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ABSTRACT

Cracking occurs in concrete when it is subjected to loading that is beyond its strength
capacity. Repair of the concrete can be performed by filling the cracks with cement
mortar as a repair material. With the advent of graphene, which possesses remarkable
properties, an ultra-high-performance repair material for concrete can potentially be
developed by incorporating graphene nanoplatelets (GNP) into cement mortar.
Notwithstanding the superior mechanical properties of GNP, determination of its
optimum content as a constituent of the cement mortar is essential to maximize the
performance of the repair material. Therefore, the effect of incorporating different
percentages of GNP on the performance of cement mortar, as a repair material for
concrete, was investigated. Cylinder specimens of concrete were subjected to
compressive loading until cracking occurs. Specimens of cement mortar that contain
GNP at 0%, 0.02%, 0.04%, 0.06%, 0.08% and 0.1% by weight of cement were
employed to repair the concrete specimens. Pre- and post-crack compressive strengths
of the concrete specimens were measured. Flexural strengths of dog bone-shaped
specimens of the cement mortar were also measured to validate the compressive
strength data. Based on the findings, 0.02 wt% GNP cement mortar possessed the
highest capability in retaining the compressive strength of post-crack concrete
specimens to the compressive strength of pre-crack concrete specimens by 70%. While
0.02 wt% GNP cement mortar had the highest tensile strength and the results showed
that there was a positive correlation between the tensile strength of the cement mortar
and the percentage of GNP by weight of cement. Lastly, 0.02 wt% GNP cement mortar
was able to surpass the plain cement mortar in terms of strength capacities and thus its
potential should be explored deeper.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND OF STUDY

Although concrete is commonly used on building sites, its limitations, such as low
tensile stress, can cause flexural cracks. However, present design approaches for
controlling cracking with traditional steel reinforcement are insufficient to prevent
fracture widths from widening over time due to other factors such as shrinkage.
Although most destructive processes cannot be prevented, they can be slowed down
with further treatment. This means that while there is no way for concrete to prevent
flexural cracks, the research and development of superior flexural fracture repair
materials should continue. Nanotechnology for concrete is advancing at a rapid pace
these days. It is common to make the nano cement composite the main constituent for
structural applications, especially during concrete placement in the construction
industry but not as the concrete repair material. Moreover, the study on applying nano
cement composite for sealing tiny cracks on the concrete surface is still less and
countable. The anticipated hypothesis of this study is the existence of a strong bond
between the surface of existing concrete and the nano cement composite such as GNP
cement mortar. The strong bond is one of the criteria which is important in the control

of crackings.

For this study, there is a limitation in which the size of crack within the ordinary
concretes could not be controlled. The way to cope with this limitation is through the
mixing of 35 MPa cylindrical concrete specimens. In relative to this, the concrete
specimens could resist the high magnitude of crack loading without having a serious
collapse or fracture. The crack pattern was anticipated to be formed in longitudinal on

all of the samples and this may make the repairing works easier.
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1.2 PROBLEM STATEMENT

External load yields the bending, direct and tensile stresses. Followed by this,
flexural crack is a main structural deterioration governed by those stresses. Particular
attention is required to minimize these stresses and to produce materials that properly
cope with these relative disadvantages. [1] At the same time, the early age of concrete
is extremely low in tensile strength as it is increasingly developed with age (Safiuddin
et al., 2018). This means that the concrete cracking would be happened in the short
period after being placed. The tensile stress could cause the flexural crack on the
surface of concrete if it is surpassing the tensile strength of early age concrete. This
crack would develop and propagate into the full depth of concrete if left aside.
Excessive cracking resulting from external loads is one of the most common factors of
uncontrollable damage in concrete structures. Not only that, the evaporation of water
from the surface of concrete might induce tensile stress if it is faster than the bleeding
rate. The stress could lead to cracks and it is common within a few hours of concrete
placement. Therefore, repairing activity should be carried out to bring back the

functionalities of concrete.

1.3 OBJECTIVE

The principal aim of this study was to develop a high performance cement composite
for repairing old or damaged concrete structures. To achieve the aim the following
objectives were designed and tested:

1. To develop ordinary concrete of target compressive strength of 35 MPa as the base
material and high performance graphene modified mortar for repairing the cracked
concrete

2. To investigate the effects of various graphene content in the repair cement mortar
to reinstate the strength of the cracked concrete specimens with respect to the initial
strength of concrete.

11



1.4 SCOPE OF WORK

There were two main phases of this research; phase-1 was to develop and test
the base materials using normal concrete of 35 MPa. The second phase includes the
repair of cracked cylinders tested in phase-1 and repaired with the graphene modified
cement mortar. After repair, the cylinders were let for settling and tested for
reinstatement of the concrete strength. Finally, an analysis was done to determine the

optimum graphene content for the reinstatement of the cracked sample strength.

In addition, this research consisted of three stages. The first stage was to
execute and complete those phase-1 and phase 2 activities. It was the most time-
consuming stage out of the three stages. Ordinary concrete mixing, concrete cylinders
casting, curing, cracking of concrete cylinders through compression machine, mixing
of GNP cement mortar and repairing or rectifying are the activities during the
executing stage. The longest curing of concrete cylinders commonly takes 28 days.
This implies that this work should be done as early as possible so that the consecutive
activities could proceed. The coordination with the lab technologists was often during
this stage. The purpose of this coordination was to book the time slot of using the

testing equipment and ask for the materials.

Last but not least, the controlling and closing were the post-experiment stages.
The interpretation of experimental results and completion of the dissertation were the
main focused activities at the controlling stage. Before the closing of this project, there
would be a viva presentation to the supervisor, internal examiner and external
examiner. This viva presentation would be a platform for the author to explain the
findings of this study.

12



CHAPTER 2: LITERATURE REVIEW

This chapter outlines the brief and critical review of various literature regarding

the sub-topics as below:

2.1 THE NATURE BEHAVIOUR OF GNP

[4] Due to the strong Van der Waal force between the particles of GNP, they
tend to agglomerate but not distribute into the cementitious matrix (Metaxa &
Kourkoulis, 2018). Therefore, water is required during the mixing of cement mortar to
weaken the Van der Waal forces between the particles and this acts as the dispersing
agent. [5] The combination of mechanical treatment and surfactants is necessary to
ensure that the GNP can be homogenously dispersed into cement composite
(Papanikolaou et al., 2021). The homogenous GNP cement mortar makes itself good
in concrete crack repairing due to the intimate bond with the existing concrete. The
intimate bond is boosted by the surface energy of the GNPs which are mixed into the
cement composite. The platelet shapes of GNP also enable them to block and divert
microcracks of the cement composite, thus aiding in inhibiting the crack propagation
across the depth and preventing the formation of the crack network within the existing
damaged or cracked concrete.

2.2 MECHANICAL PROPERTIES OF GNP CEMENT MORTAR

The concrete crack is unavoidable and it is the challenge faced by every
construction player. Since then, research on the application of graphene and its
derivatives into the repair material become common. They are the ideal material due
to their specific characteristic which is nano in size. One of the graphene derivatives
is graphene nanoplatelets (GNP) and it is being studied for this project. [6] According
to Metaxa & Kourkoulis (2018), GNP consists of multiple graphene layers with an
extent thickness ranges from 3 to 100 nm. Due to this, it can be coupled with fine

aggregate, water and cement to form the repair material for concrete crack. GNP
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cement mortar could act as a filler that fits onto the concrete crack and in turn, increase

the compactness of concrete.

Simultaneously, the addition of GNP to the cement composite may improve
the composite's mechanical qualities, such as compressive and tensile strength, making
it the primary material for repairing concrete cracks. The inclusion of GNP alters the
microstructure of the hydration crystal as well as the rate of hydration. The degree of
compaction, followed by compressive strength, would be improved by altering the
microstructure. [7] The inclusion of GNP would also result in a higher cumulative
acoustic energy, which would promote the cement composite's improved tensile force
resistance to cracking (Jiang et al., 2020). [8] The interlocking function of nanofiller-
matrix and cement hydration promotion, in general, catalyse the development of
mechanical properties, which may create further barriers against subsequent concrete
cracking (Wang et al., 2020).

On the other hand, the wt% of GNP in the cement composite is a factor that
governs the degree of mechanical properties. When the GNP cement mortar is used to
seal the concrete crack, it could also enhance the fracture toughness. The fracture
toughness is the resistance to further crack propagation or growth. [9] Hezaveh et al.,
(2021) stated that this increasing toughness is induced by the enhanced relative density
corresponding to the addition of GNP. Not only that, the GNP cement mortar could
fill the cracking width of concrete. This would yield a beneficial impact on the concrete
by inhibiting the propagation of crack and then reinforcing the matrix. The crack
resistance effect provided by GNP cement mortar is due to the introduction of GNP

into cement paste.

An optimum amount of GNP incorporated in cement paste could stimulate the
equal distribution of hydration products and eventually increase the compressive and
tensile strength. [10] However, if the content of GNP is higher than its optimum
content, the inverse impacts would be occurred such as declining compressive and
tensile strength in cement composite and even becoming lesser than the controlled
cement composites (Tao et al., 2019). Corresponding to the large content of GNP in a
cement matrix, it would lead to a massive drop in mechanical properties, which
consequentially limits the uses of GNP cement mortar as a repair material. Particular

attention is needed to avoid this concrete crack by developing materials that properly
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address corresponding issues. This research has been carried out to provide insight on
how and what is optimum wt% of GNP to influence the performance of the cement

composite which would be used as repair material gradually.

The workability of cement composite determines how much GNP affects
concrete strength. The low water-to-cement ratio causes poor concrete workability,
which may limit graphene nanoparticle dispersion in the cement paste. While a high
water-cement ratio helps to concrete's excellent workability, it may compromise its
homogeneity. As a result, the microstructure of the concrete may not be effectively
densified, preventing the concrete from achieving its remarkable mechanical qualities.
As a result, one of the factors governing the mechanical properties of GNP cement
mortar is the water-cement ratio. This demonstrates the need of keeping an eye on the

water-cement ratio in order to get the best GNP cement mortar yield.

2.3 CONCRETE CRACK REPAIR

During this repair work, GNP cement mortar can be utilised to stiffen and
strengthen the parts where the concrete structures that exposed to high mechanical
stresses such as bending stress, direct stress and indirect stress. These zones are likely
susceptible to cracking. All other parts of the concrete structure remain in ordinary
structural concrete as these parts are subjected to relatively moderate exposure and less
liable to cracking. The GNP cement mortar itself exhibits excellent mechanical
properties in compressive and flexure strength. Therefore. this study tends to
determine the compatibility associated with this material in the rehabilitation of

concrete cracks.

The nature or attractive capability of GNP is to change the microstructure of
cement composite which is regarded as the basic source of many mechanisms relative
to the short-term and long-term performance of cementitious materials. One advantage
of these nano-sized materials could be used as additives where they can densify the
microstructure of cement paste and eventually enhance the mechanical properties of
concrete. If the GNP are well dispersed within the cement composite, their fizzy edge
structure would act as support for multidirectional loading and conventional

microcrack fixation. When the conventional microcrack is extended to GNP, their
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fizzy edge structure could lengthen the way of propagation and more loading energy
would be absorbed as well as used for the bearing and pulling effect of GNP. As a
result, the mechanical properties of concrete compounds would be improved in

corresponding to the optimization of microstructure within the cement composite.

[11] At the same time, nano-sized GNP could promote the wide-ranging
distributed or dispersed network within the matrix (Meng & Khayat, 2016). This can
in turn facilitate the densification of microstructure. The rapid strength gain of GNP
cement mortar resulting from the densification of microstructure is a vital advantage
for speedy rehabilitation. In typical, this material is capable of gaining higher
compressive strength within a short time as compared to other repair materials. This
material is capable of facilitating the inhabitation of concrete crack as it is rapid

propagation if left uncured.

The correlation of compressive and tensile strength is directly proportional.
This implies that the increase of compressive strength in concrete could drive the
increase of tensile strength in concrete. The increase of compressive strength in
concrete is deemed as the "bridging effect” of the GNP for microcracks and the "filler
effect” for speeding up the hydration reactions of the cement composite. Due to GNP
having both of these unique capabilities, it makes itself the candidate rather than PVA
fibre for reinforcing the cement mortar. The GNP cement mortar would be eventually
used as the repair material for concrete crack due to their nano size which could occupy
the crack width.

2.4 MECHANISM OF COMPRESSIVE AND TENSILE STRENGTH
ENHANCEMENT OF GNP CEMENT MORTAR

How does the addition of GNP to a cement composite improve the mechanical
characteristics of the concrete? In general, the change of cement hydration reaction
can be used to explain the strengthening of concrete by including GNP. To fully
comprehend, it is crucial to recollect some basic notions about this reaction as well as
relevant GNP features. Fine and coarse aggregates are mechanically linked in concrete

as a result of the hydration process between cement and water. The cement
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microcrystalline powder would undergo physical conversions to fibrous crystals
containing calcium silicates, inoferrites, and calcium hydroxide (Ca(OH)2) after
reacting with water molecules. [12] Not only that, but within the composition of
cement, more than 40 different silicate crystals have been discovered, which create the
calcium silicate hydrate (C—S—H) gel, which is one of the key ingredients responsible
for the mechanical qualities of concrete (Chuah et al., 2014). Simultaneously, due to
the introduction of GNP with high surface energy, C-S—H particles bind to them and
serve as platforms for the creation of C-S—H gels. This procedure helps to improve the
mechanical capability of cement composites. Indeed, GNP could result in a more
durable C—S—H composite material than traditional concrete.

2.5 BOND STRENGTH BETWEEN REPAIR MATERIAL AND EXISTING
CONCRETE

[13] Nanoparticles of GNP can speed up cement hydration due to their high
activity compacting microstructure and in turn increase the bond strength within the
cement composites (Pershin et al., 2020). The bonding strength between GNP, cement
and sand is responsible for toughening nano-cement composite. The GNP, sand and
hydration products of cement can connect as an organic whole which implies that the
bond strength between the GNP and the other elements is strong enough. However,
the high-performance repair material must not only possesses a strong bond within its
matrix but possesses a strong bond strength with the existing concrete. [14] The bond
between the original concrete and new repair material is critical, and it must enable a
continuous transfer of the design loads as well as preferably approach the original
concrete's initial strength (James et al., 2020). This characteristic is required to assess
to determine the compatibility of GNP cement mortar as the concrete repair material.
The strong bond strength could bring the durability of existing concrete and make it
able to last longer. Not only that, the strong bond could resist the subsequent stresses

which might be able to cause debonding of existing concrete and repair material.

Information on the compatibility of individual repair materials with existing
concrete is scarce. The majority of the information available is focused on the

characteristics of individual repair materials rather than composite materials made up
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of repair materials and existing concrete. The goal of this research is to investigate
how compatible repair materials are with existing concrete based on compressive
strength. Slant shear and direct shear tests are commonly used to assess the bond
strength between the repair material and the existing concrete. Rather than that, the
compressive strength of the pre-damaged concrete and the compressive strength of the
post-damaged concrete mended with the repair material are compared in this study. As
long as the findings reveal that the compressive strength has increased, the bond
strength between the existing concrete and the repair material is strong. While the data
demonstrate a decrease in compressive strength, they also reveal a weak link between
the old concrete and the repair material. Table 2.1 contains the critical review of

various literature to find the gap in the existing research.

TABLE 2.1: Summary of critical review from various literature

tend to agglomerate but
not distribute into the

cementitious matrix.

Author Findings Variables
Metaxa & | The strong Van der Waal | Therefore, the water is required
Kourkoulis force between the | during the mixing of cement mortar
(2018) particles of GNP, they | to weaken the Van der Waal force

between the particles and this act as

the dispersing agent.

Papanikolaou et

The combination of

This is to ensure that the GNP can

al., (2021) mechanical treatment and | be homogenously dispersed into
surfactants is necessary cement composite
Metaxa & | GNP consist of multiple | Due to this, it is able to be coupled
Kourkoulis graphene layers with an | with fine aggregate, water and
(2018) extent thickness ranges | cement to form the repair material
from 3 to 100 nm. for concrete crack. GNP cement
mortar could act as filler that fits
onto the concrete crack and in turn,
increase the compactness of
concrete.
Jiang et al., | The addition of GNP | This acoustic energy stimulates the
(2020) would also yield a higher | increased tensile force resistance of
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cumulative acoustic

energy.

the cement composite to the

cracking.

Hezaveh et al.,
(2021)

The fracture toughness is
the resistance to further
crack propagation or

growth.

The increasingly fracture toughness
is induced by the enhanced relative
density the

addition of GNP.

corresponding  to

Tao et al., (2019)

The content of GNP is

higher than its optimum

content, the inverse
impacts would be
occurred ,

One of the impacts is loss of
compressive and tensile strength in
cement composite and even
become lesser than the controlled

cement composites,

Meng & Khayat
(2016)

Nano-sized GNP could
promote the wide-ranging
distributed or dispersed
the

network  within

matrix.

This can in turn facilitate the

densification of microstructure.

Liu, Li
(2019)

& Xu

GNP, sand and hydration
products of cement are
able to connect as an

organic whole.

This implies that the bond strength
between the GNP and the other

elements is strong enough.

Pershin et al.,

(2020)

Nanoparticles of GNP can
speed up cement

hydration.

This is due to their high activity
compacting microstructure and in
turn increase the bond strength

within the cement composites.

James et al.,
(2020)

The bond between the
original concrete and new

repair material is critical.

It must enable a continuous transfer
of the design loads as well as
preferably approaching the original

concrete's initial strength.
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2.6 Gap Analysis

The critical review of the literature indicated that repair or retrofit of old
concrete material is continuously increasing due to gradual aging of structures and
changing of operational conditions. However, there is least of the literature indicated
the interaction between the repair material and the substrate (the old concrete). To
design a correct repair material and analyze its compatibility with the substrate,
nanomaterials and high performance composites are becoming a new agent for long
lasting and high performance repair. The homogeneous load transfer and bond strength
between the repair material and substrate are highly significant in retrofitting the old
concrete material. If the load transfer is low and bond strength between repair material

and substrate is weak, either one of them can lead to the failure of repair.
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CHAPTER 3: RESEARCH METHODOLOGY

This project was through a laboratory experiment, which means that a large
demand of materials was required to initiate the experiment. Before this, the setup of
laboratory works was imperative for this project and should be properly planned. For
example, a few items such as the material selection and size of concrete cylinder mould
should be taken into consideration. Not only that, the volume for both mixing of
ordinary concrete and GNP cement mortar should be calculated every single time. This
is to avoid the unnecessary wastage of raw material which in turn could make this
project costly. Figure 3.1 shows the methodology of this experimental work presented

in the flowchart.

1. The total of 36 concrete cylinder specimens were casted with the 35MPa

ordinary concrete. ;
2. All the concrete cylinders were then removed on the day after casting and N
left for curing within 3 days. 7 days and 28 days. The 36 concrete cylinder
specimens were equally grouped for 3 day, 7 days and 28 days with 12

specimens per group.

FIGURE 3.1: The Methodology Shown in Flowchart

Let discuss some procedures of this laboratory experiment. Firstly, the mixing

of 35MPa of ordinary concrete followed by the concrete pouring would be performed.
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This first step would be split into three days as there were 36 samples of the concrete
cylinder to be made by this type of concrete. Secondly, all the 36 samples of the
concrete cylinder would be cured and left for 3 days, 7 days and 28 days. Thirdly, after
the curing of ordinary concrete cylinders, they would be cracked through the
compression machine. The desired compression strength that is subjected to the
ordinary concrete cylinders will be more than 35MPa to create the uniform concrete
crack. The magnitude where the concrete specimens fail will be noted as initial

compressive strength. Figure 3.2 shows the concrete mixing in the laboratory.

FIGURE 3.2: Mixing of 35 MPa Ordinary Concrete

Fourthly, it was time for the preparation and mixing of GNP cement mortar.
This fourth step was divided into a few sub-steps which involved a lot of technique
and skills. The first sub-step was the dispersing of GNP into the water and letting them
fully dissolve into the water. Based on the study, the volume of GNP ranges from 0%
to 0.1% of the total volume of cement. This range is workable and applicable in
producing the excellent performance of GNP cement mortar. Therefore, the
preparation and mixing of GNP cement mortar were repeated for 0 wt%, 0.02 wt%,
0.04 wt%, 0.06 wt%, 0.08wt% and 0.1 wt% of GNP to the total weight of cement.
Each mix of GNP cement mortar would be used to repair 6 ordinary concrete cylinders
that have cracks. Six of these ordinary concrete cylinders were equally divided into
two per group which have been cured for 3 days, 7 days and 28 days respectively. At
the same time, each mix of the GNP cement mortar would be cast into the dog bone

shape of concrete mould.
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FIGURE 3.3: Mixing of GNP Cement Mortar by Portable Cement Mixer with Rod

Fifthly, the post rectifying concrete cylinders would be then evaluated through
the compression machine after strength gaining. This is to determine the enhancement
or reduction of concrete cylinders in terms of compressive strength. While the dog
boned shaped concrete would be evaluated to test their mechanical tensile strength
after 7 days and make as the validation to the findings on the compressive strength.
Figure 3.3 shows the compressive strength test for post-crack and repaired concrete

specimens while figure 3.4 shows the tensile strength test for GNP cement mortar.

FIGURE 3.4: Testing of Compressive Strength for Post-Crack and Repaired
Concrete Specimens
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FIGURE 3.5: Testing of Dog Boned Shaped GNP Cement Mortar

The mix design of 35 MPa cylinder concrete is presented below. They would
be as base material during the repairing work with the graphene modified cement
mortar. Table 3.1 and table 3.2 show the parameters and their values used to design
the 35 MPa cylinder concrete and steps for calculating the amount of materials for

each specimen respectively.

TABLE 3.1: The Parameters Used For the Mix Design of 35 MPa Ordinary Concrete

Parameters Values
Densiry of cement 1440kg/m3
Density of 10mm coarse aggregate 1600kg/m3
Density of fine aggregate 1766kg/m?3
Water/Cement 0.4
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TABLE 3.2: The Quantitative Amount Used For Single Unit of 365 MPa Ordinary
Concrete

Amount
Dimension of concrete 0.15m (D) x 0.3cm (h)
cylinder mould
Volume (m?) 0.0053
Cement:Fine 1:0.5:1
aggregate:Coarse
aggregate
Cement (m?) 0.0021
Fine aggregate (m?) 0.0011
Coarse aggregate (m?) 0.0021
Cement (kg) 0.0021 x 1440 =3
Fine aggregate (kg) 0.0011x 1766 =1.9
Coarse aggregate (kg) 0.0021 x 1600 = 3.4
Water (kg) 041x3=12

While for the design mix of GNP cement mortar, it is dissimilar to the mix design
of 35MPa ordinary concrete. The first difference is the incorporation of GNP. The
difference largely depends on the wt% of GNP that incorporated onto the cement
composite, The second difference is the absence of coarse aggregate in GNP cement
mortar. It is obvious that the presence of coarse aggregate could influence the size of

the repair material and make it could not embed into the crack that has tiny width.

The ratio of cement: water: sand is 1:0.5:1 in the mixing of cement mortar. The
amount of materials for every batch of mixing depends on the numbers of concrete
specimens that needed to be repaired and those mixes should be extra in order to cast
it into the dog boned shape concrete mould. The procedures below show the
calculation of a particular mix. The amount of cement, water and sand in every mix is
kept the same but not the GNP. While table 3.2 shows the mixed design of cement
mortar.

1) The 200 mm(d) and 300 mm(h) of PVC cylinder pipe would be used as the

repairing mould.
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2)

3)

4)

5)

Volume of PVC pipe = nr2h
= (1)(0.1)%(0.3)
=0.00942 m®
Net volume = VVolume of PVC pipe — Volume of cylinder concrete
=0.00942 — 0.0053
=0.00412 m®
Let assume that a batch of 6 concrete cylinder specimens would be repaired in
one shot by using the 0.02 wt% of GNP by weight of cement
Volume required = 6 x net volume x 10% extra for casting of single unit dog
boned shape cement mortar
=6x0.00412x 1.1
=0.0269 m®
In general, 500 kg of cement could be enough for 1 m® of concrete mixing.
Therefore, 13.5 kg of cement could be used for 0.0269 m? of repairing as well
as the casting of a single unit of dog boned shape cement mortar.
The amount of GNP to be used = 0.02% x 13.5 kg
=0.0027 kg
=27¢g
While the ratio of 1:0.5:1 to cement: water: sand would be employed in the

mixing of cement mortar.
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TABLE 3.3: The Mix Design of GNP Cement Mortar

Material Cement (kg) | Water (kg) | Sand (kg) GNP (g)

% of

GNP

by weight

of cement

0 13.5 6.75 13.5 0

0.02 13.5 6.75 13.5 2.7
0.04 13.5 6.75 13.5 5.4
0.06 13.5 6.75 13.5 8.1
0.08 13.5 6.75 13.5 10.8
0.1 13.5 6.75 13.5 13.5
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CHAPTER 4: RESULT AND DISCUSSION

4.1 CHARACTERIZATION OF GNP

The source of GNP is XG Sciences, Inc. (Lansing, MI, USA). The type of GNP
being used in this study was XxGNP-C300. To determine its features, this GNP was

subjected to tests such as Field Emission Scanning Electron Microscopy (FESEM) and
X-ray diffraction (XRD). While the FESEM results shown in Figure 4.1

TABLE 4.1: Properties of GNP

Product | Density | Diameter | Thickness | Surface | Carbon | Elastic | Tensile
(9/cmd) (um) (nm) Area | Content | Modulus | Strength
(m?/g) (%) (GPa) (GPa)
XGNP- | 0.2-04 ~2 ~2 300 99.52 1000 5
C300

Based on the outcome of the XRD assessment, it shows that the characteristic
peaks were at 26.5,42.3 and 54.6 with high intensity. While the FESEM clearly shows
the particle size of GNP. The results of FESEM and XRD are shown in figure 4.1 and

figure 4.2 respectively.

FIGURE 4.1: FESEM of GNP
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FIGURE 4.2: XRD of GNP

4.2 COMPRESSIVE STRENGTH FOR PRE-CRACK CONCRETES AND
POST-CRACK CONCRETES REPAIRED WITH GNP CEMENT MORTAR

There were 36 ordinary concrete specimens cast for this experiment. Every 2
of them were cured for a specific number of days and then repaired by a certain mix
of cement mortar. The results obtained from those 2 specimens would be averaged
down. Despite the variation of initial compressive strength for ordinary concrete
specimens, the final compressive strength for the composite compound consists of
repair material and the ordinary concrete was more preferred for this study. The final
compressive strength for the composite compound would be compared with the initial
compressive strength for the composite compound and thus the difference between
them was the desired output that the author seeks for. Figure 4.3, figure 4.4, figure 4.5,
figure 4.6, figure 4.7 and figure 4.8 are graphs represent comparison in compressive
strength before crack and after crack for that particular concrete specimens against

their curing days.
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In overall, the compressive strength of post-crack concrete specimens after
being repaired with GNP cement mortar was not retained as much as the initial
compressive strength of pre-crack concrete specimens. But then there was the loss of
compressive strength in the post-crack concrete specimens repaired with cement
mortars if compared to the initial compressive strength of pre-crack concrete
specimens. The cement mortars used consist of GNP that ranged from 0%, 0.02%,
0.04%, 0.06%, 0.08% and 0.1% by weight of cement. Those different percentages of
GNP cement mortars were failed to keep the damaged concrete specimens to their

original mechanical capacity in terms of compressive strength.

Apart from that, it was sure that these GNP cement mortars are far from
becoming an ideal repair material. However, the 0.02 wt% GNP cement mortar could
be the best and ultimate mix among other mixes of GNP cement mortar. Based on the
analysis, this 0.02 wt% GNP cement mortar which is presented in figure 4.4 was able
to retain around 70% of compressive strength for that particular concrete specimens
after being repaired with it. The effectiveness of this cement mortar could be further
proved as it was applicable for those particular concrete specimens which cured for 3
days, 7 days and 28 days. While the other cement mortar mixes could not retain the

compressive strength of existing concrete as much as or higher than 70%.

At the same time, there was not the poorest mix of GNP cement mortar. Except
for 0.02 wt% GNP cement mortar, the rest of these GNP cement mortars were able to
retain the compressive strength of the post-crack concrete specimens with
approximately 25% to 50% to their initial compressive strength. The cement mortars
were not able to retain the initial compressive strength of the concrete specimens as
much as the 0.02 wt% cement mortar did. However, it was undeniable that these GNP
cement mortars were consistent in repairing the post-crack concrete specimens despite

their curing time.

Apart from that, the findings showed that the relationship between bond
strength of the GNP cement mortar and existing concrete and the content of GNP
incorporated into cement mortar is inversely proportional. The higher content of GNP
incorporated into cement mortar would not yield the higher bond strength of the GNP
cement mortar and existing concrete. Therefore, the optimum content of GNP that

could incorporate into the cement mortar was determined which was 0.02% by weight
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of cement. The 0.02 wt% GNP cement mortar was able to exhibit the ultimate
mechanical capacity in terms of retaining the compressive strength of post crack

concrete specimens.

Aside from that, there were some factors for this loss of compressive strength
of post-crack concrete specimens after being repaired with the GNP cement mortars.
The loss of this particular compressive strength could also be due to the weak bond
strength between both components. The factors could be classified into technical and
human factors. The first technical factor is due to these concrete specimens being left
aside without being immersed into the water tank for the settling of cement mortar for
the duration of 3 days. This duration could able to affect the quality of cement mortar
and then initiate further crack due to plastic shrinkage caused by surrounding
temperature. This was not surely true but the post repaired compressive strength of the
concrete cylinders might be slightly affected by this plastic shrinkage.

Other than the plastic shrinkage, these 3 days of settling were not adequate for
the gaining of compressive strength and even the settling was not catalyzed by the
optimum temperature through the immersion into the water tank. Followed by this, the
imbalance in the thermal expansion coefficient between the repair material and the
existing concrete might occur. When two components of different coefficients of
thermal expansion are bound together in relative to the constant temperature changes,
stresses are generally be induced in between the interfaces. These stresses may cause
failure at the interface or hinder the bonding between both components. Hence, the
lesser compressive strength of post-crack and repaired concrete specimens as

compared with the compressive stress of pre-crack concrete specimens was obvious.

In addition, the imbalance in mechanical compatibilities between repair
materials and the existing concrete might significantly interrupt the quality of adhesion
between both of the components. Commonly, the energy of adhesion between the
existing concrete and repair material was lower than the cohesion energy of the
existing concrete matrix itself. This was due to inequality in modulus material between
the repair material and existing concrete. [15] The inequality in modulus might be due
to the presence of coarse aggregate (Jacintho et al., 2020). There was a coarse
aggregate in the ordinary concrete specimens but not in the GNP cement mortar. In

this case, the post crack and repaired specimens might deform as more stresses had
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accumulated over the interface. At the same time, the high vulnerability of interfaces
to damages due to stresses could ease the debonding process. This is because the
interfaces might lose their resistivity to damages as the concrete specimens had been
exposed to compressive loads during the production of cracks through compression

machines.

Moreover, the high surface energy of GNP was used up during the mixing of
cement mortar. [16] The consumption of this surface energy was to facilitate
themselves to bind into the cement composite consisting of cement and water,
especially during the hydration process. When this cement mortar was being used to
repair the existing concrete surface, the surface energy of GNP had disappeared which
made the low compatibility between the GNP cement mortar and existing concrete.
Furthermore, steel reinforcement is useful and efficient in preserving concrete from
the unstable crack formation. Steel reinforcement was not in use for this study.
Although they were repaired with GNP cement mortar, the concrete specimens without
steel reinforcement were weak in resisting the formation of cracks. According to the
findings, ductile failure occurred as a result of increased loads, and the cracks
propagated from the original fracture tips during compressive strength testing. It was
determined that the initial compressive strength of the concrete specimens was higher
than the post-crack and repaired concrete specimens as a result of this ductile failure.

Figure 4.9 shows the propagation of crack from the original fracture tips.

FIGURE 4.9: The Propagation of Crack from the Original Fracture Tips

Furthermore, the final technical factor was the error in the cement mortar
mixing sequence. [17] Stable GNP dispersions could be obtained in organic solvents

or polar media like water. However, the dry dispersion of GNP was done by directly
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adding the GNP into the cement during the mixing of cement mortar. The first contact
of GNP was the cement but not the water. The error in the mixing of cement mortar
definitely would not make the distribution of GNP into cement composite easier. The
effect due to the dry dispersion might cause the poorer dispersion of GNP within the
matrix of cement composite and thus degrade the functionalities of GNP and finally
the strength of cement mortar.

In terms of human factors, without the specific method in repairing the concrete
cracks, a manual method was adopted to repair those cracked concrete specimens. For
example, the concrete crack widths were sealed by rubbing the cement mortar through
hand and trowel. It is undeniable that this way could only close up the crack width
from the external surface but not from the internal body. Besides that, the presence of
air bubbles embedded in between the existing concrete and repair material might cause
the poor finishing of repair works. This manual way of concrete cracks repairing is
one of the minor reasons why the lesser of compressive strength were in the post-crack

and repaired concrete specimens.

Not only that, the other human factor is due to the surface of existing concrete
was not cleaned before the placement of repair material. The loose material of the
existing concrete might serve as the obstacle to the bonding between the repair material
and existing concrete. Besides that, the mixing of GNP cement mortar was done
through a portable cement mixer with the rod. Sometimes the mixing of GNP cement
mortar by means of a mixer would cause unforeseen wastage such as spillage of the
materials. The spillage would cause the ratio of materials to become uneven and
different from the desired mix design. The uneven ratio of materials might cause the
mechanical properties of cement mortar to become unattainable. The human factor is
one of the reasons why the loss of compressive strength was in the post-crack and

repaired concrete specimens.

Lastly, if all the human factors could be minimized and it would improve the
accuracy of the results. Moving on, the findings on comparison between compressive
strength of post-crack concrete specimens and pre-crack concrete specimens were
within the expectation. The GNP cement mortar would be more aggressive than plain
cement mortar in retaining the compressive strength of post-crack concrete specimens.

However, none of the GNP cement mortar would be able to enhance the compressive
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strength of post-crack concrete specimens as compared with the initial compressive
strength of pre-crack concrete specimens.
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FIGURE 4.10: The Graph of Compressive Strength of Post Crack and Repaired
Concrete (MPa) against wt% of GNP by Cement

Figure 4.10 shows the graph of compressive strength of post-crack and repaired
concrete (MPa) against wt% of GNP by cement. On average, concrete specimens that
were repaired with 0.02 wt% GNP cement mortar showed the lowest reduction in
compressive strength as compared with concrete specimens that were repaired with
other mixes of GNP cement mortar. The compressive strength of the post-crack and
repaired concrete specimens were highest if 0.02 wt% GNP cement mortar was used.
The 0.02 wt% GNP cement mortar was able to retain the compressive strength of all
concrete specimens that were cured for 3 days, 7 days and 28 days. This was the
advantageous characteristic exhibited by this particular mix of cement mortar as it
showed consistency and effectiveness for all the concrete specimens despite their
curing days. The 28 days was enough for the concrete to ultimately develop its
mechanical strength. The results showed that the effectiveness of 0.02 wt% GNP
cement mortar towards the post-crack concrete in which it has been cured for 28 days
was a step forward to apply on the old and cracked concrete in the real construction

industry.
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4.3 TENSILE STRENGTH OF GNP CEMENT MORTARS-

The results obtained from previous evaluation found that a few numbers of
phenomena arose from the interfacial interaction between the existing concrete and
repair material. However, the study on the individual repair material without the
presence of existing concrete should be performed. This is why the tensile strength test
of this repair material was carried out through the Universal Tensile Machine (UTM).
The findings of this test could use as complemental evidence in supporting or rejecting

the compatibility of GNP cement mortar as the concrete repair material.

The cement mortars made up of a different percentage of GNP by weight of
cement were cast into dog boned shapes. The aim of these dog boned shaped cement
mortars were used to evaluate their tensile strength through Universal Tensile Machine
(UTM). These dog boned shaped cement mortars were cured for 7 days in order to
develop the maximum tensile strength. The findings of this evaluation would then be
used to validate the findings on the compressive strength of existing concrete repaired
with cement mortar. Figure 4.11 shows the graph of the tensile strength (kN) of cement
mortar against the wt% of GNP by cement.

I

('S

ro
ih b th L) n B n

Tensile strength (kN)
[ —

=TI

0 0.02 0.04 0.06 0.08 0.1 0.12
wt% of GNP by cement

FIGURE 4.11: The Graph of Tensile Strength (kN) of Cement Mortar against the
wt% of GNP by Cement
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Based on the findings, 0.02 wt% GNP cement mortar possesses the highest
tensile strength. The tensile strength was up to 4.7 KN and this was a shred of strong
evidence in supporting 0.02 wt% GNP cement mortar was the best mix of the repair
material. Together with this 0.02 wt% GNP cement mortar in which it possessed the
best capability in retaining the compressive strength of existing concrete after being
repaired with it. The retainable percentage was up to 71% and it was the highest among

other designs mixed of cement mortars.

While the lowest tensile strength was attributed to 0.1 wt% GNP cement mortar.
The tensile strength was down to 1.8 kN which was lower than 4.7 kN and 4 kN
possessed by 0.02 wt% and 0 wt% cement mortar respectively. In comparison, the
difference between the 0.1 wt% GNP cement mortar and the former was 62% while
the difference between the 0.1 wt% GNP cement mortar and the latter was 55%.

In relative to the tensile strength test, it served as evidence that the GNP
inclusion improves the tensile strength of cement mortar which is a requirement for
rehabilitation of damaged concrete. The effectiveness of GNP inclusion could be seen
through the comparison between the 0.02 wt% GNP cement mortar and the plain
cement mortar. The 0.02 wt% GNP cement mortar exhibit higher tensile strength than
plain cement mortar with 12.5%. The verification of 0.02 wt% GNP cement mortar
through the compressive strength and tensile strength was able to make itself the
optimum or ideal repair material for this study,

In addition, the highest tensile strength of cement mortar might be due to
microstructure densification. [18] The porosity of cement composites could be
considerably reduced, with densified microstructures, due to the combined action of
such a nucleating and filling effect of graphene (Wu et al., 2021). The 0.02% GNP by
weight of cement was sufficient and able to distribute uniformly within the matrix of
cement composite. A sufficient amount of GNP might also bind with hydration
products and thus develop the tensile strength firmly.

Last but not least, there was a significant positive relationship between the wt%
of GNP by cement and tensile strength of cement mortar as the p-value obtained (=
0.007) is less than 0.05. The variable "wt% of GNP by cement" had a substantial
influence on the tensile strength of cement mortar, showing that this feature is certainly

a probabilistic variable, according to the analysis of variance (ANOVA). Furthermore,
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adopting the 0.02% GNP by weight of cement resulted in tensile strength that was 12.5%
greater than those of cement mortar without GNP.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

There is a wide agreement among international researchers that concrete, the
most used construction material has to be modified at the scale of nano, where
nanotechnology is the future trend. This nanomodified construction material should be
taken the processing and handling issue, safety, resources and cost into consideration.
This consideration is crucial before the full potential of nanotechnology in concrete

application could be realised.

Based on the experimental research, the findings discussed here clearly show
that nanomodified cement composite through the introduction of graphene
nanoplatelets (GNP) in cement mortar contributes to the extraordinary performance of
strength and at the same time it is able to advance or expand the superior functionalities
of cement composite. However, there is least in using this nanomodified cement mortar
as concrete cracks repair material. Therefore, the author has been growing a deep

interest to explore and find out this gap.

In addition, when the term "repair™ is used, it refers to the process of returning
an object to its original state. Not only that, the word "repair" indicates keeping an
object in working order. The GNP cement mortar was not the best choice for restoring
the fractured concrete sample to its original, usable state in this circumstance. [19]
Successful concrete restoration means that there are no fractures in the concrete, even
when it is subjected to loads (Czarnecki et al., 2020). However, the GNP cement
mortar failed to rebuild the concrete and, more importantly, it failed to sustain the

concrete's durability.

Despite the failure of this cement mortar in enhancing the mechanical
properties of concrete such as compressive strength, however, this GNP cement mortar
is expected to have the capability of satisfying multiple functions, especially acting as
a barrier against concrete crackings by enhancing the interfacial interaction with the
existing cracked concrete. This is because the plain cement mortar without the content
of GNP possesses the least capability in retaining the compressive strength of post-

crack and repaired concrete. Other than that, the capability of repair material in
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retaining the mechanical properties is an extremely desired characteristic for building
up the durability of existing concrete structures in the long run.

The compatibility of repair material depends on its bond strength with the
existing concrete. Dimensional compatibility is the potential of the material to
withstand the load without further cracking or loss of bond. To ensure the realization
of dimensional compatibility, the repair material should have good tensile ductility and
lower or equal elastic modulus as compared to the existing concrete. Most important
Is that the repair material should be able to enhance the compressive strength of the
existing concrete and have good interfacial interaction with existing concrete. It is
undeniable that the 0.02% GNP cement mortar would be the potential and ideal repair
material as compared to plain cement mortar. This 0.02% GNP cement mortar could
attain the compressive strength of post-crack and repaired concrete specimens by 70%
of its original compressive strength

[20] Another disadvantage of incorporating nanomaterial into the concrete is
that when nanomaterial is used to improve strength, the particular concrete with better
strength might have a higher density than the plain concrete, resulting in a heavier
weight (Saleem et al., 2021). It is another challenge that should be taken into
consideration because lightweight construction materials are now more preferred over

heavyweight construction materials.

Last but not least, the repair material was allowed for settling and embedding
into existing concrete within 3 days. This was due to the time constraint as mentioned
above and the testing of compressive strength of the repaired concrete specimens was
performed straight after settling. However, if settling time was extended to 28 days,
the compressive strength of post-crack and repaired concrete specimens were expected
to be higher. This was because the strength gaining of repair material and its interaction

with existing concrete might take time.

41



5.2 RECOMMENDATION

First of all, the compatibility of the repair material with the existing concrete
Is critical in determining the repair's workability. The strong compatibility between
those components allows the repair material to foresee the degree of changes over time
and resist the pressures caused by volume changes caused by loads or environmental
factors. However, because the repair material is unlikely to function in the same way
as the existing concrete, therefore various studies can be carried out in finding out the
repair material that can interact with the existing concrete as a whole is critical.

The objective is to determine the compatibility of GNP cement mortar as the
repair material at the post-cracking stage. Except for this, the author would suggest
that the GNP be incorporated into the cement composite as the extra reinforcement
together with steel bars to the concrete. The author perceives that this incorporation
would lead to the crack width control as well as inhibition of crack propagation and
therefore the repair work to this crack could be minimized. However, this hypothesis
is needed to be further investigated in the future.

Besides that, the concrete cracking could also be due to drying shrinkage. The
characteristic of concrete that facilitates this shrinkage is the high permeability, This
allows the water to be evaporated out from the surface of the concrete. The author
perceives that the introduction of GNP into concrete could cope with this issue because
it would lower the permeability of concrete and then limit the evaporation of water
from the concrete surface. This issue is closely related to Malaysia due to the hot
weather. However, this hypothesis is needed to be further analysed in the future.

Last but not least, lacking in recovering original concrete compressive strength
with GNP cement mortar, further research and perspectives are needed for better
results. . The potential of GNP should be fully realized and then utilized as the ideal
repair compound. For example, the GNP cement mortar could be advanced to
engineered cementitious composite (ECC) by adding the PVA fibre or fly ash as the
mean of modifying the originality GNP cement mortar.
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