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� New bio 2D nanoplatelets (BNP) were developed for cementitious materials.
� Hydration of cement paste was improved significantly due to the presence of BNP.
� The BNP regulates the hydration and the microstructure of the cement paste.
� The properties of the cementitious composites were improved at optimal BNP concentration.
a r t i c l e i n f o

Article history:
Received 3 October 2018
Received in revised form 1 December 2018
Accepted 3 January 2019

Keywords:
Bio-nanoplatelets
Cement composite
Mechanical properties
Fracture properties
FEM Modelling
a b s t r a c t

In this paper, we show for the first time that environmentally friendly nanoplatelets synthesized from
sugar beetroot waste with surface area and hydroxyl functional groups similar to those of graphene oxide
(GO) can be used to significantly enhance the performance of cementitious composites. A comprehensive
experimental and numerical simulation study was carried out to examine the performance of the bio
waste-derived 2D nanoplatelets (BNP) in cementitious composites. The experimental results revealed
that the addition of BNPs decreased the workability of the cement pastes due to their high surface area
and dominant hydrophilic functional groups. The experimental results also revealed that the BNP sheets
altered the morphology of the hydration phases of the cementitious composites. At 0.20-wt%, the BNP
sheets increased the content of the C-S-H gels. At higher concentrations (i.e., 0.40-wt% and 0.60-wt%),
however, the BNP sheets increased the content of the calcium hydroxide (Ca(OH)2) products and altered
their sizes and morphologies.
The flexural results demonstrated that the 0.20-wt% BNPs produced the highest flexural strength and

modulus elasticity and they were increased by 75% and 200%, respectively. The numerical simulations
were in good agreement with the fracture test results. Both results showed that the 0.20-wt% BNPs opti-
mal concentration significantly enhanced the fracture properties of the cementitious composite and pro-
duced mixed mode crack propagation as a failure mode compared to Mode I crack propagation for the
plain cementitious composite due to combined crack bridging and crack deflection toughening mecha-
nisms. Because of this, the fracture energy and the fracture toughness were increased by about 88%
and 106%, respectively.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction able and high performance concrete structures with intelligence
A great deal of research efforts has been devoted to improving
the performance of cementitious composites using different nanos-
cale additives. Such additives offer tremendous promise for a wide
range of uses in cementitious materials that could result in sustain-
and multifunctional capabilities [1,2]. For example, cementitious
composites incorporating reactive nanoparticles such as nano-
SiO2 [3,4], nano-TiO2 [5,6] and nano-CaCO3 [7,8]were found to exhi-
bit improved mechanical properties and durability characteristics.
This is because the high specific area of nanoparticles accelerates
the hydration of cement, resulting in more Calcium Silicate Hydrate
(C-S-H) gels. Furthermore, due to their small particle size, the
nanoparticles tend to act as fillers, which results in a denser
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microstructure. However, these reactive nanoparticles tend to
agglomerate at high concentrations and, due to their low aspect
ratios, they cannot arrest the propagation of cracks, thereby are
unable to enhance the fracture properties of cementitious compos-
ites [9].

A significant body of research has demonstrated the benefits of
adding carbonaceous nano-additives such as carbon nanotubes
(CNTs), carbon nanofibers (NFs) and graphene oxide (GO) to cemen-
titious materials. However, CNTs and NFs were shown to provide
limited improvements in the mechanical properties due to their
agglomeration and lack of chemical and mechanical bonding with
the cement composite matrix [10,11]. The two dimensional (2D)
GO is being considered as an ideal candidate for reinforcing cemen-
titious composites due to its distinctive properties such as large
specific area, excellent mechanical properties and high dispersibil-
ity in water due to hydroxyl functional groups on its surface [12].
Studies reported that GO accelerates the hydration of cement and,
regulate the growth and morphology of the hydration phases, lead-
ing to improvement in the mechanical properties of GO composites
[13–15]. Studies also reported that GO influences pore volume dis-
tribution in cementitious materials [16]. It was shown that GO
reduces the capillary pores and fills the micropores in the cement
matrix [17]. Because of its large specific area, GO was found to
bridge microcracks, thereby enhancing the stiffness and the frac-
ture resistance of the cementmatrix [18]. However, large-scale pro-
duction of nano-SiO2 nano-TiO2, nano-CaCO3, CNTs, NFs and GO and
their applications in cementitious materials have been hampered
by the high costs, un-scalability, complex manufacturing processes
and, environmental, health and safety risk issues.

In this paper, we investigate for the first time the performance
of cementitious composites containing novel and environmentally
friendly low-cost 2D BNP sheets. The BNP sheets were produced
from renewable materials such as sugar beetroot waste and resem-
ble GO in terms of large specific area, excellent mechanical proper-
ties and hydroxyl functional groups with excellent dispersibility in
water. The effect of different BNP concentrations on the workabil-
ity, hydration phases, microstructure and mechanical properties
was examined. The cracking behavior and the failure mode of the
BNP cementitious composites were also examined and validated
using numerical modelling.

2. Experimental program

2.1. Preparation of BNPs

The BNP sheets were produced and supplied by our industrial
partner Cellucomp Ltd, UK. The BNP sheets were synthesized from
sugar beetroot waste recovered from existing industrial processes.
The isolation of BNPs from sugar beetroot pulp is detailed in [19].
In summary, this process involves alkali treatment of recovered
sugar beetroot pulp with 0.5 M of potassium hydroxide (KOH) to
extract the hemicellulose and pectin from the cells. The resulting
mixture was heated to 90 �C for 5 h and homogenized for 1 h with
a rotating mixer at rates between 11 and 30 m/s. This homogeniza-
tion process separates the cells along the line of the middle lamella
and breaks the separated cells into BNP sheets with about. The
mixture was then filtered to remove the dissolved materials.
Finally, a nonionic surfactant (SpanTM from Croda PLC, UK) was
added to the BNP paste to coat the surface of the platelets to reduce
aggregation thereby allowing BNPs to be readily dispersed in aque-
ous solutions [19].

2.2. Preparation of BNP cement pastes

Portland cement (OPC) type CEM I 52.5 N was used to prepare
the cementitious composites with a water-to-cement ratio of
0.35. Commercially available superplasticizer (Glenium 51) was
used at a concentration of 1-wt% to enhance the workability of
the cement pastes. The cement pastes were modified with BNPs
at concentrations of 0.20, 0.40 and 0.60-wt%. The BNP was used
as-received and consisted of a paste with 4% solid and 96% water.
The as-received BNPs were first added to the required water and
superplasticizer, followed by mild sonication for 30 min using a
probe sonicator. The resulting suspension was then blended with
the cement and mixed for 7 min. For each BNP loading, 24 prisms
(40 mm � 40 mm � 160 mm) were prepared to determine the
mechanical and fracture properties of the cementitious compos-
ites. The prisms were demolded after 24 hrs then left to cure in
water at a temperature of 21 �C for 7, 14 and 28 days.

2.3. Characterization of BNPs

Optical microscopy and ultraviolet–visible spectrophotometer
were employed to examine the dispersion properties and stability
of BNPs at sonication times of 30, 50 and 100 min. Scanning elec-
tron microscopy (SEM) (JSM-7800F) fitted with X-ray Energy Dis-
persive Spectrometer (EDS) and X-ray diffraction (XRD) were used
to determine the chemical composition, morphology and
microstructure of the BNP sheets. The EDS consisted of a X-
max50 silicon drift detector with an area of 50 mm2. The elemental
analysis was conducted at a voltage of 10 kV under ambient tem-
perature. The XRD system consisted of Rigaku SmartLab equipped
with a Cu rotating anode operating at 45 kV and 200 mA, a Ge
(2 2 0) double bounce monochromator and a Dtex-250 1d detector.
The samples were analyzed with h/2h scans with a rate 3 deg./min,
under ambient conditions. An Agilent Technologies Exoscan 4100
Fourier transform mid-infrared spectrometer (FTIR) with diffuse
sample interface was used to collect infrared diffuse spectra in
the range of 500–5000 cm�1. The instrumental conditions for spec-
tral collection were 128 scans at a resolution of 8 cm�1 under ambi-
ent conditions. The spectral changes both in terms of size and
position were used to identify the processes and chemical changes
in the BNP sheets. Thermogravimetric analysis (TGA) was carried to
study the thermal stability of BNPs under temperatures between 25
and 1100 �C at a rate of 10 �C/min in nitrogen (N2).

2.4. Measurement of workability

The effect of the BNP sheets on the workability of the cement
pastes was assessed using a mini-slump cone with a top diameter
of 70 mm, a bottom dimeter of 100 mm and a height of 60 mm. For
each BNP concentration, the mini-slump diameter was measured
according to [20]. The average mini-slump diameter was based
on three measurements.

2.5. Characterization of hydration and microstructure BNP
cementitious composites

Samples were collected from the fractured flexural prisms at 7,
14 and 28 days to examine the effect of BNP concentration on the
hydration and microstructure of the cementitious composites. TGA
measurements were performed to estimate the degree of hydra-
tion (DOH) and the content of Ca(OH)2. In this experiment, the
samples were heated from 25 to 1100 �C at a rate of 10 �C/min
under nitrogen (N2). In addition, TGA measurements were per-
formed on BNPs and cement particles for correction purposes
[21]. XRD analysis was carried out to further investigate the DOH
and determine the crystallinity of the hydration phases. SEM was
employed to determine the microstructure characteristics of the
BNP-cementitious such as distribution of BNPs and crack bridging
mechanism. Transition electron microscopy (TEM) analysis was
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Fig. 1. Test details of the prisms and schematic of test setups. a) flexural strength test setup, b) fracture test setup (not to scale).

Fig. 2. Images of the experimental test setups. a) flexural strength test setup, b) notched prism with optical grid for fracture test., c) fracture test setup with digital camera for
CMOD measurement, d) close up view of the notched prism under load.
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also conducted to study the microstructure alteration processes
associated with the addition of BNPs.

2.6. Mechanical and fracture characterization of BNP cement
composites

As shown in Figs. 1a and 2a, four-point bending tests were con-
ducted on 48 cementitious composite prisms (40 mm �
40 mm � 160 mm) (12 prisms per BNP concentration) under dis-
placement control with a rate of 0.1 mm/min. The flexural strength
Table 1
Chemicals composition of the BNP sheets.

Chemical components C O Ca

Content (%) 47.6 46.9 1.9
and modulus of elasticity of the prisms were determined. Addition-
ally, 48 cementitious prisms (40 mm � 40 mm � 160 mm)
equipped with a notch (3 mm � 16 mm) at the mid-span were sub-
jected to a three-point bending test to evaluate the effect of BNPs
on the fracture resistance of the prisms (Fig. 1b). The three-point
bending tests were also carried out under displacement control
with a rate of 0.03 mm/min. The crack mouth opening displace-
ment (CMOD) was measured with a video gaugeTM acquired from
Imetrum LTd. The video gauge system consisted of two lenses, an
iMetrum controller and a data acquisition system. As can be seen
Al Cl Mg Si Na

1.8 0.7 0.5 0.4 0.2



Fig. 3. XRD spectrum of the BNP sheets showing crystalline region at 2h = 15 and
amorphous/crystalline regions at 2h = 22.5.
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in Fig. 2b, five lines of 6 black dots with a dot diameter of 4 mm and
a center-to- center spacing of 5 mm were printed on the surface of
the prisms around the notch to define the region where the dis-
placement is measured. The lenses were placed 1.5 m away from
the surface of the prisms (Fig. 2c). During testing, the positions of
the dots were continuously monitored by the lenses (Fig. 2c), and
recorded along with the load. Both load and positions were
recorded at a frequency of 15 Hz. The CMODwas obtained by mon-
itoring the horizontal displacement between the two dots adjacent
to the mouth of the crack as shown in Fig. 1b. The load vs CMOD,
and the calculated fracture energy and fracture toughness were
employed to quantify the contribution of BNP to the fracture resis-
tance of the cementitious composites.
Fig. 5. Thermal stability of the BNP sheets showing TGA and DTA curves.
3. Results and discussion

3.1. Characterization of BNP sheets

The chemical components of the BNP sheets obtained from the
EDX elemental analysis are given in Table 1. As indicated in this
Fig. 4. Diffuse FTIR spectra of the BNP sheets use
table, the BNPs sheets contain mostly carbon, oxygen and hydro-
gen. The main chemical components are carbon 47.61% and oxygen
46.91%. The BNP sheets contain some sodium and chloride impuri-
ties as a result of their chemical treatments. The XRD pattern of the
BNP sheets is shown in Fig. 3. As can be seen, the sheets exhibit two
main peaks at 2h = 15 and 22, which represents the structure of
cellulose. The XRD pattern suggests that the structure of the BNP
sheets can be divided into two regions. The narrow peak at
2h = 15 represents the crystalline region of BNPs with a surface
(1 1 0) plane. This surface (1 1 0) plane is hydrophilic in nature
due to the exposure to a large number of hydroxyl (OH) groups,
thus, has a good dispersion in water [22]. The somewhat broad
peak at 2h = 22.5 with surface (2 0 0) plane indicates the presence
of crystalline and amorphous regions of BNPs. The amorphous
region is associated with the amorphous lignin and hemicellulose
components of BNPs. The crystalline region is highly hydrophobic
because of the existence of C-H moieties [22]. The crystallinity
index (CI) of BNPs was calculated using the following equation
[22]:

CI %ð Þ ¼ 100� I002 � Iam
I002

ð1Þ
d to determine the their functional groups.
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Fig. 6. SEM image showing the surface morphology of the BNP sheets.

Fig. 7. a) BNP aqueous solution (2 g/L) after 30 min of sonication, b) optical image of the BNP aqueous solution.
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where I002 is the intensity of the XRD peak at 2h = 22.5 and plane
(2 0 0); Iam is the intensity of the amorphous cellulose between
the planes (2 0 0) and (1 1 0) at 2h = 18. The calculated average CI
was about 64% which indicates high tensile strength and stiffness
of the BNP sheets [22]. As a result, the proposed BNP sheets are
good candidate materials for reinforcing cementitious composites.
The FTIR spectrum of BNPs shown in Fig. 4 is similar to that
reported by Li et al. [21]. This figure shows that the absorption in
the 3600 cm�1–3000 cm�1 region is the result of the vibrational
stretching bands of hydrogen bonded hydroxyl groups which indi-
cates the hydrophilic nature of the BNP sheets [22]. The pronounced
peak at 2900 cm�1 is attributed to the stretching vibration of satu-
rated C-H in cellulose [22] and the peak at 1030 cm�1 is associated
with the bending vibration of the absorbed water molecules [22].
Fig. 4 shows that asymmetric and symmetric bending vibration
bands exist at 1371 cm�1 and 1443 cm�1 [22].
The TGA/DTA results shown in Fig. 5 illustrate the thermal stabil-
ity of BNPs. As depicted, the BNP sheets exhibit a small mass loss
when heated from 25 to 200 �C due to the evaporation of water con-
tent. A significantmass loss is observed between 200 and 700 �C as a
consequence of elimination of hydroxyl groups and decomposition
of the carbon chains [21]. Themass loss remains constant at temper-
atures between 700 and 1100 �C. The DTA spectrum shows a sharp
peak at a temperature of about 260 �C due to the dehydration of
BNP sheets and a broad peak at about 500 �C due to the decomposi-
tionof theBNPsheets.Overall, theBNP sheets exhibit a good thermal
stability in the temperature rangeof 25–100 �C,which is the range in
which cementitious composites are typically operating.

Fig. 6 shows a typical micrograph of the BNP sheets, which indi-
cates that the BNP sheets have a wrinkled texture resulting from
the treatment of the sugar beetroot. This texture typically consists
of crumpled and, stacked and overlapped thin sheets. This mor-



Fig. 8. UV–vis spectroscopy results of BNP aqueous solutions at different sonication
times.

Fig. 9. Effect of the BNP sheets on the workability of the cement paste.

Fig. 10. TGA curves (a) and DTA curves (b) for the cementitious composites at BNP
concentrations of 0 (control), 0.2, 0.4 and 0.6-wt% at 28 days.
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phology enables the BNP sheets to interact mechanically with
cement matrix, thus significantly enhancing the overall mechanical
properties of the BNP composites [17]. It can be seen from Fig. 6
that the BNP sheets are composed of randomly oriented staked
nanofibers with a diameter of about 10 nm. It worth mentioning
that it was not possible to measure the dimensions of the BNP
sheets, however, according to the supplier, the average diameter
of the flakes is about 50 lm.
Fig. 11. Content of calcium hydroxide obtained from TGA as a function of BNP
concentration at 7, 14 and 28 days.
3.2. Colloidal properties and stability of BNP aqueous solutions

The colloidal properties and stability of the BNP aqueous suspen-
sions were determined in terms of state of aggregation and micro-
scale dispersion in aqueous solutions. Fig. 7b depicts a typical
optical microscope image of the prepared BNP aqueous suspensions
shown in Fig. 7a. As can be seen, the BNP sheets seem to be uni-
formly dispersed without agglomeration. Fig. 8 shows the UV–vis
spectroscopy spectra of the BNP aqueous solution as a function of
sonication time. As shown, the absorbance of the BNP sheets exhi-
bits a maximum between 300 and 320 nm at all sonication times.
As the sonication time increases, the area under the spectrum lines
representing the absorbance increases as well, resulting in highly
dispersed BNP sheets in water. It is worth noting that the optical
microscope image and absorbance spectra remained unchanged
after 1 year, thus indicating good stability of the BNP aqueous
solutions.



Fig. 12. Degree of hydration (DOH) of the cementitious composites obtained from
TGA as a function of BNP concentration at 7, 14 and 28 days.

Fig. 13. XRD spectrum of the cementitious composites at different BNP concentra-
tions, a) 7 days, b) 14 days, c) at 28 days. C-S-H: Calcium Silicate hydrate. E:
Ettringite, P: Portlandite (Ca(OH)2), A: Alite (C3S), C: Calcite (CaCO3).
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3.3. Influence of BNP on the workability of cement pastes

Fig. 9 shows the effect of the BNP sheets on the workability of
the cement pastes. As can be seen, the addition of 0.20-wt% BNPs
did not affect the slab diameter of the cement paste, however,
the addition of 0.40-wt% BNPs and 0.60-wt% BNPs leads to a reduc-
tion in the slab diameter of approximately 80% and 90%, respec-
tively, compared to the control mix. The slump decreases as the
content of BNPs increases, which indicates that the slump loss is
proportional to the content of BNPs. This is attributed to the high
hydrophilicity and large specific area of the BNP sheets, thereby
requiring extra water to wet their surface. This reduces the free
water content in the cement pastes thereby reducing their worka-
bility. This is consistent with previous studies on cementitious
materials containing GO sheets [23]. The workability of the cement
pastes can be tuned by adding water reducing admixtures to pro-
mote the electrostatic repulsions between the cement particles and
the BNP sheets.

3.4. Influence of BNPs on the degree of hydration of cementitious
composites

The TGA results in terms of weight loss and derivative of the
weight loss (DTA) are presented in Fig. 10 for the cementitious
composites. In this figure, the percentage of the weight loss grad-
ually decreases as the temperature increases and the inflections
in the DTA represent the decomposition of specific phases of the
cement paste composites. The TGA/DTA provides insight into the
chemical reaction mechanisms in cementitious materials during
heating. During this test, it was observed that C-S-H and carboalu-
minate phases lose their bound water in the temperature range
180–300 �C; the dehydroxylation of Ca(OH)2) takes place in the
temperature range 430–480 �C and the decarbonation of calcium
carbonate (CaCO3) occurs in the temperature range 600–780 �C.
From Fig. 10, it can be observed that the mass loss of the cementi-
tious composites decreases with increasing BNP concentration.
This is due to the increase of the high density C-S-H content and
the creation of new intercalated BNP/C-S-H nanocomposites with
higher density. This is consistent with Rehman et al. [24] findings
where they have shown that the decrease in the mass loss of
GO cementitious composites is attributed to both the bonding of



Fig. 14. Size of Ca(OH)2 obtained from XRD as a function of BNP concentration.
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C–S–H with the GO sheets and the increase of the C–S–H content.
In this case, the GO sheets tend to increase the amount of C-S-H
product, thereby filling the pores in the matrix resulting in less
amount of water available for evaporation [24].

The DOH is directly correlated to the amount of Ca(OH)2,
which can be calculated with the method introduced by Wang
et al. [25]. In this method, the mass loss in the temperature range
400–500 �C divided by the final mass at 1100 �C is considered as
the percentage of Ca(OH)2. Fig. 11 presents the Ca(OH)2 content
as a function of BNP concentration at 7, 14 and 28 days. At 7
Fig. 15. SEM micro images of the cementitious composites at 7 days. a) plain cementitiou
and 28 days, the overall trend observed is that the amount of
Ca(OH)2 increases with increasing BNP concentration. However,
it is interesting to note that this trend is not evident at 14 days
and this needs to be investigated further. Overall, Fig. 11 suggests
that the addition of BNP sheets accelerates the hydration of
cement, which results in the production of higher Ca(OH)2 con-
tents at 7 and 28 days.

According Cao et al. [21], the DOH can be obtained by dividing
the amount of the chemically bound water (CBW) per unit gram of
unhydrated cement by the CBW of fully hydrated cement which is
0.23 g. The CBW can be obtained by dividing the mass loss between
140 and 1100 �C by the final mass [21]. Fig. 12 shows the DOH as a
function of BNP concentration at 7, 14 and 28 days. As can be seen
from this figure, the results clearly show that the DOH increases
with increasing BPN concentration. For example, the DOH of the
cement paste with 0.60-wt% BNPs is increased with respect to
the plain cement paste by 6%, 7%,and 9% at 7, 14 and 18 days,
respectively.

The improvement in the hydration of cement can be attributed
to the effect of the BNP sheets on the reaction of the cement parti-
cles with water. According to Cao et al. [21], hydrophilic additives
disperse well the cement particles during mixing thereby produc-
ing uniform distributions of the cement particles which results in
higher DOH. Furthermore, the hydrophilic BNP sheets tend to store
water molecules on their surface thus acting like internal water
reservoirs thereby releasing free water for further hydration. This
additional hydration further increases the amount of Ca(OH)2 at
7 and 28 days. In addition, based on Cao et al. [21] hypothesis,
the BNP sheets embedded into the high density C-S-H could act
as water channels and transfer water from the pore solution to
the un-hydrated cement cores, thus fueling the hydration of the
cement particles [21].
s composite, b) with 0.20-wt% BNPs, c) with 0.40-wt% BNPs, d) with 0.60-wt% BNPs.
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3.5. Influence of BNPs on the hydration phases of cementitious
composites

The XRD patterns of the cementitious composites at 7, 14 and
28 days are shown in Fig. 13. As it can be seen from this figure, typ-
ical hydration phases such as ettringite, calcium hydroxide Ca
(OH)2, tricalcium silicate (C3S) and (CaCO3) are identified in all
cementitious composites of all ages using the pattern fitting and
Rietveld refinement techniques. This indicates that the addition
of BNP sheets does not alter the type and structure of the hydration
products of the cementitious. The C-S-H hydration phases are dif-
ficult to identify by XRD analysis due to the lack of crystallinity and
indefinite composition. As depicted, the intensity of Ca(OH)2
increases with increasing BNP concentration at 7, 14 and 28 days.
This means the addition of the BNP sheets promotes the hydration
of cements thereby increasing the amount of the hydration prod-
ucts, which is in line with the TGA results. Previous research on
GO cementitious composites also reported similar findings [25].
Another way to quantify the extent of hydration of cement as a
result of BNPs is to examine the magnitude of the intensity peaks
of the detected C3S phase. From Fig. 13, it appears that the intensity
peaks of C3S decreases when the BNP sheets are present. This could
be attributed to the interaction of C3S with -OH and -R-CH2- func-
tional groups on the surface of the BNP sheets. Phases such as C3S
tend to react with water molecules adsorbed on the surface of the
BNP sheets thereby increasing the amount of hydration products.

Monitoring of Ca(OH)2 crystal size could shed light on the effect
of BNP on the growth of C-S-H phases. The size of Ca(OH)2 was
obtained from the XRD analysis using the Scherrer equation. The
size of Ca(OH)2 as a function of BNP concentration at 28 days is
shown in Fig. 14. From this figure, it can be observed that the addi-
tion of BNP significantly decreases the size of the Ca(OH)2 particles.
This can be attributed to the fact that the BNP sheets promote the
Fig. 16. SEMmicro images of the cementitious composites at 14 days. a) plain cementitio
growth of C-S-H, thus less space available for Ca(OH)2 to grow in
size. Zheng et al. [26] found that when GO is present in the matrix,
the size of Ca(OH)2 becomes smaller and the content of C-S-H
increases, resulting in a dense structure. It is noteworthy that the
addition of 0.40-wt% BNPs and 0.60 wt% BNPs leads to a Ca(OH)2
size higher than that at 0.2 wt BNPs. This could be due to the fact
that the BNP sheets tend to restack at higher concentrations which
in return dampers the grow of C-S-H and allows Ca(OH)2 to grow in
size. Therefore, based on this observation, it appears that the con-
tent of C-S-H reaches a maximum at 0.20-wt% BNPs at 28 days.

3.6. Influence of BNP on the microstructure of cementitious composites

The microstructure of the cementitious composites at 7, 14 and
28 days is presented in Figs. 15–17. As shown, the microstructure
of the plain cementitious composite at 7 days (Fig. 15a) contains
unreacted cement particles as well as Ca(OH2) cubes and seeds-
like particles, presumably due to a low DOH. The addition of
0.20-wt% BNPs leads to highly dense structure with some Ca
(OH2) particles embedded into the C-S-H gel (Fig. 15b). The hydra-
tion phase Ca(OH2) in the form of cubes and rods-like crystals is
observed in the microstructure of the composite with 0.40-wt%
BNPs (Fig. 15c). The cementitious composite with 0.60-wt% BNPs
however, is marked by a high content of Ca(OH)2 seeds like crystals
(Fig. 15d). It is worth to note that it is challenging to identify the
BNP sheets in the SEM images. This is because the hydration prod-
ucts such as ettringite, Ca(OH)2 and C-S-H grow on their surface
thus making their morphology undistinguishable.

From Fig. 16a, it can be seen that the microstructure of the plain
cementitious composite at 14 days becomes somewhat porous and
contains a relatively high content of Ca(OH2) seeds-like crystals,
whereas the cementitious composite with 0.20-wt% BNPs
(Fig. 16b) remains dense and its C-S-H content seems to increase.
us composite, b) with 0.20-wt% BNPs, c) with 0.40-wt% BNPs, d) with 0.60-wt% BNPs.



Fig. 17. SEMmicro images of the cementitious composites at 28 days. a) plain cementitious composite, b,c) with 0.20-wt% BNPs, d) with 0.40-wt% of BNPs, e,f) with 0.60-wt%
of BNPs.
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The cementitious composite with 0.40-wt% BNPs exhibits a differ-
ent morphology where the Ca(OH)2 seeds transformed into rods-
like crystals and begin to grow out from the matrix (Fig. 16c). As
can be seen from Fig. 16d, when the BNP concentration increases
from 0.4-wt% BNPs to 0.6-wt% BNPs, the main hydration phase of
the cementitious composite is Ca(OH)2 in the form of agglomerates.

At 28 days of curing, the plain cementitious composite is mainly
composed of Ca(OH)2 in the form of regular polyhedral shaped par-
ticles (17a). On the other hand, the cementitious composite with
0.20-wt% BNPs shows a compact structure with some layers of
stacked fabrics-like Ca(OH)2 crystals embedded into high density
C-S-H gel (Fig. 17b and c). Most of these Ca(OH)2 fabrics appear
to grow in one-direction. This could be the result of the interaction
of the uniformly distributed BNP sheets with the cement particles.
We hypothesized that when uniformly distributed, the BNP sheets
adsorb onto the surface of the cement particles through their -OH
and -R-CH2- functional groups. These functional groups then react
with C3S and C2S to form nucleation and growth sites for the
hydration phases. The phase C2S is less soluble than C3S, thus a
slower hydration rate of C2S at these growth sites. At lower BNP
concentrations, this could allow more time for the hydration
phases to self-assemble into fabric like-crystals. At a concentration
of 0.4-wt%, the cementitious composite contains C-S-H and Ca
(OH)2 as hydration products. The Ca(OH2) particles are in the form
of elliptical needles growing out from the matrix in two directions
(Fig. 17d). When the BNP concentration increases to 0.6-wt% BNPs,
Ca(OH)2 is the main hydration product and the needle particles
become cauliflower-like crystals as shown in Fig. 17e and f. The
SEM investigations suggest that the BNP sheets have the ability
to regulate the crystallization and morphology of the hydration
products, which depends on the BNP concentration in the cement
matrix. The SEM investigations also suggest that the 0.20-wt% BNP
is the optimal concentration for increasing the C-S-H content in the
cementitious composites.

The TEM images in Fig. 18 show the effect of BNP on the
microstructure of the cementitious composites at 28 days. As



Fig. 18. TEM micro images at 28 days of curing a) plain cementitious composite, b,c) with 0. 20-wt% BNPs, c) with 0. 20-wt% BNPs showing fabrics-like crystals, d) with 0.40-
wt% BNPs, e) with 0.60-wt% BNPs.
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Fig. 19. Variation of the flexural strength as a function of BNP concentration at
different curing ages.

Fig. 20. Variation of the modulus of elasticity as a function of BNP concentration at
28 days.
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shown, the microstructure of the plain cementitious composite
mainly consists of Ca(OH)2 crystals with a low C-S-H content
(Fig. 18a). The addition of 0.2-wt% BNPs leads to higher C-S-H con-
tent, fewer Ca(OH)2 crystals and denser microstructure (Fig. 18b).
The TEM image shown in Fig. 18c confirms the existence of
fabric-like crystals in the cementitious composite with 0.2-wt%
BNPs. From Fig. 18d, the microstructure of the cementitious with
0.4-wt% BNPs contains Ca(OH2) crystals embedded into C-S-H
gel. On the other hand, significant amount of Ca(OH2) crystals is
observed in the cementitious composite with 0.6-wt% BNPs
(Fig. 18e). Because of the hydroxyl functional groups on their sur-
face, the BNP sheets are covalently bonded to C-S-H and Ca(OH)2
particles, thus making it challenging to identify them in the TEM
images.

The TEM results further confirm the TGA, XRD and SEM findings
that the BNP sheets accelerate the hydration of cement thus
increasing both C-S-H and Ca(OH)2 contents in the cementitious
composites. The TEM results also confirm that the 0.20-wt% BNPs
concentration produces the highest C-S-H content.
3.7. Influence of BNP on the mechanical properties of cementitious
composites

The flexural strength (rc) and the modulus of elasticity (Ec) of
the cement prisms were calculated as [17]:

rc¼ 3Pa

b3 ð2Þ

Ec¼
am 3l2 � 4a2

� �
4b4 ð3Þ

where l is the length of the prism between the supports, a is the dis-
tance between the support and the loading point, P is the maximum
applied load, b is the width and thickness of the prism and, m is the
slope of the tangent to the straight-line portion of the load–deflec-
tion curve.

The effect of BNP concentration on the average flexural strength
of the cementitious composites at 7, 14 and 28 days is given in
Fig. 19. This figure shows that at 7 and 14 days, the addition of
0.20-wt% BNPs increases the flexural strength of the cementitious
composites by 23% and 20% respectively whereas, no significant
increase is observed at 0.4-wt% BNPs and 0.6-wt% BNPs concentra-
tions. At 28 days, the flexural strength is increased by about 75%
and 50% at BNP concentrations of 0.20-wt% and 0.40-wt%, respec-
tively. This increase however, significantly diminishes at 0.60-wt%
BNPs.

Fig. 20 presents the average modulus of elasticity of the cemen-
titious composites as a function of BNP concentration at 28 days.
As depicted, the modulus of elasticity follows a similar trend to
that of the flexural strength at 28 days. A significant modulus of
elasticity gain of about 200% is achieved at BNP concentration of
0.20-wt%. However, like the flexural strength, the modulus of elas-
ticity diminishes at higher BNP concentrations.

The improvement of mechanical properties of the cementitious
composites at BNP concentrations of 0.20-wt% and 0.40-wt% can be
attributed to higher C-S-H content and better packing density. The
diminishing of these mechanical properties at BNP concentrations
higher than 0.20-wt% is probably because of the synergetic effect of
the restacking of the BNP sheets and the high content of Ca(OH2)
crystals. We hypothesize that at higher BNP concentrations, severe
restacking of the BNP sheets occurs in the high alkaline cement
pastes, thereby reducing their mechanical properties. The high
alkaline cement pore solution rich in Ca2+ ions attenuates the
hydroxyl groups on the surface of the BNP sheets and high van-
der-Waals forces are created, thereby allowing the sheets to stack
on top of each other to form stiff agglomerates [17]. These agglom-
erates weaken the matrix, causing the cement composites to fail in
a brittle manner with lower mechanical properties. The high con-
tent of Ca(OH)2 crystals in the cementitious composites containing
0.40-wt% BNPs and 0.60-wt% BNPs could also diminish the
mechanical properties. Ca(OH)2 crystals are typically brittle in nat-
ure thereby weakening the cement matrix by making it highly sus-
ceptible to a brittle fracture. Based on this, 0.20-wt% BNPs is the
optimal content for maximum mechanical properties.

3.8. Interaction mechanism between BNP and cement matrix

The improvement of the mechanical properties of the cementi-
tious composites containing 0.20-wt% BNPs and 0.40-wt% BNPs can
be attributed both to improved hydration kinetics of the cement
particles which results in higher C-S-H content and the reinforcing
effect of the BNP sheets. The reinforcing effect is controlled by the
mechanical interaction between the BNP sheets and the cementi-
tious matrix coupled with chemical cross-linking type bonding.
As showing in Fig. 6b, the BNP sheets are characterized by a wrin-



Fig. 21. Schematic illustration of intermolecular interaction of BPN with C-S-H phase at 28 days.

Fig. 22. Comparison of maximum flexural strength of BNP-cementitious compos-
ites and MWCNT-cementitious composites from Refs. [29–38] in terms of percent-
age increase.

Fig. 23. Comparison of maximum flexural strength of BNP-cementitious compos-
ites and GO-cementitious composites from Refs. [13,40–46] in terms of percentage
increase.

Fig. 24. X-FEM model of the notched cementitious composite prism for fracture
modelling and analysis.
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kled texture. This morphology plays a significant role in the tough-
ening and load transfer mechanisms in the cementitious compos-
ites, because it enhances the mechanical interlocking [17]. Saafi
et al. [17] have shown that the mechanical interaction between
the BNP sheets and the cement matrix can be examined using both
the morphology of the BNP sheets and the shear lag model. The
strain ep in the BNP sheet as a function of the strain em in the
cement matrix is [27]:

ep¼ em 1� cosh ns x
l

� �
cosh ns

l

� �
" #

ð4Þ



Table 2
Average material properties of the cementitious composites.

Material Flexural strength
(MPa)

Modulus of
Elasticity (GPa)

Fracture Energy
(N/M)

Plain cement 1.2 1.12 12.55
With 0.20-wt%

BNPs
2.1 3.25 23.60

Fig. 25. Load versus crack mouth opening displacement for cementitious compos-
ites with and without 0.20-wt% BNPs. experimental versus modelling.
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n¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Gm

Ep

t
T

s

where s is the aspect ratio of the BNP sheet (l/t), n represents the
interfacial stress transfer efficiency and the product ns represents
both the morphology of the BNP sheet and the degree of interaction
with the cementitious material. Gm is the shear modulus of the
cementitious material, t is the thickness of the BNP sheet, T is the
Fig. 26. Experimental and simulated fracture behavior of the cementitio
total thickness of the cementitious material, Ep is the modulus elas-
ticity of the BNP sheet and l is the length of the BNP sheet in the x
direction [27].

The mechanical interaction between the two materials is slowly
depending on the morphology of the BNP sheet (Fig. 6b) which can
be characterized by the wavelength k and the amplitude A of the
wrinkles and ribs as [28]:

k4¼ 4p2m tlð Þ2
3 1� m2ð Þe ð5Þ

A2¼ 16em
3p2 1� m2ð Þ

� �1
2

tl ð6Þ

where e is the compressive strain in the BNP sheet resulting from
the chemical treatment, m is the Poisson’s ratio of the BNP sheet.
The shear stress s between the BNP sheet and the matrix in the
direction x is [28]:

s ¼ nEpem
sinh ns x

l

� �
cosh ns

2

� � ð7Þ

Eqs. (4)–(7) indicate that the observed increase in the mechan-
ical properties of the BNP cementitious composites at 0.20-wt%
BNPs and 0.40-wt% BNPs is in part as a result of a good mechanical
interaction between the two materials which is controlled by prop-
erties of the BNP sheets mainly the high aspect ratio, the modulus
of elasticity and the surface morphology.

The BNP characterization results indicate that the BNP sheets
are fully decorated with hydroxyl functional groups which are
responsible for their high chemical reactivity. These functional
groups are believed to adsorb on the surface of the cement parti-
cles. In this case, the main chemical components of the cement
C2S and C3S hydrate over the surface of the BNP sheets, leading
to intercalated C-S-H/BNP and Ca(OH)2/BNP particles. Fig. 21
shows the chemical interaction of the BNP sheets with C-S-H at
28 days. The strong interfacial covalent bonding between C-S-H
and the functionalized BNP sheets enhances the stress transfer
thus improving the overall mechanical properties of the cementi-
tious composites at BNP concentrations of 0.20-wt% and 0.40-wt%.
us composite beams. a) plain cement prism, b) with 0.20-wt% BNPs.



Fig. 27. SEM micro image showing crack propagation in a) plain cementitious composite, b) with BNPs showing BNP crack bridging, c and d) with BNP showing crack
deflection.
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As shown in Figs. 22 and 23, the maximum percentage increase
in the flexural strength of the BNP-cementitious composite at 0.20-
wt% is compared with that of several cementitious composites con-
taining MWCNT and GO obtained from [13,29–45]. As depicted in
these figures, overall, the BNP outperforms MWCNTs and GO. This
is due to high dispersibility of the BNP flakes in the cement paste.
In addition, the BNP flakes contains more hydroxyl groups, thus
better chemical reactivity which improves the hydration of
cement.

3.9. Influence of BNP on the fracture properties of cementitious
composites: numerical simulation and experimental results

The three-point-bending fracture tests were numerically simu-
lated by ABAQUS to further elucidate their fracture behavior and
validate the experimental results. In order to capture the evolution
of cracks, extended finite element method (X-FEM) was used as the
finite element mesh need not conform to the varying internal
boundaries caused by the propagation of cracks. Hence, a single
mesh is sufficient for completing entire simulation of a test.
Fig. 24 shows the geometry of the X-FEM model for the cement
prism with and without BNP. The dimensions of the prisms are
identical to the ones used in the laboratory tests. The prisms are
simply supported near the two ends. The force is applied at the
mid-span, where a 16 mm long virtual crack perpendicular to the
bottom surface is embedded. The prisms were discretized by cubic
C3D8R elements. Mesh sensitivity analysis was carried out and it
was found that elements of 2 mm � 2 mm � 2 mm were suffi-
ciently small to achieve converged results. The maximum principal
stress fracture criteria was used to initiate fracture. The material
properties of the cementitious composites of the XFEM models
were taken from the laboratory tests described in Sections 3.7
and 3.8 and, the details are shown in Table 2.
Fig. 25 shows the predicted and measured load vs CMOD
response plain prisms and prisms with 0.20-wt% BNPs (optimal
BNP concentration). It is worth mentioning that it was not possible
to experimentally capture the post-cracking response of the prisms
due to the limitation of the test machine employed in this investi-
gation. As shown, at the optimal BNP concentration, the fracture
load, stiffness and the amount of absorbed energy are significantly
increased, thus better fracture properties. Fig. 25 shows that the
FEM model provides a good prediction of the fracture load of the
prisms, though it overestimates their stiffness.

The experimental fracture energy Gf and the fracture toughness
KIC were calculated according to [46]. The calculated average Gf and
KIC are about 12.55 Nm/m2, 0.16 MPa m0.5, respectively, for the
plain prism, and 23.61 Nm/m2 and 0.33 MPa m0.5 respectively, for
the prism containing 0.20-wt% BNPs. This shows that the addition
of BNPs increases Gf and KIC by about 88% and 106%, respectively.

Fig. 26 compares the observed and simulated cracking behavior
of the prisms. As shown, there is a good agreement between both
the simulated and experimental failure mode of the prisms. The
failure mode of the plain cement prism is Mode I crack propagation
along the surface of the initial notch. The failure mode of the prism
containing 0.20-wt% BNPs is somewhat mixed mode (Mode I + II)
crack propagation in the form of an inclined crack initiated slightly
above the notch tip. This can be attributed to the BNP crack deflec-
tion effect and the improved flexural strength.

The significant increase in the fracture properties of the BNP
cementitious composites is attributed to the toughening mecha-
nisms originated from the presence of BNP sheets. As shown in
Fig. 27b, the toughness seems to be governed by the crack-
bridging mechanism where the BNP sheet appears to disentangle
into nanofibers under stress and bridge the crack. Fig. 27c and d
show another tougheningmechanism associated withmainly crack
deflection that bypasses the BNP sheet at the BNP/matrix interface.
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4. Conclusions

In this paper, we demonstrate for the first time that nanoplate-
lets synthesized from food waste such as sugar beetroot can be
used as a low-cost and renewable reinforcing material in cementi-
tious materials. The proposed BNP sheets exhibit some characteris-
tics of GO such as hydrophilic functional groups, high specific area
and good dispersibility in water. An integrated experimental and
numerical simulation approach was employed to evaluate the per-
formance of cementitious composites containing BNP sheets.

Because of their high surface area and hydrophilicity, the BNP
sheets tend to consume water thereby reducing the workability
of the cement pastes at BNP concentrations higher than 0.20-wt
%. The incorporation of the BNP sheets increased the degree of
hydration of cement due to the active participation of their func-
tional groups and their supply of water molecules, resulting in high
content of the hydration products. The microstructure, the type of
the hydration phases and the mechanical properties seemed to be
highly dependent on the amount of the BNP sheets. Compared to
the plain cementitious composite, the cementitious composite
with 0.20-wt% BNPs showed a microstructure with better packing
density with C-S-H as the main hydration phase. At higher BNP
concentrations, Ca(OH)2 was the main hydration phase. The BNP
sheets appeared to regulate the morphology of Ca(OH)2 crystals.
At 28 days, the regular polyhedral shaped Ca(OH)2 particles in
the plain cementitious composite changed to stacked fabric-like
Ca(OH)2 at 0.20-wt% BNPs, elliptical needles at 0.40-wt% BNPs
and cauliflower-like Ca(OH)2 at 0.60-wt%.

The experimental results suggested that 0.20-wt% BNPs is the
optimal concentration for maximum amount of C-S-H gel and
mechanical properties. At this BNP content, the flexural strength
and the modulus of elasticity were by increased by 75% and
200%, respectively due to a good packing density of the cement
paste. However, these mechanical properties diminished at higher
BNP concentrations due to restacking of BNP and increased amount
of Ca(OH)2. Both experimental and numerical simulation results
showed that the fracture resistance of the cementitious composites
were significantly improved at 0.20-wt% BNPs due to the crack
bridging and crack deflection effects of the BNP sheets. At this con-
centration, the fracture energy and the fracture toughness were
increased by about 88% and 106%, respectively.

Although further studies are required to investigate the durabil-
ity of the proposed cementitious composites and optimize their
properties, the proposed 2D BNP has the potential to create durable
and high performance cementitious materials with low-embodied
carbon for various applications in the construction sector.
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