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This paper aims to study the effect of hydrogels on the self-healing processes in cementitious systems with a large
dosage of supplementary cementitious materials including slag and fly ash. The material characterization was
conducted using thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), and scan-
ning electron microscopy (SEM/EDS). The healing products in the cement slag system consisted primarily of
calcium carbonate and hydration products including calcium silicate hydrate (C-S-H) and ettringite. In the

cement fly ash system, calcium carbonate and C-S-H/C-A-S-H comprise the main phases in the healing products.
It was noticed that the ratio of calcium carbonate to the hydration products was larger in the cement fly ash
systems compared to the cement slag systems. The addition of hydrogels resulted in a higher content of calcium
carbonate in the healing products of both systems. Hydrogels enhanced the mechanical regain and crack filling in
both cement slag and cement fly ash systems compared to the control system without hydrogels.

1. Introduction

The production of one ton of Portland cement (PC) demands 4-5
Gigajoules of energy [1-3] and contributes to 5 % of the global indus-
trial energy consumption [4,5]. Moreover, the production of PC ac-
counts for approximately 9 % of the total human-caused greenhouse gas
emissions [5-7]. Consequently, the replacement of PC with industrial
wastes with lower embodied energy is demanded in the construction
industry to alleviate the environmental repercussions of PC. Ground
granulated blast-furnace slag and fly ash, as industrial by-products of the
steel and coal industries, respectively, offer potential replacements for
PC in concrete structures. Despite the environmental benefits of slag and
fly ash, like PC concrete, slag and fly ash cement concrete are brittle
composite materials, resulting in cracking when subjected to tensile
stresses and shrinkage. Cracking in concrete facilitates the penetration
of corrosive substances, including chloride, carbonate, and sulfate. The
presence of such corrosive substances results in the corrosion of steel
rebars and the deterioration of concrete materials, ultimately dimin-
ishing the durability of concrete structures [8]. In the event of advancing
damage, the affected members must undergo repair, or in the worst-case
scenario, replacement, which requires substantial costs and service in-
terruptions. For instance, approximately 27 % of all highway bridges in
the USA require repair or replacement, with estimated corrosion-related
deterioration costs exceeding 150 billion dollars [9]. According to U.S.
Portland Cement Association [10], in 2015, concrete production in the
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U.S. reached 92 million tons which translates into $10.6 billion of state
revenue. Hence, the development and application of self-healing prod-
ucts represents a viable approach to address the cracking issues and
alleviate the environmental and economic impacts associated with
concrete structures.

Although slag and fly ash cement concrete are characterized as
brittle composite materials, slag and fly ash exhibit a slower reaction
rate in concrete compared to cement clinkers [11]. Consequently, a
significant portion of slag and fly ash remains unreacted in the mixture
for a long time period of time [11]. Continued hydration of the unhy-
drated slag or fly ash can potentially contribute to self-healing in these
mixtures [12-16]. It is well known that slag is activated in a pH range
below 12, whereas fly ash required a pH exceeding 13 [17]. To deter-
mine the self-healing potential of slag and fly ash, saturated lime solu-
tion can be utilized to increase continued hydration of slag and fly ash.
Superabsorbent polymer hydrogels can absorb a large amount of solu-
tion and retain it without undergoing disintegration [18-25]. The
absorbed liquid by hydrogels can be further released into the crack and
surrounding cementitious materials and employed for further reaction
of the unreacted cementitious particles. Thus, enhancing the action of
self-healing within the crack. Hydrogels employed in cementitious ma-
terials typically consist of either a cross-linked polymer of acrylate salt
or a copolymer of acrylate salt-acrylamide [26]. The beneficial effects of
hydrogels on mitigating autogenous shrinkage and enhancing the
microstructure and hydration of PC mixtures [20,21,27] and
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Table 2
Chemical composition of Portland cement, slag, and class F fly ash.

Table 1

Chemical compositions of the hydrogels used in the experiments.
Hydrogel AA AM APS MBA NaOH Deionized
Designation (€3] @ (@ (€] (@ Water (g)
HL-A 10 10 0.128 0.05 1.35 100
HL-B 2 18 0.128 0.05 0.27 100

alkali-activated mixtures [28-33] have been previously investigated.
The efficiency of hydrogels to improve resistance against the
freeze-thaw [34,35] was previously reported. Studies have also shown
that hydrogels can successfully seal the cracks when water flows through
the cracks [36-38]. Lee et al. [38] observed that adding 5 % hydrogel
reduced cumulative flow from cracks by 80 %. Lee et al. [39] investi-
gated the self - sealing processes of the hydrogels.

Autogenous healing, manifested through the continued reaction of
cement, the pozzolanic reactivity of supplementary cementitious mate-
rials, and the crystallization of calcium carbonate, has the capability to
heal cracks [8,40-42]. The impact of the hydrogels as a self-healing
agent in PC binders have previously investigated [8,19,37-39,43-47].
The improvement in self-healing in cement-based binders, incorporating
various dosages of hydrogels was investigated in the past [43]. They
reported that the optimal results will be achieved in terms of self-healing
by introducing 1 % per cement mass of hydrogel. In another study [44],
the authors used 3D X-ray microcomputed tomography to investigate
the formation of the healing products in the cracks in samples containing
hydrogels. The spatial distribution of healing materials in cracks in the
mixtures containing bio-based hydrogels was analyzed using X-ray
computed microtomography [46]. Lee at al. [45] developed a model for
calculating the volumetric percentage of crack filling by hydrogels in
cement-based mixtures. The model incorporates variables like crack
size, hydrogel dosage and absorption.

Despite several investigations examined the self-healing effects of
hydrogels in Portland cement-based mixtures [8,19,37-39,43-46], such
hydrogel effects in the systems containing a large amount of supple-
mentary cementitious materials (SCMs) are not well-understood. The
reaction conditions within cracks differs from those in the bulk paste.
Firstly, when the solution enters the cracks from the exterior, a more
substantial amount of solution is available for further reactions with
unreacted slag and fly ash present on crack surfaces compared to the
bulk paste [8,48-50]. Secondly, in comparison to the bulk paste, there is
a significantly larger space within the crack for the precipitation of the
reaction products, influencing the minerology and microstructure of the
reaction products, as previously observed by [8,48,50]. Thus, the
properties of subsequent reactions involving unreacted slag and fly ash
can be impacted by these unique conditions within cracks and by adding
hydrogels to the slag and fly ash cement pastes. However, investigations
focused on the chemical characteristics of healing products and me-
chanical recovery in the cementitious systems containing hydrogels and
with a large amount of slag and fly ash are scarce. Thus, the main aim
and novelty of this study is to gain insight into how hydrogels affect the
self-healing processes in cementitious systems with a large amount of
slag and fly ash.

In this paper, analytical techniques such as Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and
scanning electron microscopy (SEM) equipped with an energy dispersive
spectroscopy (EDS) were used for material characterization. Mechanical
recovery was evaluated using a three-point bend setup and the filling of
the cracks was tracked with optical microscopy.

2. Experiment
2.1. Materials

2.1.1. Hydrogels
Two hydrogels with different chemical compositions were prepared

Composition Portland Cement (%) Slag (%) Fly Ash (%)
SiO, 20.8 321 54.0
Al,03 5.0 12.9 28.0
Fe,03 3.7 0.8 7.0
CaO 64.2 42.4 1.4
MgO 0.9 6.5 1.0
NayO 0.2 0.1 0.3
K20 0.4 0.3 2.4
SO3 2.8 3.0 0.1
TiOy 0.2 0.6 -
B,Os - -

via free radical polymerization [51-59]. The primary monomers used in
the synthesis of these hydrogels, HL-A and HL-B, are acrylamide (AM)
and acrylic acid (AA), as shown in Table 1. The chemicals utilized in the
synthesis of the hydrogels were procured from Sigma-Aldrich. In the first
step to synthesizing HL-A and HL-B, 10 g and 2 g of AA were added into
100 g of deionized water, respectively. Then, the solutions were partially
neutralized with sodium hydroxide (NaOH), followed by adding AM, the
crosslinking agent, N,N’-methylenebisacrylamide (MBA), and the initi-
ator, ammonium persulfate (APS), to the solution. After degassing with
argon, the solution was allowed to gel in an oven at 50 °C for 3 hours.
Then, the samples were crushed into small pieces, rinsed in distilled
water overnight and dried at 60 °C for seven days. Then, the hydrogels
were grinded and sieved so that only hydrogel particles in the range of
75-300 pm were used in the slag and fly ash pastes as described next.

2.1.2. Mix designs

A type I/II Portland cement (PC), ground granulated blast-furnace
slag, and fly ash class F manufactured by CEMEX Inc, Heidelberg Ma-
terials, and Boral, respectively, were utilized in the experiments. The
chemical characteristics of the PC, slag, and fly ash as provided by the
manufacturer are presented in Table 2. The mix designs of the slag pastes
and fly ash pastes, and their designations are shown in Table 3. The
control pastes of the slag paste and fly ash paste are designated as S and
FA, respectively. S-HL-A, S-HL-B refer to the slag pastes containing HL-A
and HL-B, respectively. Similarly, FA-HL-A, FA-HL-B refer to the fly ash
pastes containing HL-A and HL-B, respectively. The percentage of slag
and Fly ash in the S and FA pastes were 70 %. Control pastes without
hydrogels were formulated with a water/binder (w/b) of 0.3. The
hydrogel concentration used in the mixture was 1 % motivated by prior
investigations indicating that this concentration is efficient for self-
healing applications in cementitious materials [36,60,61]. To account
for uptake of water by the hydrogels in the pastes containing hydrogels,
the absorption values of the hydrogels are needed. Additional water is
needed in the pastes containing hydrogels, due to the uptake of water by
hydrogels, in order to keep the same effective water/binder in all pastes
with and without hydrogels. To estimate the quantity of the additional
water in the pastes containing hydrogels, water in small increments was
added to these pastes and their flow measured until their flow values
equal the flow value of the paste without hydrogels. This method of
determining hydrogel absorption has been utilized in previous in-
vestigations [8,20,21,62].

The value of the flow test obtained for the pastes without hydrogels
(control pastes) was measured to be 16 cm and 17 c¢m for slag and fly ash
pastes, respectively. For the flow test, the fresh mixture was poured into
a cone (height: 5 cm, bottom diameter: 7 cm and top diameter: 10 cm)
and then allowed to rest on a table. After 5 min, the cone was lifted, and
the table was dropped 25 times during a 15 second time period. The flow
value was determined as the average of two diametrical dimensions of
the spread. The flow test was conducted three times and averaged for
each mixture. It is noted from the water/binder as listed in Table 3 that
hydrogel HL-B demonstrated a higher water absorption compared to
hydrogel HL-A. For pastes containing hydrogels, dry hydrogels were first
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Table 3
Mix design and flow of the slag pastes and fly ash pastes.
Paste Designation Water/Binder Cement Replacement (%) Superplasticizer (%) Hydrogel (% binder mass) Flow (cm)
S 0.3 0.167 - 16
70
S-HL-A 0.45 0.167 1 16
70
S-HL-B 0.55 0.167 1 16
70
FA 0.3 0.167 - 17
70
FA-HL-A 0.4 0.167 1 17
70
FA-HL-B 0.55 0.167 1 17
70
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Fig. 1. Schematics of the samples used in (a) the characterization of the healing products and (b) mechanical regain experiments of the pastes.

dry mixed with binders for 5 minutes to ensure a homogenous dispersion
of the hydrogels in the mixture. The mixtures were mixed in a bucket at a
rate of 440 rpm for 30 seconds; then the inside wall of the bucket was
scraped for 5 seconds, and then the mixture was mixed again for
60 seconds this time at a rate of 2600 rpm. The mixtures were cast into
50 mm x 50 mm x 50 mm plastic molds per the ASTM C 109. The
mixtures were enveloped in a pre-stretched plastic wrap to inhibit
moisture loss. After 24 hours, the cubes were demolded and sealed in
polyethylene bags until the testing phase.

2.2. Methods
2.2.1. Microstructural and chemical characterization

2.2.1.1. Sample preparation. In order to obtain healing products (HP) in
sufficient quantities needed in the microstructural and chemical char-
acterization tests, including TGA, FTIR, SEM, and EDS, artificial paste
cracks were prepared, as employed in previous studies [8,63]. Paste
cubes were cut at the age of 28 days and slices in the dimensions of
50 mm x 50 mm x 15 mm were prepared (see Fig. 1a). The paste slices
were then carefully polished with silicon carbide sandpapers (#320,
500, and 1200). The fine polishing was done using 1 pm diamond paste

to obtain very smooth and similar surfaces for all slices. The lubricating
fluid used during polishing was water. After vacuum drying the slices,
they were then pressed against each other and placed partially in the
curing solutions (see Fig. la). The slag paste slices were healed in
saturated Ca(OH), solution for 14 days, while the fly ash paste slices
were healed in the Ca(OH); solution with a pH >13. It is well known that
slag is activated at a pH of about 12, whereas fly ash requires a pH
exceeding 13 [17]. The pH of the healing solution for fly ash pastes was
increased using sodium hydroxide. The pH of the saturated lime solution
was measured to be 12.7. It should be noted that the healing solutions
used here could differ from the practical conditions. However, these
solutions were used to accelerate the reactivity of slag and fly ash in the
respective solution. This allows us to focus our attention on the effect of
hydrogels in the self-healing processes of slag and fly ash pastes. The gap
between the slices, which serves as artificial cracks, was measured using
an optical microscope to be approximately 42 pm. The lower portion of
the slices were immersed in the solution. In this case, the solution was
drawn into gaps through the capillary forces. Using this setup, the
formed (HP) on the surfaces of the slices can be scraped with ease. The
formed HP were then dried by vacuuming for 24 hours after being
scratched off from the surfaces and used in microscopic and chemical
characterizations.
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Healing
Products

Fig. 2. Optical microscopic images of the healing products formed on the artificial crack surface of (a) S, (b) S-HL-A and (c) S-HL-B.

2.2.1.2. TGA. The TGA analysis was conducted in a TGA 55 TA In-
strument under nitrogen gas. The data was collected between the tem-
peratures of 25 °C and 1000 °C and at the rate of 10 °C/min. Egs. 1 and 2
were used to calculate the content of calcium hydroxide (CH) and cal-
cium carbonate (CC), respectively:

741 M

H=Tg m W
100 M

=" @

where M and M, are the change in mass attributed to the dehydration
of calcium hydroxide or decarbonation of calcium carbonate, and the
mass before heating, respectively.

2.2.1.3. FTIR. The FTIR analysis of the HP was performed utilizing a
Perkin Elmer Paragon 1000 FTIR equipped with an ATR accessory. The
scanning was conducted in the transmission mode with a resolution set
at 4 cm™ ! and within the range of 600 — 4000 cm ™ *.

2.2.1.4. SEM/EDX. The microstructure of the HP was examined in a
JEOL SEM/EDS. To prevent charging during SEM imaging, a nanolayer
of gold was coated on the sample surface with a sputter coater. Imaging
was conducted at an acceleration voltage of 15 kV and a magnification
of 20 Kx. Elemental analysis was performed on several spots via EDS.

2.2.2. Mechanical regain and crack filling

The mechanical regain and crack filling abilities of hydrogels in the
slag and fly ash pastes are examined in this study. of the pastes, paste
prisms (2.54 cm x 2.54 cm x 15 cm) were cast (see Fig. 1b). The mix
designs are the same as detailed in Table 3, but with a modification: PVA

fibers with a diameter of 38 pm were incorporated at a volume per-
centage of 2 % into the specimens. This addition was to prevent failure
during precrack generation and to enhance ductility. A rotating dia-
mond blade was used to notch all specimens at their center. The notch
was 2.0 mm wide and 1.5 mm deep. To induce precracks in the speci-
mens, they were subjected to loading in a three-point bend setup at a
rate of 2 x10~* mm per second using an Instron mechanical frame, and
the crack opening was tracked with the aid of a clip gage, as depicted in
Fig. 1b. The clip gage was employed to monitor the crack opening width.
The loading ceased when the crack opening reached 0.2 mm, followed
by unloading of the specimens. After complete unloading, the cracks
were imaged via an optical microscope and the average crack width was
approximately 60 pm.

After crack generation, the cracked specimens underwent dry-wet
cycles for healing. Each dry/wet cycle consisted of a 1-hour wet
period, during which the specimens were submerged in the same solu-
tion as those used for the paste samples used in the chemical and
microstructural characterization, followed by 23 hours of being sub-
jected to the ambient environment in the laboratory (relative humidity:
60 % and temperature: 23 °C). The healing was conducted for 28 days
cycles, which was equivalent to 28 days. Following a period of 28 cycles
of healing, the specimens were loaded until failure in the three-point
bend setup. The regain in strength, called mechanical regain (MR),
was calculated using Eq. 3:

MR (% ) _ Pmax,healing - Punloading %« 100 (3)

Pmax,initial - Punloading

where Py iniiat  Tepresents the ultimate force obtained in the initial
loading to induce the initial crack width, P heating denotes the ulti-
mate force reached in the healed specimens, Pypoading denotes the re-
sidual load. This residual load corresponds to the point where the
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Fig. 3. Optical microscopic images of the HP formed on the artificial crack surface of (a) FA, (b) FA-HL-A and (c¢) FA-HL-B.

initially defined crack width was attained. A KEYENCE VHX 5000 op-
tical microscope was used to monitor crack filling in the paste speci-
mens. The images of the two sides of the specimens were taken after 3, 7,
14, and 28 cycles of healing.

3. Results and discussion
3.1. Characterization of the HP

3.1.1. Optical imaging

Fig. 2 shows the formation of the healing products (HP) on the sur-
faces of the artificial cracks in the control slag paste and slag paste with
HL-A and HL-B. The HP appear as a white color substance partially
covering the surface of the slag paste as seen in this figure. Fig. 3 shows
the formation of the HP on the surfaces of the artificial cracks in fly ash
pastes. The HP is seen as a whitish substance and seem to have a
nonuniform coverage of the artificial crack surface. Hydrogels are
marked on the crack surface.

3.1.2. TGA

Fig. 4a and b show, respectively, the mass loss and derivative mass
loss profiles of the HP scratched from the surfaces of slag pastes as well
as the bulk slag paste at the age of 28 days. After healing time of 14 days,
the HP was scratched off from the slices and then dried by vacuuming for
24 hours. Mass loss in the temperature range of less than 200 °C is due to
the evaporation of free water and water loss of ettringite [64,65] and
C-S-H [64]. Small shoulders at 140 °C and 270 °C in the DTG curve of the
HP are seen and are contributed to the decomposition of hemi-
carboaluminate [66] and monocarboaluminate [67]. There is a weak
band at 430-450 °C in the DTG profiles of the bulk paste and to a lesser
extent in the HP, which can be attributed to calcium hydroxide [68].

This calcium hydroxide comes about from the hydration of cement. A
small peak at approximately 360 °C in the bulk paste is observed that is
indicative of the presence of hydrotalcite [69]. The peak between 550 °C
and 750 °C, observed in the DTG curves of the HP, can possibly be due to
the decomposition of calcium carbonate [70,71]. This peak is noticeably
small in the DTG curves of the bulk pastes. It should be noted that, ac-
cording to [68], the decompositions of hemicarboaluminate and mon-
ocarboaluminate also occur in this range of temperature. Thus, a more
detailed characterization investigation is needed to evaluate the per-
centage of each of these potential phases in the HP. The presence of CH,
C-S-H, ettringite, AFm, and hydrotalcite was documented in slag-cement
pastes [72-78].

The percentage of CaCO3 content in the HP of the slag pastes are
shown in Fig. 5. It is seen that the percentage of CaCOs in the HP of the
paste containing HL-A and HL-B is higher than that of the control paste
without hydrogel. No difference is observed in the percentage of CaCOs3
in the HP of the pastes containing HL-A and HL-B. It appears that the
presence of hydrogels favored the precipitation of CaCO3 over continued
hydration in the crack in the slag pastes.

Fig. 6a and b show the mass loss and derivative mass loss profiles,
respectively, of the HP and bulk paste of the fly ash pastes. Major peaks
are noted in the derivative mass loss profile of HP. The mass loss
occurring in the range of temperature less than 200 °C is attributed to
the loss of free water and the dehydration of C-S-H and ettringite [79]. It
is observed that the mass loss in the range of temperature less than 100
°C is notably lower in the case of HP compared to the bulk paste. Since
ettringite decomposition starts at a temperature less than 100 °C and all
samples underwent similar drying process during sample preparation,
the small mass loss in the range of temperature less than 100 °C in HP
indicates a very small presence of ettringite in the case of HP compared
to the bulk paste of the fly ash pastes. According to the literature [80,
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Fig. 5. CaCOs content in the HP of slag pastes.

S-HL-B

81], in high content fly ash paste, calcium ion can combine with silicon
and aluminum ions to form different forms of
calcium-silicate-aluminate-hydrate (C-A-S-H) in small quantities.
C-A-S-H has characteristics mass losses in the range of 415 - 430 °C and
649 - 660 °C [82]. In addition, Ca(OH), has a mass loss peak in the range
of 350 — 460 °C [83]. The FTIR results supported the presence of Ca
(OH); in HP. The occurrence of the characteristics peaks associated with
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Fig. 7. CaCOj content in the HP of fly ash pastes.

Ca(OH); and C-A-S-H in around a similar temperature range prevents an
accurate quantification of these two phases in the HP. A large mass loss
in the range of 350 — 460 °C in the HP of the control fly ash paste is
noted; we believe this is an anomaly due to the uptake of Ca(OH), from
the healing solution. The significant mass loss noted in the range of
550 °C — 900 °C is associated with calcium carbonate [82,84].

The CaCOs3 content of the HP of the fly ash pastes is depicted in Fig. 7.
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It is noticed that the HP of the fly ash with hydrogels have more CaCO3
compared to the control fly ash paste without hydrogels. The increase in
CaCOj3 formation in the case of the paste with hydrogels seems to be
consistent with the observation made of the slag paste as shown in Fig. 4.
It is noted that the HP of the fly ash pastes demonstrated a higher CaCO3
compared to that of the slag pastes.

3.1.3. FTIR

The chemical characteristics of the HP scratched from the artificial
cracks of the slag pastes were also evaluated via FTIR. As presented in
Fig. 8, all the spectra of bulk slag paste and HP had bands in between
800 cm ™! and 1200 cm™!, which are attributed to the stretching vi-
bration of Si-O [85] or asymmetric stretching of SO3~ [86,87]. Due to
the hydration of slag paste, the peak at 910 cm™! in the spectrum of
unhydrated slag shifted to 957 cm™! in the profile of the bulk slag paste
and HP, indicative of the presence of C-S-H gels [85,88]. The peak at
1104 cm™! in the profiles of the bulk slag paste and more noticeably in
the HP is due to SO3" in ettringite [89,90]. The bands at approximately
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Fig. 10. (a) and (b) Micrographs showing the morphology at different mag-
nifications of S-HP.

875 cm ™! and in between 1400 and 1500 cm™! correspond to the
out-of-plane bending [91,92] and the asymmetric stretching of CO3
[93,94], respectively, which provides evidence for the formation of
calcium carbonate. It is seen that these carbonate peaks are more pro-
nounced in the HP of the paste with hydrogels, S-HL-A and S-HL-B, than
in the control slag paste S. This observation corroborates the TGA
observation discussed earlier regarding the calcium carbonate content in
the pastes. The bands in 1640 —1650 cm™' and 2800-3700 cm ™! are
due to the presence of O-H in the bulk slag paste and HP [85]. The peaks
at 1104 cm ! and 1422 cm ™! in the profiles of HP appear stronger than
those in the profile of the bulk slag paste. This provides evidence of the
presence of more sulfate and carbonate phases in HP. Moreover, the
peak at 3640 cm ! indicates the presence of a small amount of Ca(OH),
in the HP [95].

The FTIR results of the HP of the fly ash pastes are shown in Fig. 9.
Due to the pozzolanic reaction, the peak at approximately 910 cm ™! in
the spectrum of the unhydrated cement fly ash shifted to 953 cm™! in
the case of the bulk fly ash paste, as shown in Fig. 9. The small shoulder
in the spectrum of the HP and bulk paste at 783 cm ™" is attributed to the
Al-OH bond in Al (OH)e of fly ash systems [96]. A peak at about
1111 em ! noted only in the profile of the bulk fly ash is attributed to
SO3~ in ettringite [89,90]. This peak disappears in the profiles of the HP.
This observation seems to agree with the TGA result discussed earlier
indicating a very small amount of ettringite in the HP compared to the
bulk paste of the fly ash pastes. The bands in the range of 1640
~1650 cm ! and 2800-3700 cm ™! observed in the case of the bulk paste
are typical for H-O-H vibrations [85] indicating the presence of free
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Element Wt % At % Ca
C 9.59 18.75
3.0k (o] 39.66 58.20
Mg 0.62 0.60
2.5k Al 2.50 2.18
Si
2.0k Au

0.40

0.80 1.20 1.60 2.00

S
Ca

2.40 2.80 3.20 3.60 4.00 4.40 keV

Fig. 11. EDS spectrum of the S-HP.

Table 4
Elemental ratio of the HP and bulk paste of slag pastes.

S (HP) S (Bulk Paste)
Ca/Si 3.9 1.9
Al/Si 0.67 0.4

water in the sample. These peaks are not evident in the case of HP
despite using the same drying process for all samples. The C-O bending
vibration at approximately 875 cm ™! and the broad band in between
1400 and 1500 cm ! are the characteristic bands of CO3~ [85,97]. The
peak noted at 3641 em ! is associated with the OH bond in Ca(OH),
[97]. The main peaks seem to occur at similar locations in the profiles of
the HP and the bulk paste. However, these peaks show varied strength.
The peaks at 783 cm ™' and 1400-1500 cm ™! in the profile of HP appear
stronger than those in the profile of the bulk paste. This points to the
presence of more aluminate and carbonate phases in the HP compared to
the bulk paste.

3.1.4. SEM/EDS

The microstructure of the HP on the artificial cracks of the slag pastes
was examined via scanning electron microscopy, as shown in Fig. 10.
Different morphologies were found in HP of the slag pastes. The needle-
like morphology is attributed to ettringite [98]. EDS shows sulfur in the
spectrum, which is indicative of the presence of ettringite in the HP. A
gel-like morphology can be seen in the micrograph of the HP, which is
attributed to C-S-H gel [99]. Moreover, crystal-like features are seen in
the image, which could be primarily calcium carbonate. This seems to be
consistent with the results obtained from TGA and FTIR that showed
C-S-H, ettringite, and CaCOs are formed in the HP.

The chemical elements of the HP shown in Fig. 11 were analyzed by
EDS. Carbon, oxygen, magnesium, aluminum, silicon, sulfur, and cal-
cium are the elements that are detected by EDS in the HP of the slag
paste. The Ca/Si and Al/Si of the bulk paste and HP of slag pastes are
shown in Table 4. The large percentage of C and Ca in the elemental
analysis is an indicative of CaCO3 being a primary phase in the HP.
CaCOs is precipitated as a result of the reaction between Ca?* and Cco2~
ions when CO; is present in the crack [100]. The presence of CO3~ was
also detected by FTIR. The Ca®" ions exist in the solution since the slice
were cured in saturated Ca(OH),, as mentioned earlier. Sulfur is detec-
ted in the spectra indicating the presence of the ettringite. It is noticed
that FTIR confirmed the presence sulfate phases in HP. Besides FTIR,
SEM confirmed the existence of ettringite. The higher Ca/Si and Al/Si of
the HP compared to the bulk slag paste as seen in Table 4 is an indication
of higher content of carbonate and aluminate containing phases in the
HP. The SEM imaging and EDS analysis of the HP of pastes with and

Gel-like
C-S-H/C-A-S-H

Crystal-like
CaCOs

3

Date :5 Feb 2021
Time :16:33:33

Signal A = SE2
sl Photo No. = 428

Mag = 20.00 K X

Fig. 12. SEM micrograph of the HP of FA.

without hydrogels showed similar behaviors, so only the results of the
control slag paste are included here.

The composition of the phases in the HP can help in understanding
the underlying mechanisms involved in self-healing. It is well known
that slag is a pozzolan that can be activated by alkalis [101,102]. A pH of
12 was reported to be adequate to trigger activation of slag [103]. In this
study the slag paste slices at the age of 28 were cured in saturated Ca
(OH); solution. Unhydrated slag particles are available on the surfaces
of the artificial cracks. Once they are exposed to the saturated Ca(OH),
solution, they begin releasing ions including Ca’t,0H", SiO2(aq), ALY,
Mg2+, S, etc into the solution in the crack, leading to an increase in the
ionic concentrations in the crack. This increase in the ionic concentra-
tions causes supersaturation, leading to the formation of various phases
in the HP.

Moreover, due to the gradients of ion concentrations, ion exchange
takes place between the solution in cracks and the pore solution in the
bulk paste. The concentrations of Ca?>* and OH™ are almost 2.1 mM and
15 mM in slag paste at 28 days [64], while the concentrations of Ca>"
and OH™ are 22.4 mM and 44.8 mM in saturated Ca(OH), solution.
Therefore, these concentrations of Ca>" and OH™ are lower in the bulk
paste than in the saturated Ca(OH); solution. Thus, Ca?t and OH™
diffusion occurs from the cracks towards the interior bulk material; on
the other hand, other ions diffuse from the interior bulk material to-
wards cracks. The saturation criterion is easier to reach for the phases
with a lower solubility. Therefore, it takes more time for ions in slag
paste to diffuse into the solution. Thus, low soluble phases such as C-S-H
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ICounts
Element Wt % At %
4.8k
C 8.99 15.57
ok O 49.64 64.54 ca
Al 2.94 2.27
3.6k Si 2.73 2.02
Au 7.15 0.75
3.0k K 1.91 1.01
Ca 26.65 13.83

100.00

Fig. 13. EDS spectrum of the HP of FA.

Table 5
Elemental ratio of the HP and bulk paste of fly ash pastes.

FA (HP) FA (Bulk Paste)
Ca/Si 6.3 1.2
Al/Si 1 0.5

and hydrotalcite are favored to precipitate in the vicinity of unhydrated
slag particles.

Fig. 12 shows the micrograph of the HP of the fly ash paste. Both
crystal-like and gel-like microstructure be noted in the microstructure.
The crystal-like morphology is most likely attributed to calcium car-
bonate phase, which was shown by TGA to be present in the healing
product. The gel-like morphology is attributed to be C-S-H or C-A-S-H.

The chemical elements of the HP are shown in Fig. 13. The major
elements in the HP of the fly ash paste are Ca, Si, Al, and O. The Ca/Si
and Al/Si of the HP are provided in Table 5. It is noted that the Ca/Si and
Al/Si of the HP of the fly ash paste with a mean value of 6.3 and 1,
respectively, are larger than in the bulk fly ash paste with the mean
values of 1.2 and 0.5 respectively. This indicates the presence of more
calcium carbonate and aluminate-rich compounds in the HP than in the
bulk paste. The SEM imaging and EDS analysis of the HP of the pastes
with and without hydrogels showed similar behaviors, so only the re-
sults of the control fly ash paste are included here.

3.2. Mechanical regain

A primary purpose of self-healing is the regain in strength of the
cementitious materials. To evaluate mechanical regain, prism specimens
(2.54 x 2.54 x 15 cm®) were notched and precracked employing the
setup shown in Fig. 1b. The crack width and length in the specimens
were measured by an optical microscope and the average of 60 + 6 pm
and 7 + 0.22 mm, respectively, was obtained. The specimens were then
subjected to the wet/dry cycles (1 hour in solution and 23 hours in the
ambient environment in the laboratory with relative humidity of 60 %
and temperature of 23 °C) for 28 days in two different solutions,
deionized water and saturated lime solutions.

With respect to the specimens that were healed in deionized water,
no crack filling was observed over the period of 28 days. This is pri-
marily due to the lack of Ca(OH) in the paste. It should be mentioned
that the replacement of the supplementary cementitious materials in this
study is 70 % (70 % SCM and 30 % OPC) and the specimens were
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Fig. 14. Mechanical regain of cracked (a) slag pastes and (b) fly ash pastes.

prepared at the age of 28 days; therefore, a high percentage of Ca(OH),
was used up in the specimens due to the pozzolanic activity. The pres-
ence of Ca(OH); is required for continued hydration of SCM during the
healing process as well as crystallization of CaCOs when COj is
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Fig. 15. Optical images showing the crack filling evolution of the cracked pastes.

available, which is the case in cracks [68]. In high dosage supplementary
cementitious materials (SCM), Ca(OH), is not available in sufficient
amount for further reaction of SCM and CaCOs crystallization. The CH
content, measured from the TGA results, in the bulk slag paste and fly
ash paste at 28 days was in the range of 4-5 % and 3-4 %, respectively,
indicating very low CH content in these pastes. The CH contents agrees
well with the literature [104]. A CH content of slightly more than 4 %
was reported by [104] in slag paste with slag dosage of 70 %. In contrast
to the specimens healed in deionized water, the specimens healed in
saturated lime solution demonstrate crack filling within the first 5
dry/wet cycles. As discussed in Section 3.1.1. and 3.1.2., CaCO3 and
hydration products, including C-S-H gel and ettringite, were shown to be
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the primary HP in the case of the slag pastes. As mentioned previously,
in this study the slag paste specimens were immersed in the saturated Ca
(OH); solution for one hour every 24 hours during the dry/wet cycle.
The Ca(OH), was utilized to trigger activation of unreacted slag on the
crack surface. The C-S-H gel is formed through the pozzolanic reactions
and exists primarily near the unreacted slag on the surface of
microcracks.

Fig. 14a shows the mechanical regain of the slag paste specimens.
The control specimen without hydrogels showed about 37 % mechanical
regain. The slag paste specimens with HL-A and HL-B exhibited a higher
mechanical regain (57 % and 59 %, respectively) than the control
specimen. A slightly higher mechanical regain in the specimen with HL-
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B than the specimen with HL-A can be noted.

The dosage of the hydrogel used in this study is 1 % of the binder;
therefore, when cracks arise, hydrogels are more likely to be present on
the crack path as hydrogel macrovoids create regions of high stress
concentration at the microscale. When the external fluid comes into
contact with hydrogels on the crack surfaces in the wet period, hydro-
gels swell, physically blocking the crack. During the dry period,
hydrogels release their water into the crack space, stimulating healing.
The higher absorption of HL-B than HL-A and as such, availability of
more water during the dry cycle, could promote an increase in the for-
mation of healing product in between cracks leading to higher me-
chanical regain.

The mechanical regain of the fly ash paste specimens is shown in
Fig. 14b. Fly ash paste specimens demonstrated crack filling within the
first few cycles, which is primarily attributed to CaCOs3 precipitation
[105]. As discussed earlier, CaCOs is one of the major phases in the HP of
fly ash pastes. The fly ash control paste specimen without hydrogels
showed a mechanical regain of about 43 %. The fly ash pastes with HL-A
and HL-B showed a higher mechanical regain of 61 % and 72 %,
respectively, compared to the fly ash paste without hydrogels. A higher
mechanical regain in the paste containing hydrogels than the paste
without hydrogels is noted, which could point to the increased healing
product when hydrogels are used in the fly ash pastes. A higher me-
chanical regain of the fly ash paste with HL-B compared to the fly ash
paste with HL-A is observed. This trend agrees with the mechanical
regain results of slag pastes, where HL-B appeared to have a larger effect
than HL-A on increasing the mechanical regain of the samples.

The mechanical regain results presented above clearly provide evi-
dence for the beneficial effect of hydrogels on the mechanical regain of
slag and fly ash pastes. The impact of the chemical composition of the
hydrogels on how they improve the mechanical regain could be different
in different pastes; however, a general trend emerges that relates the
effect on mechanical regain to the absorption capacity of the hydrogels.
As shown previously, HL-B demonstrated a higher absorption behavior
than HL-A; thus, HL-B can take up more water during the wet cycle and
release a larger amount of water than HL-A during the dry cycle to
promote formation of more HP. It should be borne in mind that avail-
ability of water is critical for the continued hydration and CaCOs
formation.

3.3. Crack filling evolution

The filling of cracks was monitored as discussed in section 2.3.
Fig. 15 shows the filling of the crack in the slag paste without hydrogels
(S), and the slag pastes containing hydrogels (S-HL-A, and S-HL-B)
before healing and at 3, 7, 14, and 28 cycles of healing. The optical
images have been enhanced to allow visual observation of the filling of
the crack with the healing products. The HP in the form of a whitish
substance is seen to fill the crack in the specimen. During the crack
filling evolution monitoring, it was observed that the cracks were filled
by the HP on both sides of the prisms. Crack filling by formation of the
HP appears to start within the first few cycles in the slag pastes con-
taining HL-A and HL-B. As can be seen, the control slag paste without
hydrogel showed formation of the HP at a later age of cycle 14. The
crack in the slag pastes containing hydrogels were filled with the HP
after healing for 28 cycles (days). But the slag paste without hydrogels
showed only partial crack filling by this age. In the case of S-HL-A, the
entire crack appears to be filled after 7 cycles. Although a large portion
of the cracks was filled in S-HL-B at cycle 7, S-HL-B demonstrated a
complete crack filling at cycle 14.

In the control fly ash paste (FA), the crack filling started after 7 cy-
cles, while fly ash pastes containing HL-A and HL-B (FA-HL-A and FA-
HL-B) demonstrated crack filling at the third cycle. The crack was
entirely filled after 14 cycles in FA-HL-A and FA-HL-B, while the crack in
FA was not entirely filled by HP even at 28 cycles.

As discussed previously, since hydrogels promote a preferential
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Fig. 16. Illustration depicting the effect of hydrogels on self-healing.

pathway for cracks, they are present on the crack surface. Due to their
high water absorption and retention capacity, they are able to capture
water during the wet cycle or from the humidity of the environment.
During the dry cycle, the absorbed water is released from the hydrogels
into the surrounding region (see Fig. 16). Since water plays an essential
role in the chemical reactions underlying the precipitation of healing
products, the provision of water from hydrogels can enhance the pre-
cipitation of the healing products thereby contributing to the crack
filling in both slag and fly ash pastes. The crack filling evolution ob-
servations are in support of the mechanical regain results discussed
earlier.

4. Conclusion
The influence of hydrogels on the self-healing processes in cemen-

titious systems with a large dosage of slag and fly ash was studied. The
conclusions are as follows:

In the slag pastes, the HP were primarily made up of CaCO3 and
hydration product including C-S-H and ettringite. Other phases,
including monocarboaluminate and hemicarboaluminate, were also
observed in the healing product.

The presence of C-S-H, C-A-S-H, and CaCOj3 phases was evidenced in
the HP of the fly ash pastes. It was observed that the ratio of CaCO3 to
hydration products was larger in the case of fly ash paste than slag
pastes.

In both slag and fly ash pastes, the pastes with hydrogels demon-
strated a higher CaCOs content than the control paste without
hydrogels.

A higher mechanical regain and crack filling in the pastes containing
hydrogels than the paste without hydrogels is noted, which points to
the increased healing product when hydrogels are used in the slag
and fly ash pastes.

The hydrogel with a higher water absorption generally seemed to
exhibit a slightly improved impact on the mechanical regain and
crack filling in both fly ash and slag pastes. However, further in-
vestigations can help in establishing the relationship between the
hydrogel characteristics and their self-healing effect in systems
containing slag and fly ash.
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