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The use of nanomaterials, particularly carbon-derived ones, has always been a high-tech topic of
research in the field of cement and concrete. Graphene and its derivatives are the most popular carbon-
based nano-additives in cementitious composites. Although the literature covers many aspects of this
field, research on physical, mechanical and durability-related
characteristics of graphene oxide (GO)-incorporated cement composites is required. This study
scrutinises flowability, flow loss, setting time, ultrasonic pulse velocity, electrical resistivity, compressive
strength, flexural strength, water sorptivity, apparent density and volume of permeable voids (VPV) of
cement composites reinforced by 0.01 wt% to 0.5 wt% GO by weight of cement. The results indicated

the existence of comprehensive

that using GO reduced the initial setting time by 9-23% and flowability by up to 31%. While the electrical
resistivity of GO-incorporated specimens was higher than the normal cementitious composites, the
highest resistivity was achieved in a specimen with 0.05% GO. The transmitted pulse velocity through
the specimens showed that despite a reduction in specimen with 0.01% GO, the UPV of other
specimens was above 4 km s, displaying a good structural quality and homogeneity. A noticeable
improvement of up to 28% and 50% in compressive and flexural strength was witnessed with the
addition of GO. Moreover, the inclusion of GO significantly improved transport properties as it lowered

rsc.li/materials-advances

1. Introduction

The service life of a building and its load-bearing capacity
mainly depends upon durability and strength. Structures’ ser-
vice life is identified as the duration under which it can sustain
an acceptable and safe performance level, keeping in view all
the environmental restraints."” The exponential growth of the
construction industry in the past few decades has demanded
new ways and techniques to cope with strength and durability
issues to increase the service life of the structures.’ Ordinary
Portland cement (OPC)-based concrete is a heterogeneous
material with a porous microstructure. This porosity makes
the OPC concrete vulnerable to chemical attacks, weathering
conditions, and other service-life challenges.*

Three types of pores exist in concrete: (1) air pores, which are
formed due to the entrained air. A vibration device is used to
reduce air pores in concrete. These vibrations increase the local
pressure of cement paste to reduce the friction among aggre-
gates. (2) Capillary pores, in which the water/cement (W/C) ratio
governs the changes. The lower the W/C ratio, the fewer will be
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the VPV and water sorptivity by up to 15% and 66%, depending on the added percentage of GO.

the capillary pores. These pores can also be reduced using
additives such as plasticisers and micro silica.® (3) Gel pores,
which are embedded within the calcium silicate hydrate (CSH)
microstructure of cement. Almost one-third of the pore space is
comprised of gel pores.® These pores are due to the vacancies in
the principal atoms and spaces between the network of
layers.””® The porosity of concrete is directly related to the
strength and durability of concrete.”™*

The construction industry is an ever-growing industry with
the tendency to move towards sustainability and optimisation.
To cover this aim, researchers have focused on building more
durable and stronger binders by improving the physical,
mechanical, microstructural, and transport properties of
cementitious composites utilising different approaches.>"*!
The ease with which liquids and gases can enter the cementi-
tious network represents its transport properties.>> Transport
properties include water permeability, gas permeability, water
sorptivity and chemical resistance. Over the years, fibre addi-
tives such as steel and polymer fibres were explored in the
initial phase of investigations. These additives convincingly
improved the mechanical properties of concrete. The addition
of fibres such as polypropylene to reinforced concrete signifi-
cantly enhanced the compressive and tensile strength.”® How-
ever, the microstructure and porosity did not change much as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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these additives could not fill pores at the micro-level.**>® To
improve the porosity of cementitious composites at the micro/
nano level, nanomaterials have found great importance in
advanced research.”’

Nanomaterials can be classified into three types based on
their shapes and spatial organisation.”® The types are zero-
dimensional (0-D) particles, one-dimensional fibres and two-
dimensional sheets.?*! Nano SiO,, as a 0-D additive, is
extensively used to enhance the workability and water penetra-
tion resistance of concrete. It also helps calcium leaching,
which adversely affects the durability of concrete.* This
enhancement in the aforementioned features is due to the
nucleation effect, which involves filling the pores in the con-
crete structure. Moreover, There is no crack-bridging effect in 0-
D nanoparticles as they have a spherical shape.**”**

Cement composites also depicted higher chloride penetra-
tion resistance after adding 1% nano-silica.®®> Du et al’®
reported that adding 0.3% nano-silica can reduce 45%, 28.7%
and 31% of water penetration, chloride migration, and diffu-
sion coefficient, respectively, in concrete. The positive impacts
of incorporating nanomaterials in cementitious composites
were observed in other studies as well.*’° The addition of
nano-montmorillonite and nano-titanium to the cement mor-
tar increased the 28 day compressive and flexural strength by
15% and 13%, respectively. Moreover, the compressive strength
gain in the early stages improved notably due to the cement
hydration acceleration caused by the high specific surface of
nanomaterials. Due to their filling properties and crack-
bridging nature, a denser microstructure and hydration pro-
ducts were formed when nanomaterials were added.*® Review-
ing the literature implied that while mechanical and
microstructural improvements can be achieved by incorporat-
ing nanomaterials, finding the optimum replacement percen-
tage requires considerations.***

Carbon nanotubes (CNTs) are another type of revolutionary
nano reinforcement, which has opened new possibilities for
strengthening cementitious materials.”> CNTs, as 1-D nano-
reinforcement agents, have significantly high Young’s modu-
lus, tensile strength, and lateral size-to-thickness ratios.**™*’
CNTs possess strong van der Waals forces, which tend to form
CNT bundles.*® In studies conducted on CNT-reinforced
cement composites, it was concluded that incorporating CNTs
can accelerate the hydration process and improve mechanical
strength.”*" The main mechanism in CNT-incorporated
cement composites was found to be the nucleation effect,
which helped fill up the gaps pertaining to micro-sized capillary
pores. Furthermore, The crack-bridging, pull-out and filling
mechanisms of CNTs were found to be beneficial for producing
a more compacted and denser microstructure by filling the
existing voids between CSH products and improving the
mechanical properties of cementitious composites.”

On the other hand, in a study performed on cementitious
composites under the influence of multi-walled carbon nano-
tubes (MWCNTs), it was reported that MWCNTSs showed weak
bonding with the cement matrix due to sliding.>> Because of
the poor dispersion and weak bonding of the cement matrix

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with CNTS, the influence of CNTs on the properties of cemen-
titious composites and their efficacy is restricted. However, the
mentioned challenges can be resolved by utilising CNTs, nano-
particles and surfactants simultaneously. The combined effects
of nano-filling capability, providing more nucleation sites, and
geometric properties of nanoparticles, alongside the crack-
bridging effect of CNTs, were deemed to improve the mechan-
ical strength.®® It is worth noting that for the optimum efficacy
of CNTs, certain influential parameters, including the type,
incorporating volume, dispersion method, and water-to-cement
and sand-to-cement ratios, must be considered.>*"®

The advancement in nanomaterials technology has found an
extraordinary nano-sized additive for cementitious materials
called graphene oxide (GO). GO has exhibited major improve-
ment in the properties of concrete, including significant
changes in the microstructure.>” GO is formed by the oxidation
of graphite, a material comprised of three-dimensional carbon
atoms organised as a layered structure of carbon atoms con-
nected to the oxygen functional groups. These functional
groups separate the layers of carbon atoms and make them
hydrophilic (tendency to dissolve in water easily).>® It was found
that ultrasonication can exfoliate this layered structure and
enhance the dispersion.”® If the carbon atoms have one or few
layers, these exfoliated sheets can be termed GO.*° It consists of
various layers with hydrophilic oxygenated sheets of graphene
incorporating the carbonyl and carboxyl groups at the surface,
while hydroxyl groups are located at the base.’™®* GO is a
hydrophilic material because carbon atoms have sp” and sp®
hybridised orbitals forming a hexagonal microstructure. The
hydrophilic tendency of GO gives it an edge over CNTs and
graphene.®” The microstructure of GO sheets constitutes a
rough surface because of the covalently bonded functional
groups present in its microstructure.’>®* GO possesses excel-
lent mechanical properties and a high aspect ratio, with an
elastic modulus of 23-42 GPa®’ and tensile strength of around
130 MPa.*"**

Another benefit of using GO is that it can be obtained in
large quantities from an inexpensive source (graphite powder),
making it an ideal material to be used in cement composites.
This gives GO the benefit over 0-D nanoparticles and 1-D
nanotubes for utilisation with improved rheological, mechan-
ical, and transport properties. Furthermore, GO provides an
additional dimension of interaction with the cementitious
network. These benefits of GO over other nano reinforcement
agents make it a distinct potential candidate for future research
in this domain.

Many researchers have identified that using GO affects
cement composites’ physical and mechanical properties. Work-
ability is one of the challenges that is generally compromised in
graphene-incorporated cement pastes.®> Shang et al.®® investi-
gated the rheological behaviour of cement paste incorporating
GO and found that adding GO decreased the fluidity of the
cement mix. A 21% reduction was also observed by incorporat-
ing 0.03 wt% GO in the cement paste.®” This reduction in
fluidity can be connected to the high concentration of agglom-
erates due to the electrostatic attraction between GO and the
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cement paste.®’” The agglomerates and flocculation could be
broken by shear mixing since they were unstable. A further
reduction of 41.7% in workability was observed when 0.05% of
graphene oxide was added.®® Several researchers have found
that the hydrophilic groups in graphene oxide have a large
surface area and strong water-absorption capacity. Because of
that, the free water content is reduced, resulting in increased
frictional resistance among cement particles.’™***° Water-
reducing admixtures and superplasticisers are generally used
to improve the workability of cementitious composites incor-
porating graphene oxide.”””!

Despite the drawbacks of using GO on the rheological and
workability properties of cementitious composites, its signifi-
cant improvement in mechanical properties is undeniable.
Lv et al.”? studied the effects of GO incorporation in cementi-
tious composites. They reported 160%, 197.2%, and 184.5%
increases in compressive, tensile, and flexural strength, respec-
tively, by adding 0.02% GO by weight of cement. Pan et al.*
concluded that adding 0.05% GO to the cementitious compo-
sites can lead to a 15-33% and 41-59% increase in compressive
and flexural strength. Furthermore, elastic modulus increased
up to 500% with the addition of 3% GO by weight of cement.”®
Superior mechanical properties of GO, acceleration of cement
hydration through seeding effects of GO, densification of the
microstructure, filling pores and reducing porosity, and opti-
mising the microstructural bonding, are among the reasons
that contributed to the enhancement of mechanical properties
of cement composites,>'%%7173776

Various studies were conducted with the hypothesis that
nano-sized additives could improve the microstructure of
cement binders by reducing their permeability.””””>7”"* The
improved permeability of the binders makes them more resis-
tant to chemical attacks and fluid ingress. The durability has a
direct relation with the transport properties of cementitious
composites.' Total porosity, pore size distribution, pore con-
nectivity and tortuosity are among the key factors governing
cementitious composites’ transport properties.®' Water sorptiv-
ity is one of the significant indexes of concrete durability.®>%
The governing force of water ingress during the sorption
process is the internal capillary pressure.** Subsequently,
increased water penetration resistance enhances concrete’s
durability."® The chemical ingress is also due to the porosity
of concrete and its transport characteristics. Certain efforts
have been made to investigate this aspect of transport proper-
ties using different nanomaterials like nano-silica, CNTs, and
GO. The increase in chloride penetration resistance of the GO-
incorporated cement paste was observed by Indukuri and
Nerella> when the depth of chloride penetration was reduced
between 15 and 40% for various percentages of added GO.

The findings of previous studies indicated that incorporat-
ing GO in cementitious composites is sensitive to the GO
content within the mix design. The research on finding an
optimum GO content for cementitious composites revealed
that the inclusion of GO in higher dosages could result in
fluctuation of properties. Li et al.®® stated that the incorpora-
tion of GO improved cement’s mechanical properties. However,
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the flexural strength experienced a decline when more than
0.04 wt% GO was added to the paste. A similar fluctuation was
witnessed in electrical resistivity, especially when the GO con-
tent was more than 0.04 wt% The adverse effect could to
attributed to GO agglomeration at higher contents.?¢%%

It is imperative to understand that most of the research
activities in this field have focused separately on certain char-
acteristics. To assess the suitability of GO and its impacts on
various properties, the need for a thorough and conclusive
investigation of a uniform and consistent cementitious mixture
is still felt. Additionally, the effects of GO on the properties of
cement binders vary at different fractions, which opens a
research gap for further investigation in this field. This study
conclusively investigates the physical, mechanical, and trans-
port behaviour and properties of cementitious composites
incorporated with 0.01%, 0.03%, 0.05%, 0.1%, 0.3%, and
0.5% GO by weight of cement.

2. Experimental procedure

2.1. Materials

To prepare the GO-incorporated cement composites, a com-
mercially available Bastion general purpose (GP) cement in
compliance with AS3972 was used.®® Natural river sand with a
particle size distribution between 50 um and 4.75 mm was
utilised as the fine aggregate to prepare the cement mortar. GO
powder was employed to prepare a distilled water-dispersed GO
aqueous suspension via sonication.’® The characteristics of as-
received GO nanoplates are shown in Table 1.

2.2. Mixture preparation

The GO aqueous suspension was prepared prior to mortar
preparation. The addition of GO to distilled water was accord-
ing to the mass quantities calculated based on the mixture
proportions shown in Table 2. An ultrasonic cell crusher
chamber was used for this purpose. The required amount of
GO nanosheet powder mixed with 200 ml of water was placed in
a flask. The sonication chamber was set to operate for two
minutes, and the flask was removed afterwards. The water-to-
cement (w/c) ratio used throughout the experimental phase was
fixed at 0.45.

A Hobart mortar mixer was utilised to prepare the GO-
incorporated cement mortars. Calculated quantities of cement
and sand, based on Table 2, were dry-mixed in the mixing bowl
for 30 seconds. The dispersed GO solution and the remaining
required water were then added to the mixing bowl and mixed
for 5 minutes to produce a homogeneous mortar. The mortar
was poured into the specified moulds and vibrated for 30
seconds on the vibration table to ensure uniform compaction

Table 1 Properties of GO nanosheets

Purity Density Surface area
Properties (%) (kg m?) Aspect ratio (m? kg ™)
Values 99.9 2.2 x 10° 1000 3.5 x 10°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Mix design of GO-based cement composites

Sample designation Cement: sand w/C GO wt% to cement
Cco“ 1:1.5 0.45 0

C1 0.01

C3 0.03

C5 0.05

C10 0.1

C30 0.3

C50 0.5

“ Control sample without GO.

and removal of air bubbles. The moulds were wrapped with
polyethylene sheets to prevent the rapid evaporation of water
and left for 24 hours at room temperature of 23 + 2 °C, followed
by a water bath curing for up to 28 days for testing purposes.

2.3. Testing procedures

The experimental programme of this study assessed the three
aspects physical, mechanical, and durability (transport) of
specimens as described below.

2.3.1. Physical observations

(A) Flowability and flowability loss. These tests determine the
consistency of the cement mortar and identify the transporta-
ble moisture limit. A flow table was used to perform the
flowability and flowability loss tests of the fresh cement mortar.
The test was carried out in accordance with ASTM C1437.°" The
formula presented in eqn (1) is used to calculate the flow rate of
mortar.

Flow rate =

{(Dang -

DO)} x 100 1)
0

where D, is the average diameter of the specimen before
25 blows and D, is the average diameter of specimens after
25 blows. For flow loss, the same procedure was repeated every
30 minutes until the flow rate change was reduced to zero.

(B) Setting time. The initial setting time of the paste was
measured using the Vicat needle test in accordance with ASTM
C191.°% The initial setting time refers to the time when cement
paste starts losing its plasticity.®® If the initial setting time of
cement is X minutes, the mortar should be placed in the
desired position within X minutes of adding water. The mortar
will lose its optimum strength if the process is delayed.

(C) Ultrasonic pulse velocity (UPV). The UPV is a non-
destructive test (NDT) generally used to identify the voids,
cracks and damages to the material and assess its quality by
measuring the velocity of the ultrasonic pulses transmitted
through the specimen.’® The test was performed following
ASTM C597°° after 7 days of curing. A Matest UPV tester with
two 55 kHz cylindrical transducers was used to measure the
time that the pulse travelled through the specimens. The UPV,
subsequently, was calculated using the formula shown in

eqn (2).

L x 103
UPV:XTO 2)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where L is the distance in mm, T is the time in ps, and UPV is in
1

km s

(D) Electrical resistivity. The electrical resistivity of the speci-
mens was measured in accordance with ASTM C1876°® using a
Resipod device after 7 days of curing. Resipod is an integrated
4-point probe and a non-destructive method of measuring
resistivity. The electrical resistivity determines the correlation
between the resistivity and chloride diffusion rate.’” Moreover,
the rate of concrete corrosion can be measured using this
method.

2.3.2. Mechanical properties

(A) Compressive strength. For each set of GO-incorporated
cement mortars, six cylindrical specimens with 50 mm radius
and 100 mm height were cast and tested according to ASTM
C39°% after 7 and 28 days of curing. The average values of three
specimens for each test were calculated to analyse the results. A
300 kN Tecnotest compression machine was used to conduct
the experiments at a loading rate of 0.30 MPa s~ .

(B) Flexural strength. A 50 kN MTS machine was utilised to
conduct a three-point bending flexural test on 160 x 40 X
40 mm prisms in accordance with ASTM C348%° after 7 and
28 days of curing. The flexural strength of specimens was
calculated using the formula presented by eqn (3).

3PL
(2bd) )

fi=

where f; is the flexural strength in MPa, P is the maximum load
in N, and L, b, and d are, respectively, length, width and
depth in mm.

2.3.3. Transport behaviour

(A) Water sorptivity. The water sorptivity test has been
designed to determine the water absorption rate of the cement
mortar or concrete. This is done by exposing one side of the
specimen to water and measuring the change in the mass due
to water absorption over time. The test setup is illustrated in
Fig. 1. When the specimens are exposed to water, the capillary
suction gets domination due to the water ingress of unsatu-
rated cement mortar. The water sorptivity test also determines
the rate of water absorption at the surface, as well as the
interior of cement mortar specimens, and was carried out
according to ASTM C1585."%°

100 = 6 mm

A
v

Specimen

50 =3 mm

2+ 1 mme—% . v
Water .

Fig. 1 Water sorptivity test setup.
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(B) Density and volume of permeable voids (VPV). Density,
water absorption and the volume of permeable voids are the
key attributes of cement mortars evaluated by this test. The VPV
test is a suitable method to investigate the porosity of cementi-
tious composites as an important input for assessing the
durability of mortars and concretes. The density and VPV tests
have been performed according to ASTM C642."°"

3. Results and discussion

3.1. Physical properties

The initial setting time of the six GO-incorporated and the
control specimens were recorded and presented in Fig. 2. The
initial setting time is an important factor to measure due to its
direct relationship with the nucleation phenomena, as one of
the most significant effects of GO nanoplates on cementitious
composites during the hydration process.

As Fig. 2 shows, the initial setting time of cement mortars
varies from 250-330 min. It can be seen that the setting time
decreases from 330 min in the control sample to 300 mm in
sample C1 with 0.01% GO addition. This decline continues
until 255 min in sample C5 with 0.05% GO. However, retaining
the addition of GO gradually increases the cementitious com-
posites’ setting time back to 300 min until it plateaus in C30
with 0.3% GO nanoflakes. Since all the mixtures were set in
more than 250 min, a flowability assessment of mortars from 0
to 150 min was done while mortars were in the fresh elastic
phase. Fig. 3 demonstrates the fluctuations in the flow of the
GO-incorporated cement composites over time, known as
flow loss.

GO nanoflakes start influencing the cementitious matrix
from the early stages of the fresh binder. The effects of GO
on cement composites are derived from its exceptionally high
surface area, which is about 3.5 x 10> m*> kg~', compared to
cement particles of about 400 m* kg™ ". This large surface area
of GO nanosheets provides excellent nucleation sites with high
energy levels for the precipitation of hydration products. Con-
sequently, the addition of GO nanoplates greatly affects the
initial setting time of cement composites. As depicted in Fig. 2,
the addition of 0.05 wt% GO to cement mortar reduces the
initial setting time by 23%, from 330 min to 255 min. Previous

340
o,
320 \
£ 300 | °, o——o
E a0 | \ /
& . o
g 260 ¢ \./
E 240
£
220
200 . . . . .
0 0.01 0.03 0.05 0.1 0.3 0.5
GO (%)
Fig. 2 Initial setting time of cement mortars.
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Fig. 3 Evolution of flowability of cement composites over time.

research®>'%> has confirmed that the heat of hydration (HoH)
of cementitious binders is considerably influenced by the
addition of GO, which creates an obvious link between these
observations. An increase in the HoH of cement composites as
a result of the GO inclusion can lead to a faster setting time.
Apart from that, Li et al.® reported that a sample containing
0.04% GO reached the main hydration peak sooner than 3.5%
GO containing sample, indicating that both induction and
acceleration periods of the hydration process were accelerated
by adding GO.

Additionally, another phenomenon also adversely affects the
setting time as the content of GO increases. An increasing trend
in the initial setting time and reaching back to 300 min is
observed when GO content exceeds 0.05 wt%. The initial setting
time of cement relies on the duration of the induction period in
the evolution of HoH. Additionally, the duration of the induc-
tion period is a function of the diffusion rate of calcium ions
from cement particles to the aqueous phase. This diffusion rate
will be hindered if GO nanosheets are adsorbed on the surface
of cement particles.®” The addition of excessive GO (i.e., more
than 0.05 wt%) leads to the absorption of GO nanoflakes to the
surface of cement particles, increasing the initial setting time.

The inclusion of GO nanoflakes in the composition of
cement binders disturbs the rheological behaviour of binders
as well. Changes in the rheological behaviour of GO-
incorporated cement composites are evident in Fig. 3. It is
noted that the flow loss of the control sample over the
measurement time is minimum, and the flow loss occurred
during the addition of GO. However, the highest loss of flow-
ability was witnessed in the sample with 0.03 wt% GO. The
change in the flow loss with the variation of GO illustrated the
importance of GO content inclusion.

Fig. 3 reveals how the addition of GO nanosheets affects the
flowability of cement mortars during their elastic state period.
This function is an important rheological parameter of cement
and concrete composites. As seen in this chart, the control
sample maintains an almost constant flow during its elastic
state, meaning no/negligible loss in the flow of mortar. Cement
mortar containing 0.01% GO experiences a noticeable decline
in the flow over time. The loss in the flowability of mortars

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Changes in flow-loss vs. GO content.

continues with the increase in the GO content up to 0.05%,
with the most noticeable decrease occurring in sample C3, with
31.4% flow loss after 150 min. Moreover, the decrease in the
flow of the cementitious composite reaches the maximum
when 0.03 wt% GO is added and then declines as the GO
content exceeds this limit, as can be seen in Fig. 4.

Reviewing the literature indicated that adding GO to cemen-
titious composites can accelerate the hydration process and
increase the heat of hydration, which can affect the fresh and
rheological properties, including initial setting time, flowabil-
ity, and flow-loss.”””'®> However, the highest impact of GO
inclusion on fresh properties can be witnessed when the added
GO is in the range of 0.03 wt% and 0.05 wt%. The observed
results aligned with other studies suggesting the highest
peak in the heat of hydration and subsequent impacts on fresh
properties occurred in the same range of GO incorporation.®”%°
The flow loss of the samples, similar to the initial setting time,
experiences fluctuations with the GO content. The flow loss of
samples containing 0.1% GO nanoplates and above deems to
be lower than samples with 0.03% and 0.05% GO.

The reduction in the flow of the cement mortar due to the
addition of GO has been reported in previous research
t00.>1°%%%1%4 This reduction could be due to GO nanoflakes’ large
surface area and their intensive hydrophilic characteristic.'® As
water is mixed with cement, GO nanoplates absorb the water
molecules and reduce the workability. Furthermore, negatively
charged graphene oxide particles can interact with the cement
particles by electrostatic interaction and entrap a large amount of
free water; hence, playing an important role in determining the
rheological behaviour of cement composites.””*®

The results of electrical resistivity and UPV tests of the
specimens, which are related to the structural integrity, flaws,
and cracks, as well as voids and pore structure, are illustrated in
Fig. 5. It is noticed from the chart that the addition of a
maximum of 0.05 wt% GO to the cement mortar causes an
increase in the electrical resistivity. Previous studies also
observed and reported the increasing trend of electrical resis-
tivity to a certain GO content followed by a reduction.®®%°

Generally, there are two factors governing the electrical
resistivity of cementitious binders, including the ion diffusion
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Fig. 5 Electrical resistivity and UPV results of GO-incorporated samples.

rate from cement particles to the aqueous phase, as well as ion
transport within the cement matrix. On one hand, the intro-
duction of GO nanosheets to the cement mortar accelerates the
precipitation of hydration products. As the hydration process
continues, the already-formed hydrates hinder the exposure of
the solution to un-hydrated cement particles. Therefore, the
electrical resistivity development is controlled by restricted ion
diffusion due to the formation of thick hydrated barriers. On
the other hand, the addition of more than 0.05 wt% GO to the
system can increase the entrapped water molecules by these
nanoplates leading to the facilitation of ion transport.®® The
observed fluctuation of electrical resistivity resulting from the
increase of GO content was in good agreement with Li et al.,*®
in which the incorporation of 0.06 and 0.08 wt% GO resulted in
a reduction of electrical resistivity.

UPV results of cement binders are mainly related to their
structural integrity and cohesion. It is expected that the denser
and more uniform the structure, the more the UPV. The
existence of cracks, voids, entrapped air bubbles, etc., may
deteriorate the UPV of cement mortars. The findings obtained
in this study confirm an increasing trend in UPV with the
increase of GO content. However, the introduction of GO to the
cement mortar significantly drops UPV. The increase of UPV
with the increase of the GO content can be related to the higher
dispersion of GO within the cement matrix, and filling the
pores with large, nucleated surface area. The fluctuation of UPV
with the addition of GO content was also witnessed in other
studies and can be associated with the conflict of aforemen-
tioned factors and objects.?*'°71%8

3.2. Mechanical properties

Mechanical investigations, including compressive ( f.) and flex-
ural (fp) strength of the GO-incorporated cement mortars, are
reported in Fig. 6 and 7, respectively. These figures illustrate
not only the difference in strength caused by the addition of GO
nanoflakes but also the strength development of GO-reinforced
cementitious mortar.

Fig. 6 displays an increase in the f. of mortars as a result of
GO addition. The f. increases from 23 MPa in the control
sample after 7 days to a maximum of 33 MPa in the C3 mixture
with 0.03% GO under the same curing conditions. This
improvement in the f. continues in later stages where mixture
C1 with 0.01% GO nanosheets develops 53 MPa strength,
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Fig. 6 Compressive strength (MPa) of GO-incorporated cement mortars.
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Fig. 7 Flexural strength (MPa) of GO-incorporated cement mortars.

notably higher than the control specimen with 35 MPa com-
pressive strength after 28 days. Fig. 7 shows that the fluctuation
of f;, unlike f,, is different in the early and late stages of curing.
While no improvement is detected in 7 day f; due to the
addition of GO nanoplates, the 28 day f; is positively affected
by adding GO to all cement mortars.

Fig. 6 and 7 depict that the incorporation of GO nanoflakes
influences the compressive/flexural strength of cement compo-
sites. However, this influence is not similar for flexure and
compression at early and later stages. Adding GO to the cement
mortars increases the compressive strength of samples by up to
43% in 7 days and up to 51% in 28 days. Nonetheless, GO
declines flexural strength in the early stages (7 days) while it
enhances the 28 day flexural strength by up to 57%. The
strength improvement in GO-reinforced cement composites
can be due to structural refinement. The existence of nucleated
GO nanosheets can fill the pores within the matrix and
decrease the volume of the large pores, as observed in other
studies as well.®””®® Obtaining a more homogeneous cementi-
tious matrix can lead to strength gain. The strength gain
mechanism, however, can be different for compression and
bending. In bending, apart from structural integrity, the gov-
ernance of the crack bridging role of GO nanosheets, which
would develop in later stages (as the hydration process pro-
gresses), improves the 28 day flexural strength.

To obtain a better understanding of the effects of GO on the
strength development of cement composites, the strength
improvement is illustrated in Fig. 8. This figure visualises the
strength development (compressive and flexural separately)
from 7 to 28 days as a function of GO content. It can be noted
that the strength development of GO follows a similar trend in
compression and flexure. Regardless of the GO content, a
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Fig. 8 The effect of GO on the development of strength from 7 to
28 days.

general increase is observed from 7 to 28 days when GO is
added to the cement composites. The enhancement of com-
pressive strength continues as the GO keeps growing. However,
the flexural strength for GO decreases beyond 0.05 wt% cement
content.

3.3. Transport properties

The apparent density and VPV of the cementitious composites
are calculated and reported in Fig. 9. These two measurements
are directly related to the structural integrity of cementitious
binders and follow similar trends. The lowest density
(2.09 g ecm?) and VPV (23.44%) are related to the specimen
containing 0.5% GO nanosheets in its composition. On the
other hand, the highest values of density (2.617 g em™*) and
VPV (29.47%) were found in the specimen with 0.03% GO by
mass of cement. Additionally, the apparent density and VPV of
GO-incorporated cement composites experience a vivid
decrease when the GO content exceeds 0.03% by weight of
cement.

The apparent density and VPV of cement binders, like UPV,
depend upon the structural uniformity of the cementitious
matrix. The predomination of factors impacting this uniformity
can regulate the density and VPV of cement composites. Proof
of the statement can be sought in Fig. 9, where the apparent
density and VPV of GO-incorporated cement composites follow
a very similar trend. Water sorptivity also is a function of
structural integrity and void distribution. GO nanoflakes may

Apparent Density (g/cm3)
VPV (¥

0 0.01 0.03 0.05 0.1 03 0.5
GO Content (%)

Fig. 9 Apparent density and VPV changes in GO-incorporated cement
mortars.
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Fig. 10 Initial water absorption rate of specimens.

affect these factors in two contradictory ways. The addition of
GO increases the homogeneity of the matrix by providing
suitable (high energy) nucleation sites for the precipitation of
calcium silicate hydrate products. It is worth mentioning that
factors such as the initial setting time, temperature, density
and saturation of CSH products, the Lucas-Washburn function
of capillary transport, and diffusing ion capacity have effects on
GO's extent of impact.'®™"" The reduction of the setting time,
which influences the flowability consequently, results in the
creation of more air voids in the hardened structure, leading to
a high sorptivity rate. The governance of each of these para-
meters can describe the water absorption rate of GO-
incorporated cement composites.

For the water sorptivity test, the initial (i.e., first six hours)
and secondary (i.e., seven days) water absorptions were mea-
sured, followed by regression analysis of the recorded values. As
a result, the initial and secondary absorption rates can be
calculated by plotting average absorption (I) as the dependent
variable versus the square root of time (¢?). Fig. 10 and 11
illustrate the changes in water absorption during the first six
hours and seven days.

Fig. 10 and 11 show that the specimen without GO showed a
vividly higher absorption rate both in the initial and secondary
stages. The average absorption experienced a minimum of 50%
reduction in GO-incorporated mortars (i.e., C50 in the first six
hours and C10 in seven days). Furthermore, the increase in the
water sorptivity of CO had a steeper trend compared to GO-
incorporated specimens, especially in the initial stage. This
shows the existence of a more uniform and homogenous
microstructure upon the addition of GO.
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Fig. 11 Secondary water absorption rate of specimens.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

0.018 0.0045

0.016
0.014
0.012

0.01

0.008

0.006

0.004

0.002

0 0
0 0.01 0.03 0.05 0.1 0.3 0.5

GO Content (%)

Fi

g. 12 Evaluation of water sorptivity rate as a function of GO content.

Accordingly, Fig. 12 evaluates the initial and secondary rates
of water absorption of cement composites based on the GO
content. Fig. 12 simply shows that the initial and secondary
water absorption rates of GO-reinforced cement composites
fluctuate similarly, depending on the GO percentage. Generally,
incorporating GO nanoplate reduces the water absorption of
the cement binder. However, this reduction stops after addition
of a certain amount of GO, which is 0.03% for the initial stage
and 0.01 for the secondary stage.

Analysing the initial and secondary water absorption over
time and GO content, as presented in Fig. 10-12, show the
improvement in the durability of cement mortars by using GO.
The inclusion of GO reduced the initial and secondary rates of
water sorptivity up to 88% and 66%, respectively. The specimen
with 0.03% GO content showed the best performance among
the specimens in the initial absorption rate, which was in
agreement with previous findings as well." Despite the strong
decline of the initial rate in the 0.03% specimen, specimens
with higher GO contents (i.e., 0.1%, 0.3% and 0.5%) showed
less fluctuations in initial and secondary absorption rate,
indicating a more uniform microstructure.

4. Conclusions

Graphene oxide is one of the solutions introduced to respond to
the need for stronger, more durable concrete. This research
attempted to investigate the impacts of adding GO to cement
mortars on fresh physical, mechanical and transport properties
by a more unified approach with a wider range of GO inclusion.
The findings and results of this study indicated the followings:

1. The introduction of GO to cementitious composites can
result in the reduction of setting time and workability due to
the presence of more nucleation sites with a higher heat of
hydration and unavailability of free water in the matrix. The
highest impacts were witnessed in specimens with 0.05 wt%
GO for the initial setting time and 0.03 wt% GO for flowability,
as they reduced the mentioned properties by 23% and 31%,
respectively.

2. The reduction of free water due to the incorporation of GO
leads to the increase of electrical resistivity of the mortars,
which is a beneficial advantage for concrete durability. How-
ever, adding excessive amounts of GO can negatively impact the
resistivity of specimens as the decreasing trend of adding 0.1 wt
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and more. The UPV test findings indicate that the cementitious
composites’ homogeneity and uniformity remain stable and
intact with the incorporation of more than 0.01% GO.

3. The inclusion of GO leads to an increase in the compres-
sive and flexural strength of cement composites. The results
illustrate a 17-46% increase in 7 day and 7-28% in 28 day
compressive strength. The flexural strength results, however,
indicate that the full development of flexural strength occurs in
a longer term. The 7 day strength for the specimens was lower
than the control specimen, but an increase of 28-50% was
witnessed after 28 days. Despite achieving the highest com-
pressive strength, the flexural performance of the specimen
with 0.5 wt% GO inclusion was almost similar to that of the
control specimen.

4. The transport properties of cement composites as an
indicator of durability behaviour exhibited an enhancement
with the introduction of GO to the mortar. The significant
reduction in initial and secondary water absorption rate and
sorptivity led to the conclusion that GO incorporation can
positively impact the microstructure of cement mortars. The
fluctuations of VPV and sorptivity results indicate that the
transport properties of cement composites are highly depen-
dent on the amount of GO content, and higher volumes of GO
(i.e., 0.1% and more) can reduce the porosity and voids of the
microstructure and water sorptivity more effectively.
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