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Abstract. After years of operation, oil and gas pipelines are subjected to various damage mechanisms such as third party
damage, material defect, and corrosion. These damaged pipelines need to be repaired/rehabilitated to ensure safe
operation in the future. Nowadays, numerous rehabilitation techniques and repair methods are available for onshore and
offshore pipelines including the usage of Fibre-Reinforced Polymer composite. A composite repair system consists of
three parts which are composite wrapper, adhesive and infill materials and it is the most preferable techniques in
repairing damaged pipeline in oil and gas industry. High strength infill materials has the potential in improving overall
repair performance of composite repair system. The purpose of this research is to investigate the effectiveness of
graphene nanoplatelets as reinforcement to enhance the mechanical properties of epoxy grout used as infill materials by
adding 0.01%, 0.05% and 0.1% of graphene nanoplatelets. The dispersion was done by calendaring technique using a
three-roll mill machine where the graphene particles were de-agglomerated to achieve homogenous dispersion. The
results of tensile and compression tests show increment of strength for all graphene-modified samples. The strength
increment was recoded range from 23% to 50% and 9% to 22% under tensile and compression test, respectively. The
highest tensile strength was recorded at 20.89 MPa for sample with 0.1% graphene while sample with 0.05% graphene
shows 82.67 MPa in compressive strength. This signifies the effectiveness dispersion of graphene nanoplatelets as
reinforcement in the epoxy grout. As a conclusion, graphene nanoplatelets has great potential to improve the mechanical
properties of epoxy grout with the aid of proper dispersion process.

INTRODUCTION

Structure rehabilitation techniques involving repairing or upgrading pipelines systems in civil engineering
applications are techniques that commonly used in oil and gas industry. Pipelines in oil and gas industry are being
used to transport products such as oil and gas across various soil environments and from offshore to onshore plant.
Most of the pipelines that have been used for transporting products are subjected to various types of damage after
long service year [1-4]. The factors that contribute to the pipelines damage include corrosion, natural forces,
construction defect and third party damage [5-7]. Obviously, pipeline surface that is exposed to water and soil
environment will have higher corrosion risk due to active chemical reaction by its surrounding environment [8].
Most of the pipelines that have been operated for long duration and suffer from damages need repair and
maintenance to ensure that it can operate smoothly and safely [9]. This is very important for the safety and economy
purpose of public and pipeline operators.

Generally, repairing methods have been developed in order to extend the safety and durability of damaged
pipeline. There are two ways to repair pipeline which are conventional steel sleeve and composite repair system [3].
Conventionally, pipelines are repaired by removing the entire damaged section or using steel sleeve/clamp to
reinforce the damaged pipe. The conventional repair method has several disadvantages including safety issues due to
hot work, bulky, have limited applications for joints or bends and subjected to corrosion risk in the future. The
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Clock Spring Company show that the composite pipe repairs are stronger than the original pipe, allowing the
repaired pipe to perform at original Maximum Allowable Operating Pressure (MAOP) and it has been endorsed by
peer review and third party testing in oil and gas industry [10]. A composite repair system generally consists of 3
components; composite wrap, infill material, and adhesive. The advantages of composite repair system include
lightweight, high strength and stiffness, and good corrosion resistance. Even though composite repair systems offer
numerous advantages, several issues regarding the performance of the composite repair systems are not fully
understood. These issues include conservativeness in existing design codes, effect of defect geometry, and
performance and contribution of infill materials [11,12]. In addition, the composite wrap which deemed as main
strength contributor in the repair system could exhibit degradation over time when exposed to UV rays, moisture
and high temperatures which may potentially leads to sudden failure before the FRP composite reach its full
performance. Repair efficiency may be increase with the high performance infill material if it can be serve as second
protection layer if failure of composite occurs. However, some of the researchers ignoring the function of the infill
materials and mostly focused on the improvement and the performance of the composite wrapping component.
These researchers assume that the epoxy grout used is only to fill the void/defect of the damaged pipeline without
reinforcement on the pipeline. However, this assumption is not supported by any strong evidence.

Previous studies have pointed out that the infill has the potential to serve as load bearing component [12,13]. A
higher performance infill may improve the overall repair performance. Since the discovery of graphene
nanoplatelets, it have been widely used and proven effective in improving the mechanical properties of epoxy grout
with typical amount of graphene nanoplatelets added ranging from 0% to 2.5% [14-17]. Therefore, graphene
nanoplatelets is considered suitable to be used as reinforcement in this research due to its extraordinary properties.
Singhi stated that dispersion of nanofillers inside the epoxy resin can be very challenging for researchers. One of the
reasons is the low viscosity of resin will cause poorer dispersion of nanofiller [17]. This is one of the reasons why
this research needs to be conducted to achieve better result of dispersion. Therefore, this study aims to investigate
the dispersion of the graphene nanoplatelets inside the epoxy composite and it is hypothesized that good dispersion
will enhance the performance of the infill materials towards pipelines repair. With the enhancement of infill’s
mechanical properties, it can potentially increase the overall load bearing capacity by the repair system.

RESEARCH METHODS

The infill used in this study is commercially available steel-filled epoxy grout. The modification of neat epoxy
starts with mixing epoxy resin and graphene nanoplatelets using planetary centrifugal mixer, the Kakuhunter SK-
350TII. The graphene was added at different percentage into the epoxy resin and transfer into Kakuhunter SK-
350TII machine for 120 seconds for mixing and degassing purposes. The mixer is capable to accommodate mixing
and degassing for various materials regardless of any viscosity to achieve a homogeneous mixing. The mixing
process is shown in Fig. 1.

The dispersion process took place right after the mixing process is completed using three-roll mill. The modified
epoxy resin was then poured into the roller of three-roll mill EXACKT 80E machine. The calendaring process of the
three roll mill utilized the shear force created between the rollers to separate the agglomeration of graphene
nanoplatelets and dispersing it as evenly as possible. The dispersion occurred for three times started with speed 200
m/s for the first and second rounds and increases to 350 m/s for the final round. Figure 2 shows the calendaring
process of three-roll mill.

The percentage of the graphene nanoplatelets used in this study was 0.01%, 0.05% and 0.1%. After the
dispersion process is completed, the epoxy grout was moulded into prism shape with dimension of 12.7 mm x 12.7
mm x 50.8 mm for compression test in accordance to ASTM D695. The materials were also moulded into dog-bone
shape for tensile test. According to ASTM D638 standards, the specimen is of Type 1 with dimensions 13 mm x 3.2
mm at the narrow section and thickness of 3.2 mm. Finally, the specimens undergo curing process for 24 hours at
room temperature. Table 1 summarize the details for mechanical properties tests.
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FIGURE 1. (a) neat epoxy resin with graphene nanoplatelets; (b) mixing process with planetary centrifugal mixer;
(c) neat epoxy resin (left) and mixed resin-graphene nanoplatelets

FIGURE 2. Dispersion of modified epoxy resin by using three-roll mill EXACKT 80E machine.

TABLE 1. Summary of test detail.

Test Compression Tensile
Standards ASTM D695 ASTM D638
Number of samples 5 5
Dimensions (mm) 12.7x12.7x 50.8 13x3.2
Loading rate (mm/min) 1.3 3.75
Geometry Prismatic Dumbbell
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RESULTS AND DISCUSSION

Mechanical Properties of Modified Epoxy Grout

The results of tensile and compressive strength for all tested grouts are summarized in Table 2. The plus and
minus sign (+) after the average value represents standard deviation of the sample. Five specimens of modified
graphene were studied under tensile test and compression test. The strength values presented in the table are the
average of the maximum stress of 5 specimens when the failure of specimen occurred. Infill with high tensile
strength may potentially increase the overall load bearing capacity while high compressive strength is important to
aid for load transfer from defective pipe to composite wrap.

The tensile strength was observed to be ranged between 13 MPa to 20 MPa for tensile test and 67 MPa to 82
MPa for compressive test, respectively. As shown in Table 2, the tensile strength increase as the percentage of
graphene nanoplatelets added into the epoxy resin increases. When comparing with the control specimen, the tensile
strength of modified epoxy grouts shows increment of 23%, 38% and 50% for 0.01%, 0.05% and .01% of graphene
added, respectively. On the other hand, under compressive test, the modified epoxy grout has ability to increase the
compressive strength in all samples. The highest compressive strength is recorded at 82.67 MPa which is sample
with 0.05% graphene added to the epoxy grout. There is a 22% of strength increment as compared to control
samples. The compressive strength of 0.1% and 0.01% graphene also shows 9% and 20% increment when
comparing with control sample, respectively. This shows that the optimum percentage for the compressive strength
improvement is 0.05% for the tested graphene percentage.

TABLE 2. Tensile and compressive strength.

Epoxy Grout Tensile Strength (MPa) Compressive Strength (MPa)
Control sample 13.12+4.95 67.08 £10.24
0.01% of graphene 16.22 + 8.18 80.80 £5.10
0.05% of graphene 18.18 £ 1.38 82.67 +6.83
0.1% of graphene 20.89 + 8.09 73.02 + 11.61

Figures 3 and 4 show the stress and strain relationship for tensile and compression tests, respectively. As can be
observed in both figures, only linear behaviour is exhibited which represents elastic behaviour up to failure. There is
no noticeable plastic deformation can be detected in the figures. This signifies the brittle nature of the all samples.
This finding also supported when close observation is done to examine the failure pattern of the samples. Figure 5
shows the failure pattern for tensile (top) and compressive sample (bottom). The tensile sample split into two parts
while a vertical crack was noticed for compressive sample at maximum stress.
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FIGURE 3. Relationship of stress-strain for tensile strength.
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FIGURE 5. Failure pattern of tensile (top) and compression (bottom) specimen.
Morphology of Modified Epoxy Grout

FESEM results of all epoxy grouts are presented in Fig. 6. The FESEM test was conducted to study the failure
surface of selected tensile samples. As shown in Fig. 6, abundant of graphene nanoplatelets particles can be seen on
the failure surface of 0.1% graphene specimen while only few graphene particles was detected on the failure surface
for 0.01% sample. This indicates that the amount of graphene may still not up to the maximum quantity as
reinforcement for the epoxy grout in tensile specimen. Based on the findings of tensile test and supported by
FESEM result, a higher percentage of graphene has the potential to further increase the tensile strength.
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FIGURE 6. The failure surface of selected epoxy grouts.
CONCLUSIONS

Modification of commercially available epoxy grout has been achieved by adding graphene nanoplatelets as
reinforcement in order to explore the effect of graphene nanoplatelets towards the tensile and compressive
properties. It was found that tensile strength of the modified epoxy grout has been improved up to 50% by adding
few percentages of graphene for both mechanical tests. Graphene nanoplatelets show the ability to enhance the
strength of both mechanical properties of epoxy grout. In addition, it was found that the all epoxy grouts are brittle
type of material under tensile load. The optimum percentage of compressive strength considerably achieved at
0.05% sample of graphene because the strength is slightly dropped at the sample 0.1%.
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