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e Treated and non-treated SNS flakes enhanced the mechanical and fracture properties of
the cementitious composites.

e The SNS strengthening and toughening mechanisms in the cementitious composites
are crack bridging and crack deflection.

e The SNSinduced performance enhancement similar to that of graphene-based materials.
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1. Introduction

Ordinary Portland Cement (OPC), the key ingredient of concrete, is responsible for 8-
9% of the global CO2 emissions [1]. Because there are no other cementitious materials that can
replace OPC in the foreseeable future to meet the need for future physical infrastructure, its
global demand is forecasted to increase by about 50% by 2050 [2,3], resulting in significant
increase in CO2 emissions. One of the popular approaches to reduce the consumption of OPC-
based materials involves the use of the so-called “do more with less” method where different
types of additives are added to cementitious materials to improve their engineering properties.
As a result, smaller size structural members can be designed which in return reduces both the

volume of concrete and the demand for OPC.

Various types of macro fibers have been employed to improve the engineering
properties of cementitious composites. For example, high-strength steel, polypropylene
polyvinyl alcohol (PVA), polyethylene glycol (PEG) and carbon fibers were commonly used

to enhance the mechanical and fracture properties of cementitious composites [4-9].

Micro and nanofibers were found to outperform macrofibers for improving the
microstructure and overall mechanical properties of cementitious composites. Owing to their

chemical functional groups and small size, carbonaceous materials such as carbon nanotubes
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(CNTs), graphene and graphene oxide (GO) promote the hydration of the cement particles
which in return increases the amount of the calcium silicate hydrate (C-S-H) phases [10-15].
These materials also strengthen the hydration phases. Unlike CNTs, the high specific surface
area of graphene and GO materials creates stronger and more crack resistant cementitious

composites [16,17].

The large-scale application of CNTs, graphene and GO in cementitious materials
however is limited. This is because these carbonaceous materials are expensive, their
production is energy intensive and pose serious health and safety issues [18]. In addition, they
are incompatible with cementitious materials as they tend to agglomerate in water thus
degrading their mechanical properties [19]. Bio-based materials are considered as a low-cost
and sustainable alternative to micro and nanofibers. Previous research has shown that cellulose
nanofibers (CNFs) and cellulose nanocrystals (CNCs) [20,21] chemically interact with cement,
thereby improving its hydration kinetics. Because of this, CNFs and CNCs help improve the
formation and growth of the hydration phases [22]. However, CNFs and CNCs have moderate
effect on the mechanical and fracture properties of cementitious composites due to their small

specific surface area [23].

Therefore, there is a genuine need for new low cost and environmentally friendly
materials as alternatives to graphene, GO, CNT, CNF and CNC reinforcing materials. Recently,
we successfully synthesized 2D SNS flakes for applications in cementitious composites.
Compared with graphene-based materials, SNS has higher specific surface area and richer in
chemical hydroxyl functional groups which enables the SNS flakes to chemically interact with
both the cement particles during hydration and the produced hydration phases [24,25]. The
SNS material is also significantly cheaper than graphene-based materials and its production is
scalable for large deployment in the construction industry. Our Density Functional Theory

(DFT) and Molecular Dynamics (MD) simulations and Electrochemical (EC) characterization
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have shown that the SNS flakes significantly improve the hydration kinetics of cement and
increases the mechanical properties of C-S-H globules [26,27]. However, the strengthening
and toughening mechanisms in SNS doped cementitious composites are not yet fully
understood and the resulting macro engineering properties are still unknown. As such, this
paper aims to elucidate the role of the SNS flakes in improving the mechanical and fracture
properties of cementitious. An extensive experimental program was carried out to determine
the influence of SNS on the compressive, tensile, and flexural strength, flexural modulus,
fracture energy and fracture toughness of the cementitious composites. The experimental
parameters considered in this program were SNS concentration (0, 0.1, 0.2, 0.3-wt%), SNS

treatment (sonicated and non-sonicated) and wi/c ratio (0.35 and 0.40).

2. Experimental program

2.1 Materials

Ordinary Portland Cement (OPC), CEM 1 52.5R (Hanson, UK) was used to prepare the
cement pastes. Table 1 and Table 2 list the OPC physical properties and chemical composition.
The main components of OPC are CaO (64.98%), SiO2 (20.85%) and Al>Os3 (5.22%) with a
particle size ranging from 5 to 30 um and a relative density of 2.75-3.20. These properties meet
the requirements of B.S EN 197-1:2011 standard [28]. A Polycarboxylic ether-based
superplasticizer (SP) (MasterGlenium®»51, BASF, UK) was used at a concentration of 1-wt%
to improve the workability of the cement pastes. The SNS flakes were synthesized by our
industrial partner, Cellucomp Limited (UK). The SNS flakes are 50 pm in width, 50 um in
length and 0.25 um in thickness. And their specific surface area and density are 68.35 m?/g and

1.31g/cm3, respectively.

The manufacturing process for the SNS flakes is described in [26,27]. The first step in

this process involved diluting the sugar beet pulp with a solid content of 1% by weight.
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Subsequently, the pH of the solution was increased to 14 using 0.5 M sodium hydroxide
(NaOH). The NaOH was purchased from Honeywell Fluka™ and a purity of 98%. This enables
the removable of the hemicellulose and pectin from the mixture. The mixture was then
thermally treated at 90 °C for 5 hours and periodically homogenized for 1 hour with a stirring
blade rotating at 700 rpm. At the end of the thermal treatment, the mixture was homogenized
for 5 minutes at 1900 rpm. The SNS mixture was then filtered and a SNS paste with a solid

content of 4 to 8-wt%was obtained.

2.2 Mix proportions and specimen preparation

The mix proportions adopted in this study were divided into two groups (groups A and
B) as shown in Table 3. In all groups, the cement pastes were doped with SNS at concentrations
of 0.0, 0.1, 0.2 and 0.3-wt%. In group A, cement pastes with a w/c ratio of 0.35 were doped
with as-received SNS (samples AR) and treated SNS (samples AT). In group B, the cement
pastes with a w/c ratio of 0.4 were doped with as-received SNS (samples BR) and treated SNS
(samples BT). The samples AP in group A and BP in group B were used as plain samples for
reference purposes. The treatment of SNS consisted of sonicating the SNS solution for 30
minutes. In this treatment process, the required amount of SNS was first added to the required
amount of water and SP. Subsequently, the solution was sonicated in an ice bath with a sonifier
(Branson Sonifier 450) at 50% duty cycles. The as-received SNS solution was prepared by

manually stirring the mixture of the required amount of SNS, water and SP.

The cement pastes were prepared according to ASTM C305-20 [29]. The cement
powder and the SNS solution were first mixed for 30 seconds at a mixing speed of 140
revolutions/min, then mixed for 120 seconds at a mixing speed of 285 revolutions/min until
the SNS flakes were evenly dispersed in the fresh cement paste. The cement pastes were poured

into 40 mm x 40 mm x 160 mm and 50 mm x 50 mm x 50 mm steel molds. The molds were
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placed on a vibrating table and vibrated for 60 seconds. The molds were covered with a plastic
film to prevent water evaporation and left to cure at room temperature for 24 hours. The
samples were then demolded and placed in a standard curing tank with water temperature of

20£2°C until testing.

2.3 Workability and mechanical properties

A mini-slump test was conducted to determine the influence of the SNS flakes on the
workability of the cement pastes. This was done by measuring the spread diameters formed by
the pastes upon lifting the mini-slump cone [30,31]. The top and bottom diameters and the
height of the cone are 70 mm, 100 mm and 60 mm, respectively. The workability of the cement
pastess was measured according to [32]. The workability W of the cement pastes was

determined using the following equation [33]:

(dy+d;)
2
do

do

=
I

x 100 (D

where d, and d, are the two direction spread-out diameters of the paste and d,, is the bottom

diameter of the cone.

The mechanical properties were determined at 28 days of curing. The compressive
strength of the cementitious composites was determined according to ASTM C 109 standard
[34]. A total of 56 cubes (50 mm in side) were tested using a universal testing machine (UTM,
250 kN) at a loading rate 0.5 MPa/s. The splitting tensile strength of the cementitious
composites was evaluated according to BS EN12390-6:0229 [35] using UTM. A total of 42
cylinders (100 mm x 200 mm) were tested with a loading rate of 0.06 MPa/s. A total of 56
prisms (40 mm x 40 mm x 160 mm) were subjected to four-point bending test according to
ASTM C78 [36] using UTM at loading rate of 0.5 MPa/s to determine the flexural strength and

flexural modulus of the cementitious composites.
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2.4 Fracture properties

The fracture properties of the cementitious composites were evaluated using the three-
point bending test method according to the RILEM standard (1985). A total of 56 notched
prisms (40 mm x40 mm x 160 mm) were tested using UTM at a displacement rate of 0.02
mm/min. The notch depth and height are 3 mm and 16 mm, respectively. As shown in Fig.1,
during loading, the crack mouth opening displacement (CMOD) was measured with a video
gauge™ (Imetrum Ltd). The video gauge consisted of two camera lenses, an Imetrum
controller and a computer data acquisition system. Uniform black dots were printed on the
surface of the prism around the notch. The printed area defines the region where the
displacement is measured. To capture the positions of the dots during testing, the lenses were
placed 1.2 m from the prism surface. The load, prism deflection and positions of the dots were
recorded at a frequency 15 Hz. The CMOD was obtained by monitoring the horizontal
displacement between the two dots adjacent to the mouth of the crack. This was achieved by
collecting measurements generated by the video gauge in the form of pixel displacement.
During testing, a series of pixel displacement results was recorded and the pixel displacement

was then converted to real displacement in mm by the data acquisition system software.

The measured applied load (P), deflection (6) and CMOD were used to calculate the

fracture energy (Gr) and fracture toughness (K;) using the following equations [38].

_mg8,+ W, mgdy + 8,°P(8)ds

Eh—a) . th-o @
PnaxS . (a
Kic = th—%f (E) (3
a a % a % a % a % a %
f (E) =29 (E) — 46 (E) +21.8 (E) ~37.6 (E) +38.7 (E) (4)
7
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where G is the fracture energy, m is the mass (m = my; + m,), m, is the mass of the prism
between supports, m, is the mass of the loading fixture, g is the gravity acceleration, &, is the
final displacement of the failure prism, W, is the area under the load-displacement curve, t is
the thickness of the prism, h is the height of the prism, a is the depth of the notch, K. is the

fracture toughness, P, IS the peak load and S is the span of the prism.

2.5 Characterization of SNS and cementitious composites

The SNS flakes were characterized to determine their functional groups, crystal
structure and morphology. The as-received SNS material was dried, and samples were prepared
for characterization. Fourier-transform infrared (FTIR) spectrometer (Agilent Technologies
ExoScan 4100) was employed to determine the chemical properties of the SNS flakes. The
SNS sample was subjected to 128 consecutive scans in the frequency range of 4000-500 cm*
at a spectral resolution of 8 cm™. The obtained infrared absorption spectrum was used to
identify the functional groups of SNS. Single-crystal X-ray diffractometer (XRD) (Agilent
SuperNova) was used to analyze the crystal structure of the SNS flakes. The XRD patterns of
SNS were recorded in the range of 5° to 65° (20) with a scanning rate of 2°/min, with a step

size of 0.01°.

Analytical field emission scanning electron microscope (FE-SEM) with an energy
dispersive X-ray spectroscopy (EDS/EDX) system (JEOL JSM-7800F) was employed to
observe the morphology of the SNS flakes. The EDS/EDX system has a Silicon Drift Detector
(SDD) (X-Max50) of an area of 50 mm?. The SNS sample was coated with gold prior to the
characterization then transferred to the instrument vacuum chamber and characterized at an

accelerating voltage of 2-15 kV at ambient temperature.

The morphology of the SNS flakes was further evaluated using transmission electron

microscope (TEM) (JEM-1010). To generate TEM images of the sample, a SNS solution with
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a concentration of 0.2-wt% was prepared. The SNS suspension was then dripped onto carbon-
coated TEM grids and allowed to air-dry at room temperature. The TEM imaging was then

performed at an acceleration voltage of 80 kV.

The microstructure of the cementitious composites was characterized at 28 days.
Samples recovered from broken prisms were ground into powder by a planetary ball-mill
(grinding machine PM 100) and used to identify the crystal structure of the cementitious
composites using XRD. Samples recovered from broken prisms were also polished into small
pellets then coated with gold to determine the morphological features of the cementitious

composites using SEM/EDX.

3. Experimental results and discussion
3.1 Characterization of SNS

Fig. 2 shows a typical SEM image of the SNS flakes along with their elemental mapping
analysis and chemical composition. As shown, the SNS flakes are mainly composed of carbon
(54.4%) and oxygen (43.1%). Impurities such as calcium (1.3%), chlorine (0.6%), sodium
(0.4%) and aluminum (0.2%) from the preparation process are also shown in Fig. 2. The FTIR
spectrum of the SNS flakes is shown in Fig. 3a. The absorbance peak of around 3350 cm™
represents the stretching vibration of the hydroxy group (O-H), which indicates the
hydrophilicity of the SNS flakes [39,40]. The prominent peak at 2850 cm™ is due to the
stretching and vibration of saturated C-H in cellulose [41]. The peak at 1675 cm™ reflects the
stretched O-H groups, which corresponds to the adsorbed water molecules. The 1470, 1420,
1360 and 970 cm* bands are attributed to C-H stretching of methylene (CH.) and methyl (CHa)
groups. The signal at 1170 cm™ indicates a C-O-C bond, which is the characteristic of cellulose
ethers [42—-44]. The functional groups of the SNS flakes provide unique advantages over

carbonaceous materials as they allow the SNS flakes to disperse in water and chemically
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interact with the cement particles and hydration phases, thereby improving the hydration and

engineering properties of the cementitious composites.

The XRD pattern of SNS is shown in Fig. 3b. As depicted in this figure, the SNS

exhibits diffraction peaks around 26=16.5° and 22.5°. This indicates that SNS has typical

cellulose-I structural features. The peak at 26 =16.5° represents the SNS crystalline (110) plane.
In this plane, the surfaces of the SNS flakes are decorated with mainly hydroxyl groups with
some hydrophilic groups. The hydroxyl groups promote the dispersion of the SNS flakes in

water [45]. The diffraction peak at 26 =22.5° was attributed to the (200) plane where the SNS

consists of lignin and hemicellulose [45,46].

The crystallinity index (Cl) value obtained from XRD is an indication of how
mechanically strong the SNS flakes are. The CI value of the SNS flakes can calculated using

the following equation [47]:

Loo — I
CI =100 x 222 4% (5)
1200

Where I,,, represents the maximum intensity of the (200) diffraction peak, located around

20=22.5°, 14, is the minimum diffraction intensity of the amorphous SNS (26=18°) between

the 26=16.5° and 22.5° [48]. Based on equation (5), the average CI value for the SNS flakes is

75.65%. This relatively high CI value suggests that the SNS flakes possess high stiffness,

rigidity and strength [49].

Fig. 3c-d depict SEM images of the SNS flakes. These images indicate the sample is
composed of stacked and overlapped SNS sheets. The SNS sheets display wrinkled, crumpled

and rippled features. Graphene based 2D materials also possess these features. The TEM

10
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images of the SNS flakes are shown in Fig. 3e-f. The purity of the SNS product is high, which
clearly shows that most of the hemicellulose and lignin have been removed during the
fabrication process. As can be seen, the SNS flakes are composed of intertwined and randomly

oriented cellulose nanofibers with a diameter of about 40 nm.

3.2 Workability, compressive and tensile strength of SNS cement pastes

Fig. 4a shows the influence of SNS on the workability of the cement pastes. The
workability W of the plain cement paste is 136%. As shown, the addition of 0.1 and 0.2-wt%
SNS did not affect the workability of the cement pastes significantly. However, the addition of

0.3-wt% SNS reduced the workability of the cement paste by 33.4%.

Fig. 4b-c plot the compressive strengths of the cementitious composites as a function
of SNS concentration for w/c ratios for 0.35 and 0.40 at 28 days of curing. These figures also
compare the effect of the as-received and treated SNS flakes on the compressive strength of
the cementitious composites. All cementitious composites reached their maximum
compressive strength at a concentration of 0.2-wt%. The cementitious composites doped with
the treated SNS flakes showed slightly higher compressive strength than those with the as-
received SNS flakes. In addition, the cementitious composites with the w/c ratio of 0.35 showed
higher compressive strength than those with the w/c ratio of 0.40. However, as shown in Fig.
4d, the cementitious composites with the w/c ratio of 0.4 exhibit slighter better percentage
increase in the maximum compressive strength. At the w/c ratio of 0.35, the treated and as-
received SNS flakes increased the compressive strength by as much as 11.51% and 8.35%,
respectively, whereas at the w/c ratio of 0.4, the treated and as-received SNS flakes increased
the compressive strength by as much as 13.24% and 9.94%, respectively. However, for all
cementitious composites the improvement of the compressive strength diminished at 0.3-wt%

SNS.

11



©CO~NOOOTA~AWNPE

Fig. 5a-b show the effect of SNS on the splitting tensile strength of the cementitious
composites at 28 days. The change in the tensile strength as a function of SNS concentration
trend is similar to that of the compressive strength. For all cementitious composites, the
addition of 0.2-wt% SNS vyielded the highest tensile strength. This improvement is more
noticeable for cementitious composites with the w/c ratio of 0.35 where the treated and as-
received 0.2-wt% SNS enhanced the tensile strength by 37.6% and 33.3%, respectively (Fig.
5c). At the w/c ratio of 0.4, the 0.2-wt% treated and as-received SNS flakes improved the tensile
strength by 32.8% and 31.2%, respectively (Fig. 5¢). The enhancement of the tensile strength

degraded at 0.3-wt% SNS.

3.3 Flexural properties

As depicted in Fig. 6a-b, the treated and as-received SNS flakes have somewhat
different effects on the flexural strength. The flexural strength of the cementitious composites
doped with the as-received SNS increased with SNS dosage, reaching its maximum at 0.2-wt%,
then decreased at 0.3-wt%. On the other hand, the flexural strength of the cementitious
composites doped with treated SNS is somewhat plateaued between 0.1-wt% and 0.2-wt% then
decreased at 0.3-wt%. The treated SNS flakes seemed to outperform the as-received SNS flakes,
presumably due to better dispersion. The cementitious composites with the w/c ratio of 0.35
exhibited a maximum flexural strength percentage increase of about 37.5% and 31.7% for
treated and as-received SNS, respectively (Fig. 6¢). When the w/c ratio is increased to 0.4, the
treated and as-received SNS flakes improved the flexural strength by as much as 39.5% and

28.4%, respectively (Fig. 6c).

Fig. 7 shows the load-deflection responses of the cementitious composites. Overall, the
addition of SNS improved the flexural behavior of the cementitious composites. The failure

load, and flexural toughness and flexural modulus were all improved. The treated SNS flakes

12
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improved the flexural behavior of the cementitious composites with the w/c ratio of 0.35 more
than the other cementitious composites. One noticeable enhancement is in the flexural modulus
as shown in Fig. 8, Figs. 8a-b indicate that the flexural modulus increased with increasing SNS
dosage. At the wi/c ratio of 0.35, the cementitious composites with treated and as-received SNS
flakes reached the same maximum flexural modulus at 0.2-wt%, yielding a percentage increase
of about 32.69% (Fig. 8c). This percentage increase decreased at 0.3-wt% SNS (Fig. 8a). The
flexural modulus of the cementitious composites containing treated SNS flakes with the w/c
ratio of 0.4 increased at 0.1-wt% and remained constant at 0.2-wt%, then slightly decreased at
0.3-wt% (Fig. 8b). In this case, the treated SNS flakes increased the flexural modulus by as
much as 30.6% (Fig. 8c). At the wic ratio of 0.4, the as-received SNS flakes also improved the
flexural modulus of the cementitious composites. A dosage of 0.2-wt% as-received SNS
produced the same maximum flexural modulus as the treated 0.1-wt% and 0.2-wt% SNS (i.e.,
maximum percentage increase of 30.6%). However, the improvement of the flexural modulus

significantly diminished at 0.3-wt% (Fig. 8b).

3.4 Fracture properties

The load-deflection responses of the notched prisms obtained from the three-point
deflection tests are depicted in Fig. 9. The addition of treated and as-received SNS flakes
enhanced the peak load and flexural modulus of the cementitious composites. The SNS flakes
also increased the areas under the load-deflection curves and the maximum deflections (Fig.
9). In Fig. 10a-b, the fracture energy (Gr) of the cementitious composites is plotted against
SNS concentration. As can be seen, the cementitious composites with the w/c ratio of 0.35
outperformed the cementitious composites with the wi/c ratio of 0.4. At the w/c ratio of 0.35,
Gr increased with increasing treated SNS dosage up to 0.2-wt% then dropped slightly at 0.3-
wt%. Similarly, at this w/c ratio of 0.35, Gr increased with increasing as-received SNS dosage,

followed by a significant drop at 0.3-wt%. As shown in Fig. 10c, at the w/c ratio of 0.35, the

13



©CO~NOOOTA~AWNPE

maximum percentage increase in Gr is 67.8% and 54.5% for treated and as-received SNS

reinforced cementitious composites, respectively.

At the w/c ratio of 0.4, the addition of as-received SNS flakes increased Gr linearly up
to 0.2-wt% then diminished at 0.3-wt% (Fig. 10c). The treated SNS flakes however increased
Gr at 0.1-wt% after which their effect slowed and reached its maximum at 0.2-wt%. This
enhancement also diminished at 0.3-wt%. The observed maximum percentage increase in Gr
is 66.6% and 40.3% for treated and as-received SNS reinforced cementitious composites,

respectively (Fig. 10c).

From Fig. 11, we can see that the enhancement of the fracture toughness (Kic)
somewhat follows the enhancement trend of Gr. All SNS reinforced cementitious composites
reached their maximum Kic at 0.2-wt% where for the cementitious composites with the wi/c
ratio of 0.35, the treated and as-received SNS flakes increased Kic by 49.6% and 42.4%,
respectively (Fig. 11c). At the w/c ratio of 0.4, the treated and as-received SNS flakes increased

Kic by 43.7% and 19.6%, respectively (Fig. 11c).

The enhancement of Gr and Kic is reflected in the load-CMOD curves depicted in Fig.
12. As can be seen, all load-curves have similar shapes. The pre-peak slopes of the load-CMOD
curves are similar. However, the SNS flakes increased the peak load in the load-CMOD curves
of the cementitious composites, but they do not seem to affect the CMOD values at the peak
loads. The post-cracking behavior of the cementitious composites with the wi/c ratios of 0.35
is different from that of the cementitious composites with the wi/c ratio of 0.4. At the wic ratio
of 0.35, the load decreased gradually while at the wi/c ratio of 0.4, the load decreased somewhat
rapidly (Fig. 12). This means, the area under the load-CMOD curves for the cementitious
composites with the w/c of 0.35 is larger than that for the cementitious composites with the w/c

ratio of 0.4, thus better post-cracking behavior. As depicted in Fig. 12a-b, the treated SNS
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flakes outperformed the as-received SNS flakes in enhancing the post-cracking behavior of the
cementitious composites with the w/c ratio of 0.35. However, they slightly improved the post-

cracking behavior of the cementitious composites with the wi/c ratio of 0.4 (Fig. 12c-d).

3.5 Microstructure characterization

Fig. 13 illustrates XRD patterns and analysis of the cementitious composites containing
0 and 0.3-wt% SNS at the w/c ratio of 0.35 at 28 days. As can be seen from Fig. 13, the XRD
pattern analysis revealed that the microstructure of the cementitious composites consists of
alite (C3S, COD 96-901-5085), ettringite (COD 96-901-5085), Ca(OH), (COD 96-100-8782),
calcite (CaCOs, COD 96-900-9669) and carbonated calcium hemicarboaluminate (COD 96-
210-5252).. The addition of SNS does not change the microstructure of the cementitious
composites in term of hydration phases but it does alter the crystal diffraction peak intensities.
The results of the Rietveld refinements shown in Fig. 13, demonstrate that the quantity of
ettringite and CaCOz have increased from 8.4% and 21.3% to 15.6% and 31.4%, respectively.
The amount of Ca(OH). has decreased from 49.2% to 47.2%, while the content of alite and
carbonated calcium hemicarboaluminate has decreased to 3.6% and 2.1%. It is well known that
the intensity peaks corresponding to C-S-H phases are not detectable in the XRD patterns.
However, the change in the C-S-H phases can be quantified by evaluating the change in the
peak intensity of the other hydration phases such as Ca(OH).. As can be seen, the intensity
peaks corresponding to ettringite and CaCOs increased with SNS dosage of 0.3-wt%. This
means, the SNS flakes are effective in increasing C-S-H and other hydration phases especially

for the cementitious composites infused with SNS.

Fig. 14 illustrates typical SEM images of the cementitious composites doped with
treated SNS flakes at concentrations of 0.0, 0.1, 0.2 and 0.3-wt% at the w/c ratio of 0.35 at 28

days of curing. As depicted in Fig. 14a, the microstructure of the plain cement matrix is mainly
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composed of unhydrated cement particles, a small amount of calcium hydroxide (CH) and C-
S-H. The microstructure also contains wide cracks (Fig. 14a), which can be attributed to the
shrinkage. The addition of 0.1-wt% of treated SNS flakes increased the amount of the CH and
C-S-H hydration phases and reduced crack propagation and crack width significantly (Fig. 14b-
d). The addition of 0.2-wt% of treated SNS flakes further increased the amount of CH particles
(Fig. 14c). These CH particles are in the form of hexagonal crystals that are uniformly
distributed throughout the matrix. These CH crystals appear to be intercalated with the SNS
flakes, thereby reducing shrinkage which resulted in a microstructure with fewer cracks and
pores. We can also see from Fig. 14d that the inclusion of 0.3-wt% of treated SNS reduced the

size of the CH crystals and produced CH/SNS agglomerates.

3.6 Discussion

The experimental results show that the SNS flakes are effective in improving the
mechanical and fracture properties of the cementitious composites. Compared with graphene-
based flakes, the SNS flakes are richer in hydroxyl functional groups thus they show good
dispersibility in water. The workability of the cementitious pastes was not affected by the
addition of the SNS flakes at 0.1 and 0.2-wt% dosages. However, the workability results
suggest that higher SNS dosages reduce the workability of the cementitious composites. This
could be attributed to the high specific surface area and high hydrophilicity of the SNS flakes.
When used in high concentrations, SNS tends to absorb free water, thereby, increasing the
internal friction between the cement particles which in turn reduces the workability of the
cement pastes [24]. This trend was also observed in GO doped composites [50]. The SNS flakes
improved the formation of the hydration phases of cement due to their high number of reactive
functional groups. Because of this, the hydration kinetics in cementitious composites with SNS
are superior to those in cementitious composites with graphene-based materials [27]. It appears

that the addition of SNS altered the morphology of the cementitious composites. The SNS
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flakes regulated the microstructure by reducing cracks and creating denser microstructure with

intercalated hexagonal CH/SNS particles.

Like graphene-based flakes, the SNS flakes improved the compressive strength of the
composites. However, this improvement is moderate due to the restrictive properties of the
cementitious materials when they are subjected to compressive stress. The observed maximum
compression strength enhancement percentages are within the range of the percentages
obtained from cementitious composites doped with graphene-based flakes. This means SNS
and graphene-based materials have similar effects on the compressive strength of cementitious
composites. The other mechanical properties such as splitting tensile and flexural strength,

flexural modulus and fracture properties were also improved.

The tensile and flexure strength, flexural modulus and fracture properties of the
cementitious composites were enhanced due to the inherent properties of the SNS flakes. These
flakes have high specific surface area that contains many functional groups. These properties
along with the SNS geometric features such as wrinkles and ripple enable the SNS flakes to
form strong chemical and mechanical bonds with the hydration phases. This enhances the
toughening and strengthening mechanisms induced by the SNS flakes in the cementitious
composites. The strong interfacial bond between the SNS flakes and the hydration phases
prevents the pull-out of the SNS flakes thereby linking them together to form a denser and
packed microstructure with fewer cracks. Another important toughening mechanism induced
by the SNS flakes is crack deflection. In this mechanism, cracks are deflected when the SNS
flakes are present in their crack propagation paths. In this case, cracks find it hard to further
propagate along their initial paths. As a result, they are delayed and then get deflected to regions
without SNS flakes. This enables the cracks to take tortuous paths, thereby improves the
flexural strength, flexural modulus, and fracture energy and fracture toughness of the

cementitious composites as depicted in Fig. 6, Fig. 8, Fig. 10 and Fig. 11. The failure modes
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of the prisms subjected to four-point bending are given in Fig. 15. As can be seen, the plain
prism (0-wt% SNS) failed in tension where the crack propagated straight from the bottom of
the prism. However, for the cement prisms doped with the SNS flakes, zig-zag type-cracks
were formed in the bottom side of the prisms due to the crack deflection mechanism, then
propagated along their depths. As can be seen in Fig. 15, these tortuous crack propagation paths

were formed with somewhat kick angles.

As expected, increasing the w/c ratio from 0.35 to 0.4 resulted in lower mechanical and
fracture properties. The treated SNS flakes outperformed the as-received SNS flakes in
improving the mechanical and fracture properties of the cementitious composites. However,
the as-received SNS flakes produced acceptable percentage increases in these properties. This
makes SNS flakes attractive for large-scale applications as they can be used in cementitious

materials without treatment.

Even though the inherent mechanical properties of SNS are much lower than those of
graphene-based materials, the obtained percentage increases in the compressive, tensile and
flexural strength and fracture properties (including fracture properties) are within the range of
the percentage increases obtained from cementitious composites doped with graphene-based
materials [51]. This is significant because the cost and carbon footprint of SNS are much lower
than those of graphene-based materials, thus making it a serious alternative reinforcing material

in cementitious composites.

4. Conclusions
In this paper, we demonstrated that inexpensive and environmentally friendly biobased
SNS flakes can improve the mechanical and fracture properties of cementitious materials. An

extensive experimental program was carried to examine the performance of cementitious
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composites doped with treated and as-received SNS flakes using two w/c ratios. Based on the

experimental results, the following main conclusions can be drawn:

Owing to their high specific area and large number of reactive functional groups, the
SNS flakes improved the hydration kinetics of the cementitious materials. These
inherent properties along with their geometric features such as wrinkles and ripples
seemed to improve the chemical and mechanical bonds between the SNS flakes and the
hydration phases. This improved the engineering properties of the cementitious
composites.

The SNS flakes slightly improved the compressive strength of the cementitious
composites, but they were more effective in increasing the tensile and flexural strength,
flexural modulus, fracture energy and fracture toughness of the cementitious
composites. This was due to the toughening mechanisms produced by SNS, mainly
crack bridging and crack deflection.

The SNS flakes produced percentage increases in mechanical and fracture properties
similar to those produced by other competitor materials such as graphene and GO. This
means SNS can be used as replacement for enhancing the performance of construction
materials.

Both treated and non-treated SNS present a new cost-effective and sustainable way for
creating greener, stronger and durable construction materials that could have the
potential of reducing the consumption and carbon footprint of OPC in the construction

industry.
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Fig. 1. Three-point bending setup with a video recording system for fracture tests.
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Tables
Table 1

Physical properties of OPC

Main particle size pH

Relative density ~ Apparent density

Solubility in water

5-30 um 11-13.5

2.75-3.20 0.9-1.5 g/lcm3

Slight (0.1-1.5 g/l)

Table 2

Chemical components of OPC

Composition  SiO2  Al,O3

Fe;Os CaO MgO SO3

K20 Na.O Cl

Amount (%) 20.85 5.22

225 6498 240 3.37

0.61 0.27 0.05
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Table 3

Mixture proportions of SNS platelet reinforced paste

Unit weight
Mix Cement Water SP  SNS(R) SNS(T) Wi/C SNS
No ) @ (@ ) @) ratio (Wt%)
APOO 300 105.00 3 0.00 0.00 0.35 0.00
ARO1 300 105.00 3 0.30 0.00 0.35 0.10
ARO02 300 105.00 3 0.60 0.00 0.35 0.20
ARO03 300 105.00 3 0.90 0.00 0.35 0.30
ATO1 300 105.00 3 0.00 0.30 0.35 0.10
ATO02 300 105.00 3 0.00 0.60 0.35 0.20
ATO03 300 105.00 3 0.00 0.90 0.35 0.30
BP0OO 300 105.00 3 0.00 0.00 0.40 0.00
BRO1 300 105.00 3 0.30 0.00 0.40 0.10
BR02 300 105.00 3 0.60 0.00 0.40 0.20
BRO3 300 105.00 3 0.90 0.00 0.40 0.30
BTO1 300 105.00 3 0.00 0.30 0.40 0.10
BTO02 300 105.00 3 0.00 0.60 0.40 0.20
BTO3 300 105.00 3 0.00 0.90 0.40 0.30

P: plain cement, R: as-received SNS and T: treated SNS.

33



Detailed Response to Reviewers

Responses to reviewers’ comments

Journal: Construction and Building Materials

Manuscript number: CONBUILDMAT-D-22-11953R2
Title: Mechanical and fracture properties of sugar beetroot-based nanosheets (SNS) doped
cementitious composites
Authors: Bo Huang, Yin Chi, Jianqun Wang, Gongxun Wang, Junjie Ye, Eric Whale, David Hepworth,
Jiangiao Ye, Mohamed Saafi

The authors would like to thank the reviewers for their valuable comments and editorial suggestions.
All the comments have been addressed in the revised manuscript. As suggested by the reviewers, we
edited the manuscript to improve its content and legibility. A detailed list of the point-by-point
responses to the comments is given below. The basic format follows the sequence: Comments, Reply
and Corrections. The revised text is highlighted in blue for easy identification.

Responses to Reviewer #1

No.

Comments, Reply and Corrections

1.

Comments

I don't have any other comments.

Reply

We thank the reviewer for reviewing our manuscript.

Corrections

No specific changes were made in the text.

Responses to Reviewer #2

No.

Comments, Reply and Corrections

Comments | thank you very much for having accepted the suggested corrections. However,
| invite you to check again the Segal's equation (equation 5) where the index
"002" is not the right one and should be "200" because the peak at 20=22.5°
is the (200) one (see, for example: Chem. Soc. Rev., 2023, 52, 6417).
Reply Correction was made in Section 3.1.

Corrections

(1) In Section 2.1, the character “Io, " NOW reads: “I,,”; the character “I ., ”
now reads: “I,,”.

(2) The reference “M.M. Rana, H. De la Hoz Siegler, Influence of ionic liquid
(IL) treatment conditions in the regeneration of cellulose with different
crystallinity, J. Mater. Res. 38 (2023) 328-336.
https://doi.org/10.1557/s43578-022-00797-7.” now reads: “K.S. Salem, N.K.
Kasera, M.A. Rahman, H. Jameel, Y. Habibi, S.J. Eichhorn, A.D. French, L.
Pal, L.A. Lucia, Comparison and assessment of methods for cellulose
crystallinity determination, Chem. Soc. Rev. (2023) 6417-6446.
https://doi.org/10.1039/d2¢cs00569g.”.

Comments

* page 11, line20: "The diffraction peak at 2 =22.5° were attributed” should
be: "The diffraction peak at 2 = 22.5° was attributed",




Reply

Correction was made in Section 2.1.

Corrections

In Section 3.1, the sentence “The diffraction peak at 260 =22.5° were
attributed...” now reads: “The diffraction peak at 26 =225 °  was
attributed...”.

Comments

* Figure 13: Rietveld refinements are accurate when you identify all the
phases. You should index the peak at 2 = 11.5-12° and estimate again the
different phases content. This phase could be a C-A-H one, like Calcium
Aluminum Oxide Carbonate Hydrate (C3A.CaC03.11H20, JCPDF card
n°41-0219), for example.

Reply

We identified carbonated calcium hemicarboaluminate (C0.4A1Ca209.8) as a
phase at 20= 11.5-12°. All corrected the Rietveld refinements are in Section
3.5.

Corrections

(1) We added the following sentence within Section 3.5.“carbonated calcium
hemicarboaluminate (COD 96-210-5252).”.

(2) In Section 3.5, the sentence “The results of the Rietveld refinements shown
in Fig. 13, demonstrate that the quantity of Ca(OH), and CaCOs have
increased from 28.5% and 18.9% to 40.8% and 36.2%, respectively. The
amount of ettringite has decreased from 26.6% to 21.0%, while the content of
alite has decreased to 2%. ” now reads: “The results of the Rietveld refinements
shown in Fig. 13, demonstrate that the quantity of ettringite and CaCO3 have
increased from 8.4% and 21.3% to 15.6% and 31.4%, respectively. The amount
of Ca(OH): has decreased from 49.2% to 47.2%, while the content of alite and
carbonated calcium hemicarboaluminate has decreased to 3.6% and 2.1%.”.

(3) We have updated the following Fig. 13 within Section 3.5.

@ “#
| P !
%0 C
004 l P Carbonated calcium
{ { "\! j | E { p Hemicarboaluminate (H
| E gk Eic | l . pP b

2
! C A |
A Méx“&&du'

Ettringite (E) Alite (A) (b) #i7

Fig. 13. XRD analysis of cementitious composites at 28 days (a) with 0 -wt%
SN, (b) with 0.3 -wt% SNS.




Highlights Click here to view linked References %

Highlights

e Treated and non-treated SNS flakes enhanced the mechanical and fracture
properties of the cementitious composites.

e The SNS strengthening and toughening mechanisms in the cementitious
composites are crack bridging and crack deflection.

e The SNS induced performance enhancement similar to that of graphene-based

materials.


https://www2.cloud.editorialmanager.com/conbuildmat/viewRCResults.aspx?pdf=1&docID=128122&rev=3&fileID=2782639&msid=901e4848-a9f0-4be2-9116-78daee2062a0
https://www2.cloud.editorialmanager.com/conbuildmat/viewRCResults.aspx?pdf=1&docID=128122&rev=3&fileID=2782639&msid=901e4848-a9f0-4be2-9116-78daee2062a0

Revised Manuscript Click here to view linked References %

Mechanical and fracture properties of sugar beetroot-based

1 .. .
2 nanosheets (SNS) doped cementitious composites
3
4 Bo Huang #°, Yin Chi ¢ Jianqun Wang?, Gongxun Wang?, Junjie Ye ¢, Eric Whale ¢, David Hepworth
5
s ¢ Jiangiao Ye ®, Mohamed Saafi ™
8
9 4 School of Civil Engineering, Hunan University of Science and Technology, Xiangtan, 411201, China
10 b Department of Engineering, Lancaster University, Lancaster LA1 4YW, UK
11 ¢ School of Civil Engineering, Wuhan University, Wuhan, 430072, China
ig d Research Center for Applied Mechanics, Key Laboratory of Ministry of Education for Electronic
14 Equipment Structure Design, Xidian University, Xi’an 710071, China
15 ¢ Cellucomp Ltd, Burntisland, Fife KY3 9DW, UK
16
17 Abstract
18
;g This paper examines the mechanical and fracture properties of cementitious composites doped
21
22 with a new type of 2D bio-nanoplatelets sheets, synthesized from sugar beet pulp waste. The
23
gg sugar beetroot nanosheets (SNS) were added to the cement pastes at different concentrations.
26 : .
27 The influence of SNS treatment and water-to-cement (w/c) ratio on the performance of the
28
gg cementitious composites was elucidated. The experimental results showed that 0.2-wt% and
g; 0.35 were the optimal SNS concentration and wi/c ratio for increasing the compressive, splitting
33
34 tensile and flexural strength, flexural modulus, fracture energy and fracture toughness. These
35
g? properties were enhanced by as much as 12.15%, 36.87%, 39.91%, 32.69%, 69.01% and
38
39 49.06%, respectively. This enhancement was due to crack deflection and crack bridging
40
j; mechanisms in the cementitious composites as a result of the high specific surface area of SNS
43 : . . . ,
44 and the strong chemical and physical bonding of SNS with the hydration phases. The SNS
45
j? materials offers strong advantages over graphene-based materials on improving the
jg engineering properties of cementitious materials and reducing their cost and CO emissions.
50
51 L
52 Highlights
53
54
55
56
gg * Corresponding author. E-mail address: yin.chi@whu.edu.cn (Yin Chi). m.saafi@lancaster.ac.uk
59 (Mohamed Saafi)
60
61
62
63
64 1


mailto:yin.chi@whu.edu.cn
https://www2.cloud.editorialmanager.com/conbuildmat/viewRCResults.aspx?pdf=1&docID=128122&rev=3&fileID=2782631&msid=901e4848-a9f0-4be2-9116-78daee2062a0
https://www2.cloud.editorialmanager.com/conbuildmat/viewRCResults.aspx?pdf=1&docID=128122&rev=3&fileID=2782631&msid=901e4848-a9f0-4be2-9116-78daee2062a0

©CO~NOOOTA~AWNPE

e Treated and non-treated SNS flakes enhanced the mechanical and fracture properties of
the cementitious composites.

e The SNS strengthening and toughening mechanisms in the cementitious composites
are crack bridging and crack deflection.

e The SNSinduced performance enhancement similar to that of graphene-based materials.

Key Words

Bio-nanoplatelets; Cementitious composites; Mechanical properties; Fracture properties

1. Introduction

Ordinary Portland Cement (OPC), the key ingredient of concrete, is responsible for 8-
9% of the global CO2 emissions [1]. Because there are no other cementitious materials that can
replace OPC in the foreseeable future to meet the need for future physical infrastructure, its
global demand is forecasted to increase by about 50% by 2050 [2,3], resulting in significant
increase in CO2 emissions. One of the popular approaches to reduce the consumption of OPC-
based materials involves the use of the so-called “do more with less” method where different
types of additives are added to cementitious materials to improve their engineering properties.
As a result, smaller size structural members can be designed which in return reduces both the

volume of concrete and the demand for OPC.

Various types of macro fibers have been employed to improve the engineering
properties of cementitious composites. For example, high-strength steel, polypropylene
polyvinyl alcohol (PVA), polyethylene glycol (PEG) and carbon fibers were commonly used

to enhance the mechanical and fracture properties of cementitious composites [4-9].

Micro and nanofibers were found to outperform macrofibers for improving the
microstructure and overall mechanical properties of cementitious composites. Owing to their

chemical functional groups and small size, carbonaceous materials such as carbon nanotubes
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(CNTs), graphene and graphene oxide (GO) promote the hydration of the cement particles
which in return increases the amount of the calcium silicate hydrate (C-S-H) phases [10-15].
These materials also strengthen the hydration phases. Unlike CNTs, the high specific surface
area of graphene and GO materials creates stronger and more crack resistant cementitious

composites [16,17].

The large-scale application of CNTs, graphene and GO in cementitious materials
however is limited. This is because these carbonaceous materials are expensive, their
production is energy intensive and pose serious health and safety issues [18]. In addition, they
are incompatible with cementitious materials as they tend to agglomerate in water thus
degrading their mechanical properties [19]. Bio-based materials are considered as a low-cost
and sustainable alternative to micro and nanofibers. Previous research has shown that cellulose
nanofibers (CNFs) and cellulose nanocrystals (CNCs) [20,21] chemically interact with cement,
thereby improving its hydration kinetics. Because of this, CNFs and CNCs help improve the
formation and growth of the hydration phases [22]. However, CNFs and CNCs have moderate
effect on the mechanical and fracture properties of cementitious composites due to their small

specific surface area [23].

Therefore, there is a genuine need for new low cost and environmentally friendly
materials as alternatives to graphene, GO, CNT, CNF and CNC reinforcing materials. Recently,
we successfully synthesized 2D SNS flakes for applications in cementitious composites.
Compared with graphene-based materials, SNS has higher specific surface area and richer in
chemical hydroxyl functional groups which enables the SNS flakes to chemically interact with
both the cement particles during hydration and the produced hydration phases [24,25]. The
SNS material is also significantly cheaper than graphene-based materials and its production is
scalable for large deployment in the construction industry. Our Density Functional Theory

(DFT) and Molecular Dynamics (MD) simulations and Electrochemical (EC) characterization
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have shown that the SNS flakes significantly improve the hydration kinetics of cement and
increases the mechanical properties of C-S-H globules [26,27]. However, the strengthening
and toughening mechanisms in SNS doped cementitious composites are not yet fully
understood and the resulting macro engineering properties are still unknown. As such, this
paper aims to elucidate the role of the SNS flakes in improving the mechanical and fracture
properties of cementitious. An extensive experimental program was carried out to determine
the influence of SNS on the compressive, tensile, and flexural strength, flexural modulus,
fracture energy and fracture toughness of the cementitious composites. The experimental
parameters considered in this program were SNS concentration (0, 0.1, 0.2, 0.3-wt%), SNS

treatment (sonicated and non-sonicated) and wi/c ratio (0.35 and 0.40).

2. Experimental program

2.1 Materials

Ordinary Portland Cement (OPC), CEM 1 52.5R (Hanson, UK) was used to prepare the
cement pastes. Table 1 and Table 2 list the OPC physical properties and chemical composition.
The main components of OPC are CaO (64.98%), SiO2 (20.85%) and Al>Os3 (5.22%) with a
particle size ranging from 5 to 30 um and a relative density of 2.75-3.20. These properties meet
the requirements of B.S EN 197-1:2011 standard [28]. A Polycarboxylic ether-based
superplasticizer (SP) (MasterGlenium®»51, BASF, UK) was used at a concentration of 1-wt%
to improve the workability of the cement pastes. The SNS flakes were synthesized by our
industrial partner, Cellucomp Limited (UK). The SNS flakes are 50 pm in width, 50 um in
length and 0.25 um in thickness. And their specific surface area and density are 68.35 m?/g and

1.31g/cm3, respectively.

The manufacturing process for the SNS flakes is described in [26,27]. The first step in

this process involved diluting the sugar beet pulp with a solid content of 1% by weight.
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Subsequently, the pH of the solution was increased to 14 using 0.5 M sodium hydroxide
(NaOH). The NaOH was purchased from Honeywell Fluka™ and a purity of 98%. This enables
the removable of the hemicellulose and pectin from the mixture. The mixture was then
thermally treated at 90 °C for 5 hours and periodically homogenized for 1 hour with a stirring
blade rotating at 700 rpm. At the end of the thermal treatment, the mixture was homogenized
for 5 minutes at 1900 rpm. The SNS mixture was then filtered and a SNS paste with a solid

content of 4 to 8-wt%was obtained.

2.2 Mix proportions and specimen preparation

The mix proportions adopted in this study were divided into two groups (groups A and
B) as shown in Table 3. In all groups, the cement pastes were doped with SNS at concentrations
of 0.0, 0.1, 0.2 and 0.3-wt%. In group A, cement pastes with a w/c ratio of 0.35 were doped
with as-received SNS (samples AR) and treated SNS (samples AT). In group B, the cement
pastes with a w/c ratio of 0.4 were doped with as-received SNS (samples BR) and treated SNS
(samples BT). The samples AP in group A and BP in group B were used as plain samples for
reference purposes. The treatment of SNS consisted of sonicating the SNS solution for 30
minutes. In this treatment process, the required amount of SNS was first added to the required
amount of water and SP. Subsequently, the solution was sonicated in an ice bath with a sonifier
(Branson Sonifier 450) at 50% duty cycles. The as-received SNS solution was prepared by

manually stirring the mixture of the required amount of SNS, water and SP.

The cement pastes were prepared according to ASTM C305-20 [29]. The cement
powder and the SNS solution were first mixed for 30 seconds at a mixing speed of 140
revolutions/min, then mixed for 120 seconds at a mixing speed of 285 revolutions/min until
the SNS flakes were evenly dispersed in the fresh cement paste. The cement pastes were poured

into 40 mm x 40 mm x 160 mm and 50 mm x 50 mm x 50 mm steel molds. The molds were



©CO~NOOOTA~AWNPE

placed on a vibrating table and vibrated for 60 seconds. The molds were covered with a plastic
film to prevent water evaporation and left to cure at room temperature for 24 hours. The
samples were then demolded and placed in a standard curing tank with water temperature of

20£2°C until testing.

2.3 Workability and mechanical properties

A mini-slump test was conducted to determine the influence of the SNS flakes on the
workability of the cement pastes. This was done by measuring the spread diameters formed by
the pastes upon lifting the mini-slump cone [30,31]. The top and bottom diameters and the
height of the cone are 70 mm, 100 mm and 60 mm, respectively. The workability of the cement
pastess was measured according to [32]. The workability W of the cement pastes was

determined using the following equation [33]:

(dy+d;)
2
do

do

=
I

x 100 (D

where d, and d, are the two direction spread-out diameters of the paste and d,, is the bottom

diameter of the cone.

The mechanical properties were determined at 28 days of curing. The compressive
strength of the cementitious composites was determined according to ASTM C 109 standard
[34]. A total of 56 cubes (50 mm in side) were tested using a universal testing machine (UTM,
250 kN) at a loading rate 0.5 MPa/s. The splitting tensile strength of the cementitious
composites was evaluated according to BS EN12390-6:0229 [35] using UTM. A total of 42
cylinders (100 mm x 200 mm) were tested with a loading rate of 0.06 MPa/s. A total of 56
prisms (40 mm x 40 mm x 160 mm) were subjected to four-point bending test according to
ASTM C78 [36] using UTM at loading rate of 0.5 MPa/s to determine the flexural strength and

flexural modulus of the cementitious composites.
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2.4 Fracture properties

The fracture properties of the cementitious composites were evaluated using the three-
point bending test method according to the RILEM standard (1985). A total of 56 notched
prisms (40 mm x40 mm x 160 mm) were tested using UTM at a displacement rate of 0.02
mm/min. The notch depth and height are 3 mm and 16 mm, respectively. As shown in Fig.1,
during loading, the crack mouth opening displacement (CMOD) was measured with a video
gauge™ (Imetrum Ltd). The video gauge consisted of two camera lenses, an Imetrum
controller and a computer data acquisition system. Uniform black dots were printed on the
surface of the prism around the notch. The printed area defines the region where the
displacement is measured. To capture the positions of the dots during testing, the lenses were
placed 1.2 m from the prism surface. The load, prism deflection and positions of the dots were
recorded at a frequency 15 Hz. The CMOD was obtained by monitoring the horizontal
displacement between the two dots adjacent to the mouth of the crack. This was achieved by
collecting measurements generated by the video gauge in the form of pixel displacement.
During testing, a series of pixel displacement results was recorded and the pixel displacement

was then converted to real displacement in mm by the data acquisition system software.

The measured applied load (P), deflection (6) and CMOD were used to calculate the

fracture energy (Gr) and fracture toughness (K;) using the following equations [38].

_mg8,+ W, mgdy + 8,°P(8)ds

Eh—a) . th-o @
PnaxS . (a
Kic = th—%f (E) (3
a a % a % a % a % a %
f (E) =29 (E) — 46 (E) +21.8 (E) ~37.6 (E) +38.7 (E) (4)
7



©CO~NOOOTA~AWNPE

where G is the fracture energy, m is the mass (m = my; + m,), m, is the mass of the prism
between supports, m, is the mass of the loading fixture, g is the gravity acceleration, &, is the
final displacement of the failure prism, W, is the area under the load-displacement curve, t is
the thickness of the prism, h is the height of the prism, a is the depth of the notch, K. is the

fracture toughness, P, IS the peak load and S is the span of the prism.

2.5 Characterization of SNS and cementitious composites

The SNS flakes were characterized to determine their functional groups, crystal
structure and morphology. The as-received SNS material was dried, and samples were prepared
for characterization. Fourier-transform infrared (FTIR) spectrometer (Agilent Technologies
ExoScan 4100) was employed to determine the chemical properties of the SNS flakes. The
SNS sample was subjected to 128 consecutive scans in the frequency range of 4000-500 cm*
at a spectral resolution of 8 cm™. The obtained infrared absorption spectrum was used to
identify the functional groups of SNS. Single-crystal X-ray diffractometer (XRD) (Agilent
SuperNova) was used to analyze the crystal structure of the SNS flakes. The XRD patterns of
SNS were recorded in the range of 5° to 65° (20) with a scanning rate of 2°/min, with a step

size of 0.01°.

Analytical field emission scanning electron microscope (FE-SEM) with an energy
dispersive X-ray spectroscopy (EDS/EDX) system (JEOL JSM-7800F) was employed to
observe the morphology of the SNS flakes. The EDS/EDX system has a Silicon Drift Detector
(SDD) (X-Max50) of an area of 50 mm?. The SNS sample was coated with gold prior to the
characterization then transferred to the instrument vacuum chamber and characterized at an

accelerating voltage of 2-15 kV at ambient temperature.

The morphology of the SNS flakes was further evaluated using transmission electron

microscope (TEM) (JEM-1010). To generate TEM images of the sample, a SNS solution with
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a concentration of 0.2-wt% was prepared. The SNS suspension was then dripped onto carbon-
coated TEM grids and allowed to air-dry at room temperature. The TEM imaging was then

performed at an acceleration voltage of 80 kV.

The microstructure of the cementitious composites was characterized at 28 days.
Samples recovered from broken prisms were ground into powder by a planetary ball-mill
(grinding machine PM 100) and used to identify the crystal structure of the cementitious
composites using XRD. Samples recovered from broken prisms were also polished into small
pellets then coated with gold to determine the morphological features of the cementitious

composites using SEM/EDX.

3. Experimental results and discussion
3.1 Characterization of SNS

Fig. 2 shows a typical SEM image of the SNS flakes along with their elemental mapping
analysis and chemical composition. As shown, the SNS flakes are mainly composed of carbon
(54.4%) and oxygen (43.1%). Impurities such as calcium (1.3%), chlorine (0.6%), sodium
(0.4%) and aluminum (0.2%) from the preparation process are also shown in Fig. 2. The FTIR
spectrum of the SNS flakes is shown in Fig. 3a. The absorbance peak of around 3350 cm™
represents the stretching vibration of the hydroxy group (O-H), which indicates the
hydrophilicity of the SNS flakes [39,40]. The prominent peak at 2850 cm™ is due to the
stretching and vibration of saturated C-H in cellulose [41]. The peak at 1675 cm™ reflects the
stretched O-H groups, which corresponds to the adsorbed water molecules. The 1470, 1420,
1360 and 970 cm* bands are attributed to C-H stretching of methylene (CH.) and methyl (CHa)
groups. The signal at 1170 cm™ indicates a C-O-C bond, which is the characteristic of cellulose
ethers [42—-44]. The functional groups of the SNS flakes provide unique advantages over

carbonaceous materials as they allow the SNS flakes to disperse in water and chemically
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interact with the cement particles and hydration phases, thereby improving the hydration and

engineering properties of the cementitious composites.

The XRD pattern of SNS is shown in Fig. 3b. As depicted in this figure, the SNS

exhibits diffraction peaks around 26=16.5° and 22.5°. This indicates that SNS has typical

cellulose-I structural features. The peak at 26 =16.5° represents the SNS crystalline (110) plane.
In this plane, the surfaces of the SNS flakes are decorated with mainly hydroxyl groups with
some hydrophilic groups. The hydroxyl groups promote the dispersion of the SNS flakes in

water [45]. The diffraction peak at 26 =22.5° was attributed to the (200) plane where the SNS

consists of lignin and hemicellulose [45,46].

The crystallinity index (Cl) value obtained from XRD is an indication of how
mechanically strong the SNS flakes are. The CI value of the SNS flakes can calculated using

the following equation [47]:

Lo — I
CI =100 x 222 4% (5)
1200

Where I, represents the maximum intensity of the (200) diffraction peak, located around

20=22.5°, 14, is the minimum diffraction intensity of the amorphous SNS (26=18°) between

the 26=16.5° and 22.5° [48]. Based on equation (5), the average CI value for the SNS flakes is

75.65%. This relatively high CI value suggests that the SNS flakes possess high stiffness,

rigidity and strength [49].

Fig. 3c-d depict SEM images of the SNS flakes. These images indicate the sample is
composed of stacked and overlapped SNS sheets. The SNS sheets display wrinkled, crumpled

and rippled features. Graphene based 2D materials also possess these features. The TEM

10
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images of the SNS flakes are shown in Fig. 3e-f. The purity of the SNS product is high, which
clearly shows that most of the hemicellulose and lignin have been removed during the
fabrication process. As can be seen, the SNS flakes are composed of intertwined and randomly

oriented cellulose nanofibers with a diameter of about 40 nm.

3.2 Workability, compressive and tensile strength of SNS cement pastes

Fig. 4a shows the influence of SNS on the workability of the cement pastes. The
workability W of the plain cement paste is 136%. As shown, the addition of 0.1 and 0.2-wt%
SNS did not affect the workability of the cement pastes significantly. However, the addition of

0.3-wt% SNS reduced the workability of the cement paste by 33.4%.

Fig. 4b-c plot the compressive strengths of the cementitious composites as a function
of SNS concentration for w/c ratios for 0.35 and 0.40 at 28 days of curing. These figures also
compare the effect of the as-received and treated SNS flakes on the compressive strength of
the cementitious composites. All cementitious composites reached their maximum
compressive strength at a concentration of 0.2-wt%. The cementitious composites doped with
the treated SNS flakes showed slightly higher compressive strength than those with the as-
received SNS flakes. In addition, the cementitious composites with the w/c ratio of 0.35 showed
higher compressive strength than those with the w/c ratio of 0.40. However, as shown in Fig.
4d, the cementitious composites with the w/c ratio of 0.4 exhibit slighter better percentage
increase in the maximum compressive strength. At the w/c ratio of 0.35, the treated and as-
received SNS flakes increased the compressive strength by as much as 11.51% and 8.35%,
respectively, whereas at the w/c ratio of 0.4, the treated and as-received SNS flakes increased
the compressive strength by as much as 13.24% and 9.94%, respectively. However, for all
cementitious composites the improvement of the compressive strength diminished at 0.3-wt%

SNS.

11
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Fig. 5a-b show the effect of SNS on the splitting tensile strength of the cementitious
composites at 28 days. The change in the tensile strength as a function of SNS concentration
trend is similar to that of the compressive strength. For all cementitious composites, the
addition of 0.2-wt% SNS vyielded the highest tensile strength. This improvement is more
noticeable for cementitious composites with the w/c ratio of 0.35 where the treated and as-
received 0.2-wt% SNS enhanced the tensile strength by 37.6% and 33.3%, respectively (Fig.
5c). At the w/c ratio of 0.4, the 0.2-wt% treated and as-received SNS flakes improved the tensile
strength by 32.8% and 31.2%, respectively (Fig. 5¢). The enhancement of the tensile strength

degraded at 0.3-wt% SNS.

3.3 Flexural properties

As depicted in Fig. 6a-b, the treated and as-received SNS flakes have somewhat
different effects on the flexural strength. The flexural strength of the cementitious composites
doped with the as-received SNS increased with SNS dosage, reaching its maximum at 0.2-wt%,
then decreased at 0.3-wt%. On the other hand, the flexural strength of the cementitious
composites doped with treated SNS is somewhat plateaued between 0.1-wt% and 0.2-wt% then
decreased at 0.3-wt%. The treated SNS flakes seemed to outperform the as-received SNS flakes,
presumably due to better dispersion. The cementitious composites with the w/c ratio of 0.35
exhibited a maximum flexural strength percentage increase of about 37.5% and 31.7% for
treated and as-received SNS, respectively (Fig. 6¢). When the w/c ratio is increased to 0.4, the
treated and as-received SNS flakes improved the flexural strength by as much as 39.5% and

28.4%, respectively (Fig. 6c).

Fig. 7 shows the load-deflection responses of the cementitious composites. Overall, the
addition of SNS improved the flexural behavior of the cementitious composites. The failure

load, and flexural toughness and flexural modulus were all improved. The treated SNS flakes

12
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improved the flexural behavior of the cementitious composites with the w/c ratio of 0.35 more
than the other cementitious composites. One noticeable enhancement is in the flexural modulus
as shown in Fig. 8, Figs. 8a-b indicate that the flexural modulus increased with increasing SNS
dosage. At the wi/c ratio of 0.35, the cementitious composites with treated and as-received SNS
flakes reached the same maximum flexural modulus at 0.2-wt%, yielding a percentage increase
of about 32.69% (Fig. 8c). This percentage increase decreased at 0.3-wt% SNS (Fig. 8a). The
flexural modulus of the cementitious composites containing treated SNS flakes with the w/c
ratio of 0.4 increased at 0.1-wt% and remained constant at 0.2-wt%, then slightly decreased at
0.3-wt% (Fig. 8b). In this case, the treated SNS flakes increased the flexural modulus by as
much as 30.6% (Fig. 8c). At the wic ratio of 0.4, the as-received SNS flakes also improved the
flexural modulus of the cementitious composites. A dosage of 0.2-wt% as-received SNS
produced the same maximum flexural modulus as the treated 0.1-wt% and 0.2-wt% SNS (i.e.,
maximum percentage increase of 30.6%). However, the improvement of the flexural modulus

significantly diminished at 0.3-wt% (Fig. 8b).

3.4 Fracture properties

The load-deflection responses of the notched prisms obtained from the three-point
deflection tests are depicted in Fig. 9. The addition of treated and as-received SNS flakes
enhanced the peak load and flexural modulus of the cementitious composites. The SNS flakes
also increased the areas under the load-deflection curves and the maximum deflections (Fig.
9). In Fig. 10a-b, the fracture energy (Gr) of the cementitious composites is plotted against
SNS concentration. As can be seen, the cementitious composites with the w/c ratio of 0.35
outperformed the cementitious composites with the w/c ratio of 0.4. At the w/c ratio of 0.35,
Gr increased with increasing treated SNS dosage up to 0.2-wt% then dropped slightly at 0.3-
wt%. Similarly, at this w/c ratio of 0.35, Gr increased with increasing as-received SNS dosage,

followed by a significant drop at 0.3-wt%. As shown in Fig. 10c, at the w/c ratio of 0.35, the

13
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maximum percentage increase in Gr is 67.8% and 54.5% for treated and as-received SNS

reinforced cementitious composites, respectively.

At the w/c ratio of 0.4, the addition of as-received SNS flakes increased Gr linearly up
to 0.2-wt% then diminished at 0.3-wt% (Fig. 10c). The treated SNS flakes however increased
Gr at 0.1-wt% after which their effect slowed and reached its maximum at 0.2-wt%. This
enhancement also diminished at 0.3-wt%. The observed maximum percentage increase in Gr
is 66.6% and 40.3% for treated and as-received SNS reinforced cementitious composites,

respectively (Fig. 10c).

From Fig. 11, we can see that the enhancement of the fracture toughness (Kic)
somewhat follows the enhancement trend of Gr. All SNS reinforced cementitious composites
reached their maximum Kic at 0.2-wt% where for the cementitious composites with the wi/c
ratio of 0.35, the treated and as-received SNS flakes increased Kic by 49.6% and 42.4%,
respectively (Fig. 11c). At the w/c ratio of 0.4, the treated and as-received SNS flakes increased

Kic by 43.7% and 19.6%, respectively (Fig. 11c).

The enhancement of Gr and Kic is reflected in the load-CMOD curves depicted in Fig.
12. As can be seen, all load-curves have similar shapes. The pre-peak slopes of the load-CMOD
curves are similar. However, the SNS flakes increased the peak load in the load-CMOD curves
of the cementitious composites, but they do not seem to affect the CMOD values at the peak
loads. The post-cracking behavior of the cementitious composites with the wi/c ratios of 0.35
is different from that of the cementitious composites with the wi/c ratio of 0.4. At the wic ratio
of 0.35, the load decreased gradually while at the w/c ratio of 0.4, the load decreased somewhat
rapidly (Fig. 12). This means, the area under the load-CMOD curves for the cementitious
composites with the w/c of 0.35 is larger than that for the cementitious composites with the w/c

ratio of 0.4, thus better post-cracking behavior. As depicted in Fig. 12a-b, the treated SNS
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flakes outperformed the as-received SNS flakes in enhancing the post-cracking behavior of the
cementitious composites with the w/c ratio of 0.35. However, they slightly improved the post-

cracking behavior of the cementitious composites with the wi/c ratio of 0.4 (Fig. 12c-d).

3.5 Microstructure characterization

Fig. 13 illustrates XRD patterns and analysis of the cementitious composites containing
0 and 0.3-wt% SNS at the w/c ratio of 0.35 at 28 days. As can be seen from Fig. 13, the XRD
pattern analysis revealed that the microstructure of the cementitious composites consists of
alite (C3S, COD 96-901-5085), ettringite (COD 96-901-5085), Ca(OH), (COD 96-100-8782),
calcite (CaCOs, COD 96-900-9669) and carbonated calcium hemicarboaluminate (COD 96-
210-5252).. The addition of SNS does not change the microstructure of the cementitious
composites in term of hydration phases but it does alter the crystal diffraction peak intensities.
The results of the Rietveld refinements shown in Fig. 13, demonstrate that the quantity of
ettringite and CaCOz have increased from 8.4% and 21.3% to 15.6% and 31.4%, respectively.
The amount of Ca(OH). has decreased from 49.2% to 47.2%, while the content of alite and
carbonated calcium hemicarboaluminate has decreased to 3.6% and 2.1%. It is well known that
the intensity peaks corresponding to C-S-H phases are not detectable in the XRD patterns.
However, the change in the C-S-H phases can be quantified by evaluating the change in the
peak intensity of the other hydration phases such as Ca(OH).. As can be seen, the intensity
peaks corresponding to ettringite and CaCOs increased with SNS dosage of 0.3-wt%. This
means, the SNS flakes are effective in increasing C-S-H and other hydration phases especially

for the cementitious composites infused with SNS.

Fig. 14 illustrates typical SEM images of the cementitious composites doped with
treated SNS flakes at concentrations of 0.0, 0.1, 0.2 and 0.3-wt% at the w/c ratio of 0.35 at 28

days of curing. As depicted in Fig. 14a, the microstructure of the plain cement matrix is mainly
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composed of unhydrated cement particles, a small amount of calcium hydroxide (CH) and C-
S-H. The microstructure also contains wide cracks (Fig. 14a), which can be attributed to the
shrinkage. The addition of 0.1-wt% of treated SNS flakes increased the amount of the CH and
C-S-H hydration phases and reduced crack propagation and crack width significantly (Fig. 14b-
d). The addition of 0.2-wt% of treated SNS flakes further increased the amount of CH particles
(Fig. 14c). These CH particles are in the form of hexagonal crystals that are uniformly
distributed throughout the matrix. These CH crystals appear to be intercalated with the SNS
flakes, thereby reducing shrinkage which resulted in a microstructure with fewer cracks and
pores. We can also see from Fig. 14d that the inclusion of 0.3-wt% of treated SNS reduced the

size of the CH crystals and produced CH/SNS agglomerates.

3.6 Discussion

The experimental results show that the SNS flakes are effective in improving the
mechanical and fracture properties of the cementitious composites. Compared with graphene-
based flakes, the SNS flakes are richer in hydroxyl functional groups thus they show good
dispersibility in water. The workability of the cementitious pastes was not affected by the
addition of the SNS flakes at 0.1 and 0.2-wt% dosages. However, the workability results
suggest that higher SNS dosages reduce the workability of the cementitious composites. This
could be attributed to the high specific surface area and high hydrophilicity of the SNS flakes.
When used in high concentrations, SNS tends to absorb free water, thereby, increasing the
internal friction between the cement particles which in turn reduces the workability of the
cement pastes [24]. This trend was also observed in GO doped composites [50]. The SNS flakes
improved the formation of the hydration phases of cement due to their high number of reactive
functional groups. Because of this, the hydration kinetics in cementitious composites with SNS
are superior to those in cementitious composites with graphene-based materials [27]. It appears

that the addition of SNS altered the morphology of the cementitious composites. The SNS
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flakes regulated the microstructure by reducing cracks and creating denser microstructure with

intercalated hexagonal CH/SNS particles.

Like graphene-based flakes, the SNS flakes improved the compressive strength of the
composites. However, this improvement is moderate due to the restrictive properties of the
cementitious materials when they are subjected to compressive stress. The observed maximum
compression strength enhancement percentages are within the range of the percentages
obtained from cementitious composites doped with graphene-based flakes. This means SNS
and graphene-based materials have similar effects on the compressive strength of cementitious
composites. The other mechanical properties such as splitting tensile and flexural strength,

flexural modulus and fracture properties were also improved.

The tensile and flexure strength, flexural modulus and fracture properties of the
cementitious composites were enhanced due to the inherent properties of the SNS flakes. These
flakes have high specific surface area that contains many functional groups. These properties
along with the SNS geometric features such as wrinkles and ripple enable the SNS flakes to
form strong chemical and mechanical bonds with the hydration phases. This enhances the
toughening and strengthening mechanisms induced by the SNS flakes in the cementitious
composites. The strong interfacial bond between the SNS flakes and the hydration phases
prevents the pull-out of the SNS flakes thereby linking them together to form a denser and
packed microstructure with fewer cracks. Another important toughening mechanism induced
by the SNS flakes is crack deflection. In this mechanism, cracks are deflected when the SNS
flakes are present in their crack propagation paths. In this case, cracks find it hard to further
propagate along their initial paths. As a result, they are delayed and then get deflected to regions
without SNS flakes. This enables the cracks to take tortuous paths, thereby improves the
flexural strength, flexural modulus, and fracture energy and fracture toughness of the

cementitious composites as depicted in Fig. 6, Fig. 8, Fig. 10 and Fig. 11. The failure modes
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of the prisms subjected to four-point bending are given in Fig. 15. As can be seen, the plain
prism (0-wt% SNS) failed in tension where the crack propagated straight from the bottom of
the prism. However, for the cement prisms doped with the SNS flakes, zig-zag type-cracks
were formed in the bottom side of the prisms due to the crack deflection mechanism, then
propagated along their depths. As can be seen in Fig. 15, these tortuous crack propagation paths

were formed with somewhat kick angles.

As expected, increasing the w/c ratio from 0.35 to 0.4 resulted in lower mechanical and
fracture properties. The treated SNS flakes outperformed the as-received SNS flakes in
improving the mechanical and fracture properties of the cementitious composites. However,
the as-received SNS flakes produced acceptable percentage increases in these properties. This
makes SNS flakes attractive for large-scale applications as they can be used in cementitious

materials without treatment.

Even though the inherent mechanical properties of SNS are much lower than those of
graphene-based materials, the obtained percentage increases in the compressive, tensile and
flexural strength and fracture properties (including fracture properties) are within the range of
the percentage increases obtained from cementitious composites doped with graphene-based
materials [51]. This is significant because the cost and carbon footprint of SNS are much lower
than those of graphene-based materials, thus making it a serious alternative reinforcing material

in cementitious composites.

4. Conclusions
In this paper, we demonstrated that inexpensive and environmentally friendly biobased
SNS flakes can improve the mechanical and fracture properties of cementitious materials. An

extensive experimental program was carried to examine the performance of cementitious
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composites doped with treated and as-received SNS flakes using two w/c ratios. Based on the

experimental results, the following main conclusions can be drawn:

Owing to their high specific area and large number of reactive functional groups, the
SNS flakes improved the hydration kinetics of the cementitious materials. These
inherent properties along with their geometric features such as wrinkles and ripples
seemed to improve the chemical and mechanical bonds between the SNS flakes and the
hydration phases. This improved the engineering properties of the cementitious
composites.

The SNS flakes slightly improved the compressive strength of the cementitious
composites, but they were more effective in increasing the tensile and flexural strength,
flexural modulus, fracture energy and fracture toughness of the cementitious
composites. This was due to the toughening mechanisms produced by SNS, mainly
crack bridging and crack deflection.

The SNS flakes produced percentage increases in mechanical and fracture properties
similar to those produced by other competitor materials such as graphene and GO. This
means SNS can be used as replacement for enhancing the performance of construction
materials.

Both treated and non-treated SNS present a new cost-effective and sustainable way for
creating greener, stronger and durable construction materials that could have the
potential of reducing the consumption and carbon footprint of OPC in the construction

industry.
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Tables
Table 1

Physical properties of OPC

Main particle size pH

Relative density ~ Apparent density

Solubility in water

5-30 um 11-13.5

2.75-3.20 0.9-1.5 g/lcm3

Slight (0.1-1.5 g/l)

Table 2

Chemical components of OPC

Composition  SiO2  Al,O3

Fe;Os CaO MgO SO3

K20 Na.O Cl

Amount (%) 20.85 5.22

225 6498 240 3.37

0.61 0.27 0.05
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Table 3

Mixture proportions of SNS platelet reinforced paste

Unit weight
Mix Cement Water SP  SNS(R) SNS(T) Wi/C SNS
No ) @ (@ ) @) ratio (Wt%)
APOO 300 105.00 3 0.00 0.00 0.35 0.00
ARO1 300 105.00 3 0.30 0.00 0.35 0.10
ARO02 300 105.00 3 0.60 0.00 0.35 0.20
ARO03 300 105.00 3 0.90 0.00 0.35 0.30
ATO1 300 105.00 3 0.00 0.30 0.35 0.10
ATO02 300 105.00 3 0.00 0.60 0.35 0.20
ATO03 300 105.00 3 0.00 0.90 0.35 0.30
BP0OO 300 105.00 3 0.00 0.00 0.40 0.00
BRO1 300 105.00 3 0.30 0.00 0.40 0.10
BR02 300 105.00 3 0.60 0.00 0.40 0.20
BRO3 300 105.00 3 0.90 0.00 0.40 0.30
BTO1 300 105.00 3 0.00 0.30 0.40 0.10
BTO02 300 105.00 3 0.00 0.60 0.40 0.20
BTO3 300 105.00 3 0.00 0.90 0.40 0.30

P: plain cement, R: as-received SNS and T: treated SNS.
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