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HIGHLIGHTS

ABSTRACT

e The 3D vascular to release healing materials
at a specified crack

e A pre-and post-healing study examined the
microstructure of interior fissures

e EDX analysis confirmed the consumption of
Ca(OH):2 and the generation of C-S-H

e Mechanical properties and durability were

Concrete's fracture susceptibility is due to its limited tensile strength, which can
lead to cracks. Steel reinforcement is added to designated areas to address this
issue, but minuscule cracks can allow liquids and vapors to infiltrate the
reinforcing material, causing corrosion. Self-healing concrete can resist corrosion
by mending and sealing minor cracks. This study aims to determine if fused
deposition modeling (FDM) can fabricate innovative vascular networks and
tubes from polylactic acid (PLA) created by using three-dimensional (3D)

printing methods, and its characteristics were contrasted with those of two- and
one-dimensional (2D) networks.The dimensions of the internal and exterior
diameters were 4 and 5.6 mm, respectively. The researchers used a planetary ball
mill to apply an organic polycarboxylate ether liquid and fly ash nanopowder to
all vascular architectures. The prefabricated tubes were then incorporated into a
concrete beam to enable self-repairing capabilities. The water-to-cement ratio
was 0.6%; the mixture was 1 part cement, 2.16 parts water, and 2.98 other
ingredients. The self-healing properties were assessed using a four-point bending
test. The developed pipes can produce self-healing concrete by introducing nano
fly ash particles and low-viscosity healing solutions into the blood vessel
network, enabling the concrete to undergo self-repair mechanisms. The specimen
that had 3D treatment restored its strength to 95% at flexural recovery.

restored within 28 days after damage
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1. Introduction

Concrete is often regarded as the predominant construction material because of its excellent compressive strength and
advantageous economics. Concrete has a significantly reduced tensile strength [1,2]. Concrete's brittleness makes cracking
inevitable, making it susceptible to aggressive chemicals. Its durability is influenced by its structural and micro- and macro-
structural properties[3,4]. Most cracks result from limited tensile strength, creep, earthquakes, permeability, heat stress, excess
load, etc. [5]. The self-healing mechanism is a helpful substitute for traditional concrete component rehabilitation and damaged
repair methods [6-8], executed by using a variety of techniques either autonomously (Bacteria, capsule) or autogenously (fiber,
supplementary cementitious material (SCM)). Nonetheless, the autogenous repair is limited by the fracture width. The crack
has to be 200 um or smaller [9]. One real-world instance of autonomous healing involves the little release of a therapeutic
substance in polymer, glass, ceramic, and ZnO capsules [10-13].

Limited healing agents are provided via capsule-based self-healing, which reduces the requirement for bigger crack
restoration and repeated damage repair [13]. A major benefit of the vascular systems is that they allow for repeated cycles of
breaking and healing since the flow networks provide a constant supply of the healing agent [13]. Research looks at how the
vascular system affects the healing of cracks in cementitious materials and how recycled resources are used to make concrete.

This research looked at the flexural properties of self-healing concrete railway sleepers (SHCRS) after installing
polyurethane (PU)-reinforced glass tubes. Shaikh Mohammad Kouhi and others reported an observed increase of 11% in the
applied stress [14]. T. Selvarajoo et al. devised a technique for delivering cyanoacrylate and evaluated its efficacy on notched
prisms without reinforcement by incorporating PET tube networks into cementitious matrices [15]. Wan et al. produced wax-
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coated vascular networks using soluble polyvinyl alcohol filament, which were then integrated with cementitious mortar.
Experiments were carried out to determine the effectiveness of epoxy resin as a healing agent [16]. A three-dimensional PLA
vascular network that is biomimetic was designed and fabricated using the equation for the Murray circulatory blood volume
transfer. The material was broken up. Then, sodium silicate was pumped into it for four weeks. The sample's mechanical
characteristics were then evaluated using the load recovery method developed by Li et al. [17]. Using 3D printing technology,
Eleni Tsangouri et al. created therapeutic polymer tubes that broke when fractured, enabling the application of polyurethane
healing foam and strengthening and resilient tissue to be restored [18].

This work created a composite material to fill up fractures up to 400 um deep by combining cement with superabsorbent
polymers. A concrete self-healing capsule containing cement or a combination of cement and polyethylene glycol was
developed, demonstrating improved sealing ratios, water tightness, flexural strength, and compressive strength [19]. An
investigation was conducted to examine how self-curing chemicals affected concrete's durability. The M30 concrete mixture
was supplemented in the experiment using Sodium Polyacrylate, Polyethylene glycol (PEG), propylene Glycol (PPG), Perlite,
and Vermiculite. The results showed that PEG and PPG were the most effective self-curing substances [201]. Through the
process of encapsulating sodium alginate inside polyethylene glycol granules that are then coated with epoxy resin and calcium
sulfoaluminate cement, Jianhang Feng et al. were able to produce hydrogels effectively. Within twenty-four hours [21], Azam
Torkan and colleagues created a new method for smart cracking of cementitious structures using fibrous media containing
polyethylene glycol and silicon dioxide nanoparticles. This method hydrates and heals cracks, demonstrating increased healing
efficiency due to a decreased fracture radius, as demonstrated by FESEM, EDS analysis, and ultrasonic testing [22]. Wu et al.
The study explores using fibers and capsules in cement mortar to delay crack occurrence and enhance self-healing capacity,
revealing that adding OH-rich polyvinyl alcohol and sisal fibers enhances mortar mechanical properties [23].

Several factors affect the effectiveness of adsorption and preserving slump, including the main and side chains of various
types, including the stabilization group, and the molecular weight of carboxylate-type plasticizers in concrete mixtures used as
superplasticizers to reduce water content. It has been shown that longer chains enhance adsorption capacities by Sha et al. [24].

The study explores the impact of polycarboxylate ether-based superplasticizer (PES) on the mechanical strength of
cemented paste backfill. It aims to create a 3-D vascular tube to improve the distribution and coverage of healing agents.
Comparable one-dimensional and two-dimensional networks were used to assess the vascular network's potential for concrete
self-healing. The research found that the polylactic acid structures have a mechanically activated interfacial connection and a
brittle fracture reaction. The widths of the first fractures seen in each system ranged from 600 to 800 um. The experiment
results showed that the pumped polycarboxylate ether liquid could be transported through the vascular network of all three
systems for seven to twenty-eight days, including powdered nano fly ash as a healing agent. The self-healing effect's
mechanism was explained in terms of the load-bearing capacity recovered during the mechanical assessment after the
specimen underwent four-point bending and force was applied again. A wider spectrum of medicinal compounds may be
investigated by this research, and it will also help to enhance cement compositions, which is crucial for advancing concrete
technology and building techniques.

2. Experimental Study

The experimental study comprises four distinct components:

2.1 Vascular tube and network fabrication using 3D printing technology

The vascular tubes and networks were created using additive manufacturing methods, including 3D printing, with
geometric configurations, including one-, two-, and three-dimensional (3D) designs. The 0.80 mm nozzle-equipped Creality
CR-10S 3D printer created the vascular. The printer can print up to 300 mm by 300 mm by 400 mm at a maximum size, 60 um
at a maximum print resolution, and 80 mm/s at a maximum print velocity. The two main biodegradable polylactic acid (PLA)
sources are corn and sugarcane. The glass transition temperature (Tg) of polylactic acid (PLA) is comparatively low at 60 °C,
and its elongation at break is just 10% [25]. The tubes under consideration possess a volumetric capacity of 30 ml with a length
of 100 mm. The internal diameter of these tubes is 4 mm, while the exterior diameter measures 5.6 mm. The filament printing
parameters used to produce Fused Deposition Modeling (FDM) samples are shown in Table 1.

The efficiency of self-healing tubes greatly depends on their ability to maintain the PLA's chemical stability in a
cementitious matrix, conserve the healing agent, and prevent agent leaking before a pipe breaks. The interlayer adhesion of
Fused Deposition Modeling (FDM) pipes is strong. The pipes and the concrete don't seem to be spaced apart.

Tubes were constructed utilizing each unique filament and then filled with an appropriate substance to assess the
mechanical recovery of plastic filaments after breakage and subsequent embedding into a cube of concrete during the casting
process. A magnetic stirrer combined the nanopowder with a polycarboxylate ether (SP) solution. The mixture was injected
into the tubes using a syringe as a healing agent. The specimens were submerged in water for 28 days before being divided to
examine the efficacy of the therapeutic substances. The liquid state of the healing component suggests that the use of
Polycarboxylate ether might potentially facilitate the process of self-healing.The efficiency of self-healing tubes greatly
depends on their ability to maintain the PLA's chemical stability in a cementitious matrix, conserve the healing agent, and
prevent agent leaking before a pipe breaks. The interlayer adhesion of Fused Deposition Modeling (FDM) pipes is strong. The
pipes and the concrete don't seem to be spaced apart.

Tubes were constructed utilizing each unique filament and then filled with an appropriate substance to assess the
mechanical recovery of plastic filaments after breakage and subsequent embedding into a cube of concrete during the casting
process. A magnetic stirrer combined the nanopowder with a polycarboxylate ether (SP) solution. The mixture was injected
into the tubes using a syringe as a healing agent. The specimens were submerged in water for 28 days before being divided to
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examine the efficacy of the therapeutic substances. The liquid state of the healing component suggests that the use of
Polycarboxylate ether might potentially facilitate the process of self-healing.

Table 1: Displays the various configurations of printing settings specifically designed for PLA material

The parameters associated with the process of printing

The configurations

Height of the layer (mm) 0.1,0.2,0.3,0.4, 0.5
The orientation of layers Upright
Temperature printing (°C) 215

The temperature of the bed (°C) 60

The filament's diameter (mm) 1.75

The nozzle's diameter (mm) 0.8

The printing speed (mm/s) 50 mm/s

angle of raster 45/-45

Speed of travel (mm/s) 150 mm/s

Infill 100%

2.2 Activation fly ash

The manufacture of Nanopowder from fly ash was conducted using a planetary ball mill equipped with porcelain balls,
operating at a rotational speed of 400 revolutions per minute (rpm) for three hours.

2.3 Materials used
2.3.1 Cement

Type (I) ordinary Portland cement was used in the present investigation. Additionally, the cement satisfies the standards of
the ASTM (C150-04) and the Iraqi Specification (No. 5/1984) [26] in terms of both its physical and chemical composition
[27], and the chemical composition of cement is shown in Table 2.

Table 2: Used cement chemical composition and physical properties

Chemical Fe203 SOs SiO2 Al203 CaO MgO Alkalies LOI C3A C3S C28 C4AF LSF
components (K20,
% Na203)
Cement 3.13 2.06 20.07 5.74 62.29 2.32 0.60 1.91 9.92 58 13.80 9.52 0.96
Physical properties
The initial setting, min 52 Min .45
The final setting, hr 5 Max.10
Compressive strength at 28 days, MPa 27 23

2.3.2 Aggregate

Coarse aggregates with a grade maximum of 20 mm are currently in stock. The fine aggregates consist of natural sand with
a particle size of 4.75 mm, sourced from the Mustafa plant in Karbala. The materials adhere to the standards set by ASTM
(C33-03) [28] as well as the Iraqi Standardization (No. 45/1984) [29]. The sieving machine used is shown in Table 3 as
compatible with zone 3, and physical properties are shown in Table 4.

Table 3: Classification and specifications for fine aggregate grading

Size of . Cumulative passing (%) in accordance with 10S
sieve (mm)  Cumulative pass rate (%) No. 45/1984's limitgt(ion)s
4.750 100.0 90-100
2.360 92.220 85-100
1.180 85.370 75 - 100
0.600 68.250 60 -79
0.300 27.530 12 -40
0.150 9.110 0-10
Table 4: The physical properties of sand
Features Specifications Results  Specifications for Iraq No. 45/1984
Particular Gravity 2.640 2.640 -
Absorption percentage (%) 0.770 0.770 -
Weight of a dry loose unit (kg/m?) 1591 1591 -
The percentage of sulfate content as SO3 0.090 0.090 >0.50
The percentage of material that is 3.90 3.90 >5

smaller than the 75 um sieve.
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2.3.3 Fly ash

A byproduct of coal combustion is a fine powder of inorganic materials carried away with flue gases during the
combustion. The class F fly ash used in the study met the specifications outlined within the ASTM American Standard (C 618-
15), as shown in Table 5 [30].

Table 5: Used fly ash chemical composition and physical properties

Chemical Fe,03 SO; SiO, AlLO; CaO MgO Na,O L.O.1

components %

Fly ash 2.67 4.3 55.87 20.82 8 0.34 0.26 5.6
Physical Properties

Physical appearance Powders

The color Gray

Specific weight 2

Strength Activity Index with Portland 96.89

2.3.4 polycarboxylate ether

The chemical additive utilized in this study as a healing agent is called superplasticizer (SP). Specifically, the
superplasticizer used in this study is Sika Visco Crete-5930 L, which Sika supplies for construction chemicals/in Iraq. It is
worth noting that this product is in accordance with the BS EN 934-2:2001 standard [31]. Table 6 presents the properties of SP.

Table 6: Superplasticizer (Sika ViscoCrete-5930) characteristics

Form Viscous liquid

Basis Aqueous solution of modified polycarboxylate
Appearance Turbid liquid

Density 1.1 kg/1L

2.4 Mixture proportions

The frequently used weight ratio (1:2 , 16:2.98) was used for mixing to attain 30 MPa in 28 days. Each cubic meter of the
composite contains 340 kilograms of cement, 734.4 kilos of sand, and 1013.2 kilograms of gravel. The ratio of water to cement
is 0.6 . This study was prepared according to British Standard BS 5328-2:1997. The research created an autonomous self-
healing system by adding 10% Ultrafine fly ash powder to hollow tube healing fluid, which is shown by incorporating a
concrete mixture as outlined in Table 7. The development of an autonomous self-healing system is proposed and described in
Table 8.

Table 7: Mixture of the concrete beam proportions compressive and flexural strength specimens

Mix Nano fly Polycarboxylate Cement Fine Coarse Water Sample
ash (g) ether liquid (ml) (e aggregate (g) aggregate (g) (ml) number

Control cube 0 0 1148.56 2480.8 34227 689.1 6

Cube with 1 5 1148.56 2480.8 3422.7 689.1 18

vascular tube

Control prism 0 0 1701 3674 5069 1020 6

Prism with 4 20 1701 3674 5069 1020 18

vascular network

The present research prepared cubes and prisms to test hardened concrete's mechanical capabilities. After 7 and 28 days
and the addition of fractured samples, cured concrete specimens were air-conditioned for 28 days to heal. After that, the
specimen's compressive strength was tested. BS (1881-116) [32] defined three tests for 150 x 150 x 150 mm cubic specimens.
500 x 100 x 100 mm Three beams were made to test concrete samples' flexural strength at 7 and 28 days using a four-point
flexural machine, per ASTM (C78) [33]. A unique circulatory system was incorporated using one-, two-, and three-
dimensional designs. Metal bars with a smooth surface measuring 4 millimeters in diameter were used to avoid total splitting
during cracking and were placed 10 mm from the bottom of the specimens. The specimens were forced until the beams on two
supports, 400 mm apart, at both ends failed. The results showed the fresh properties of the concrete beam, where the value of
slump was 4 cm, and the fresh density was 2271 kg/m®.

Table 8: Description of the healing system used in concrete beam

Healing system Outer diameter Input diameter Length Volume Healing material

Vascular tube for 5.6 mm 4 mm 100 5 ml for Mix (polycarboxylate+10%
cube mm 1D,2D,3D nano fly ash)

Vascular network 5.6 mm 4 mm 400 20 ml for Mix (polycarboxylate+10%
for prism mm 1D,2D,3D nano fly ash)
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3. The process of inspections and testing

3.1 Examination of nanopowders

This device is a Brookhaven Nano Brook 90 Plus model manufactured in the United States and was used at the Center of
Nanotechnology and Advanced Research to analyze the particle size of fly ash powder. The findings showed that the particles
had a size of 100 nanometers.

3.2 Test of compressive strength

One method for determining a material's ability to withstand compressive forces is the test for measuring compressive
strength. The protocol for this test was followed, as stated in BS (1881-116) [34]. The following formula is used to determine
compressive strength:

P
7= @
The compressive strength, denoted by the symbol ¢ in the equation 1, is expressed in megapascals (MPa). The variable
denotes the specimen's cross-sectional area, expressed in square millimeters (mm?), and the maximal compressive force,

expressed in Newtons (N). With the main goal of analyzing the compressive strength, the arrangement of the tubes and how
they distribute the healing material within the cubic construction are shown in Figure 1.

Healing agent diffusion

arcd

A B @

Figure 1: Shows a specimen with a vascular tube with different design in cube (a) a one, (b) two, and (c) three-dimensional

3.3 Recovering flexural strength test

The ASTM (C78) [35] guidelines were followed to evaluate the bending strength. A 3 mm notch was made before the
four-point bending test was performed. A measurement of 0.2 MPa/s was made for the download rate. After the test, the
samples underwent an air-drying procedure and were left undisturbed for four weeks. Equation 2 may be used to calculate the
specimens' bending strength for the two initial (1st R) and the subsequent iteration (2nd R).

Fct = —— (2)

Here, the flexional force (Fct) is expressed in Newtons per square millimeter (N/mm?) or megapascals (MPa). Newton (N)
measures the ultimate load (F). The distance between the two supporting rollers in millimeters (mm) is shown by the span (I).
Moreover, the lateral dimensions of the specimen, which are also expressed in millimeters (mm), are reflected in (d1) and (d2).
In addition, after four weeks of healing, the prism specimens with similar properties in both groups performed an additional
examination, referred to as the second R. To evaluate the recovery of flexural strength throughout this assessment, pertinent
equations were used, as described in reference [36].

Fct2

0 =
n % Fctl

(3)

The highest level of stress that the original specimen encountered during the initial rupture (with the first "R") is
represented by fctl, the maximum stress that the specimen attained after healing (second R) is represented by fct2, and the
efficacy of the healing process is shown by 1%. A fissure-detecting microscope was used to examine the fracture barrier many
times. The depth and width of the fracture were measured using photographic evidence to calculate the percentage of strength
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that the crack could restore over a certain time. It was possible to determine where the measurements were taken and if any
broken prisms were present. The configuration of the blood vessels within the prism is shown in Figure 2.

A

1 . |
i \CTTSTTSER ' q

A A _ 4omm A

—
- - m —— *

A B C

Figure 2: Displays a prism specimen with embedded a vascular tube that has been placed in three different dimensions(a) 1D, (b)
2D, and (¢) 3D

3.4 Field emission scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDS)

Utilizing a blend of cutting-edge imaging methods from Nanoazma Lab in Tehran, Iran, like EDS, VP FE-SEM, Sigma,
Zeiss, etc, we examined the morphology of the surface of specimens that had healed and those that hadn't. We used a FESEM
at different magnifications to examine the specimens, from 100 pm to 10 m. Furthermore, we determined the elemental
composition using EDS.

3.5 FTIR (Fourier transform infrared) spectrum tests

This approach is used to get a comprehensive understanding of the atomic organization and chemical bonding formation in
materials made of polymers. The test followed the ASTM E1252 guidelines, using a Brukeroptier TENSOR-27 Fourier
infrared (FI) spectrometer at Nanoazma Lab in Tehran. The 400-4000 cm™! range was used for the infrared spectrum [37].

4. Results and discussion

4.1 Particle size analysis (PSA)

The fly ash nanoparticles generated by the planetary ball milling technique were assessed using a particle size analyzer
(PSA) to determine the size and dispersion of the particles after the milling process. According to the PSA, the fly ash particle
diameter was effectively reduced to 95.3 nm throughout a three-hour milling operation. It is shown that a Nanoparticle size
distribution significantly improves the healing ability. The synthesized FA nanopowder's distribution of particle sizes is shown
in Figure 3.
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Figure 3: Particle size distribution for the prepared nano fly ash after milling

4.2 Compressive strength

The test for compressive strength results are shown in Figure 4, including cube samples taken at 7-day and 28-day
intervals. The obtained outcomes show the averages of the three different samples. The significant surface area of nano-fly ash
(NFA) particles may cause the observed improvement in compressive strength when NFA particles are combined with
polycarboxylate ether. A large enough surface area might act as a nucleation site, encouraging the development of the C-S-H
gel and other hydration products [38, 39]. Combining a chemical that facilitates healing with poly(lactic acid) (PLA) tubes
made of a water-repellent substance yields a cohesive mixture. The cube is subjected to a 28-day air curing time once the
healing agent is released upon the occurrence of a fracture. Moreover, the uniform distribution of sulfate particles (SP) in the
concrete may have contributed to increased compressive strength by encouraging the gel phase's continual hydration. In
concrete, fly ash, polycarboxylate ether superplasticizers (SP), and calcium hydroxide (Ca(OH),) interact favourably. It can
close capillary pores, reduce permeability, and shrink pores. The fact that SP causes an increase in the density of C-S-H gel is
supported by earlier research findings. Compressive strength was significantly increased when a medicinal ingredient was
integrated with a three-dimensional (3D) design. In particular, after 7 and 28 days, compressive strength was significantly
increased by 26.6% and 37%, respectively [40].

39.7
40
341 35.3
35
29
30
- . . 22.8
1

20 >
15
10

5

2D 3D

Control 1D

Compressive strength {MPa)

m7 day m28day

Figure 4: The results of the measurement for compressive strength

4.3 Flexural strength recovery

The restoration of load-bearing capacity after the healing treatment was used to measure the effectiveness of mechanical
stimulation and circulatory system regeneration, as shown in Figure 5 (a). Four-point bending tests were used on prefabricated
vascular networks in one, two, and three dimensions to induce fracture development in the samples deliberately. Figure 5
displays the test findings that were achieved. The initial load testing revealed a limited load response with recorded values of
around 4.5 MPa and 5.5 MPa on plain concrete beams that underwent maturation periods of 7 and 28 days. The force needed to
shatter the control specimen and the specimens implanted with vascular networks showed a clear disparity. An illustration of
this discrepancy may be seen in Figure 5 (a). The polylactic acid (PLA) tubes or the physical activation may be to blame for
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this behaviour. Furthermore, it has been shown that high strain may cause fractures in the vascular systems, which include the
1D, 2D, and 3D structures. The use of plastic tubing increased the cement beams' longevity.

Equation 3 was used to evaluate the flexural strength recovery. Following a 28-day healing interval, Prism samples from
the two combinations were submitted for evaluation, as shown in Figure 5 (b). According to the findings, the specimen that had
3D treatment restored its strength to a level of 95%, but the control specimen only recovered at a pace of 43%. Analyzing the
results regarding the control group showed that MC was an effective therapeutic drug, which is in line with other studies.
Function as starting and promoting points for producing calcium-silicate-hydrate (C-S-H) compounds [41,42]. The three-
dimensional structure of the vascular system shows a greater ability to block a greater region of the fracture than the one-
dimensional (1D) and two-dimensional (2D) systems. The insufficiency of the systems in 1D and 2D in supplying the healing
agents to this specific area was caused by the capillary force's incapacity to promote the upward migration of the healing
substance and close the crack tip. Compared to the 1D design, the 2D and 3D networks exhibit a higher stress tolerance, which
might be explained by the many supporting infrastructures and lack of focus on a single tube.

95
— 100 477 80 gog 93 934
g R| 9
2P =| 80
<4 s 70
%) Q
c (%)
4 2| e0
7] e
T2 | 50 40 43
2, S| 40
W —
& Gl 30
— 0 ©
Control 1D 20 30 5| 20
17 days 18R 45 457 45 48 3| 10
waherhealing 2ndR| 18 4 412 441 -
028 days 1stR 55 557 564 58 Control 1D 2D aD
W after healing 2nd R 24 5 524 551
m7 days m28days
A B

Figure S: Concrete flexural strength with varied vascular tube designs (a) Each sample has a unique design at 1st R
and 2nd R (b) Flexural strength percentage recovery of sample with differend design vascular tube.

4.4 Analysis of microstructure development

Scanning electron microscopy was used to analyze broken surfaces before and during self-repair. Figures 6 (a, b) show
this. As demonstrated in Figures 6 (c, d) self-healing materials were present on cracked surfaces and had a different
composition from the interior cement paste. The product layer was seen to expand outward, beginning at the crack's surface
and moving into its core. The evaluation and analysis of microstructure's expansion and development. The bulk of the cracks in
the experimental sample were filled with distinct CH crystals and a significant quantity of CSH gel, which resulted from
unreacted cement particles serving as self-healing agents. Polycarboxylate superplasticizer enhances the microscopic structure
of hydration products in cementitious materials. It decreases the size of crystals such as Ca(OH),, AFt, and other hydration
products. Additionally, it speeds up the transformation of ettringite AFt into AFm. Including superplasticizer also impacts the
pore structure since cement particles in newly mixed pastes tend to aggregate into flocculates owing to van der Waals force or
electrostatic interactions. The superplasticizer molecules adhere to the cement grain surface, causing the disintegration of the
flocculates and facilitating the improved dispersion of fly ash. The presence of nanofillers in FA triggers the pozzolanic
reaction, whereby FA particles use the C-H by-product to generate C-S-H gel. Polycarboxylate improves the uniformity and
roundness of sand particles, leading to more hydration of cement particles and a thicker layer of sand coating. This has the
potential to enhance compressive strength. The polycarboxylate water-reducing agent (PCE) is composed of polymer
backbones containing carboxyl groups, resulting in a substantial decrease in water content compared to conventional
alternatives [43-45].

A comprehensive analysis of the resultant chemical compositions was made possible by the numerical data obtained from
the EDX investigation. The degree of hydration of the calcium-silicate-hydrate (C-S-H) gels was measured using the atomic
ratio of calcium to silicon (Ca/Si). Ca(OH), consumption during cement hydration rose as the Ca/Si ratio dropped. As a result,
C-S-H linkages were formed, and the densification of the concrete matrix was significantly aided by the nanofiller effect.
Calcium hydroxide (CH) is produced in the first stages of the curing process. This causes more calcium-silicate-hydrate (C-S-
H) binder gel to develop by starting the pozzolanic reaction with non-ferrous aggregates (NFA). This investigation evaluated
the effect of Sp liquid, which comprises nano fly ash, on the microstructure's dimensions. Energy-dispersive X-ray
spectroscopy (EDS) and scanning electron microscopy (SEM) were used in the assessment. [46,47].
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Figure 6: Visualizes the pre- and post-self-healing images of cementitious materials captured using (SEM-EDS), (a) the
SEM-EDS image of cementitious materials at the 7 day, before they undergo self-healing, (b) the SEM-EDS
image illustrates the cementitious materials following healing period, (c) cementitious materials before they
self-heal, as seen in the SEM-EDS image taken at 28 days from curing, (d) after 28 days of healing period,

the cementitious materials are seen in the SEM-EDS photo
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4.5 FTIR

Wide adsorption bands between 3504 and 3417 cm™!, which may be related to O-H, and a band at 874 cm’!, connected to
C-H stretching vibration, are among the spectrum characteristics seen in Figure 7. The latter results from the (-CH», -CH3)
moiety's deformation vibration. Furthermore, the carbonate bands exhibit discrete maxima between 1423 and 873 cm™. These
peaks represent the C=0O angular deformation and antisymmetric stretching, respectively, of calcite (CaCO3).

The FTIR spectra of concrete treated with polycarboxylate superplasticizer, which includes NFA, are shown in Figure 7.
The spectrum shows that the surface has many active functional groups. For instance, the transmittance peak of O-H and the
stretching vibration peak of C=0 may be responsible for the peaks detected at 3477 cm ™' and (1425 cm™!, 1576 cm™),
respectively. Furthermore, the diffraction peaks seen at 1111 cm™! at resonance frequencies of the C-O-C vibrations. Reactive
functional groupings must be expected for NFA and SP to work together. After the healing period, the SP composite specimen
had higher peaks. These specimens' internal molecule-to-molecule interactions and the creation of chemical bonds between
molecules might be the sources of this phenomenon. In the Fourier transform infrared (FTIR) analysis of building materials,
the peak seen at a wavelength of 2877 cm™! is caused by the existence of the ~CH3 bond group. Furthermore, the size of the C-
O-C peaks at 1425 cm™' and 1111 cm™ has increased. There was a distinct peak in the SPFA composite of the specimen. The
presence of cross-linking and the detection of chemical bonding in these samples might be the root causes of this phenomenon.
A signal with a wavelength of 2877 cm™! is discovered in an FTIR analysis of concrete, indicating the possible existence of the
—CHj3; group of functional compounds. Hydrogen bonds are the primary forces between molecules in concrete that facilitate
interactions between functional groups of molecules. The user's text is incomplete [48].
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Figure 7: FTIR spectra of (a) the control sample and (b) the sample after the healing period

5. Conclusion

1)  The network's reusability is its increased ability to support healing on several levels.

2)  The effective injection of powders via a vascular system enhanced the characteristics and sealed the fissures in the
concrete beam.

3)  The healing process was confirmed when a mechanical repair was found during the second loading cycle.

4) A greater surface area was healed due to the healing agent being injected at many points on the fracture's surface,
which enabled the 3D vascular system to cover a greater portion of the crack. In contrast, the (1D) and (2D)
systems had lower success rates in obstructing the fracture.
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5)  Concrete beams' density and compressive resistance increased when the nanopowder was used in conjunction with
liquid polycarboxylate ether as a healing agent. As a result, pozzolan interacted better, and the concrete's durability
increased. Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) pictures of
cementitious materials before and after self-healing show that the NFA decreased permeability by closing the holes
and cracks.
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