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Abstract: This paper analyzes the autogenous self-healing capacity of early-age Ultra-High-Performance
Fiber-Reinforced concretes (UHPFRCs) by measuring the crack closure and the possible mechanical
recovery on healed specimens. The main parameters considered in this research were the healing exposure
conditions (humidity chamber, immersion in tap water, immersion in seawater and heat curing) and the
precracking levels (microcracks and macrocracks). For the microcrack level, four-point bending tests
were performed on prismatic specimens (100 x 100 x 500 mm?3) obtaining a multiple cracking pattern
characterized by crack widths ranged from 10 to 20 pm. Whereas for the macrocrack level (behavior after
crack localization), splitting tests were carried out on notched cubic specimens (100 x 100 x 100 mm?)
obtaining crack widths of up to 0.4 mm. For both precracking levels, specimens were precracked at
two days and were cured for one month in the mentioned exposure conditions. Healing products were
analyzed on the specimen surface and also inside the cracks; to this purpose, their microstructure was
analyzed by means of SEM and EDS analyses. The results have shown that the highest crack closure
values were obtained for the heat-cured specimens and for the specimens immersed in water (tap water
and seawater) whereas the less efficient condition was the humidity chamber.

Keywords: autogenous healing; early-age concrete; self-healing concrete

1. Introduction

Sustainability is becoming more relevant every day in the field of construction [1].
Sustainability is directly linked to durability which is becoming of paramount importance
in the field of reinforced concrete (RC) structures. RC structures should be maintained
along all their service life to minimize maintenance and reparation costs. A recent study
has shown that reparation tasks of degraded RC due to corrosion have an average yearly
global cost of a 3.4% of the global gross domestic product [2]. As a matter of fact, new ce-
mentitious composites are being developing during the last decades to obtain more durable
cementitious composites such as the Ultra-High-Performance Fiber-Reinforced Concrete
(UHPFRC). These concretes reach compressive strength values higher than 120 MPa and di-
rect tensile strengths between 5 and 10 MPa with very low porosities (lower than 5%) [3-5].
Consequently, UHPFRC present outstanding durability properties in uncracked state due
to its low porosity. However, its composition characterized by a low water/cement (w/c)
ratio (up to 0.2) confers to concrete a higher risk of early-age cracking due to increased
autogenous and drying shrinkage [6-11]. In fact, early-age cracks can have negative effects
on durability of RC structures whose consequence could be a shortening of their service
life, especially for those structure exposed to chlorides and sulfates rich environments.
To avoid or prevent durability problems, early-age cracking can be controlled with rebar
reinforcement but also with fibers, shrinkage-reducing additives and nanoadditives, among
others [12,13]. The addition of fibers (usually more than 1.5% in volume) confers to concrete
a higher ductility [4,6-12]. Although UHPFRC specimens can show strain-softening behav-
ior in some conditions, they generally present hardening behavior (or close to hardening)
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in tension due to the favorable alignment of fibers along the longitudinal direction of the
specimen. The hardening behavior is distinguished by a multiple microcracking phase after
achieving cracking strength and before crack localization [14]. In this context, self-healing
techniques could prevent deterioration problems by repairing early-age cracks, trying to
regain totally or partially the mechanical [6] and permeability [15] properties after early-age
cracking [16]. Self-healing improves concrete durability and hence increases the service life
of RC structures by reducing the maintenance and reparation tasks [17], guaranteeing ade-
quate long-term behavior of RC structures. Although research on self-healing of early-age
cracks has been carried out [9,18-20], it has been observed that the majority of these studies
are focused on microcracks (crack openings lower than 150 um) whereas the self-healing
analysis on early-age macrocracks wider than 300 um has been less studied [21,22]. The
study of macrocracks is particularly interesting based on the findings observed by Wang
et al. [23] in which they ensured that the permeability of cementitious materials with
microcracks smaller than 50 um were similar to undamaged materials. Regarding early-age
microcracks, Darquennes et al. [18] found that blast-furnace slag has an important ability
of ongoing hydration at early age (<28 days) and their anhydrate particles allocated inside
cracks allowed hydration after cracking. Yang et al. [9] damaged the specimens in direct
tension after three days, obtaining crack widths less than 60 um. In this context, specimens
exposed to environments in presence of water showed good self-healing properties at
early ages. Specifically, they found that the most relevant factor to activate self-healing in
early-age cracks is the contact with water, permanently immersed or subjected to cycles.
Moreover, higher levels of recovery in resonant frequency test and stiffness were observed
when cracks were below 50 um. According to their results, self-healing should maintain
stiffness, strength and ductility when preloading strain is limited to 0.3%. Shim et al. [19]
cracked their specimens after seven days, reaching cracks up to 300 pm, and they found
that the incorporation of superabsorbent polymers (SAP) can improve the autogenous
healing of concrete specimens subjected to wet/dry cycles. On the other hand, regard-
ing early-age macrocracks (>300 um), Roig-Flores and Serna [22] precracked cylindrical
concrete specimens two days after casting up to 0.1 and 0.4 mm; then, specimens were
subjected to wet/dry cycles, humidity chamber and water immersion. Complete crack
sealing for cracks smaller than 0.15 mm and a partial crack closure for cracks width from
0.15 to 0.35 mm were detected. For larger cracks (>0.4 mm), the crack—closing ratio was
clearly reduced. Moreover, a complete sealing under wet/dry cycles was reached for cracks
up to 0.10 and 0.25 mm after 7 and 42 days of healing, respectively. Analogously, specimens
immersed in water reached complete closure for cracks up to 0.16 and 0.32 mm after 7 and
42 days of healing, respectively. It was also observed that autogenous healing sealed the
cracks on their surface but not internally. Hong et al. [21] studied the autogenous healing
of early-age cracks in cementitious materials with superabsorbent polymers (SAP). To this
purpose, specimens were cracked seven days after casting to be then subjected to wet/dry
cycles and to wet conditions. Based on the water flow rates obtained, it was observed
that 1% of SAP can completely interrupt the water flow through cracks up to 300 um in
early-age cracks.

The aim of this research is to evaluate the autogenous self-sealing and the self-healing
capacity of an early-age Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC).
Few studies are present in the literature regarding self-healing in UHPFRC [12,24,25]. To
this purpose, specimens were precracked at different levels (microcracks of 10-20 pm and
macrocracks of up to 0.4 mm). With the microcrack level, the behavior before the crack
localization was analyzed whereas with the macrocrack level the behavior of the localized
crack was studied. Then, they were subjected to humidity chamber, heat curing and
water immersion (tap and seawater) for one month to promote self-healing of cracks. To
evaluate the self-sealing ability, the crack width was measured before and after the healing
periods by means of a digital microscope to analyze the crack closure on the surface of the
specimen. In addition, self-healing efficiency was analyzed by means of tensile and flexural
strength tests to evaluate the possible mechanical recovery on healed specimens. Finally,
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the morphology and chemical composition of the healing products formed in the several
exposure conditions were analyzed by means of microstructural analyses to also verify
their presence outside and inside the crack to guarantee self-sealing and/or self-healing.

2. Materials and Methods
2.1. Aim of the Research

The aim of this research is to evaluate the autogenous self-sealing and the self-healing
capacity of an early-age Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC).
For this purpose, a methodology consisting of four phases was adopted. Firstly, specimens
were casted and cured; secondly, specimens were precracked to create a controlled damage
in the specimens; thirdly, specimens were exposed to different environments to promote
healing of cracks; and finally, self-sealing and self-healing ability were quantified in terms
of crack closure and mechanical recovery, respectively. It is important to highlight that
particular attention has been paid to the cracks generated before and after crack localization.
It is well known that the hardening behavior is distinguished by a multiple microcracking
phase after achieving cracking strength and before crack localization [14]. In this research,
self-sealing and self-healing of cracks have been studied on microcracks (10-20 pm) and
macrocracks (0.4 mm), before and after crack localization, respectively.

2.2. Materials and Mix Design Proportions

The experimental program was carried out focusing on an Ultra-High-Performance
Fiber-Reinforced Concrete (UHPFRC), whose composition is detailed in Table 1. The
cement used was a sulfate-resistant Portland cement (type I), CEM I 42.5 R-SR5 from
Lafarge® (Zug, Switzerland), which allowed high strength values with high initial strength
values, according to the Standard EN 197-1, and it was ideal for the manufacture of sulfate
resistant concrete. The water/cement ratio (w/c) was equal to 0.2. Two siliceous sand types
were added, a fine sand with a maximum diameter size of 0.5 mm and a medium sand
with maximum diameter sizes ranging from 0.6 to 1.2 mm. To obtain a continuous particle
size distribution, siliceous fine powder from Sibelco® (Antwerp, Belgium) (Quarzfin U-S
500) was added. Moreover, microsilica fume from Elkem® (Oslo, Norway) was added to
reach higher mechanical strength values and to densify the concrete matrix diminishing
the concrete permeability. This fact allows to obtain a more durable concrete, and hence
more sustainable one. The superplasticizer Sika® (Baar ZG, Switzerland) 20HE was used to
obtain a higher level of workability. Cracking control was beneficial to arrest crack openings
and hence to improve healing ability of the cracks. To this end, a large amount (175 kg/m?)
of bright straight high carbon wire micro-steel fibers Dramix® (Zwevegem, Belgium) OL
was used to control cracking during the precracking tests. The micro-steel fibers used
in this research had the following characteristics: diameter = 0.22 mm; length = 13 mm;
aspect ratio (length/diameter) = 59; nominal tensile strength = 2750 MPa and Young's
modulus =200 GPa. With reference to this and to guarantee a good dispersion of such a
high amount of steel fibers in the concrete, the following mixing protocol was followed:
1. Dry mixing of fine and medium sand; 2. Dry mixing of cement, microsilica fume and
siliceous fine powder; 3. Add water; 4. Add superplasticizer; 5. Add micro-steel fibers.

Table 1. Mix design of Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC).

Constituent kg/m3
Cement CEM 1 42.5 R-SR5 Lafarge® 800
Microsilica fume 940 D Elkem® Undensified 175
Siliceous fine powder (Quarzfin from Sibelco®) U-S 500 225
Fine sand (0.5 mm) 302
Medium sand (0.6-1.2 mm) 565
Water 160
Superplasticizer Sika 20HE 30

Micro-steel fibers OL 13/0.22 175
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2.3. Experimental Program

The experimental campaign was carried out on unnotched prismatic specimens
(100 x 100 x 500 mm3) and on notched cubic specimens (100 x 100 x 100 mm?). Figure 1
shows the four-point bending test and splitting test setup. In Figure 1b—d it can be observed
that the cubes had two deep notches (10 mm deep) originating from the groove vertices,
perpendicularly to the ligament (52.5 mm) along which act the tensile stresses. The shape
on the front and rear faces was based on DEWS [26] but in this research a cubic geometry
(100 x 100 x 100 mm?®) was chosen. After casting, all the specimens were cured in the
molds for 24 h inside the laboratory and then kept in a humidity chamber (20 °C and 100%
RH) for one more day. After that, unlike reference samples (without crack), specimens
were precracked 2 days after casting up to the two following precracking levels:

e  Microcrack (unnotched four-point bending tests on prismatic specimens as in [14]
with 450 mm span) for the analysis of diffused cracks of 10-20 um;

e  Macrocrack (splitting tests on notched cubes as in [26] to analyze localized cracks)
considering cracks around 0.4 mm.

Figure 1. Flexural and splitting test setup: microcrack level in prismatic specimens (a) and macrocrack level on notched

cubic specimens (b—d).

After precracking, specimens were subjected to the following exposure conditions for
1 month to promote crack healing:

e Humidity chamber (C): at a constant temperature of 20 °C and 100% relative
humidity (RH);
Immersion in tap water (TW): Immersion in tap water at 25 °C;
Immersion in seawater (SW): Immersion in an artificial seawater at 25 °C. The artificial
seawater was prepared in accordance with the composition indicated in ASTM D1141-
98 (2013), as shown in Table 2;

e  Heat curing (HC): Specimens were immersed in tap water at 90 °C for 2 days followed
by 28 days in a humidity chamber (20 °C, 100% RH).
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Table 2. Chemical composition of artificial seawater according to ASTM-D1141-98 (2013).

Chemical Component Concentration (g/L)
NaCl 24.72
KCl1 0.67
CaC12 -2H2O 1.36
MgCl,-6H,0O 4.66
MgS0,-7H,0 6.29
NaHCO; 0.18

As reference, three additional specimens were repaired by filling the cracks with
an epoxy resin product. This fact allowed to compare self-healing technologies with
traditional repairing methods. Table 3 summarizes the experimental program carried
out in this research, including the number of specimens tested for each case. After the
conditioning, the specimens were visually inspected for crack closure and re-tested with
the purpose to evaluate the crack repairing efficacy and the recovery of both stiffness and
load-bearing capacity.

Table 3. Experimental program: number of specimens tested in any exposure condition.

Prismatic Specimen Notched Cube
i 100 x 100 x 500 mm? 100 x 100 x 100 mm?®
Exposure Condition (4-Point Bending Test: (Splitting Test:
Microcrack Level) Macrocrack Level)
Without precrack Microcrack (10-20 pum) Without precrack Macrocrack (up to 0.4 mm)
Humidity chamber (C) 2 3 3 3
Tap water immersion (TW) - - 3 3
Seawater immersion (SW) 2 3 3 3
Crack reparation with epoxy resin - - - 3
Heat curing (HC) 2 2 3 3

2.4. Test Methods
2.4.1. Concrete Properties on Fresh and Hardened State

Concrete workability on fresh state was characterized by means of the slump flow
test according to the Standard EN 12350-2. Moreover, compressive strength tests were
performed on 6 cylindrical specimens ($150 mm x 300 mm) casted according to the
Standard EN 12390-2. After casting, concrete was cured into the mold for 24 h and after
demolding cylinders were cured for 28 days in a humidity chamber (T = 20 °C, RH = 100%)
to be tested in compression according to EN 12390-3. In addition, flexural strength tests
were performed on prismatic specimens (100 x 100 x 500 mm?) by means of a four-point
bending test carried out with a span of 150 mm and a loading span of 150 mm. In the
precracking tests, the test speed was kept constant and equal to 0.05 mm /min before the
crack localization, then after the crack localization, it was increased up to 0.15 mm/min.

2.4.2. Precracking Methodology

As briefly explained in Section 2.3, unlike reference samples, specimens were pre-
cracked at an early age after casting (2 days). As already underlined, specimens were
precracked at two different levels: microcrack and macrocrack level. With the microcrack
level it was intended to study the microcracks that are generated before the crack localiza-
tion, whereas with the macrocrack level the purpose was to analyze the localized crack. The
specimens made with UHPFRC showed a hardening behavior characterized by a multiple
microcracking phase after reaching cracking strength and before crack localization [27-31].
The crack localization instant happens when one crack widens more than other cracks
do [14,32,33].

As explained in Section 2.3, for the microcrack level, 4-point bending tests (Figure 1a)
were performed on prismatic specimens (100 x 100 x 500 mm?) obtaining a multiple
cracking pattern along the middle third of the span length with crack widths ranging from
10 to 20 um, whereas for the macrocrack level, indirect tensile (splitting) tests (Figure 1b—d)
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were carried out on notched cubic specimens (100 x 100 x 100 mm?) obtaining a main
crack with an opening up to 0.4 mm. Crack widths were controlled by means of Linear
Variable Differential Transformers (LVDTSs). In the case of flexural tests, the LVDT measured
the deflection in the center of the specimen and in the case of the notched cubes, two LVDT
were placed on each side of the specimen measuring the crack width at mid-height of the
cube. Figure 2 shows the aspect of the central span of one of the prismatic specimens tested
up to failure. Well before the crack localization, microcracks are not visible without the
digital microscope. Therefore, the cracks in Figure 2 have been retouched to facilitate the
cracking pattern observation to the reader. In this way, in Figure 2 it is possible to observe
the multiple instances of microcracking and the localized crack.

SUPPORT

LOAD LOAD SUPPORT

Figure 2. Typical final crack pattern observed on the bottom surface after 4-point bending test.

2.4.3. Crack Width Analysis

Self-sealing of the cracks was observed after the different healing exposures by means
of a digital microscope Dinolite® (NN Almere, The Netherlands). The digital micro-
scope and its software allowed us to take pictures of the crack at different magnifications
(Figure 3). With the microscope, eight pictures were taken for each crack before subjecting
specimens to the several environments. These eight pictures allowed us to cover the whole
crack. To analyze the same areas before and after the healing exposures, the contour of
the microscope was marked into the specimens for each position selected for each picture,
as showed in Figure 3a. Calibrating the microscope, it was possible to quantify all the
parameters related to the geometry of the crack and the extension of healing products on
the surface of the specimens, as shown in Figure 4. As already explained, microcracks were
not visible to the naked eye, because of this they were retouched in Figure 4a to facilitate
cracking pattern observation to the reader. On the other hand, macrocracks were visible
to the naked eye, therefore, they did not need to be retouched in Figures 3 and 4b. It can
be observed that, in the notched cubes appeared a localized crack surrounded by other
cracks as expected considering the hardening behavior of this kind of concretes (UHPFRC).
A full description of the methodology can be found in [15]. In this case, crack width was
measured before and after healing period and with these values, it was possible to calculate
the crack closure (in %) as indicated in Equation (1):

w . J— w .
Crack closure (%) = ( before ZZZZ;g : lll'ffﬂ hm””g> % 100 1)
efore healing

where Wefore healing 1S the crack width before healing (just after precracking the specimen)
and Wafser pealing 1 the crack width after healing the specimens in the different conditions for
1 month.
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(a)

Figure 3. Crack observation by means of digital microscope: Specimens with circle marks for taking pictures with the digital
microscope (a) and a picture during the crack evaluation (b).

e

(a) Microcrack level at middle third of the span length

Figure 4. Cont.
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‘G" - - =1 3
(e) After healing (microcrack at point A)

o R . .

= A

(f) After healing (macrocrack at point B)

Figure 4. Crack aspect of micro and macrocracks (before and after healing).

2.4.4. SEM and EDS Analysis

The microstructure of the healing products was studied by means of Scanning Electron
Microscope (SEM) analyses, since it is expected that they could be different for each
exposure condition. SEM analyses were taken from specimens after being subjected to
the different healing exposures used for this research. From each exposure condition,
a small sample of 10 x 10 x 10 mm® was removed from one of the specimens. Each
sample was selected, including part of the macrocrack, in order to analyze the healing
products deposited outside and inside the crack. Energy-dispersive X-ray spectroscopy
(EDS) analyses were also performed to distinguish the main elements present in the healing
products and they were conducted contemporaneously with the SEM analysis.

3. Experimental Results
3.1. Fresh and Hardened-State Properties

The procedures adopted to carry out the mechanical characterization of the UH-
PFRC used in this research were described in Section 2.4. The slump flow obtained
was 650 mm, which corresponds to a SF1 consistency class and the average compressive
strength was 139.07 MPa at 28 days, with a coefficient of variation (CoV) of 7.7%. Flexu-
ral strength was evaluated by means of four-point bending tests in prismatic specimens
(100 x 100 x 500 mm?). These prisms were tested up to failure 2 days after casting (two
prisms) and 28 days after casting (three prisms). The early age of 2 days corresponds to
the age selected for precracking the specimens and 28 days was selected to characterize
mechanically the UHPFRC used in this work. Figure 5 shows the stress-deflection curves
and Table 4 shows the stress at first cracking and the stress at the peak value for both ages,
2 and 28 days. In Figure 5, the star indicates the crack localization initiation which is above
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95% of the maximum strength. This is consistent with the findings of Lopez et al. [14] who
ensured, after analyzing a comprehensive database, that the analytical crack localization
point ranged from 75 to 100% of the flexural strength. In 70% of the cases observed, the
crack localization point was greater than 95% of the maximum strength, being the most
frequent value at 97% of the maximum strength. In Table 4, it can be observed that at early
age (2 days) the specimens showed higher coefficient of variation values than at 28 days.

15 - —Age =2 days

10 —Age = 28 days

Nominal Stress [MPa]
w

(o)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Deflection [mm)]

Figure 5. Stress (MPa) versus deflection (mm) curves obtained from flexural tests (the star indicates
the initiation of the crack localization).

Table 4. Stress at first cracking (or) and peak stress values (Tpeak)-

Stress at First Cracking (o) Peak Stress (0pea1)
Concrete Age (days) 2 28 2 28
Average (MPa) 523 15.83 8.72 29.93
Coefficient of variation, CoV (%) 16.78 2.66 33.80 7.12

3.2. Crack Sealing Analysis

Once the results obtained from the indirect tensile tests were analyzed, it was observed
that the temperature and the continuous immersion in water were essential variables to
promote autogenous healing, and their combination increased remarkably the crack sealing
ability quantified by means of the crack closure (%), as shown in Figure 6.

It is well known that crack closure (%) is inversely proportional to the initial crack
width (the red line in Figure 6 indicates the average trend) [16]. Moreover, it is important
to highlight that, although it is well known that in direct tension Ultra-High-Performance
Fiber-Reinforced Concretes (UHPFRC) show strain-hardening and multicracking behavior,
a main crack was generated along the ligament (with a nominal crack width of up to
0.4 mm). As expected, these macrocracks closed slightly after the downloading branch,
reaching maximum residual crack width values up to 0.34 mm, as shown in Figure 6. The
highest rates of crack closure were reached in full immersion conditions (tap water and
seawater at 25 °C) and also for the heat curing condition (immersion in tap water at 90 °C
for 2 days and then placed in the humidity chamber for 28 days). The maximum crack
width totally sealed (crack closure = 100%) was equal to 0.2386 mm (for tap water immer-
sion), 0.2109 mm (for heat-cured specimens), 0.2025 mm (for seawater immersion) and
0.027 mm (for humidity chamber). The humidity chamber resulted in the most unfavorable
exposure condition to promote self-sealing as the maximum sealable crack width was only
equal to 27 pm (0.027 mm). Moreover, the results have demonstrated that the increase of
temperature is an accelerating parameter to promote self-sealing. In fact, analogous sealing
rates were observed for specimens immersed for only two days in hot water at 90 °C than
those immersed for 28 days at 25 °C. As humidity chamber was the worst condition for
promoting self-sealing, it could be reasonably thought that for the heat curing exposure,
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practically all the achieved sealing develops in the first two days in which specimens were
immersed in hot water. Moreover, considering all the ranges of crack widths observed,
the highest sealing rates (high crack closure values) were obtained for the heat curing
condition followed in decreasing way by tap water immersion, seawater immersion and
humidity chamber. As a matter of fact, for a crack width of 0.2 mm (200 pum) the following
crack closure (%) average values were obtained: 88% for the heat curing condition, 65 %
for the tap water immersion, 45% for the seawater immersion and 20% for the curing in
humidity chamber. Moreover, the lowest crack closure (%) value obtained for the heat
curing condition was 32% whereas for the other three exposure conditions studied crack
closure values equal to zero were also obtained.

Seawater immersion Tap water immersion
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Initial crack width [mm] Initial crack width [mm]
(c) (d)

Figure 6. Crack closure (%) versus initial crack width (mm) for the different exposures studies: sea water immersion (a), tap
water immersion (b), humidity chamber (c) and heat curing (d).

Figures 7 and 8 show the aspect of the eight pictures taken for each macrocrack before
and after the different exposure conditions under investigation. All the pictures were taken
using the same scale (which is indicated with a red line in Figures 7 and 8). It is important
to highlight that the cubic specimens (subjected to indirect tension) developed a multiple
cracking behavior although a main macrocrack appeared along the ligament. This range
of crack width values allowed to analyze self-sealing of cracks ranging from 0.01 mm to
0.34 mm (Figure 6). For example, this multicracking state can be clearly observed in the
pictures of humidity chamber (Figure 7). Moreover, in Figure 6, numerous observation
points were analyzed (111 observation points) because there were three cubic specimens for
each case, for each specimen eight pictures were taken and for each picture, 4-5 observation
points were monitored. This means that, for each cubic specimen, about 37 observation
points were analyzed.
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Humidity chamber Heat curing

Before healing After healing Before healing After healing

Figure 7. Images of samples before and after healing: humidity chamber and heat curing exposure.
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Immersion in tap water Immersion in seawater

Before healing After healing Before healing After healing

Figure 8. Images of samples before and after healing: immersion in tap water and in seawater.
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3.3. Crack Healing (Mechanical Recovery)

As explained previously, two types of tests were carried out to analyze the mechan-
ical response of healed specimens compared to an uncracked specimen of the same age
(1 month). From one side, flexural strength tests were conducted, microcracks were nu-
merous and spread in a smeared cracking distribution between the supports being very
difficult to detect them visually without a microscope. These cracks were compatible with
a serviceability design for traditional concrete. As in this case a single crack did not appear,
it was not possible to measure the crack width of each single microcrack. As a matter of
fact, a LVDT placed on the midspan of the prismatic specimens (Figure 1a) allowed to
measure the deflection during the flexural strength tests by means of four-point bending
tests as showed in Figure 9. In Figure 9, the stress versus deflection curves obtained from
the four-point bending tests are plotted for each specimen and for each healing exposure.
Each single graph contains three curves: one regarding the uncracked specimen with an
age of 28 days, one regarding the precracked specimen 2 days after casting and a third
one, which is the precracked specimen after the healing period (with an age of 2 + 28 days).
The objective is to compare the uncracked one with a healed one of the same age. It is
important to highlight that the curves representing the uncracked specimen at 28 days for
each exposure conditions come from the same batch and therefore both were analogous
specimens. This is the case of C1_28d and C2_28d, SW1_28d and SW2_28d, HC1_28d and
HC2_28d. Moreover, the curves C1_28d and C2_28d were analogous to those presented in
Figure 5 for the specimens of 28 days.
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Figure 9. Precracking by means of flexural strength tests up to a microcrack level on prismatic
specimens 100 x 100 x 500 mm? for specimens cured in humidity chamber (a), immersed in sea
water (b) and heat-cured (c).
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From Figure 9, it can be observed that generally all the healed specimens reached the
uncracked curve, which means that in this case, microcracks with smaller crack widths
(between 10 and 20 pm) can be completely not only sealed but also healed because the
fact of been damaged and healed specimens did not suggest a detrimental mechanical
performance, as can be observed in Figure 9. In other words, for the studied concretes,
a previous microcracking did not condition the residual behavior at 28 days. For all the
exposure conditions, the specimens reloaded after healing (2 + 28 days) showed a slower
slope (stiffness was not recovered) compared to the uncracked ones but with a similar
maximum load capacity. This is not due to self-healing but due to the effect of natural
development of maturity that improves the fiber-matrix bond.

On the other hand, indirect tensile strength tests were carried out by means of splitting
tests on notched cubes [26]. With these tests, the main objective was to observe which is
the self-healing capacity of early-age concretes cracked up to 0.4 mm (400 pm) after being
healed for 1 month. Figure 10 shows the mentioned precracking tests showing the curves
before and after being healed in the four different exposure conditions. As reference, the
results regarding to specimens traditionally repaired with an epoxy resin were included.
Figure 10 shows the average Stress versus Crack Opening Displacement (COD) curves
obtained from the front and rear face of each notched cube.

From Figure 6 it was observed that macrocracks (close to 0.4 mm) cannot be completely
sealed; moreover, from Figure 10 it can be concluded that a macrocrack of 0.4 mm cannot
be healed. In fact, in Figure 10 it has been observed that stress—COD curves pertaining to
healed specimens were generally below the curves of uncracked samples. This fact means
that a width of 0.4 mm (400 um) is too wide to be completely sealed and healed in such a
short healing period, even considering that in our case two positive aspects to promote
healing were included as parameters of this research; from one side a concrete with a
reduced water/cement ratio (w/c = 0.2) was chosen and, on the other hand, specimens
were precracked at an early age (two days). Both aspects promote self-healing because
increased the number of cement particles remain anhydrous after mixing. From Figure 10,
only mechanical recovery seemed clear in some specimens repaired with epoxy resin. The
remaining specimens (regardless of the exposure condition) showed a reduced residual
capacity if compared with the equivalent reference specimens at 28 days.

3.4. Microstructural Analysis of the Healing Products

To evaluate the existence of healing products not only in the specimen surface but also
inside the crack, microstructural analyses were performed.

Figure 11 shows some micrographs to observe an enlarged image of the cracked area
selected for the SEM analysis. In these micrographs medium sand particles, fibers, pores,
cracks and some blocks of concrete detached during the precracking test can be clearly
distinguished. The surface of the heat-cured specimen showed a different appearance from
the specimen cured in a humidity chamber and immersed in seawater.

As explained in the Introduction (Section 1), the main mechanisms to promote au-
togenous healing are the continuous hydration of anhydrous cement particles and the
carbonation of calcium hydroxide. The latter produces calcium carbonate, CaCO3, which
can seal or heal the cracks and it is produced when calcium ions from portlandite, Ca(OH),,
react with carbon dioxide, CO,, present in water, HyO.

Figure 12 shows the SEM and EDS analyses of the sample belonging to a specimen
cured in a humidity chamber where the needles of ettringite (Spectrum 1) and the formation
of CaCOj3 (Spectrum 2) can be clearly observed. Moreover, the EDS analyses revealed a
high peak of Si due to the presence of siliceous sand (SiO;) in the mix design. On the
other hand, healing products on specimens subjected to the most favorable conditions
for sealing (immersion in water and heat curing) were also observed (Figures 13 and 14).
From Figure 6 it was detected that heat curing and water immersion were the most favor-
able conditions for sealing cracks, however, in Figure 10, the healing process was not as
successful as the sealing process. In order to understand in depth what was happening,
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it would be necessary to investigate the distribution of healing products on the crack. To
this purpose, SEM and EDS analyses were carried out inside and outside the crack. In
Figure 13 are shown SEM observations of a sample from a specimen immersed in seawater,
one observation was taken inside the crack and the other outside the crack. It can be
observed that outside the crack, the surface had many little cubes, apparently loose, that
were very rich of CaCQOg3, as revealed in its corresponding EDS analysis. This fact would
explain the good sealing that was developed on the crack surface. On the other hand,
inside the crack those cubes of CaCO3 were not present. These observations would reveal
that healing products were deposited mostly on the surface of the crack, promoting crack
sealing instead of crack healing.
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(e) Heat curing (HC).

Figure 10. Precracking by means of splitting tests up to a macrocrack level (0.4 mm) on cubic specimens
100 x 100 x 100 mm? for specimens cured in humidity chamber (a), immersed in tap water (b), immersed in seawater (c),
crack reparation with epoxy resin (d) and heat-cured (e).
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Figure 11. Micrographs showing the crack aspect in different curing conditions.
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Figure 12. SEM and EDS analysis of a specimen cured in humidity chamber.
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Figure 13. Cont.
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Figure 13. SEM and EDS analysis of a specimen immersed in seawater.
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Figure 14. SEM and EDS analysis of a heat-cured specimen.

Figure 14 shows the SEM and EDS analyses carried out on the two edges of the crack
for the heat-cured sample. The results from these analyses confirm that healing products
were not uniformly distributed along the crack. The right edge was plenty of CaCO3 cubes,
whereas in the left edge only some isolated CaCOj3 cubes were detected.

4. Conclusions

The aim of this research was to study the autogenous self-sealing and the self-healing
capacity of early age of Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC). To
this purpose, specimens were precracked at the early age of two days after casting and
were exposed to different exposure conditions for one month. The variables involved in the
experimental program were the exposure condition (immersion in tap water or seawater,
heat curing treatment and humidity chamber) and the precracking level (microcracks
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between 10 and 20 pm and macrocracks of up to 0.4 mm). The main conclusions of this
study can be summarized as follows:

e  The temperature and the continuous immersion in water were essential variables to
promote autogenous healing and their combination increased the crack sealing ability.
The highest self-sealing rates were observed for the heat curing condition followed in
decreasing order by tap water immersion, seawater immersion and humidity chamber
exposure. As a matter of fact, for a crack width of 0.2 mm (200 pum) the following
average values of crack closure were reached: 88% for the heat curing condition,
65% for the tap water immersion, 45% for the seawater immersion and 20% for the
specimens cured in humidity chamber.

e  The widest crack totally sealed was 0.2386 mm for tap water immersion, 0.2109 mm
for heat-cured specimens, 0.2025 mm for seawater immersion and 0.027 mm for
humidity chamber. The latter was the most unfavorable exposure condition to
promote self-sealing /healing.

e  Healed specimens (previously precracked by means of flexural tests up to 10-20 um)
reached similar mechanical responses than identical uncracked specimens. The high
residual resistance after healing in microcracked specimens was mainly attributed to
the maturation of the fiber/matrix bond and not to the self-healing. However, healed
specimens (previously precracked by splitting tests up to 0.4 mm) did not reach the
mechanical response obtained by identical undamaged specimens because they were
only partially healed. This fact was explained through SEM and EDS analyses which
showed that healing products were mostly present on the surface of the specimens,
whereas they were barely detected inside the cracks.

e Inthe presentresearch, autogenous healing was not efficient enough to heal completely
the macrocracks. On the other hand, microcracks in UHPFRC were clearly sealed
and the residual mechanical capacity of the healed specimens was comparable to the
uncracked ones.
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