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Abstract: Unlike conventional concrete materials, Engineered Cementitious Composites (ECC) use a
micromechanics-based design theory in the material design process. Recently, the use of nanoparticles
in various concretes and mortars has increased. This study used nanocalcite to investigate the
mechanical, microstructural fractal analysis of environmentally friendly nanocalcite-doped ECC
(NCa-ECC). This paper investigated the effects of nanocalcite (NCa) with different contents (0.5, 1,
and 1.5% by mass of binder) on the mechanical properties of engineered cementitious composites
(ECC). For this purpose, compressive strength, ultrasonic pulse velocity (UPV), and flexural strength
tests were conducted to investigate the mechanical properties of the ECC series. In addition, SEM
analyses were carried out to investigate the microstructural properties of the ECC series. The content
of nanocalcite improved the mechanical and microstructural properties of the nanocalcite-modified
ECC series. In addition, the 1 NCa series (1% nanocalcite modified to the mass of the binder) had the
best performance among the series used in this study.

Keywords: nanocalcite; environmentally friendly cementitious composite; mechanical properties;
microstructure analysis; 3D fractal analysis; sustainability; fly ash

1. Introduction

Cementitious materials perform a necessary part in the construction sector and are
therefore of paramount importance to improve their durability and mechanical charac-
teristics [1-5]. Because of recent characterization technology progress, the characteristics
of all these synthetic structures may be examined on a variety of length scales ranging
from nano to macro [6-8]. Thus, cement materials’ structure and behavior patterns at the
sub-micrometer scale are better understood, which has improved their macro-properties [9].
For example, the durability can be improved by reducing the cement paste’s total poros-
ity by inserting additives in a range of pores primarily present at a micrometer length
scale [10-12]. The studies performed on environmentally friendly and sustainable compos-
ites recently have gained importance. Tosee et al. [13] investigated the compressive strength
of environmentally friendly concrete modified with eggshell powder using the hybrid
ANN-SFL optimization algorithm. They found that the highest compressive strength was
obtained for the samples containing 7-9% of eggshell powder and it was 55% higher than
their control samples. Ziada et al. [14] produced environmentally friendly fly ash-based
and basalt powder waste-filled sustainable geopolymer mortar with basalt fiber. They
found that the produced sustainable mortar had high strength and durability properties
and the use of 1.2% of basalt fiber increased samples” compressive strength by up to 18%
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and flexural strength by up to 44%. Sahmaran et al. [15] produced ECC mixes with var-
ious FA/PC ratios (1.2, 2.2, and 4.2). They found that the increase of FA content in ECC
specimens exhibit more ductile behavior.

Ultra-high-molecular-weight polyethylene, carbon, and high-modulus polyvinyl al-
cohol (PVA) fibers are now used in cement-based products. PVA fibers are widely used
because the first two fibers are too costly to be commonly used [16-18]. The modification
of fibers in cement-based materials focuses on increasing toughness [19,20]. Overall, using
fiber improves interfacial adhesion. However, this enhances the bridging result between
such fiber and the interface, and it overlooks the influence of sliding friction on fracture
energy. When fibers are detached, the increased bond strength at the interface causes a
large amount of fracture energy to be generated quickly, raising the potential of brittle
fracture [21]. Previous articles had improved the toughness of concrete by altering the con-
tent of cementitious composites, such as micro compounding, in which certain microscale
particles are added to the concrete mix to increase the toughness of the concrete [22,23].

Unlike conventional concrete materials, Engineered Cementitious Composites (ECC)
use a micromechanics-based design theory in the material design process. In a single
tensile loading, PVA-ECC has tight and multiple cracking behaviors. The intrinsically
cracking width of less than 100 mm is high ductility and improved durability [24]. The
tensile strain capacity for PVA-ECC over five percent was demonstrated using commonly
available materials and equipment in the concrete manufacturing sector [25]. Li et al. [26]
found that the fiber volume should not be more than 2% to ensure good performance in
ECC blends. Due to their composite performance and economic considerations, PVA fibers
are among the types of fibers used by ECC and the other high performance cementitious
composites [27-31].

Nanomaterials have been demonstrated to enhance the interfacial transition area of
structures by speeding up the hydration reaction, considerably improving the porosity
and durability of the hardened cement-based mixtures [32]. Furthermore, the addition of
nanoparticles generally increase the matrix fracture toughness due to the shielding effect on
the crack tip and improves the multiple cracking behavior of engineered cementitious com-
posites by making the fiber distribution more homogenous [25]. Among the nanoparticles,
nano-CaCQOj is one of the most used nanoparticles in cementitious composites [33]. The
most stable shape of naturally abundant inorganic Calcium Carbonate (CaCO3) material in
nature is nanocalcite. Calcium Carbonate (CaCQOj3) is immaculate, crystalline, and highly
transparent. Nanocalcite offers advantages in addition to its excellent functions, such as
enhancing resilience and rigidity, providing perfect stability and insulation in electricity.

The fracture surface morphology of cementitious materials resulting from crack prop-
agation under loading would explain the differences in the mechanical behavior and the
corresponding failure mode [34,35]. It is well established that several parameters control
the roughness and texture of the fracture surface of the cementitious composite. The me-
andering of main crack (for example, tortuous or much less tortuous fracture surfaces) is
considerably influenced by the use of micro and nano additives, properties of aggregate
particles, and the concrete mix design [36]. Beginning with the pioneering work by Man-
delbrot [37], the concept of fractal geometry and fractal dimension has become popular
in construction technology and associated materials to better understand the relationship
between the flexural response and the tortuosity of fracture surface in ECC [33] and for the
design multiscale reinforcing fibers of composite materials [38].

The literature review above clearly indicates that research in this field has gener-
ally focused on evaluating strength properties, durability-related behavior, and thermo-
mechanical performance at a macro level. However, research conducted thus far is still
less to comprehensively evaluate the microstructure-associated mechanical and fracture
characterization of engineered cementitious mixes modified with nanocalcite and 3D fractal
characterization. This leads to the aim of this study, which is to analyze the mechanical
performance and micro-structural damage characteristics of nano-modified ECC mixes and
to improve the toughness, the multiple cracking behavior and the strength of the strain
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hardening ECC composites for the development of super infrastructures, which are driven
to attain higher strength and higher toughness. In this study, the effects of nanocalcite on
ECC’s mechanical and microstructural properties are investigated by modifying nanocalcite
with 0%, 1%, and 1.5% mass of binder. Compressive strength, flexural tensile strength, and
ultrasonic pulse velocity (UPV) tests were performed to investigate nano-modified ECC
mixtures” mechanical and physical properties. In addition, scanning electron microscopy
(SEM) and 3D fractal analysis were performed to examine the microstructural and crack
analysis of the samples.

2. Materials and Methods
2.1. Materials and Mixing Procedures

CEM 1 42.5N Portland cement, fly ash (Class F), silica sand, water, high-range water-
reducing admixture (HRWRA), and polyvinyl alcohol (PVA) fibers were used to prepare
the ECC samples. The chemical and physical properties of the binder (Portland cement
and fly ash) and filler (silica sand) are listed in Tables 1 and 2, respectively. In addition, the
mixing ratios of the blends are listed in Table 3. Ding et al. [39] replaced the NCa material
with Portland cement by 0%, 1%, 2%, 3% ratios to obtain nano-CaCOj3; modified ultra-
high performance engineered cementitious composites mixes. In this study, the NCa was
replaced with the binder by 0%, 0.5%, 1%, 1.5% ratios. Figure 1 shows the used nanocalcite
materials and PVA fibers. In the mixing phase, the Portland cement (PC), fly ash (FA), and
silica sand were dry blended for 3 min in a mixer. After that, HRWRA and dissolved water
were added and mixed for another 5 min. Then, PVA fibers were added into the fresh
mortar until it was homogeneous. Finally, nanocalcite was added with 0.5, 1, and 1.5 ratios
and mixed homogeneously. The nanocalcite used in this study is white, with a purity of
99.9% and an average particle size of 900 nm. The freshly prepared mixture was poured
into 15 x 50 x 350 mm molds and 50 x 50 x 50 mm cubic molds, and then these molds
were covered with a plastic sheet. The specimens were cured at 23 °C. Figure 2 shows
poured fresh nanocalcite-doped ECC samples.

Table 1. Chemical properties of binder and filler materials (% by weight).

Binder and Filler Materials Used Na,O K,O MgO CaO Fe, O3 SiO, Al,O3 LOI
FA 0.7 1.9 1.7 3.5 5.5 61.1 21.8 1.58

PC 0.2 0.8 2.5 61.3 3.34 20.80 5.50 2.22

Sand 0.021 0.011 0.011 0.022 0.022 99.80 0.062 0.075

Table 2. Physical properties of binder and filler materials.

Binder and Filler Materials Used Specific Gravity BF (m?/kg)
FA 2.11 292
PC 3.065 326
Sand 2.65 -

Table 3. Mixture ratios of nanocalcite-doped ECC series.

Mixture ID. PC W/B 1 PVA (vol.%) FA/PC NCa/B * Sand/PC HRWIEA
(%) (kg/m>)
0NCa 1 0.25 2 1.25 - 0.82 5.50
0.5 NCa 1 0.25 2 1.25 0.5 0.82 5.55
1 NCa 1 0.25 2 1.25 1 0.82 5.60
1.5NCa 1 0.25 2 1.25 1.5 0.82 5.65

1 B: Binder materials (PC + FA).
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Figure 1. (a) Nanocalcite materials (b) PVA fiber.

Figure 2. Poured fresh nanocalcite-doped ECC samples.

2.2. Performed Tests and Specimens

In this study, compressive strength, flexural strength, and UPV tests were performed
on NCa-ECC specimens. Then, 3D fractal analysis was conducted. Finally, the microstruc-
ture of the specimens was investigated using SEM analysis. First, the ultrasonic pulse
velocity (UPV) was tested according to ASTM C 597 to determine the UPV values of three
50 x 50 x 50 mm cube samples for each series after 28 days [40]. Then, 50 x 50 x 50 mm
cube specimens were placed in a compressive strength testing machine with a capacity of
2000 kN and subjected to compression at a rate of 0.602 MPa/s. Factors such as loading
speed, size, and age of the samples were entered into the pressure machine before loading to
obtain compressive strength values automatically. Thus, the compressive strength test was
performed on three cubes of each series according to ASTM C109 [41]. The flowability of
the fresh mixtures was tested according to ASTM C230 [42]. The spreading diameter of the
mixtures obtained from this experiment was equal and measured approximately 210 mm.
Thus, the fresh mixtures given in Table 3 showed good fluidity without segregation.



Buildings 2022, 12, 36

50f18

In this study, the flexural strength test was performed on 15 x 50 x 350 mm samples
to obtain flexural strength, mid-span displacement, strain, and stress-deflection curves
according to ASTM C348 [43]. For this proposal, a closed-loop controlled universal testing
machine (Figure 3) with a loading rate of 0.003 mm/s was used. Three samples were used
for each series, and the average results of the samples were obtained. The flexural stress-
deflection curves were obtained using flexural strength values and deflections, recorded
by the computer data recording system on the testing machine. Erdem and Gurbuz [44]
performed a similar test on hybrid fiber reinforced engineered cementitious specimens.

Figure 3. The flexural test set-up.

Figure 4 shows the multiple cracks formed in the samples subjected to the flexural
strength test. The crack of the prismatic sample was obtained using a 40 x magnification
microscope to observe the PVA inside the crack. Figure 5. shows the crack of the sample
subjected to the flexural test at 40 x magnification. After the strength tests, small pieces
of the specimen were taken and subjected to SEM. The microstructure of the samples was
studied using SEM analysis.

Figure 4. Cont.
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(b)

Figure 4. The specimens were subjected to the flexural strength test. (a) 0 NCa; (b) 1 NCa.

Figure 5. The appearance of a crack in a specimen subjected to the flexural test at 40 x magnification.

In addition, following the flexural tensile tests, the fractal dimensions of cracks were
determined. Images of the samples after the flexural testing were firstly captured using
a high-resolution camera. Then, these images were converted from RGB mode to an
8 bytes greyscale and scaled up to reflect the actual dimensions. The main flexural bending
moment-induced cracks at the same point for all the samples were digitized for thresholding
using open-access digital image analysis software called Image J. Then, these were covered
by imaginary meshes with rectangular box sizes containing the number of pixels of the
crack image (Figure 6). Next, the number of grid squares to cover the cracks was counted
for the plot of In (box count) versus In (box size), which were used to compute the average
value of fractal dimension that is the slope of the line joining the logarithm of the number
of grid squares encountered by the crack and the logarithm of the square grid dimension.
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Figure 6. Example of crack analysis with different box sizes using Image-J software. (a) Boxing size
of 1 unit (b) Boxing size of 4 unit.

Then, using the formula established by Guo et al. [45], the composites’ dissipated
fracture energy (Ws/Gf) was approximated at the macro scale as a function of the surface
macro-cracks. The ratio of energy (Ws) produced by crack propagation to fracture energy
(Gf) is shown by the value of Ws/Gf.

Ws/Gf=a x (5/a) D! (1)

where a denotes the Euclidean length (equal to the diameter of the tested composite), and
D!~4 denotes the fractal dimension of the crack.

3. Results and Discussion
3.1. Compressive Strength and Ultrasonic Pulse Velocity (UPV) Results

The compressive strength and UPV tests after 28 days of the fabricated series with
three different ratios of nanocalcite are shown in Figures 7 and 8. Compressive strength
results were obtained by averaging three 50 x 50 x 50 mm cubic samples for each series.
The maximum increase in compressive strength and UPV values were obtained for 1 NCa
(1% by mass of binder) specimens. When the NCa content was increased from 0.5 to
1 percent, the compressive strength of NCa-ECC increased steadily by 2.17 to 6.92 percent
compared to the 0 NCa series. When the NCa content was increased to 1.5 percent, the
enhancement of compressive strength decreased to 4.64 percent. The increased strength
could be attributed to both the filling effect and the chemical effect associated with NCa.
NCa can react with C3A to form mono-carbonate, which has a unique structure with strong
hydrogen bonds between oxygen atoms and interlayer waters in carbonate groups [46].
In addition, CaCOj3 can increase the stability and nature of ettringite [47]. The difficulty
of uniform distribution may be the reason for the less apparent positive effect of NCa
at higher dosage on compressive strength [39]. As a result, increasing the nanocalcite
content in the mixes increased the compressive strength values. These increases were
50.17, 51.26, 53.64, and 52.50 MPa for 0, 0.5, 1, and 1.5 NCa series. When the content
of Nano-CaCOj; increased from 1% to 1.5%, the improvement of strengths was reduced.
Because excessive NCa addition led to poor dispersion of the matrix, insufficient hydration,
and limited the improvement of the strength of the samples [48]. In addition, The matrix
had an agglomeration effect due to the increase of nano-materials. In addition, free water
cannot reach the cement particles, which reduces hydration and reduces the strength of the
concrete [49].
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Figure 8. UPV results of NCa-ECC.

Figure 8 shows the ultrasonic pulse velocity (UPV) testing of NCa-ECC samples with
different mixtures. Looking at the UPV results, it is observed that the result has a parallel
relationship with the compressive strength results. The UPV increased with increasing
nanocalcite content in the mixes by 3630.06, 3700, 3755, and 3630 m/sec for 0, 0.5, 1, and
1.5 NCa series. Adesina and Das [50] investigated the UPV values of 50 x 50 x 50 mm
cubic ECC samples by replacing crumb rubber with silica sand. They found that the UPV
value of ECC samples without adding crumb rubber was 3689 m/s, while the UPV value
decreased to 2976 m/s when they used 100% crumb rubber. The UPV result of ECC without
the addition of crumb rubber obtained in their study was consistent with the UPV result of
the ECC without the addition of NCa obtained in this study. In addition, the correlation
between compressive strength and UPV for all the mixes is shown in Figure 9. Figure 9
shows that the R coefficient is 0.9264. This R coefficient indicates a strong relationship
between UPV and the compressive strength of the specimens.
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3.2. Flexural Performance

Test results of 15 x 50 x 350 mm specimens subjected to flexural test after 28 days are
shown in Figure 10. The results were obtained by averaging the flexural results of three
samples for each series. The maximum increase in flexural strength was obtained for 1 NCa
specimen. Accordingly, the increase in the nanocalcite content in the mixes increased the
flexural strength values. Sun et al. [51] found that the content of nano-CaCO3 improved the
flexural performance of ECC. In addition, increasing the nanocalcite content in the blends
increased the flexural strength values to 13.1, 14.31, 16.9, and 15.31 MPa for 0, 0.5, 1, and
1.5 NCa series, respectively. In general, the increase in the flexural strength values with
the addition of the nanomaterials would be further beneficial for applying ECC-steel bar
reinforced composite beams. In this case, the ECC with higher flexural strength could carry
developing tensile stress under flexural loading and the steel reinforcement rebar after
cracks. This, in turn, results in a much higher load-carrying capacity for the composite.

Moreover, mid-span displacement, strain, and stress-deflection curves were obtained
from the flexural strength test. The strain, mid-span displacement, flexural toughness, and
ductility index results obtained from the stress-deflection curves are shown in Table 4. This
table indicates that 1 NCa samples have the highest strain and mid-span displacement
values. Thus, the increase in the content of nanocalcite increased the flexural performance
and compressive strength of the samples. In addition, by examining the stress-deflection
curves of 15 x 50 x 350 mm specimens shown in Figure 11, the content of NCa improved
the flexural performance. The maximum deflection values (deflection capacity) of the
samples subjected to the flexural strength test were obtained from the endpoints of the
flexural stress-deflection curves. The increases in the deflection capacity of the 0.5 NCa
(11.74 mm), 1 NCa (12.88 mm), and 1.5 NCa (12.51 mm) series were 46.70%, 61.01%, and
56.39%, respectively, compared to the 0 NCa (8 mm) series. Furthermore, the flexural
strength increases of 0.5, 1, and 1.5 NCa series were 8.68%, 31.55%, and 18.68, respectively,
compared to the 0 NCa series. Thus, series 1 NCa exhibited the best flexural properties,
having the highest flexural stress and deflection values. Ding et al. [39] found that the
content of nano-CaCOj increased the strength of UHP-ECC, and an NC content of three
percent (by mass of cement) was considered ideal. In their study, they replaced the NC
material with PC only, but if they had replaced the NC material with a binder (FA and PC),
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the ratio they used would have been approximately 1-1.5% by mass of the binder. Thus,
their conclusion was close to the conclusion of this study.

20
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Figure 10. Flexural strength results of NCa-ECC.
Table 4. Strain, mid-span displacement, flexural toughness, and ductility results.
Mix ID 0NCa 0.5 NCa 1NCa 1.5 NCa
Mid-span displacement (mm) 3.50 3.48 8.45 5.57
Strain (%) 0.39 0.38 0.84 0.56
Flexural Toughness (MPa.mm) 747 75 161 99.2
Ductility index increase (%) 0 0.21 98.20 39.44
=0 NCa 0.5NCa ——1NCa 1.5 NCa
18
16
< 14
% 12
o
210
L
s
= 6
&
~ 4
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0
0 2 1 6 8 10 12 14

Deflection (mm)

Figure 11. Flexural stress—deflection curves of the specimens.

Ductility and flexural toughness can be evaluated using flexural load-deflection curves,
as indicated in the literature [52,53]. The area under the whole load-deflection curve is used
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to compute flexural toughness, and the load—deflection curves were also used to calculate
ductility. The ductility index (i) calculated using the formula;

p=38u/dy 2)

where du is the ultimate displacement and dy is the yield displacement. After calculating
the ductility indexes of the samples, the percent increases of the ductility indexes of the
samples compared to the 0 NCa series were calculated and given in Table 4. NCa-containing
mixtures exhibit considerably greater deflections in the ultimate state and higher loads
when compared to the 0 NCa mixture. This results in a greater area under the load-
deflection curves, which may indicate increased toughness. In addition, it can be concluded
that adding NCa to the ECC mixes improves the ductility and flexural toughness of the
mixes. In this study, the highest flexural toughness and ductility were obtained for 1 NCa
specimen. Yesilmen et al. [54] used nano-silica and nano-CaCO3 in ECC mixtures, and they
found that the nano- CaCOs contained ECC mixtures had the highest ductility. The higher
fracture toughness and improved multiple cracking behavior associated with the nano-
particle reinforced mix can make ECC effectively improve the unstable crack propagation
caused by the surrounding concrete or old /new concrete interface. This, in turn, reduces
the common early damage types in repair structures such as spalling and interlaminar
fracture [55].

3.3. Fractal Analysis

In the literature, there are various methods (cube counting, variance methods, etc.) for
extracting and then calculating the cracking map and fractal dimension of surface cracks
at the fractured 15 x 50 x 350 mm samples shown in Figure 12. Box-counting is the most
preferred and practical technique for measuring the borders of a form by measuring the
distances between points on it using square boxes. Erdem and Blankson [36] described the
techniques in depth in prior research.

(b)

"ty =, T L

Figure 12. (a) An example of the crack on the studied sample (b) the extracted map of the crack.

The fractal dimension values of the surface cracks provided by the Image J program
are illustrated in Figure 13. The results clearly show that the ECC mix with 1% nanocalcite
particles (1 NCa) has the highest fractal dimension value among the NCa-ECC series. In
addition, the other nanocalcite dopped ECC samples had a fractal dimension higher than
the control ECC series (0 NCa). The greater fractal dimension of the 1 NCa mixture resulted
in higher fracture energy dissipation at the macro scale level, as verified by the findings
shown in Table 5. The greater fractal dimension values with the adding nanoparticles most
likely indicate that the filling effect of nanocalcite particles refines the pore structures and
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reduces unsaturated bonds, resulting in improved bondability between and creating the
deformation hardening method along the fracture front and voids. However, using more
than 1% nanocalcite particles decreases fractal dimension and fractural energy. In general,
the previous studies [37,55] show that the fractal of general cementitious materials has a
value of 1 and 2. The results of this study are consistent with the existing literature.
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Figure 13. Fractal dimensions of the (a) 0 NCa, (b) 0.5 NCa, (c) 1 NCa, and (d) 1.5 NCa samples.

Table 5. The summary of the fractal analysis of the mixtures.

Mix ID Fractal Dimension -D Ws/Gf (mm)
0 NCa 1.352 113.58
0.5 NCa 1.430 158.68
1 NCa 1.532 246.40
1.5 NCa 1.495 210.53

Figure 14 illustrated 3D views of the cracked surfaces’ crack surface roughness. Ac-
cording to the findings, the sample containing 1% nanocalcite particles had the greatest
energy value during fracture initiation and propagation. The 3D surfaces curves of the
mixtures corresponding with the depth of the sample locations are shown in Figure 14.
The findings showed that the more fibers associated with, the larger surface area would
be available to bridge cracks during the crack propagation process under flexural loading.
This would, in turn, result in much higher fiber bridging complementary energy in terms
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of the micromechanical principles. In general, the strong bridging ability could confirm the
excellent deflection capacity with the increase in the content of the NCa particles.

Figure 14. 3D surface graphs of the fracture surfaces of the (a) 0 NCa, (b) 0.5 NCa, (c) 1 NCa, and
(d) 1.5 NCa samples.

3.4. SEM Analysis

The ECC matrix without nanomaterials is shown in Figure 15. The micrograph in
Figure 15 indicates that the composites were relatively loose, with unhydrated fly ash
particles clustered with distinct interfaces. It consists of dense calcium silicate hydrate
(CSH) gel, unhydrated FA particles, amorphous and crystallized calcium hydroxide (CH).
The micromorphology of a modified ECC sample matrix with nanocalcite (1 NCa) is shown
in Figure 16. The matrix compactness improved after nanomaterials were added, and
although unhydrated fly ash particles were retained, their distribution was uniform and
had no clear interfaces. The main explanation for this was that the nanoparticles have
a similar particle size to hydrated calcium silicate [56]. In addition, the newly formed
hydration products slightly increased the density of the matrix, which improved the
mechanical properties.

Conversely, the matrix did not exhibit visible micro-cracks. This, in turn, indicates
that the addition of NCa particles can increase the fracture toughness of the matrix. The
improvement of the matrix fracture toughness would be attributable to the shielding effect
on crack tips [57]. As found in the Due et al. [58] study, the active ingredients of FA in 28-day
samples prepared in this study reacted together with Ca(OH),. This reaction effectively
improves the growth rate of matrix strength and imparts good strength to NCa-ECC.
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Figure 16. SEM of the 1 NCa sample magnified at 5000 times.
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4. Conclusions

In this study, NCa-ECC blends were prepared by replacing 0.5, 1, and 1.5 proportions
of nanocalcite in the binder of the prepared blends. Compressive strength, flexural strength,
and UPV tests were carried out to investigate the mechanical properties of the NCa-ECC
mixes. In addition, SEM analyses were carried out to investigate the microstructural
properties of the specimens. As a result of these tests, the following results were obtained:

e Increasing the nanocalcite content in NCa-ECC mixtures increased the compressive
strength. The increase in compressive strength was 2.17%, 6.92%, and 4.64% for 0.5, 1,
and 1.5 NCa, respectively, compared to the 0 NCa blend.

e  The increase in nanocalcite content in NCa-ECC blends increased flexural strength
values. The increase in flexural strength values was 9.24%, 29.01%, and 16.87% for 0.5,
1, and 1.5 NCa, respectively, compared to the 0 NCa blend.

e  Increasing the nanocalcite content in NCa-ECC blends increased the UPV. The increases
in UPV were 1.93%, 3.44%, and 2.75% for 0.5, 1, and 1.5, respectively, compared to the
0 NCa blend.

e  The use of nanocalcite increased the fractal dimension of the NCa-ECC samples.
These increases were 5.77%, 13.31%, and 10.57% for 0.5, 1, and 1.5 NCa, respectively,
compared to the 0 NCa blend.

e In general, the nanocalcite content improved the mechanical and microstructural
properties of NCa-ECC mixtures.

e  The addition of nanocalcite particles into the ECC mixes can increase the compressive
strength. Adding more NCa particles seems to have had a negative effect on enhancing
the compressive strength due to poor dispersion and a more significant air-entraining
effect beyond some limit. In this experimental work, adding 1% of NCa can obtain the
optimal quasi-static compressive strength.

e  The deflection capacity under flexure of the ECC mixes had a significant increase
after adding the NCa particles. Moreover, the strain hardening behavior associated
with multiple cracks was enhanced after adding the NCa particles. Based on this
experimental work, the NCa is suitable for improving the strain hardening behavior
of the ECC mixes.

e  This study enables producing the high toughness and high strength ECC products
with the nano-particle inclusion. Nanomodified ECC, with larger Poission’s effect than
concrete, may be used in concrete-filled-steel-tube column that decrease the imperfect
interface bonding between concrete and steel, and to produce a more ductile composite
for the development of super infrastructure.
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