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ABSTRACT

The effects of adding Nanosilica (NS) to Engineered Cementitious Composites (ECC) for 3D Printing (3DP)
applications were investigated in this study. The mechanical characteristics of 3DP ECC mortar with different NS contents
were investigated. The basic components of the composite included fly ash, M-sand, polypropylene fibers, Ordinary Portland
Cement, nanosilica and an accelerator. There were four different mix proportions of NS involving 0.05%, 0.1%, 0.15%, and
0.2%. After 3, 7, 14, and 28 days of curing, the following strengths, viz., pull-out strength, direct tensile strength, compressive
strength, and flexural strength were assessed. Addition of NS improved the mechanical properties of ECC up to an ideal level
of 0.15%, after which decreasing returns and adverse effects, including agglomeration, were observed. Insights into the ideal
NS content for obtaining maximum performance of ECC obtained from the study provide knowledge for formulations in

high-performance 3DP technologies.
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1.INTRODUCTION

The use of 3D printing technology hasa
significant impact on recent advancements in the
construction industry. This technology has several
advantages including, increased design freedom, quicker
construction, and minimized material waste (Buswell et
al. 2020; Huang et al. 2023; Sun et al. 2021). Well
prepared engineered cementitious  composites ~ with
outstanding printing properties are necessary for the
3D Printing technology to work effectively. Often, the
printed compounds in practical applications are cement-
based materials. Recent studies have explored
mechanical properties of various materials used in 3DP
(Fang et al. 2023; Wan et al. 2023; Zhang et al. 2023).
Due to its better mechanical properties and low cost,
concrete has been used extensively in construction. Its
low tensile strength and brittleness, however, present
difficulties that need regular maintenance and
inspections. Integrating fibers into concrete has been the
focus of research to improve its performance.
(Afroughsabet and  Teng, 2020). Engineered
Cementitious Composites (ECC) are a kind of fiber-
reinforced concrete known for their unique strain-
hardening characteristics and remarkable ductility (Ji et
al. 2023). With a focus on cementitious materials rather
than coarse aggregates, ECC, developed based on
micromechanical principles, have been gradually
employed for practical engineering applications

improving productivity (Wasim et al. 2022; Zhang et al.
2022). To reduce the environmental effect of cement
manufacturing and protect natural resources, fly ash, a
byproduct of burning coal, is frequently used as a
cementitious ingredient in concrete (EStokova et al.
2022). Thermoplastic polymers, including polypropylene
(PP) fibers, because of their adaptability, durability, and
resistance to chemicals and environmental variables, are
frequently employed in a variety of applications
(Malchiodi et al. 2023; Nazar et al. 2023). Polypropylene
is frequently added to concrete as an additive in the
engineering and construction fields to improve its
longevity, reduce cracking, and increase tensile strength
(Vardai et al. 2020). It is well known that PP fibers could
strengthen concrete and enhance its functionality in a
variety of situations (Ferdinand et al. 2023). Recently,
researchers have been paying more attention to nano-
engineered materials, especially NS, which are widely
used in cement-based materials (Elkady et al. 2013; Wu
et al. 2017; Yang et al. 2021). Having high specific
surface area and pozzolanic reactivity, NS improved the
mechanical characteristics, durability, and hydration
behaviour of cement composites. A suitable quantity of
NS was found to greatly improve the mechanical
behaviour of the cement fiber reinforced systems in
addition to the mechanical properties of plain concrete.
Additionally, NS has been shown to successfully improve
the bonding between the fibers and the matrix (Lu et al.
2018).
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2. MATERIALS AND METHODOLOGY
2.1. Cementitious Materials

The Ordinary Portland Cement (OPC) grade 53
was used here as a binder. It obeys IS 8112-2013. It was
procured from Priya cements, India. The chemical
components of the cement are listed in Table 1.
Characteristics of cement determined through
preliminary tests are listed in Table 2.

The fly ash belonging to class F was used here.
It was procured from Mettur thermal power plant, Tamil
Nadu, India. The chemical components of fly ash are
listed in Table 1. The physical characteristics of the fly
ash were tested in accordance with Indian (Table 3).

Fig. 1: Nanosilica

Table 1. Chemical components of cement and fly ash

Cement Fly Ash

CaO (%) 63.67 5.43
Si0; (%) 21.20 58.17
ALO; (%) 5.23 26.34
Fe 03 (%) 3.57 8.11
MgO (%) 1.67 1.76
SO3(%) 243 0.19
Alkalis (%) 223 -

Table 2. Physical characteristics of cement

S. No. Physical tests Results
1. Specific gravity 3.14

2. Consistency 31%

3. Fineness 2.67%
4. Soundness 2.2 mm
5. Initial setting time 35 min
6. Final setting time 226 min
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Table 3. Physical characteristics of fly ash

S. No. Physical tests Results

1. Specific gravity 2.08

2. pH 7

3. Moisture content 2.4%

4. Colour Grey

5. Shape Round
Table 4. Physical characteristics of M-sand

S. No. Physical tests Results

1. Specific gravity 2.75

2. Fineness modulus 4.65

3. Water absorption 6.6%

4. Surface texture Smooth

5. Bulk density 1.74

6. Void ratio 043

7. Porosity 0.33

8. Zone Zone 2

Table 5. Characteristics of PP

S. No. Particulars Test Results

1. Length 6 mm

2. Diameter 20 to 30 microns

3. Shape Round

4, Specific gravity 0.91

S. Melting point 160°C to 180°C

6. Tensile strength 300 MPa to 400 MPa

7. Alkali resistance Excellent

2.2. M-Sand

M-sand was utilized as a fine aggregate. M-
sand quality was evaluated in a laboratory using the
guidelines of Indian  standards. It helps in the
improvement of strength and durability of mortar. The
characteristics of M-sand determined through
preliminary tests are listed in Table 4.

2.3. Polypropylene Fiber

The PP fiber, procured from BESCO fibers,
India, was employed in this study. The characteristics of
PP are listed in Table 5.

Table 6. The characteristics of nanosilica

S. No. Characteristics Test Results
1. Colour White

2. Form Amorphous
3. Particle size 10-20 nm

4. pH 6.5-7.5

2.4. Nanosilica

The nanosilica employed in this study was
purchased from Vedayukt, India. The characteristics of
nanosilica are listed in Table 6. Figure 1 shows the
nanosilica used in this study.
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2.5 Accelerator

The accelerator Conplast NC was used here
purchased from Fosroc, India. It obeys ASTM C-494
(Type C) and BS 5075 (Part 1). The characteristics of
Conplast NC are listed in Table 7.

2.6 Mix Proportions

Table 8 shows different mix proportions of ECC
mortar with 1 part of cement, 0.62 part of M-sand, 0.2
part of fly ash, 2% of PP, 0.8 part of accelerator and 0.18
part of water binder ratio with varying proportions of
nanosilica at 0.05%, 0.1%, 0.15% and 0.2%.

Table 7. Characteristics of accelerator

S. No. Tests Results

1. Appearance Straw coloured liquid

2. Specific gravity 1.26 to 1.270 at 27°C

3. Freezing point -16°C

4. Air entrainment Less than 1%

5. Alkali content Lessthan 155 g

Table 8. Different mix proportions of ECC mortar

Trail Mix E1l E1l El El
Cement 1 1 1 1
M-sand 0.62 0.62 0.62 0.62
Fly Ash 0.2 0.2 0.2 0.2
PP (%) 2 2 2 2
NS (%) 0.05 0.1 0.15 0.2
W/B 0.18 0.18 0.18 0.18
Accelerator 0.8 0.8 0.8 0.8

Fig. 2: Set up of CS test
2.7 Specimen Preparations

The ECC mixtures were prepared using a
mixing device. First, the powdered ingredients such as
cement, fly ash, M-sand, and nanosilica were added and
stirred for a minimum of 5 minutes. Then, water and
accelerator were added to the dry mixture, and it was
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blended for 5 to 7 minutes. Fibers were added to the wet
mix in the last step. The fibers spread consistently after
3 to 6 minutes of distribution evenly. One of the benefits
of mixing the ECC mix for longer than fifteen minutes is
that the thixotropy effect is lessened (Krishnamoorthy et
al. 2017).

Fig. 3: Set up of FS test
3. TESTS METHODOLOGY
3.1 Compressive Strength (CS) Test

Cube specimens with dimensions of 70.7 x 70.7
x 70.7 mm were used to evaluate the CS of the ECC
mixtures. According to the guidelines provided in IS
4031-Part 6: 1988, testing was done succeeding 3, 7, 14,
and 28 days of curing. For every mixture, three samples
were examined using a 200 kN compression testing
machine, and then the average strength value was taken.
Figure 2 shows the CS test setup.

3.2 Flexural Strength (FS) Test

Prism specimens with dimensions of 60 x 25 X
300 mm were used to evaluate the FS of the ECC
mixtures. Three-point bending testing was carried out
after 7, 14, and 28 days of curing, in accordance with
ASTM C78-15 recommendations. Figure 3 depicts the
FS test setup.

Fig. 4: Set up of DTS test
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3.3 Direct Tensile Strength (DTS) Test

In order to assess the DTS in ECC mixtures, dog
bone specimens measuring 330 mm x 60 mm %X 30 mm,
an 80 mm gauge length, and a 30 mm x 30 mm cross-
section were considered succeeding 7, 14, and 28 days of
curing. A 100 kN universal testing equipment was used
to perform the uniaxial DTS test. Figure 4 depicts the
DTS test setup.

Table 9. Specification of pull-out testing mould

Specification of mould Size of mould in mm

Length 110
Breadth 110
Height 130
Thickness 20
Free space inside the mould 20
Supporting rod height 325
Diameter of supporting rod 10
—H— 12 mm
100 mm
[ [ 1 (T*mm
t
~12 mm
( { 100 mm

100 mn

ALL DIMENSIONS ARE IN mm

Fig. 5: POS test specimen

Fig. 6: Set up of POS test
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3.4 Pull-Out Strength (POS) Test

The POS test was performed on ECC mixtures
succeeding 28 days of curing, using the dimensions of a
100 x 100 x 100 mm cube, as per the IS: 2770 (Part 1) —
1967 code book. The diameter of the rod was 12 mm, and
the thickness of the mould was 10 mm. The universal
testing machine was used to test the specimens. Table 9
depicts the specifications of pull-out testing mould.
Figure 5 depicts the pull-out specimen details. Figure 6
depicts the POS testing mould.

4. RESULTS AND DISCUSSION
4.1 CS Test

The results of CS of mortar with different NS
contents are depicted in Fig.7. Figure 8 shows the
compressive strength test after failure. Utilizing NS, the
CS after 3 days of curing with NS contents of 0.05%,
0.1%, 0.15%, and 0.2% were 9.2 MPa, 9.5 MPa, 10.9
MPa, and 10.1 MPa, respectively. After 7 days of curing
with same NS contents, the CS were 28.1 MPa, 29.5
MPa, 33.2 MPa, and 31.1 MPa, respectively. After 14
days of curing with same NS contents, the CS were 38.5
MPa, 43.7 MPa, 50.1 MPa, and 45.6 MPa, respectively.
After 28 days of curing with same NS contents, the
values were 49.2 MPa, 53.2 MPa, 57.3 MPa, and 54.4
MPa, respectively. The CS gradually increased with the
increased percentage of NS content till 0.15% and
suddenly decreased at 0.2% of NS content. The
maximum values were observed at NS content of 0.15%
and the minimum values at 0.05%.

Study with nano lime in ECC showed a
maximum CS of 65 MPa with 4% nanolime (Khokhar et
al. 2024). In contrast to the results reported, the current
study demonstrated a decrease in CS. Study with the PVA
and glass fibers showed a maximum CS of 54.1 MPa
(Krishnaraja et al. 2022). In contrast to the results
reported, the current study demonstrated an increase in
compressive strength. These differences can be attributed
to the variations in the materials, mix ratios, fibers used,
nano material usage and the methodology applied in
the current study in comparison to the prior ones.

An apparent increase in CS of ECC containing
NS is noticed and NS is first added to improve strength
by boosting compactness and hydration. However, as the
amount of NS increases, issues such as agglomeration
and excess of NS arise, which lowers the compressive
strength. There is a threshold beyond which negative
effects and diminishing returns become evident, and this
is the ideal range for NS content in relation to strength
enhancement (Zhang et al. 2022).
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Fig. 7: CS of NS in investigated ECC

Fig. 8: CS test after failure
4.2 FS Test

The FS of mortar with different NS contents are
depicted in Fig. 9. Figure 10 shows a flexural strength
test after failure. Utilizing NS, the FS after 7 days of
curing with NS contents 0.05%, 0.1%, 0.15%, and 0.2%
were 5.4 MPa, 5.23 MPa, 6.97 MPa, and 6.45 MPa,
respectively. After 14 days of curing with same NS
contents, the FS were 14.9 MPa, 19.5 MPa, 23.4 MPa,
and 21.7 MPa, respectively. After 28 days of curing with
same NS contents, the FS were 20.2 MPa, 22.8 MPa, 27.5
MPa, and 24.6 MPa, respectively. The FS gradually
increased with increase in NS content till 0.15% and
suddenly decreased at 0.2% of NS content. The
maximum values were observed at NS content of 0.15%
and the minimum values at 0.05%.

A study with PVA and PP in ECC showed a
maximum flexural strength of 24.3 MPa (Krishnaraja et
al. 2018). In contrast to the results reported, the current
study demonstrated an increase in compressive strength.

The incorporation of nanosilica in concrete
enhanced flexural strength by acting as a filler. This
resulted in improved cohesion within the material and the
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creation of a denser microstructure. Additionally, the
chemical reactivity of NS with calcium hydroxide
crystals during hydration contributed to the formation of
additional C-S-H gel, reinforcing the interfacial
transition zone (ITZ) between the cement paste and
aggregates (Mohamed, 2016; Tran et al. 2024).
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Fig. 9: FS of NS in investigated ECC

Fig. 10: FS test after failure
4.3 DTS Test

The DTS of mortar with different NS contents
are depicted in Fig.11. Figurel2 shows a tensile strength
test after failure. Utilizing NS, the DTS after 7 days of
curing with NS contents of 0.05%, 0.1%, 0.15%, and
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0.2% were 1.7 MPa, 2 MPa, 2.5 MPa, and 2.3 MPa,
respectively. After 14 days of curing with same NS
contents, the DTS were 2.8 MPa, 3.2 MPa, 4.7 MPa, and
4.1 MPa, respectively. After 28 days of curing with same
NS contents, the DTS were 5.1 MPa, 6.8 MPa, 7.9 MPa,
and 7.2 MPa, respectively. The DTS gradually increased
with the increased percentage of NS content till 0.15%
and suddenly decreased at 0.2% of NS content. The
maximum values were observed at NS content of 0.15%
and the minimum values at 0.05%.

A recent study with nano calcium carbonate
(NCC) showed a maximum DTS of 1.45 MPa at 2% of
NCC (Liu et al. 2023). Study with PVA and steel fibers
showed a maximum value of 7.6. In contrast to the results
reported, (Krishnaraja et al. 2017) the current study
demonstrated an increase in tensile strength. These
differences can be attributed to variations in the all the
experimental factors.

Incorporating NS in concrete significantly
enhances splitting tensile strength, surpassing standard
and supplementary materials. Nanosilica reduces pores,
strengthens the interfacial transition zone, and
contributes to early-phase strength gain (Althoey et al.
2023).
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Fig. 11: DTS of NS in investigated ECC

4.4 POS Test

The POS of mortar with different NS contents
are listed in Table 10. Figure 13 shows a pull-out strength
test after failure. Utilizing NS, the pull-out strength after
28 days of curing with NS contents of 0.05%, 0.1%,
0.15%, and 0.2% were: load at 0.25 mm slip ranging
between 11.8kN and 17.3kN, stress at 0.25 mm slip
ranging between 4. 3N/mm? and 8.09N/mm?, ultimate
bond strength ranging between 15.64kN and 23.98kN,
and ultimate bond stress ranging between 5.12N/mm?
and 10.75N/mm?. The pull-out strength gradually
increases with increase in NS content till 0.15% and
suddenly decreases at 0.2% of NS content. The maximum
values were observed at NS content of 0.15 % and the
minimum values at 0.05%.

In contrast to the results reported (Halvaei ef al.
2013; Li et al. 2023; Oh et al. 2022), the current study
demonstrated an increase in pull-out strength.

Table 10. The pull-out strength of mortar with different NS

contents
Load at Stress at Ultimate Ultimate
Mix 0.95 mm 0.25 mm Bond Bond
Slip (kN) Slip , Strength Stress2
(N/mm?) (kN) (N/mm?)
El 11.8 4.30 15.64 05.12
E2 12.9 5.40 18.47 06.39
E3 17.3 8.09 23.98 10.75
E4 14.9 6.50 20.34 08.59

Fig. 12: DTS test after failure
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Fig. 13: POS test after failure
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5. CONCLUSIONS

The study utilized NS for enhancing the
performance of 3DP mortar printing and examined the
improved qualities of the mortar. The following
conclusions are derived.

1. Incorporating NS significantly improved the
compressive, flexural, split tensile, and pull-out

strength of ECCs.

Optimal NS content for peak mechanical
performance was 0.15%, maximizing
compressive, flexural, split tensile, and pull-out
strength.

Exceeding optimum NS content, especially at
0.2%, led to a decline in mechanical properties,
indicating challenges like agglomeration and
dispersion issues.

Careful NS content selection, specifically at
0.15%, maximizes mechanical properties without
compromising the performance of ECC.

Trends in compressive, flexural, split tensile, and
pull-out strength offer insights for optimizing ECC
formulations and advancing high-performance
3DP technologies.
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