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Abstract. Autogenous self-healing of cement-based materials is a topic of current interest. This
research evaluates autogenous self-healing in four types of mortars based on Portland Cement, one
containing CEM Il and the other 3 formulated with CEM | and different additions: fly-ashes;
nanosilica and hydraulic lime. The evolution of longitudinal cracks caused by a point load has been
evaluated measuring the water absorption by capillarity and studying the evolution of the crack by
optical microscopy. Besides the mortar composition, it has been evaluated the effect of the
environmental conditions on the crack repair. The different specimens were exposed to three different
environments: water immersion, curing chamber at 20 + 2°C and 95 * 5% of relative humidity (RH)
and the laboratory at 25 +5°C and 65% = 5% RH. The results obtained allow us to establish that
constant hydration is an essential factor for the development of self-healing mechanism. If the samples
are kept in water immersion self-healing occurs no matter the additions of the mortar formulation.
Size of the crack is also an important factor to allow self-healing. The product formed during self-
healing to fill the crack is mainly calcium carbonate.
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1 Introduction

Currently, several research fields have been dedicated to studying self-healing materials;
among these smart materials are cement-based materials. Cracking is inherent to the material,
however, the crack width should not exceed a prescribed limit because it can affect its
durability and resistance against aggressive substances (Ghosh, 2009).

This research focuses on the autogenous self-healing of the cracks of mortars based on
Portland cement at early stages. Autogenous self-healing is a natural phenomenon (Joseph,
2008) and this process mainly relies on chemical, physical and mechanical interactions (Kishi,
Ahn, Hosoda, Suzuki, and Takaoka, 2007).

Several authors have demonstrated that the presence of water is fundamental in order to
obtain autogenous self-healing. For instance (ter Heide and Schlangen, 2007) concluded that
hydration was the mechanism for crack healing that leads to the strength recovery of the
prismatic specimens. Similarly (de Rooij, Schlangen, De Belie, and Van Tittelboom, 2011)
indicated that one of the two chemical processes for self-healing is the continuous hydration
of cement. Regarding the influence of environmental conditions, the investigation of
(Argouges, 2012) showed evidence of natural self-healing in cracked specimens stored in a
humid environment 23° C and 100% RH, for up to 5 months. The incorporation of
cementitious materials is another factor influencing self-healing. The investigations of
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(Huang, Ye, and Damidot, 2014) and (Van Tittelooom, Gruyaert, Rahier, and De Belie, 2012)
studied the effect of blast furnace slag and fly-ash on self-healing of cracks in cementitious
materials. Likewise, the research of (De Nardi, Cecchi, Ferrara, Benedetti, and Cristofori,
2017) showed that the presence of crystalline admixtures speeds up the sealing of the cracks
and the recovery of the mechanical properties. In order to evaluate self-healing ability there
are several methods, (Wang, De Belie, and Verstraete, 2012) used the capillary absorption test
to show that the specimens had a low water absorption, which indicated that the precipitation
inside the cracks increased the water penetration resistance of the cracked specimens. In the
same way, (Qureshi, Kanellopoulos, and Al-Tabbaa, 2016) concluded the improvement in
terms of capillary absorption of healed samples was significant after 28 days of healing.
Microscopic methods had also been used extensively to evaluate both autogenous and
autonomous self-healing. The specimens are observed before and after the healing process
(Tang, Kardani, and Cui, 2015).

In this study, the effect of different environment conditions on the autogenous self-healing
of different Portland mortar admixtures was evaluated by means of the capillary absorption
test and by optical microscopy.

2 Experiment
2.1 Materials

In this study, there were used four mortar formulations based on Portland Cement, one
containing CEM Il /A-V 42,5 R and the other 3 formulated with CEM 1 52,5 R and different
additions: fly-ash from the Bocamina Thermoelectric Power Plant of Chile; nanosilica with a
SiO2 content of 99.998% and calcium hydroxide CL-90. The mass ratio between sand and
cementitious conglomerate (s/c) was 3 and it was established a superplasticizer/cement mass
ratio (sp/c) of 0.012. Table 1 presents the composition of the different mortars. The specimens
were cast in large plastic molds of 100x100x500 mm?® and were reinforced with electro-
welded galvanized steel mesh (12.7 mm x 12.7 mm and @ 0.8 mm), which was embedded at
the top and the bottom of the pieces as can be seen in figure 1a. The pieces were kept 2 days
in the mold and after demolding were cured 5 days in the curing chamber at 20 + 2° C and 95
+ 5% of relative humidity (RH). The next day, the pieces were removed from the curing
chamber and divided into small specimens of 100x100x40 mm?. Mortar specimens were
fabricated to evaluate cracks at very early stages; therefore, at the age of 9-d, longitudinal
cracks were caused to the specimens by a point load (figure 1b). The cracking process started
with a constant average loading speed and then it was decreased to 0.2 mm/s.

2.2 Environmental Exposure

The effect of the environmental conditions on self-healing of concrete has been previously
reported (Suleiman and Nehdi, 2018). Therefore, cracked specimens of the four mortar
formulations were exposed for 60 days to 3 different environments: water immersion at
laboratory conditions, curing chamber at 20 + 2°C and 95 + 5% of RH and the laboratory at
25 £5°C and 65% = 5% RH. This last group received a weekly amount of water to simulate an
environment with the presence of average humidity.
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In addition, in each environmental condition, the specimens were divided into two groups:
cracked and control specimens (without cracks). The comparison between both specimens

reaffirmed the evolution of the longitudinal cracks.

Table 1. Mix design of the four mortar formulations.

Material (g) Formulation Formulation Formulation Formulation
M1 M2 M3 M4
CEM II/A-V 425R 7000
Natural sand 21000 21000 21000 21000
Water 3710 3850 4760 4550
Superplasticizer 84 84 84 84
CEM1525R 5950 5950 5950
Fly-ash 1050 525
Nanosilica 700
Filler 350
CL-90 525
80 mm 10 mm
b
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Figure 1. (a) Steel mesh scheme and (b) cracking of the specimen by a point load.
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2.3 Analysis of Self-Healing Products

2.3.1  Water absorption test by capillarity

The water absorption test could effectively evaluate the self-healing performance of cement-
based materials (Park and Choi, 2018). This test was performed according to UNE-EN 1925
Natural stone test methods. Determination of water absorption coefficient by capillarity. All
100x100x40 mm? specimens were oven-dried at 70 + 5° C. The samples were weighted and
the bottom surface was measured before they were immersed in water at a depth of 5 £ 1mm.
The mass of water absorbed by the samples was measured at: 1, 9, 16, 36, 49, 64, 81, 121, 225
and 361 minutes. The test was carried out before cracking, upon cracking and after 7, 15, 30
and 60 days of exposure to the three different environmental conditions.

The mass of water absorbed per square meter was plotted against the square root of time
and the water absorption coefficient (S) was determined using linear regressions.

2.3.2  Self-healing evaluation by optical microscopy

Optical microscopy was used to observe the cracks surface (Homma, Mihashi, and Nishiwaki,
2009). In this investigation the evolution of the longitudinal cracks surface was monitored just
upon cracking, and after 7, 15, 30 and 60 of exposure to the different environments. The
device used was a Motic Stereoscopic Microscope with Euromex 10 Megapixel Image
Sensor. Each crack was divided into sectors to analyze the evolution of the cracks in each
specimen.

3 Results and Discussion
3.1. Autogenous Crack Healing

3.1.1  Water absorption test

The results showed the relationship between the self-healing efficiency and the variation of
the absorption coefficients over time (before, upon, and after cracking) of the specimens in the
three different environmental conditions (immersion, humidity chamber and laboratory). With
this information, for each environment and for each mortar formulation, exponential
adjustments were made and the mean of the cracked and control (non-cracked) specimens was
calculated, as can be seen in figure 2.

A first general observation was that all cracked specimens that were fully immersed in
water showed absorption coefficients that decreased over time, this confirmed the crack
healing and the formation of hydration products. In the case of cracked specimens exposed to
the curing chamber, the absorption coefficients also decreased over time. However, the
absorption coefficients were higher than for the immersed samples. This could be due to an
incomplete crack healing of the mortars. For cracked specimens conditioned in the laboratory,
their absorption coefficients remained almost similar over time and were higher than the
aforementioned cases. This was attributed to the absence of crack healing in the specimens
conditioned in the laboratory.

Another remarkable observation, were the differences between control and cracked
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specimens. At the beginning of the test just upon cracking, the absorption coefficients of the
cracked specimens were always higher than that of the control specimens. However, after 60
days, the absorption coefficients of the cracked specimens that were fully submerged in water
were lower or similar than that of control specimens. This observation clearly indicates that a
mechanism of self-healing had occurred, and furthermore, the cracks had a major influence on
the capillary water absorption of cementitious materials (Van Belleghem, Van Tittelboom,
and De Belie, 2018).

The properties of each mortar formulation were part of this investigation, one of the
essential characteristics that make a significant impact on water resistance of mortar is
porosity and pore structure (Gulbe, Vitina, and Setina, 2017), graphically it was observed the
absorption coefficients of the M2 specimens were higher than the other mortar formulations.
This fact indicated that at early ages, fly-ash increases the porosity of the mortar, however, it
decreased as the age increased (Termkhajornkit, Nawa, Yamashiro, and Saito, 2009). On the
other hand, the absorption coefficients of the M3 and M4 specimens were lower than the other
mortar formulations. This was because nanosilica diminishes the total volume of accessible
pores in cement mortars (Tobdén and Kazes, 2008) and the addition of hydrated lime lowered
the total porosity of fly-ash cement pastes (Barbhuiya, Gbagbo, Russell, and Basheer, 2009).
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Figure 2. Exponential adjustments that show the variation of the absorption coefficient of the crackedand
control specimens exposed to water immersion, humidity chamber and laboratory for a period of 60 days.

3.1.2  Optical microscopy

The evolution of the surface crack width of the specimens was measured using a microscope.
Four sector images were taken along the crack, before and after the healing
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process. After 60 days, cracks of the specimens immersed in water showed sealing or the
formation of healing products along the surface of the crack of the specimens (inside and
outside the crack). It must be highlighted that only cracks with a width smaller than 150 pum
exhibited sealing. The images of the crack evolution can be observed in figure 3. In the case
of the cracks of the specimens exposed to the curing chamber, only in some of the cracks
occurred healing. For all the cracks of the specimens conditioned in the laboratory, no
evolution or healing products were observed, due to the minimum contact they had with
water. These findings were in good agreement with the results of the water absorption test by
capillarity.

HEALING PROCESS
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Figure 3. Evolution in the surface crack of different mortar formulations exposed to water immersion. The
evolution was analyzed upon cracking and during the healing process.

4 Conclusions

This research analyzed the self-healing ability of four mortar formulations of cracked
specimens exposed to different environmental conditions. Based on the experiments, the
following conclusions were obtained:
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- Constant hydration was an essential factor for the development of the autogenous self-
healing mechanism.

- Width of the crack was an important factor to allow self-healing and from the
absorption coefficients could be concluded that wider cracks exhibit higher absorption
rates. Nevertheless, the form and path of the cracks were other parameters that had a
big influence on self-healing.

- The product formed during self-healing to fill the crack was mainly calcium carbonate.

- The incorporation of additions to cement-based mortars did not influence self-healing
of the mortars. In the cracked specimens that were kept in water immersion, self-
healing occurred no matter the additions of the mortar formulation.

- High humidity environment conditions influenced only in some of the cracked
specimens, probably in a longer period of exposure, the self-healing of the cracks
could be carried out completely.

- Although the water absorption test by capillarity measured effectively the self-healing
performance of the cracked specimens, in some cases, the evaluation by optical
microscopy was more accurate to validate self-healing.
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