

Fig. 9a shows the evolution of permeability coefficients during the
6 days of constant loading. All curves indicate similar self-healing ki-
netics. The permeability coefficient decreased rapidly at the begin-
ning of the constant phase, with the reduction rate slowing down
after 24 h. The evolution of the relative permeability coefficient (K,,/Ky;:)
is plotted in Fig. 9b, based on the average results obtained for each mate-
rial. The initial permeability coefficient K,,; corresponds to the effective
permeability coefficient at the beginning of the constant phase, before
self-healing occurred. Firstly, the value of K,,; for a stress level of
250 MPa in the rebar, was lower for the FRC (1.4x 10~ m/s) than for
the NSC specimens (3.4x 10~ % m/s). Secondly, the decrease in the rela-
tive permeability coefficient with time was also more pronounced with
the FRC than with the NSC, particularly in the first 24 h.

Once the constant phase of 6 days was completed, the loading of
the tie specimens continued (reloading phase) until the rebar yielded
(Fig. 1b). Fig. 10 shows the evolution of the water permeability coef-
ficient during the first static loading, the constant phase, and the stat-
ic reloading. During the reloading phase, the water permeability
coefficient increased. The stress enhancement Ao needed to reach
the initial permeability coefficient K,,; (value of K, at the beginning
of the constant phase before self-healing occurred) is summarized
in Table 4 for different conditions. In addition to the specimens tested
with constant loading around 250 MPa, other tests were performed
with a constant loading at 150 MPa with the NSC specimens and
around 350 MPa with the FRC specimens. Table 4 indicates that a
Ao of 20-35 MPa was needed to reach the initial permeability coeffi-
cient K,,; for the NSC tie specimens, whereas 40-60 MPa was required
for the FRC tie specimens.

4. Discussion
4.1. Mechanical and permeability measurements under static loading

The results presented in Figs. 4 and 7 show that the intensity of water
penetration during the static tensile loading was closely linked to the
mechanical behavior of the tie specimens. The elastic phase and the for-
mation of microcracks in the specimen had negligible influence on its
permeability, whereas localization and development of macrocracks sig-
nificantly increased permeability. These results are in good accordance
with the research works of Gérard [24] and Lawler et al. [6].
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The mechanical behavior and permeability measurement were
clearly modified by the utilization of FRC instead of NSC in the tie
specimens (Figs. 4, 5, and 7). Two parameters may be considered re-
sponsible for these modifications, the differences in the w/b ratio and
the fiber content of the materials.
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Fig. 10. Impact of reloading on permeability.
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Table 4

Reloading needed to reach the initial coefficient K.

Parameter  NSC1 NSC2 FRC1 FRC2 FRC3

o5 of the 150 265 250 350 375
constant
phase
(MPa)

Kui (initialy 939807 2898706 15406 359E-06 5 71E-06
(m/s)

Konf (fina) 2428707 100879 5058707 161E70  9g5E~07
(m/s)

AO kw—iwi 20 35 50 40 60
(MPa)

In a mechanical point of view, the difference in the w/b ratio
should not have influenced significantly the tie specimens strength
and stiffness after cracking, because the tensile post-peak behavior
is similar between 37 MPa and 55 MPa concretes without fibers.
However, addition of fibers to a concrete mixture is known to delay
crack initiation and propagation, and to provide higher stiffness and
tensile capacity once cracks appear [25]. Fig. 4 shows that more and
thinner cracks formed in the FRC tie specimens. Logically, the stiff-
ness, load recovery after cracking, and load-carrying capacity of
those specimens were notably improved in their cracked state com-
pared to the NSC tie specimens. Fig. 5 illustrates that the impact on
the mechanical behavior of the fibers inclusion is statistically signifi-
cant in spite of the inherent variation in properties of NSC and FRC.
Consequently, a greater force had to be applied to the FRC specimens
in comparison to the NSC specimens to reach an identical level of
stress in the rebar.

In a permeability point of view, the difference in the w/b ratio (or
in the binder content) of the materials should not have modified sig-
nificantly the water permeability of the tie specimens either. Indeed,
in cracked state, the flow rate through the whole specimen is largely
controlled by cracks and much less by the concrete matrix. Conse-
quently, as soon as the tie specimens crack, the permeability results
under static loading are essentially influenced by the cracking pattern
and the crack openings in the tie specimens. The fiber content of the
FRC, which led to the formation of thinner, rougher and numerous
cracks as well as crack branching in the tie specimens, limited water
seepage. The mechanical behavior and the cracking pattern provided
by the fiber reinforcement is thus responsible for the lower perme-
ability observed at cracked state in the FRC than in the NSC specimens
at any stress level in the rebar (Fig. 7). The permeability coefficient in
the cracked state was approximately 60-70% lower in the FRC at any
stress level. This trend is statistically significant even when consider-
ing the variability in results (Fig. 7b).

Considering that the FRC tie specimens supported higher loads
and presented lower water permeability for equivalent stresses in
the rebar, adding fibers to the concrete mixture clearly favors the
long-term durability.

4.2. Mechanical and permeability measurements under constant loading

The permeability measurement on the cracked NSC and FRC tie spec-
imens submitted to a constant loading allowed the estimation of the
water flow reduction with time and the assessment of the self-healing
phenomenon (Fig. 9). The kinetics of the water flow reduction can be di-
vided into two phases. The decreasing rate was initially fast, then became
slower and tended to stabilize. This trend is in good accordance with the
observations of Edvardsen [14], Clear [11], and Reinhardt and Jooss [20].
The decreasing rate cannot be related to crack width variation, since
Fig. 8 shows that the CODs remained constant during the constant load-
ing. Thus, the concrete's self-healing capacity was responsible for the
reduced permeability.

In order to identify the phenomenon causing the self-healing, the
healed specimens were sawn on both sides of the cracks, perpendic-
ular to the axis of loading, at the end of the permeability test. The
sawn samples were kept in desiccators containing drierite and lime
to prevent carbonation before analysis. The two sides of the cracks
were separated just before scanning electron microscopy (SEM)
observation. Fig. 11a shows one of the pictures taken of the healed
crack surfaces. Fig. 11b is the corresponding X-ray spectra for the
products marked by a cross in Fig. 11a. The analysis confirmed a uni-
form formation of calcium-carbonate (CaCOs) crystals at the crack
surfaces during the self-healing process, thus reducing the effective
crack width for the water flow. This result was also supported by the
presence of white precipitates on the specimens at crack locations.
Continued hydration of unhydrated cement may have occurred at the
same time, but C-S-H products were not observed on the crack surfaces.

The identification of CaCOs as the main phenomenon responsible
for the self-healing in the 3-month-old concrete mixtures is in good
agreement with observations found in the literature for mature spec-
imens that contain small amounts of unhydrated cement. Therefore,
the two phases of the self-healing kinetics illustrated in Fig. 9b can
be explained by CaCOs; growth [14]. In a first phase, the crystals
growth was surfaced controlled as long as Ca®™ ions were directly
available on the crack surfaces. Then, a diffusion process through
the concrete matrix was necessary to provide supplementary Ca?*
ions at the surface and initiate the formation of CaCOs. This second
phase occurred slower, so the rate of self-healing decreased.

a) SEM analysis
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Fig. 11. Characterization of products formed in cracks.a) SEM analysis, b) X-ray spectra
of the compounds.
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Besides, Fig. 9b showed that the self-healing phenomenon was
faster in the FRC than in the NSC tie specimens, particularly during
the first phase of CaCO3; formation. This observation is not related to
the difference in the w/b ratio (or in the binder content) of the mate-
rials. Indeed, the experimental program was carried out on mature
concretes containing limited amount of unhydrated cement available
for reaction at crack surfaces and the formation of CaCO3 therefore
controlled the self-healing. Some researchers observed the same phe-
nomenon and demonstrated the negligible impact of the w/b ratio on
the self-healing for mature cracked concrete [13,21]. Moreover, com-
plementary permeability tests were carried out in this project to eval-
uate the effect of the w/b ratio on self-healing. NSC and FRC tie
specimens with a similar initial permeability coefficient presented
identical rate and amplitude of self-healing under constant loading
[26]. Consequently, the higher self-healing capacity of the FRC tie
specimens is associated to their specific cracking pattern.

After the self-healing process occurred during the constant load-
ing, the static loading was continued for some tie specimens up to
the rebar yielding (Fig. 1b). The results presented in Table 4 and
Fig. 10 indicate that the permeability reduction resulting from the
self-healing of dormant cracks was not instantaneously lost during
this reloading. A loading of 20-35 MPa and 40-60 MPa had to be applied
to the NSC and FRC specimens respectively, at the end of the constant
phase, to achieve the initial permeability coefficient K,; measured before
the self-healing had begun. This reloading amplitude is related to the en-
ergy required to reopen cracks to their initial widths. Again, this result
highlighted the potential contribution of FRC in decreasing water pene-
tration in reinforced concrete structures.

5. Conclusion

The research project aimed to assess the water permeability and
self-healing of NSC and FRC tie specimens subjected to static and con-
stant tensile loadings. The following conclusions can be drawn.

» Adding fibers to a concrete mixture delayed crack initiation and
propagation, thereby providing more cracks, thinner cracks, and
crack branching. This led to higher rigidity, load recovery after
cracking, and load-carrying capacity of the FRC tie specimens in
comparison to the NSC ones.
The crack pattern of the FRC tie specimens led to permeability coef-
ficients approximately 60-70% lower in the cracked state than that
of the NSC tie specimens at any stress level in the rebar. This trend
was statistically significant even when considering the variability of
results.
After 6 days of constant loading at an average stress level of
250 MPa in the rebar, self-healing had reduced water penetration
by 50% and 70% in the NSC and FRC specimens, respectively. The
self-healing capacity seems to be maximized initially with thinner
cracks such as those found in FRC.
The main phenomenon responsible for self-healing in the 3-month-
old concrete mixtures was the formation of CaCOs5 crystals. This
observation may be different for mixtures with high unhydrated-
cement contents such as ultra-high performance concrete.
For the studied experimental conditions, the kinetics of self-healing
with CaCOs crystals was rapid and surfaced-controlled for approxi-
mately 24 h. Then, a slower diffusion process took place continuing
CaCOs; formation.
The additional loading required after a constant loading phase to re-
open cracks to their effective widths before self-healing occurred
was about 20-60 MPa in the rebar. These values may change
according to the healing period and the concrete involved.
* The low water permeability and high self-healing capacity of the
FRC mixture confirmed its potential to improve the long-term dura-
bility of reinforced concrete structures.
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