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Reducing the carbon dioxide (CO,) footprint in the construction industry is a key global objective
in the pursuit of sustainability, especially considering that Ordinary Portland Cement (OPC) production is
a significant contributor to global CO: emissions. Numerous advanced technological solutions have been
explored to mitigate this impact, with one promising approach being the partial replacement of cement
with supplementary cementitious materials (SCMs), aligning with the principles of a circular economy.
This study aimed to develop green mortars by replacing 16 wt.% of cement with mechanically activated
fly ash. In addition, the effects of the addition of 1 wt.% crystalline admixture and 0.25 wt.% transitional
nano-alumina on the fresh properties, the hardened mechanical properties, and self-healing efficiency
were examined. The inclusion of mechanically activated fly ash caused a slight delay in the setting time
compared with the reference mortar. However, incorporating 1 wt.% crystalline admixture into the fly
ash—-modified mortar resulted in a significant delay in the setting time. The mechanical properties of the
modified mortars remained consistent with the expected values for conventional mortars. The highest
self-healing efficiency was observed in mortars containing 16 wt.% mechanically activated fly ash and 1
wt.% crystalline admixture, achieving 36 % self-healing efficiency after 28 days, which increased to 89 %
after 56 days, and 96% after 90 days of curing. Similarly, mortars incorporating 0.25 wt.% transitional
nano-alumina also achieved 96 % self-healing efficiency after 90 days. However, the addition of 0.25
wt.% transitional nano-alumina exhibited a delayed self-healing effect, with only 10 % self-healing effi-
ciency after 28 days and 63 % after 56 days of curing.

Keywords: mechanically activated fly ash; mortars; self-healing; circular economy;
crystalline admixture; transitional nano-alumina

BJIMJAHUE HA MEXAHUYKU AKTUBUPAHA JIETEUKA IEIIEJ, KPUCTAJIEH JOJATOK
N HAHOAJTYMHUHA BP3 CBEXKUTE CBOJCTBA, MEXAHUYKUTE CBOJCTBA
N CAMOJIEKYBAIBETO HA IEMEHTHUTE MAJITEPU

HamanyBameTro Ha orneuarokor of jarneponeH muokcuy (COz) Bo rpajexHaTa MHIyCTpHja €
KITy4Ha TI00aJTHa 1IeJT BO CTPEMEKOT KOH OJPKIMBOCT, 0COOEHO MMAajKU MPEABU JAeKa MPOU3BOJACTBOTO
Ha obOuuen nopmiana-uement (OPC) e 3nauaen ¢akTop 3a rodanuute emucun Ha CO.. McTpakenu ce
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OpOjHU HANpETHHU TEXHOJOUIKY PellleHHja 3a yOIaKyBame Ha OBa BIIMjaHHUE, a €/IeH BETYBAaUKH MPUCTAT €
JeTyMHaTa 3aMeHa Ha IIEMEHTOT CO JIONOJHUTEIHM LIEMEHTHH MaTepHjajii, YCOIJacyBajKH Ce CO
NPUHLIUINTE Ha LUPKyJapHa ekoHoMmuja. lenta Ha oBaa cryauja Oemie na ce pa3BUjar 3eJICHH MalTepu
co 3ameHa Ha 16 Mac.% IIeMEeHT co MeXaHWYKH aKTHBUpaHa Jiereuka nernen. [Tokpaj Toa, ucnuranu Gea
edexrure ox monaBameTo Ha 1 Mmac.% kpucranen poxaatok u 0,25 mac.% mnpeojHa HaHOATyMUHA BP3
CBEXKHUTE CBOjCTBA, CTBPJHATUTE MEXaHUYKH CBOjCTBA M €(pMKACHOCTA HA caMmolieKyBame. [Ipumenara Ha
MEXaHWYKH aKTUBHpPaHa JIeTeyKa Ierell Npen3BuKa Majo OJUI0KYBamhe BO BPEMETO Ha CTBP/IHYBAE BO
cnopenba co pedepentanor manrep. Cenak, npuMeHara Ha | Mac.% KpHCTaleH JOAATOK BO MaJlTEpPOT
MOIU(UIMPaH CO JETeUKa IEHeN PE3yNTHpAIle CO 3HAYUTEIHO OJJIOKECHO BPEME Ha CTBPAHYBAIbC.
MexaHUYKNTE CBOjCTBA Ha MOIU(DUIMPAHWTE MaNTEpPH OCTAaHaa BO COMNIACHOCT CO OYEKyBaHHUTE
BPEIHOCTH 32 KOHBCHIIMOHAIHNTE ManTepu. HajBrucoka erkacHOCT Ha caMOJleKyBambe € 3a0enexaHa Kaj
MaJTepuTe KoM coapkaT 16 mac.% MeXaHWYKM aKTHBHpaHa JieTedka menen W 1 mac.% KpuCTajeH
JOAaTOK, HOCTHTHYBAjKH 36 % e(huKacHOCT Ha caMOJIeKyBame Mo 28 neHa, Koja ce 3royeMu Ha 89 % 1o
56 neHa u Ha 96 % mo 90 nena Tperman. CiauyHo, ManTepute mro coapxkar 0,25 mac.% npeoaHa HaHO-
ATyMHHa UCTO Taka nocTuruaa 96 % edukacHoct Ha camonekyBamwe 1o 90 nena. Cenak, 10/1aBambeTo HA
0,25 mac.% mpeogHa HaHOAIyMUHA IIOKaKa OJUIOKEH e(eKT Ha caMoleKyBame, co camo 10%

e(rKacHOCT Ha caMoJieKyBame 1o 28 neHa u 63 % 1o 56 eHa CTBpAHYBAabE.

KJ'[y‘-lHH 360p0BI/I: MCEXaHUYKU aKTUBUPAHA JIETCUKaA METIC]I; MAJITECPHU; CaMOJICKYBALC,
KpYy>XHa GKOHOMI/Ija; KPUCTAJICH JOAATOK; MMPEOJHAa HAHOAJITYMHUHA

1. INTRODUCTION

The construction industry accounts for ap-
proximately 11 % of global greenhouse gas (GHG)
emissions, with cement production, particularly the
clinker manufacturing process, representing this
sector's primary contributor to carbon emissions. In
recent years, there has been an intensification of
efforts to reduce carbon dioxide (CO;) emissions
from cement and concrete production. One of the
most effective and widely accepted approaches is
partially replacing cement with supplementary ce-
mentitious materials (SCMs). This strategy helps
lower the clinker content in cement-based materi-
als, thereby reducing overall GHG emissions.
Among the various SCMs, fly ash, a by-product of
coal combustion in thermal power plants, is one of
the most commonly used alternatives due to its
pozzolanic activity and sustainability benefits.!*

The incorporation of fly ash in cement-based
materials provides dual benefits: it reduces the
amount of fly ash requiring disposal as industrial
waste, and it enhances the material’s performance
due to its pozzolanic properties. The influence of
fly ash on mortar strength is primarily determined
by its physical characteristics, including particle
size distribution and specific surface area, as well
as its chemical and mineralogical composition.
While raw fly ash can be used directly in cement-
based materials, its hydraulic properties and poz-
zolanic reactivity can be significantly improved
through mechanical activation, transforming it into
a higher-value, more reactive material.®

Mechanical activation is the most effective
method for enhancing fly ash properties, as it re-

duces the particle size, significantly increases its
specific surface area, and decreases its crystallini-
ty.® Numerous studies have investigated the me-
chanical activation of fly ash, particularly its use in
hydraulic binders (such as Portland cement) or ge-
opolymers.>” Based on prior research, mechanical-
ly activated fly ash can be incorporated into ce-
ment at higher proportions without negatively af-
fecting mechanical properties. This ability is due to
the increased reactivity that results from the parti-
cle size reduction and an increased surface area,
which enhance the pozzolanic reactivity of fly ash.
The altered particle morphology and size distribu-
tion accelerate dissolution-precipitation reactions,
leading to the development of a denser microstruc-
ture with improved mechanical properties of the
final product.® Additionally, fly ash contributes to
the longevity of the product due to its ability to act
as a mineral addition for autogenous self-healing,
which extends the service life of cement-based ma-
terials.®

The construction industry is moving forward
to a more innovative and sustainable route. Self-
healing can play a vital role in the reduction of in-
dustry-related environmental impact by providing
construction materials with a prolonged service
life.1° The concept of self-healing is widely applied
to various materials in civil engineering, such as
concrete, the most widely used manmade materi-
al,’® mortars,* and geopolymers, an alternative
cementing material with a lower carbon footprint,?
among others. Despite advancements in material
design, crack formation remains unavoidable, po-
tentially compromising the structural integrity of
the entire system.*® Cracks can form at any stage

Maced. J. Chem. Chem. Eng. 44 (1), xx—xx (2025)



The effect of mechanically activated fly ash, crystalline admixture, and nano alumina on the fresh properties... 3

during the service life of cement-based materials,'*
creating pathways for moisture, salts, chlorides,
and other aggressive agents to infiltrate and de-
grade the internal structure.® Various factors con-
tribute to crack formation, including climate
change effects (temperature fluctuations and ex-
treme weather), geological factors (seismic activity
and soil settlement), drying shrinkage, freeze-thaw
cycles, and thermal stress—induced volume chang-
es, among others.’® A promising solution to miti-
gate microcracks and to prevent their propagation
is the integration of self-healing mechanisms with-
in cement-based materials. These mechanisms en-
hance material longevity, reduce maintenance
costs, and contribute to more sustainable and resil-
ient infrastructure. The selection of an appropriate
self-healing mechanism depends on several key
factors, including material composition, structural
age, exposure conditions, and the properties of the
self-healing agent, which can be intrinsic (autoge-
nous) or extrinsic (autonomous).*®* The concept of
self-healing is defined in multiple ways: (i) the
ability of the material to initiate the hydration pro-
cesses, leading to crack sealing;!’ (ii) the capacity
of the material to repair cracks autonomously,
without human intervention;*8 and (iii) the capabil-
ity of the material to partially or fully restore its
mechanical properties after damage.'® Various ef-
fective strategies are employed to enable these
self-healing processes, including the dispersion of
polymers, the incorporation of fibers, bacterial-
based healing agents, crystalline admixtures, min-
eral additives, and nanomaterials.'®%?

Crystalline admixtures (CAs) are a special-
ized class of additives comprising a proprietary
blend of active chemicals that significantly reduce
water permeability and enhance the self-healing
capacity of cement-based materials. These com-
mercial products have confidential formulations,
and they typically do not exceed 1 wt.% of the ce-
ment weight. In the presence of water, CAs trigger
chemical reactions that lead to the formation of
water-insoluble precipitates within pores and
cracks. Depending on the crystalline promoter,
these precipitates are primarily composed of modi-
fied calcium silicate hydrate (C-S-H) or calcium
carbonate (CaCO:s), contributing to microstructural
densification and significantly improving water
resistance.®?

In recent years, significant research efforts
have been dedicated to the integration of nano-
materials in the construction industry. Additional-
ly, they can be regarded as a sustainable option,
given that the manufacturing processes of nano-
materials contribute minimally to carbon emis-
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sions.? Various types of nanomaterials, including
nano-silicon dioxide (SiO-), nano-titanium dioxide
(TiOy), nano-clay, nano-aluminum oxide (Al.Os3),
carbon nanotubes (CNTs), and graphene oxide,
have been studied extensively for their ability to
enhance the properties of cement-based materials.
The application of nanomaterials to enhance self-
healing efficiency is a relatively novel concept,
with ongoing research aimed at elucidating their
role as healing agents. Due to their ultrafine parti-
cle size and high specific surface area, nanomateri-
als, when incorporated into cement-based compo-
sites, create additional nucleation sites for the for-
mation of C-S-H gel, the primary binding phase in
cement hydration. This nucleation effect acceler-
ates hydration reactions, leading to a denser micro-
structure with improved mechanical properties and
reduced permeability.?®

Nano-alumina has been used in different
cement-based products in construction. Farzadnia
et al.** showed that the addition of 1 % nano-
alumina with the average size of 13 nm enhances
the compressive strength of high strength mortars
by up to 16 % at room temperature and the residual
strength by up to 800°C. Higher amounts of nano-
alumina (more than 2 %) lower the compressive
strength of mortars back to its original strength due
to agglomeration and water absorption issues.
Cuenca et al.® examined the impact of alumina
nano-fibers (0.25 wt.% by cement mass) on the
mechanical performance and durability of ultra-
high performance fiber-reinforced cementitious
concrete, particularly in extreme conditions. The
findings highlight their effectiveness in enhancing
crack sealing and self-healing capacity by improv-
ing flexural and tensile mechanical behavior. Alu-
mina nano-fibers improve durability by controlling
cracking at an early stage and promoting hydration
reactions due to their hydrophilic nature, ultimately
enhancing mechanical recovery and water permea-
bility resistance. Shao et al.?® showed that the addi-
tion of 5 % nano y-alumina to Portland cement en-
hances long-term strength by promoting the for-
mation of AFm phases (monosulfate and monocar-
bonate), which increase solid volume and refine
pore structure. This process reduces porosity, the
sulfur species concentration, and the portlandite
content while slightly increasing bound water.
However, nano-alumina dissolves slowly, contrib-
uting to a gradual strength improvement over time.

Based on a review of the literature, there has
been relatively little research on the use of transi-
tional nano-alumina in construction materials, es-
pecially for mortars and concrete, compared with
other types of nanoparticles. Zhou et al.?’ studied
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the impact of transitional aluminas on hydration
kinetics, phase assemblage of Portland cement, and
the alkali-silica reaction (ASR) prevention. Transi-
tional aluminas, derived from annealed reactive alu-
mina exhibit reduced reactivity as the annealing tem-
perature increases. As the temperature increases, re-
active alumina gradually transforms from y-alumina
to - and 6-alumina before the final conversion of a-
alumina as the most thermodynamically stable phase.
v-alumina is a metastable phase (polymorph) and is
considered to be highly reactive. Highly reactive
transitional aluminas promote katoite formation, in-
creasing the Al concentration in the pore and enhanc-
ing prevention of the ASR. Their rapid dissolution
significantly affects early cement hydration. In con-
trast, transitional aluminas with low reactivity act as
fillers, accelerating cement hydration without major
chemical interactions.

This study explored the use of fly ash as an
SCM to promote a sustainable approach to utiliz-
ing locally available resources?® in the design of
green mortars. The focus was on mortars in which
16 wt.% of cement was replaced with mechanically
activated fly ash. The synergistic effects of crystal-
line admixtures and transitional nano-alumina
(0.25 wt.%) on modified fly ash mortars were ana-

Table 1

lyzed in terms of the fresh properties, mechanical
performance, and self-healing capabilities. This
research addresses a key literature gap regarding
the use of transitional nano-alumina in green mor-
tar design.

2. EXPERIMENTAL SECTION
2.1. Materials

This study utilized Ordinary Portland Cement
(OPC) (CEM 1 52.5R) from Cementarnica USJE-
TITAN Group (Republic of North Macedonia), fly
ash sourced from the REK Bitola thermal power
plant, a crystalline admixture (known as Hidrofob
Kristal) from the company Ading AD Skopje (Re-
public of North Macedonia), and transitional nano-
alumina supplied by IBU-tec (Germany).

OPC was used as the primary binder in the
mortar mixes. Its chemical composition and physi-
cal properties are presented in Tables 1 and 2, re-
spectively, while its compressive strength is shown
in Table 3. The free calcium oxide (CaO) content
was 0.8 wt.%. The OPC data were provided by the
manufacturer.

Chemical composition of cement CEM | 52.5R, wt. %

Cement SiO2  AlOs

Fe2O3 CaO MgO KO NaO

CEM1525R 1781 5.20

276 6390 254 081 0.23

Table 2

Physical characteristics of cement CEM | 52.5R

Specific surface area Sieve residue

Standard consistency

Initial setting time Final setting time

(Blaine), cm?/g > 45 pm, % % min min
4070 24 31.2 148 173
Table 3

Compressive strength of cement CEM | 52.5R

Age of specimen, days

2 7 28

Compressive strength, MPa

406 539 632

Mechanically activated fly ash was used in
the mortar mixes. The raw fly ash was mechanical-
ly activated by grinding in a ball mill (Bond Grind-
ing Test Mill, HIRA LABORATORY TESTING
EQUIPMENT, Turkey) before utilization. The
grinding process was conducted under the follow-

ing conditions: an applied speed of 70 rpm and a
milling duration of 40 min, ensuring that the mate-
rial retained less than 20 % residue on a 32-um
sieve.

The chemical composition (in wt.%) of the
fly ash after mechanical activation was as follows:

Maced. J. Chem. Chem. Eng. 44 (1), xx—xx (2025)
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SiO;, 51.48; Al,0s, 21.11; Fe;03, 9.30; CaO, 8.06;
MgO, 2.81; Na20, 1.26; and loss of ignition (LOI),
0.54. Based on its composition, it is classified as
siliceous fly ash.?® The density of the mechanically
activated fly ash was 2.064 g/cm?®. The mean parti-
cle diameter (Dso) after mechanical activation was
11 pm, and the particle size distribution was uni-
modal, extending up to 105 um.

The mineralogical composition of the mechan-
ically activated fly ash consisted of both amorphous
and crystalline phases, with quartz, plagioclase, and
hematite as the dominant crystalline components.

The morphology of the mechanically acti-
vated fly ash particles is shown in Figure 1, high-
lighting their heterogeneous nature. Typical fly ash
cenospheres (14 um)* persist even after mechan-
ical activation, which is intended to enhance reac-
tivity.3 Irregular particles with internal pores (less
than 1 um) and coarse particles exhibiting irregular
geometries and sharp edges are also evident.

Fig. 1. Morphology of mechanically activated fly ash

Table 4

Transitional nano-alumina powder (99.98 %)
with a specific surface area of 124 m?/g was used
in this study. The powder was aggregated with di-
mensions ranging from 100 to 600 nm, while the
primary particle size ranged from 5 to 50 nm. The
phase composition consisted of the a, d, vy, and 0
phases, commonly referred to as “Greek-letter
alumina” or transitional alumina. The 6- and y-
alumina phases were dominant, while 8-alumina
(the final metastable transitional phase) and stable
a-alumina were present in approximately equal
amounts at 10 + 1 wt.% each.*

Four types of mortar were prepared in this
study, as shown in Table 4. The first mortar, M1,
served as the reference and was formulated as a
standard mortar in accordance with EN 196-1.% In
the other three mortars (M2, M3, and M4), 16
wt.% of OPC was replaced with mechanically acti-
vated fly ash. Additionally, M3 contained crystal-
line admixture (1 wt.% of the total binder content),
while M4 included transitional nano-alumina (0.25
wt.% of the total binder content). To minimize the
potential agglomeration of nano-alumina particles
in fresh samples, the nano-alumina powder was
first ultrasonically dispersed in water for 30 min.
Then, the resulting dispersion was transferred to a
mechanical mixer, where the designed mortar mix
was added gradually while stirring. The water-to-
cement ratio was maintained at 0.5 for all samples.
All mortars were prepared by following the stand-
ardized procedure outlined in EN 196-1.3 The re-
placement level of mechanically activated fly ash
in mortar and the addition of small quantities of
transitional nano-alumina were determined based
on a comprehensive literature review and prior re-
search findings.

Mix design of mortars

Mortar OPC CA MAFA

NA Standard sand Water

sample g g g g g ml
M1 450 / / / 1350 225
M2 378 / 72 / 1350 225
M3 378 45 72 / 1350 225
M4 378 / 72 1.125 1350 225
2.2. Methods using dry laser granulometry (1090 laser particle

The chemical composition of fly ash was ana-
lyzed using X-ray fluorescence spectroscopy (S8
TIGER WDXRF spectrometer, Bruker, Germany).
Its particle size distribution (PSD) was measured
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size analyzer, Cilas, France). The morphology of fly
ash particles was examined via scanning electron
microscopy (FEI Quanta 200, JEOL, Japan) with a
secondary electron detector and an accelerating
voltage of 30 kV under high vacuum.
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The fresh properties of the mortar mixes were
evaluated according to standard procedures outlined
in the EN standards. Specifically, the bulk density
of fresh mortar was determined following EN 1015-
6.3 The consistency of the mortar mixtures was as-
sessed by using the flow table method, as specified
in EN 1015-3.% The air content in fresh mortar was
measured according to EN 1015-7.% Finally, the
initial and final setting times of the mortars were
determined using a Vicat apparatus (CONTROLS,
Italy) in compliance with EN 480-2.%

To evaluate the mechanical properties of mor-
tars, standard prisms (40 x 40 x 160 mm) were pre-
pared in accordance with EN 1015-11%, The speci-
mens were cured under moist conditions at 20°C and
< 95 % relative humidity for 28 days. The mechani-
cal properties, including compressive and flexural
strength, were determined following EN 1015-11.%8

The flexural strength test was conducted us-
ing a three-point bending test, applying the load at
a rate of 50 = 10 N/s until the prism fractured. The
compressive strength test was performed on both
halves of the fractured prism, with the load applied
at a rate of 2400 = 200 N/s. Both tests were carried
out using the E161-01A + E172-01 compres-
sion/flexural testing machine (MATEST, Italy).
Three specimens from each mortar mix were test-
ed, and the results were averaged.

The self-healing efficiency was assessed by
monitoring crack closure through microscopy and
measuring capillary water absorption in pre-cracked
samples, following the procedure outlined by Stefa-
novska et al®. Crack formation was induced using a
three-point bending test on mortar specimens aged
for 28 days. Then, the cracks were examined and
documented using a digital microscope. After crack
formation, the specimens were immersed in water to
promote autogenous self-healing. This conditioning
method was selected based on extensive research
that has demonstrated the essential role of excess
water in facilitating autogenous self-healing.**!
Crack closure was observed and photographed after
7, 14, 21, 28, 56, and 90 days of submersion. The
initial crack widths of all specimens ranged from
100 to 600 um.

To evaluate healing efficiency via capillary
water absorption, three types of specimens were
tested for each mortar mix: uncracked specimens,
specimens with unhealed cracks, and specimens
with healed cracks. The conditioning procedures
for all specimens were as follows: Uncracked spec-
imens were conditioned by submersion in water for
28 days; unhealed specimens were aged under la-
boratory conditions for 28 days. Healed specimens
were submerged in water and tested after 28, 56,

and 90 days of treatment. Before testing, all speci-
mens were dried in a ventilated oven at 70°C for 7
days. To control water absorption, each specimen
was coated with epoxy resin to a height of 20 mm
on all sides, leaving only a 2-cm-wide central strip
exposed, where the cracks were located. The test
was conducted once the resin had fully dried, fol-
lowing the procedure outlined in EN 13057.42 Dur-
ing testing, specimens were placed on spacers in-
side a sealed, watertight container and immersed in
water to a depth of 2.0 = 1.0 mm from the base.
Before immersion, each specimen was weighed to
determine its initial mass. Then, water absorption
measurements were taken at 15, 30, 60, 120, 240,
and 480 min. The sorption coefficient was deter-
mined as the slope of the line in a graph plotting
water uptake against the square root of immersion
time. The healing efficiency was calculated using
the following formula:*®

ISH = Sunhealed - Shealed +100

Sunhealed - Suncracked

where Sunnealed IS the sorption coefficient of speci-
mens with an unhealed crack, Shealed iS the sorption
coefficient of samples with a healed crack, and
Suncracked 1S the sorption coefficient of samples
without a crack.

3. RESULTS AND DISCUSSION

3.1. Fresh mortar properties

Figure 2 presents the fresh mortar properties,
including bulk density, the air content, consistency,
and setting time (initial and final). The bulk densi-
ty of fresh mortars varied depending on their com-
position. The modified mortars exhibited a lower
density than the reference mortar (M1), which can
be attributed to the lower density of mechanically
activated fly ash and, most probably, to the crystal-
line admixture and transitional nano-alumina.

There was no significant difference in the air
content among the mortar mixes. Regarding con-
sistency, there was a slight difference between M1
(152 mm) and M2 (150 mm), while M3 exhibited
an increased consistency of up to 160 mm, likely
due to the plasticizing effect of the crystalline ad-
mixture. In contrast, M4 showed a reduced con-
sistency (145 mm), attributed to the presence of
transitional nano-alumina, which affects workabil-
ity as expected by nano materials addition.*

The setting time was also influenced by the
mortar composition. The addition of mechanically

Maced. J. Chem. Chem. Eng. 44 (1), xx—xx (2025)
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activated fly ash in M2 caused a slight delay in
both the initial and final setting times compared
M1, due to the slower hydration reaction of fly ash
compared with OPC.* M3 presented a more pro-
nounced delay in the setting time, a phenomenon
attributed to the retarding properties of the crystal-
line admixture. M4 also exhibited a slight delay in
the setting time, suggesting that transitional nano-
alumina also exerts a retarding effect on the setting

[min] [mm] kg/m3 %
500 . 170 9990 4,80 4,80 e 470 500
450 o 160 2215 4,50
o 4 145 150 2210 109
350 380 2205 3,50
300
330 140 2200 3,00

250
00 240 130 2195 2,50
150 i 170220 B 120 2190 200

155
100 2185 1,50
110
50 2180 1,00
0 100 2175 0,50
M1 M2 M3 M4 2170 0,00
Initial setting time, min M1 M2 M3 M4

Final setting time, min
e Consistency of fresh mortar, mm

time, although less pronounced than the crystalline
admixture. The influence of transitional nano-
alumina on fresh mortar properties can be ex-
plained by its high surface area-to-volume ratio,
high chemical reactivity, and pozzolanic proper-
ties, which modify the hydration kinetics and rheo-
logical behavior of the mix.*® The initial and final
setting times increased, indicating a delayed hydra-
tion process.

mmmm Bulk density, kg/m? Air content, %

Fig. 2. Graphical presentation of fresh mortar properties: setting time and consistency of fresh mortar (left);
bulk density and air content (right)

3.2. Mechanical properties of the mortars

Figure 3 illustrates the mechanical properties
of mortars, specifically flexural strength and com-
pressive strength, after 2 and 28 days of curing. The
modified mortars (M2, M3, and M4) exhibited lower
mechanical properties after 2 days of curing, which
can be attributed to the reduced cement content and
the slower hydration rate of mechanically activated
fly ash compared with OPC. However, after 28 days
of curing, the mechanical properties of all modified
mortars significantly increased, reaching values com-
parable to those of M1 (the reference mortar).

Compared with a previous study that used as-
received fly ash in the mix design,® the present study
demonstrated that mechanically activated fly ash has
a more beneficial effect on the mechanical properties
of mortar. Specifically, the use of mechanically acti-
vated fly ash increased compressive strength by 4 %,
whereas the mortar containing as-received fly ash
exhibited an 11 % decrease in compressive strength.
This enhancement is attributed to the increased spe-
cific surface area of fly ash particles after mechanical
activation. The activation process produces fly ash

Maced. J. Chem. Chem. Eng. 44 (1), xx-xx (2025)

particles with a larger surface area and finer particle
size, making them more comparable to cement parti-
cles. As a result, the reactivity of fly ash is enhanced,
improving its pozzolanic effect, as the silica content
in fly ash particles becomes more readily available
for reaction.”’ In the cement matrix, fly ash reacts
with available lime and alkali, forming additional
cementitious compounds. The fundamental poz-
zolanic reaction is:

CaOH + S (silica form ash constituents) = C-S-H

This reaction leads to C-S-H forming, which
serves as an additional binder, allowing the ce-
mentitious material to gain strength over time,
even after OPC has reached its final strength. Ce-
ment materials containing fly ash typically contin-
ue developing their final strength over 90 days of
curing.*® This phenomenon is further supported by
Ulaz et al.,* who reported that the mechanical
properties improve over time due to the continuous
development of hydration products. Additionally,
prolonged pozzolanic reactions contribute to a
denser microstructure, forming hydrated gels of C-
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S-H (calcium silicate hydrate) and calcium alumi-
nate hydrate (C-A-H) types. These gels are gener-
ated by the dissolution of pozzolanic phases such
as SiOz and Al;Os; from fly ash and transitional
nano-alumina, which react with calcium ions

8
6 I Ii
0 '

2 days 28 days
lMl M2 =M3 mM4

=
o

SN

Flexural strength [MPa]

N

(Ca?") from calcium hydroxide (Ca(OH)2) in the
presence of water.*® On the other hand, the pres-

ence of y-nano-alumina enhances long-term

strength, as reported by Shao et al.?®
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Fig. 3. Graphical representation of mechanical properties over time for cement mortars:
flexural strength (left) and compressive strength (right)

3.3. Microscopic investigation of crack reduction

Figure 4 presents image of cracks and the
reduction in crack width for a representative sec-
tion of each mortar mix over 90 days of treatment.
The initial crack width for all representative cracks
is approximately 400 + 20 um. However, it is im-

| 3 ‘ ’t> - -- |
B P P

21days

Before
treatment

7 days 14 days

portant to note that crack width varies along the
length of each specimen, with initial values rang-
ing from 100 to 600 um. Additionally, Fig. 5 illus-
trates the progressive closure of the crack along its
entire length during the self-healing process in M4
with crack width reduction measured at 7, 14, 21,
28, 56, and 90 days.

L-

28 days 56 days 90 days

Fig. 4. Crack width reduction for a representative section of each mortar
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Fig. 5. Crack width reduction along the entire crack length of M4

In all cases, there was a notable crack width
reduction, particularly after 90 days of treatment.
For M2 and M4, partial crack closure was evident
after 90 days of treatment, indicating an active
self-healing process. However, for M3, cracks reo-
pened after 28 days of treatment due to the fragility
of the specimen. This issue could potentially be
mitigated by reinforcing the specimens with fibers,
which would enhance structural integrity and min-
imize crack propagation. Although the crack reo-
pened in M3, the self-healing process remained
active, leading to a further crack reduction between
56 and 90 days of treatment. This suggests that
even in cases of structural weakness, continued
exposure to favorable healing conditions (such as
water immersion) facilitates ongoing autogenous
self-healing.

3.4. Self-healing efficiency

Figures 6-9 illustrate the self-healing effi-
ciency of each mortar mix, determined through
capillary water absorption testing. The healing ef-
ficiency was calculated by using the slopes of the
water absorption curves.® After 28 days of water
conditioning, M1 exhibited a healing efficiency of
10 %. In comparison, M2 and M3 achieved an ef-
ficiency of 33 % and 36 %, respectively, indicating
improved self-healing properties. However, M4,
which  contained transitional  nano-alumina,
showed no significant self-healing effect, maintain-
ing a healing efficiency of 10 %, similarly to M1.
Based on these findings, M3 demonstrated the
highest self-healing efficiency after 28 days, likely

Maced. J. Chem. Chem. Eng. 44 (1), xx-xx (2025)

due to the synergistic effect of crystalline admix-
ture and mechanically activated fly ash. The self-
healing efficiency observed for M1 is attributed to
the natural autogenous healing mechanism inherent
in cementitious materials. This process enables the
material to repair itself independently by detecting
cracks, triggering the healing process, facilitating
crack closure, and ultimately sealing the damaged
areas.! With continued treatment, the self-healing
efficiency increased as follows: for M1, it reached
56 % after 56 days and 83 % after 90 days; for M2,
it reached 87 % after 56 days and 90 % after 90
days; for M3, it increased to 89 % after 56 days and
96 % after 90 days; and for M4, it reached 63 %
after 56 days and 96 % after 90 days.
Cement-based materials with mineral addi-
tions, such as fly ash in M2, can heal cracks through
stimulated autogenous self-healing. This process
relies on the continuous hydration of unreacted ce-
ment particles and the precipitation of CaCOsa.
These mechanisms occur simultaneously until all
anhydrate cement particles are depleted. Addition-
ally, the dissolution and subsequent carbonation of
Ca(OH), can persist over an extended period, as
long as Ca?* is present in the system. The presence
of water is a crucial factor, as it initiates and sus-
tains the self-healing process.*®%%5t Among all
tested mortars, M3 exhibited the highest self-
healing efficiency over 90 days. Crystalline admix-
ture acts as an additional stimulator for autogenous
self-healing, enhancing the reaction Kkinetics.?®
When combined with mechanically activated fly
ash, crystalline admixture accelerates the hydration
process, leading to a faster and more efficient self-
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healing response. Furthermore, in the presence of
water, crystalline admixtures form precipitates that
fill micropores and cracks, increasing the materi-
al’s density and significantly reducing its water
permeability.?

Cuenca et al.>? described the role of crystal-
line admixture in concrete as a stimulant for both
self-healing and self-sealing processes. When ex-
posed to high humidity, crystalline admixture un-
dergoes chemical reactions that lead to the for-
mation of insoluble, needle-like crystals within
hairline cracks, pores, and capillaries. This phe-
nomenon is attributed to the hydrophilic nature of
crystalline admixtures, which facilitate moisture
absorption and enhance the material’s ability to
self-seal. Moreover, the morphology and reduced
particle size of mechanically activated fly ash ac-
celerate dissolution-precipitation reactions, in-
creasing its reactivity. As a result, this enhanced
reactivity promotes a more efficient and active
self-healing process in mortar.5®

Transitional nano-alumina exhibited a delay-
ing effect on the self-healing capacity of mortars.
During the first 28 days, its impact on self-healing
was minimal (10 %) and comparable to the natural
autogenous healing observed in M1 (the reference
mortar). Specifically, transitional nano-alumina
demonstrated a retarding effect compared with crys-
talline admixture, achieving only 63 % self-healing
efficiency after 56 days, whereas M3 reached a self-
healing efficiency of 89 % under the same condi-
tions. However, after 90 days, the self-healing effi-
ciency of M4 increased significantly, ultimately
reaching 96 %, the same level as M3. The addition
of nano-alumina in cement-based products promotes
the formation of C-(A)-S-H gels, which influence
the setting time and facilitate the efficient injection
of silica or binding agents into the hydration gel’s
microstructure for refinement.® This delayed yet
substantial improvement is likely due to the pres-
ence of metastable phases within the transitional
nano-alumina, which gradually contribute to the
self-healing process over time.
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Fig. 6. Water uptake in relation to the square root of the time for M1
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4. CONCLUSION

This study provides valuable insights into
sustainable construction practices, with the follow-
ing key conclusions:

Replacing 16 wt.% of cement with mechani-
cally activated fly ash in all modified mortars, along
with addition of 1 wt.% crystalline admixture (in
mortar M3) and 0.25 wt.% transitional nano-alumina
(in mortar M4), significantly affected the fresh prop-
erties of the mortars. Specifically, the synergistic ef-
fect of mechanically activated fly ash and crystalline
admixture most notably influences the fresh proper-
ties, particularly by enhancing consistency and dras-
tically delaying the setting time. This combination
results in a more workable mortar mix and provides
greater flexibility during application.

The flexural and compressive strength of the
modified mortars did not change significantly. All
mortars meet the expected performance standards
for conventional mortars.

Regarding self-healing, mechanically acti-
vated fly ash (16 wt.% as a substitution for OPC)
in M2 positively influenced the process, while the
combination of mechanically activated fly ash and
1 wt.% crystalline admixture (M3) resulted in the
best self-healing outcomes at 28, 56, and 90 days.
The addition of 0.25 wt.% transitional nano-
alumina (M4) showed a delayed effect on self-
healing but ultimately achieved a self-healing effi-
ciency of 96 % after 90 days, the same as Ma3.
These findings underscore the effectiveness of me-
chanically activated fly ash, crystalline admixture,
and transitional nano-alumina in enhancing the

self-healing process in mortars, particularly with
extended treatment periods.

Substituting 16 wt.% of cement with me-
chanically activated fly ash aligns with key princi-
ples of green construction, including circularity,
reduced raw material consumption, and cost sav-
ings. Moreover, this substitution provides dual en-
vironmental benefits: it promotes the concept of a
circular economy by utilizing industrial by-
products as secondary raw materials, and it helps
to reduce CO, emissions by lowering the cement
content in the mortar.

The observed improvements in crack width
reduction and self-healing efficiency hold significant
implications for real-world applications in sustainable
construction. Namely, the positive effects can be
mainly seen in the durability enhancement in infra-
structure, reduced maintenance and lifecycle costs,
and low carbon construction. The ability of modified
mortars, particularly M3 and M4, to achieve up to
96% self-healing efficiency after 90 days demon-
strates their potential to enhance the longevity and
resilience of mortars. By reducing crack width over
time, these materials can effectively prolong service
life and reduce maintenance costs.

Future studies should focus on comprehensive
durability assessments and life cycle analysis to op-
timize their possibility for practical implementation
in the civil engineering and construction industries.

Acknowledgment. This study received funding from
the Ministry of the Economy of the Republic of North Mace-
donia, contract No. 18-4427/3 from 21.12.2023.

Maced. J. Chem. Chem. Eng. 44 (1), xx—xx (2025)



The effect of mechanically activated fly ash, crystalline admixture, and nano alumina on the fresh properties... 13

()]

@

©)

4)

®)

(6)

@

®)

©)

(10)

(1)

(12)

REFERENCES

World Green Building Council
https://worldgbc.org/advancing-net-zero/embodied-
carbon/ (accessed 2024 -09 -14).

Xu, G.; Shi, X., Characteristics and Applications of Fly
Ash as a Sustainable Construction Material: A state-of-
the-art review. Resour. Conserv. Recycl. 2018, 136, 95—
109. https://doi.org/10.1016/j.resconrec.2018.04.010

Hemalatha, T.; Ramaswamy, A., A Review on Fly Ash
Characteristics — Towards Promoting High Volume
Utilization in Developing Sustainable Concrete. J.
Clean. Prod. 2017, 147, 546-5509.
https://doi.org/10.1016/j.jclepro.2017.01.114

CE Center Circular Economy Policy Research Center,
2019, CO2 Mineralization for Sustainable Construction,
https://circulareconomy.europa.eu/platform/sites/default/
files/5-co2-mineralisation-for-sustainable-construction-
materials-nl_1.pdf (accessed 2024 -09 -14).

Klima, K. M.; Schollbach, K.; Brouwers, H. J. H.; Yu,
Q., Thermal and Fire Resistance of Class F Fly Ash
Based Geopolymers. A review., Constr. Build. Mater.
2022, 323, 126529.
https://doi.org/10.1016/j.conbuildmat.2022.126529

Akmalaiuly, K.; Berdikul, N.; Pundieng, I.; Pranckevicieng,
J., The Effect of Mechanical Activation of Fly Ash on
Cement-Based Materials Hydration and Hardened State
Properties, Materials 2023, 16 (8), 2959.
https://doi.org/10.3390/mal16082959

Ez-zaki, H.; Diouri, A.; Maher, M.; Aidi, A.; Guedira,
T., Effect of Mechanical Activation of Fly Ash Added to
Moroccan Portland Cement, MATEC Web Conf. 2018,
149, 01074.
https://doi.org/10.1051/matecconf/201814901074

Sun, Y.; Wang, Z. H.; Park, D. J.; Kim, W. S.; Kim, H. S;;
Yan, S. R.; Lee, H. S., Analysis of the Isothermal Hydration
Heat of Cement Paste Containing Mechanically Activated
Fly Ash, Thermochim. Acta 2022, 715, 179273.
https://doi.org/10.1016/j.tca.2022.179273

De Belie, N.; Gruyaert, E.; Al-Tabbaa, A.; Antonaci, P.;
Baera, C.; Bajare, D.; Darquennes, A.; Davies, R.; Ferrara,
L.; Jefferson, T.; Litina, C.; Miljevic, B.; Otlewska, A,;
Ranogajec, J.; Roig-Flores, M.; Paine, K.; Lukowski, P.;
Serna, P.; Tulliani, J.-M.; Jonkers, H., A Review of Self-
Healing Concrete for Damage Management of Structures,
Adv. Mat. Interfaces 2018 5 (17), 1800074.

https://doi.org/10.1002/admi.201800074

Mohamed, A.; Zhou, Y.; Bertolesi, E.; Mengmei Liu,
M.; Liao, F.; Fan, M., Factors Influencing Self-Healing
Mechanisms of Cementitious Materials: A review,
Constr. and Build. Mater. 2023, 393, 131550.
https://doi.org/10.1016/j.conbuildmat.2023.131550

Lefever, G.; Charkieh, A. S.; Abbass, M.; Van Hemelrijck,
D.; Snoeck, D.; Aggelis, D. G., Ultrasonic Evaluation of
Self-Healing Cementitious Materials with Superabsorbent
Polymers: Mortar vs. Concrete, Dev. Built Environ.
2023, 13, 100112.
https://doi.org/10.1016/j.dibe.2022.100112

Zheng, D.; Ulerio Il, G.; Denduluri, V. S.; Juenger, M.;
Van Oort, E., Permeability and Self-Healing Behavior of
Alkali Activated Geopolymers for Well Cementing
Applications, Geoenergy Sci. Eng. 2024, 243, 213265.
https://doi.org/10.1016/j.gecen.2024.213265

Maced. J. Chem. Chem. Eng. 44 (1), xx-xx (2025)

(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

Deeba, S.; Ammasi, A. K., State-of-the-Art Review on
Self-Healing in Mortar, Concrete, and Composites. Case
Stud. Constr. Mater. 2024, 20, e03298.
https://doi.org/10.1016/j.cscm.2024.e03298

Wang, J. Y.; De Belie, N.; Verstraete, W., Diatomaceous
Earth as a Protective Vehicle for Bacteria Applied for
Self-Healing Concrete, J. Ind. Microbiol. Biotech. 2012,
39, 567-577. https://doi.org/10.1007/s10295-011-1037-1

Ismail, M.; Toumi, A.; Frangois, R.; Gagn’e, R., Effect
of Crack Opening on the Local Diffusion of Chloride in
Inert Materials, Cem. Concr. Res. 2004, 34, 711-716.
https://doi.org/10.1016/j.cemconres.2003.10.025

Kan, L. L.; Shi, H. S.; Sakulich, A. R.; Li, V. C., Self-
Healing Characterization of Engineered Cementitious
Composite Materials, ACI Mater. J. 2010, 107, 617—
624. https://doi.org/10.14359/51664049

Jakhrani, S. H.; Qudoos, A.; Gi Kim, H.; Kyu Jeon, 1.;
Suk Ryou, J., Review on the Self-Healing Concrete-
Approach and Evaluation Techniques, J. Ceram.
Process. Res. 2019, 20, 1-18.
https://doi.org/10.36410/jcpr.2019.20..1

Li, V. C.; Herbert, E., Robust Self-Healing Concrete for
Sustainable Infrastructure, J. Adv. Concr. Technol. 2012,
10, 207-218. https://doi.org/10.3151/jact.10.207

Mahmoodi, S.; Sadeghian, P., Self-healing concrete: A
Review of Recent Research Developments and Existing
Research Gaps, Annu. Conf. — Can. Soc. Civ. Eng. 2019,
1-10.

Lefever, G.; Aggelis D. G.; De Belie, N.; Van Hemelrijck,
D.; Snoeck, D., 4 — Nanomaterials in Self-Healing Cemen-
titious Composites, Nano-Tailored Multi-Functional Ce-
mentitious Composites. 2022, 141-159.
https://doi.org/10.1016/B978-0-323-85229-6.00013-5

Report on Chemical Admixtures for Concrete, ACI
Committee 212, American Concrete Institute (ACI), 2010,
Ch. 15.

Liu, C.; He, X.; Deng, X.; Wu, Y.; Zheng, Z.; Liu, J.;
Hui, D., Application of Nanomaterials in Ultra-High
Performance Concrete: A review. Nanotechnol. Rev.
2020, 9 (1), 1427-1444.
https://doi.org/10.1515/ntrev-2020-0107

Goyal, R.; Verma, V. K.; Singh, N., Nanomaterials Based
Self-Healing Concrete, Mater. Today: Proc. 2023.
https://doi.org/10.1016/j.matpr.2023.03.553

Farzadnia, N.; Abang Ali, A. A.; Demirboga, R,
Characterization of High Strength Mortars with Nano
Alumina at Elevated Temperatures. Cem. Concr. Res.
2013, 54, 43-54.
https://doi.org/10.1016/j.cemconres.2013.08.003

Cuenca, E; D'Ambrosio, L.; Lizunov. D.; Tretjakov, A.;
Volobujeva, O.; Ferrara, L., Mechanical Properties and
Self-Healing Capacity of Ultra High Performance Fibre
Reinforced Concrete with Alumina Nano-Fibres: Tailoring
Ultra High Durability Concrete for Aggressive Exposure
Scenarios, Cem. Concr. Compos. 2021, 118, 103956
https://doi.org/10.1016/j.cemconcomp.2021.103956

Shao, Q.; Zheng, K.; Zhou, X.; Zhou, J.; Zeng, X.,
Enhancement of Nano-Alumina on Long-Term Strength
of Portland Cement and the Relation to Its Influences on


https://worldgbc.org/advancing-net-zero/embodied-carbon/
https://worldgbc.org/advancing-net-zero/embodied-carbon/
https://doi.org/10.1016/j.resconrec.2018.04.010
https://doi.org/10.1016/j.jclepro.2017.01.114
https://circulareconomy.europa.eu/platform/sites/default/files/5-co2-mineralisation-for-sustainable-construction-materials-nl_1.pdf
https://circulareconomy.europa.eu/platform/sites/default/files/5-co2-mineralisation-for-sustainable-construction-materials-nl_1.pdf
https://circulareconomy.europa.eu/platform/sites/default/files/5-co2-mineralisation-for-sustainable-construction-materials-nl_1.pdf
https://doi.org/10.1016/j.conbuildmat.2022.126529
https://doi.org/10.3390/ma16082959
https://doi.org/10.1051/matecconf/201814901074
https://doi.org/10.1016/j.tca.2022.179273
https://doi.org/10.1002/admi.201800074
https://doi.org/10.1016/j.conbuildmat.2023.131550
https://doi.org/10.1016/j.dibe.2022.100112
https://doi.org/10.1016/j.geoen.2024.213265
https://doi.org/10.1016/j.cscm.2024.e03298
https://doi.org/10.1007/s10295-011-1037-1
https://doi.org/10.1016/j.cemconres.2003.10.025
https://doi.org/10.14359/51664049
https://doi.org/10.36410/jcpr.2019.20..1
https://doi.org/10.3151/jact.10.207
https://doi.org/10.1016/B978-0-323-85229-6.00013-5
https://doi.org/10.1515/ntrev-2020-0107
https://doi.org/10.1016/j.matpr.2023.03.553
https://doi.org/10.1016/j.cemconres.2013.08.003
https://doi.org/10.1016/j.cemconcomp.2021.103956

14

|. Stefanovska et al.

@7)

Compositional and Microstructural Cem.
Concr. Comp. 2019, 98, 39-48.

https://doi.org/10.1016/j.cemconcomp.2019.01.016

Zhou, J.; Chen, L.; Liu, Z.; He, F.; Zheng, K., Effect of
Transitional Aluminas on Portland Cement Hydration,
Phase Assemblage and the Correlation to ASR Preventing
Effectiveness. Cem. Concr. Res. 2021, 151, 106622.
https://doi.org/10.1016/j.cemconres.2021.106622

Aspects.

(28) Scrivener, K. L.; Nonat, A., Hydration of Cementitious

(29)

(30)

(1)

(32

(33)
(34)
(35)
(36)
(37)

(38)

(39)

(40)

(41)

Materials, Present and Future. Cem. Concr. Res. 2011,
41 (7), 651-665.
https://doi.org/10.1016/j.cemconres.2011.03.026

Fidanchevski, E.; Angjusheva, B.; Jovanov, V.; Murta-
novski, P.; Vladiceska, Lj.; Aluloska, N. S.; Nikolic, J.
K.; Ipavec, A.; Ster, K.; Mrak, M; Dolenec, S.,
Technical and Radiological Characterization of Fly Ash
and Bottom Ash from Thermal Power Plant, J.
Radioanal. Nucl. Chem. 2021, 330, 685-694.

https://doi.org/10.1007/s10967-021-07980-w

Strzatkowska, E., Morphology and Chemical Composition
of Mineral Matter Present in Fly Ashes of Bituminous
Coal and Lignite, Int. J. Environ. Sci. Technol. 2021, 18,
2533-2544. https://doi.org/10.1007/s13762-020-03016-0

Pavlik, Z.; Zaleska, M.; Pavlikova, M.; Pivak, A.;
Nébélkova, J.; Lauermannova, A.-M.; Jankovsky, O.;
Jifickova, A.; Pilaf, L.; Sedmidubsky. D., Eco-Friendly
Construction Mortars for Heavy Metals Immobilization
— Effect of Partial PC Replacement by Lignite-Based Fly
Ash and Prolonged High Humidity Curing on Physical
and Chemical Parameters, J. Build. Eng. 2024, 97,
110919. https://doi.org/10.1016/j.jobe.2024.110919

Bossert, J.; E. Fidancevska, E., Effect of Mechanical
Activation on the Sintering of Transition Nanoscaled
Alumina, Sci. Sinter. 2007, 39, 117-125.
https://doi.org/10.2298/SOS0702117B

BS EN 196-1: (Method of Testing Cement)
Determination of strength.

EN 1015-6: (Methods of test for mortar for masonry).
Determination of bulk density of fresh mortar.

EN 1015-3: (Methods of test for mortar for masonry).
Determination of consistence of fresh mortar.

EN 1015-7: (Methods of test for mortar for masonry).
Determination of air content of fresh mortar.

EN 480-2: Admixtures for concrete, mortar and grout -
Test methods. Determination of setting time.

EN 1015-11: (Methods of test for mortar for masonry).
Determination of flexural and compressive strength of
hardened mortar.

Stefanovska, 1.; Fidanchevski, E., Self-Healing of
Cement Mortars Based on Fly Ash and Crystalline
Admixture, MATEC Web Conf. 2023, 378, 02018.
https://doi.org/10.1051/matecconf/202337802018

Van Tittelboom, K.; De Belie, N., Self-Healing in
Cementitious Materials — A review, Materials 2013, 6,
2182-2217. https://doi.org/10.3390/ma6062182

Termkhajornkit, P.; Nawa, T.; Yamashiro, Y.; T., Saito,
T., Self-Healing Ability of Fly Ash—Cement Systems,
Cem. Concr. Compos. 2009, 31, 195-203.
https://doi.org/10.1016/j.cemconcomp.2008.12.009

(42)

(43)

(44)

(45)

(46)

(47)
(48)

(49)

(50)

(51)

(52)

(53)

(54)

EN 13057: Products and systems for the protection and
repair of concrete structures — Test methods.
Determination of resistance of capillary absorption

Ferrara, L.; Asensi, E. C.; Lo Monte, F.; Flores, M. R.;
Moreno, M. S.; Snoeck, D.; Van Mullem, T.; De Belie,
N., Experimental Characterization of the Self-Healing
Capacity of Cement Based Materials: An overview,
Proceedings. 2018, 2, 454.
https://doi.org/10.3390/ICEM18-05322

Quercia, G.; Spiesz, P.; Hiisken, G.; Brouwers, H., SCC
Modification by Use of Amorphous Nano-Silica. Cem.
Concr. Comp. 2013, 45, 69-81.
https://doi.org/10.1016/j.cemconcomp.2013.09.001

Xiao, M.; Xi, J.; Qiu, P.; Deng, C.; Li, F.; Wei, J.; Gao,
P.; Yu, Q. Evaluation of Tensile Properties and
Cracking Potential Evolution of Fly Ash-Cement Mortar
at Early Age Based on Digital Image Correlation
Method, Constr. Build. Mater. 2024, 412, 134855.
https://doi.org/10.1016/j.conbuildmat.2023.134855

Shokravi, H.; Mohammadyan-Yasouj, S. E.; Rahimian
Koloor, S. S.; Petri, M.; Heidarrezaei, M., Effect of
Alumina Additives on Mechanical and Fresh Properties
of Self-Compacting Concrete: A review, Processes.
2021, 9 (3), 554 https://doi.org/10.3390/pr9030554

Neville, A. M.; Brooks, J. J., Concrete Technology, 2nd
ed., Essex, England, 2010.

Fly Ash Facts for Highway Engineers, Technical report,
American Coal Ash Association, Washington, DC, 2003.

Ulaz, B.; Turanli, L.; Yucel, H.; Goncuoglu, M. C.; Culfaz,
A., Pozzolanic Activity of Clinoptilolite: A Comparative
Study with Silica Fume, Fly Ash and a Non-Zeolitic
Natural Pozzolan, Cem. Concr. Res. 2010, 40, 398-404.
https://doi.org/10.1016/j.cemconres.2009.10.016

Hossain, M.; Sultana, R.; Patwary, M.; N. Khunga, N.;
Sharma, P.; Shaker, S., Self-Healing Concrete for
Sustainable Buildings. A review, Environ. Chem. Lett.
2022, 20, 1265-1273.
https://doi.org/10.1007/s10311-021-01375-9

Snoeck, D.; De Belie, N., Autogenous Healing in Strain-
Hardening Cementitious Materials with and without
Superabsorbent Polymers. An 8-year study, Front.
Mater., 2019, 6 (48) 1-12.
https://doi.org/10.3389/fmats.2019.00048

Cuenca, E.; Mezzena, A.; Ferrara, L., Synergy between
Crystalline Admixtures and Nano-Constituents in Enhan-
cing Autogenous Healing Capacity of Cementitious Com-
posites under Cracking and Healing Cycles in Aggressive
Waters, Constr. Build. Mater. 2021, 226, 121447.
https://doi.org/10.1016/j.conbuildmat.2020.121447

El Fami, N.; Ez-zaki, H.; Boukhari, A.; Khachani, N.;
Diouri, A., Influence of Mechanical Activation of Fly
Ash on the Properties of Portland Cement Mortars,
Mater. Today: Proc. 2022, 58 (4) 1419-1422
https://doi.org/10.1016/j.matpr.2022.02.340

Zhang, W.; Zheng, Q.; Ashour, A.; Han, B., Self-
Healing Cement Concrete Composites for Resilient
Infrastructures: A review. Compos. B: Eng. 2020, 189,
107892.
https://doi.org/10.1016/j.compositesh.2020.107892

Maced. J. Chem. Chem. Eng. 44 (1), xx—xx (2025)


https://doi.org/10.1016/j.cemconcomp.2019.01.016
https://doi.org/10.1016/j.cemconres.2021.106622
https://doi.org/10.1016/j.cemconres.2011.03.026
https://doi.org/10.1007/s10967-021-07980-w
https://doi.org/10.1007/s13762-020-03016-0
https://doi.org/10.1016/j.jobe.2024.110919
https://doi.org/10.2298/SOS0702117B
https://doi.org/10.1051/matecconf/202337802018
https://doi.org/10.3390/ma6062182
https://doi.org/10.1016/j.cemconcomp.2008.12.009
https://doi.org/10.3390/ICEM18-05322
https://doi.org/10.1016/j.cemconcomp.2013.09.001
https://doi.org/10.1016/j.conbuildmat.2023.134855
https://doi.org/10.3390/pr9030554
https://doi.org/10.1016/j.cemconres.2009.10.016
https://doi.org/10.1007/s10311-021-01375-9
https://doi.org/10.3389/fmats.2019.00048
https://doi.org/10.1016/j.conbuildmat.2020.121447
https://doi.org/10.1016/j.matpr.2022.02.340
https://doi.org/10.1016/j.compositesb.2020.107892

