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Abstract: The properties of the infill material are an important parameter in predicting the performance and
behaviour of Fibre Reinforced Polymer (FRP) composite for effective design. This paper identifies the potential of
Multi-walled Carbon Nanotubes (MWCNTSs) as nanofiller in enhancing the performance of infill material. Two
compositions of MWNTSs at 0.1% and 0.5% of weight fractional were evaluated toward neat epoxy on tensile and
lap shear test. By comparing MWCNTs-based modified epoxy grouts and neat epoxy grout, a significant increase in
tensile strength was observed, especially with 0.5% of MWCNTSs by almost 53.3%. While the inclusion of MWCNTSs
showed a comparable increment in shear strength in both 0.1% and 0.5% weight fractional by 13%. The image of
morphologies showed that MWCNTSs were well incorporated into the matrix, making the cross-section of the fracture
rougher by sharing stress. This shows the potential of the MWCNTSs in changing the properties of the modified epoxy
grout, provided that the MWCNTS are appropriately dispersed throughout the resin matrix.
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1. Introduction

Oil and gas pipeline networks are normally made of steel. Like any other structure in engineering, the pipeline can
experience structural failure due to integrity degradation. Although steel pipes are technically strong, they have low
corrosion resistance and have become one of the pipeline system’s significant flaws, reducing its operational integrity.
This deterioration is likely to contribute to a bigger problem later if not treated. Therefore, the effective method of pipeline
repair has become a leading concern among industry players.

Removing or replacing the damaged pipe section using a relatively new pipe segment is a conventional method.
However, this technique is costly. Then comes the repair method using Fibre Reinforced Polymer (FRP) composite,
which has been regarded as a preferred technique to replace this conventional method ever since [1]-[4]. This repair
method is perfectly fit for structural repair that requires fast installation because of its lightweight, excellent strength and
resistance to corrosion [5], [6]. Besides, it can eliminate the risk of explosion since no hot works like welding are
conducted during the installation. Apart from removing the entire defective section, this composite repair can be used on
the operating pipeline by utilising the wrapper over the defect region with the epoxy grout as an infill material on the
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pipe surface and the cylindrical section [7]. This could mitigate the cost of fixing the pipeline with the potential to recover
the remaining strength of the pipe without the need to shut down the operation.

The recent research findings show that trends are changing from FRP wrapper to infill material [8]-[13]. The world
of the pipeline repair industry is now in progress to produce high-performance infill material [12], [14]-[16]. The goal is
to reduce the usage of wrapper layers since it is costly and challenging to manage, particularly for damaged pipes situated
in dense areas, the complexity of possible laminar failure and conservativeness in the existing design code for composite
repair thickness [15], [17], [18]. The primary role of infill material is to serve as a means of transferring load from the
pipe to the wrapping system. It is not designed to contribute to the system’s strength but only provides a smooth surface
in imperfect areas. This is essential to ensure that the outward budging of the rusty sector is continuously reduced.
Consequently, the efficiency of the infill material has been one of the criteria to determine the efficacy of the composite
pipeline repair system [8], [19]-[21].

Although previous researchers have made efforts to improve the properties of infill with nanomaterial, there are
some shortcomings in the study. There are dispersion issues, and the studies focus more on bonding performance [10]-
[12]. Modifying the existing epoxy grout can improve infill performance and increase its contribution to the repair system.
This material is commonly used in small amounts, so adding additional material on epoxy grout is limited. Therefore,
nanofiller, which can react efficiently with polymers in minimal quantities, are preferable. Hence, nanoparticle-sized
additives such as Carbon Nanotubes (CNTS) are receiving more attention to improve the performance of infill material.
In recent years, studies involving the integration of CNTs into various polymer matrices have greatly intensified. The
combination aims to produce a functional composite material that will improve its mechanical and electrical properties.
Researchers have studied the characterisation of CNTs-epoxy nanocomposites with different concentrations as low as
0.01 wt% by correlating different dynamic analysis techniques including dynamic mechanical analysis (DMA),
impedance and dielectric analysis (DEA) to find the optimum percentage. The studies have found that the critical
concentration of carbon nanotubes is between 0.1 % to 0.5 % of the nanocomposite composition [22]-[25]. The results
showed an initial increase in the mechanical properties of nanocomposites at low proportion and a decrease in higher
proportion. The homogeneity of the CNTs in matrix composition was confirmed as a critical point for the mechanical
behaviour of the nanocomposite.

Therefore, it is essential to characterise the mechanical properties of the modified epoxy grout to determine the
degree to which CNTs contribute to the reinforcement of the infill material. The information on infill properties can be
used to make an early prediction on the behaviour of the system for an optimum repair design using CNTs as nanofiller.
Therefore, this study investigates the ability of the nanofiller-type Multi-walled Carbon Nanotubes (MWCNTS) to
enhance the tensile and shears bonding properties of the epoxy grout.

2. Methodology

2.1 Materials

Liquid Bisphenol A Diglycidyl Ether (DGEBA) epoxy resin type crosslinked with an aliphatic amine hardener was
used in this study. The cured resin creates a hard-thermoset cross-bracing with a high solvent resistance and a relatively
high impact strength. The MWCNTSs with a purity of more than 97% carbon obtained from the local manufacturer were
used as particulate nanofillers for epoxy enhancement with particle thickness around 12.0~15.0 nm and a length of
12.0~15.0 pm.

2.2 Sample Preparations

Fig. 1 shows the pristine MWCNTSs with strongly entangled networks prior to the dispersion process. An appropriate
dispersion technique was applied to detangle the agglomeration using mechanical and chemical approaches. The
MWCNTSs were pre-dispersed first using the acetone-ultrasonication method for 15 minutes according to the prepared
weight percentage as shown in Fig. 2. The MWCNTs/acetone suspension was then left at room temperature for 24 hours
until it had fully evaporated. It is then followed by the calendering process of pre-dispersed MWCNTSs/acetone with resin
as shown in Fig. 3 using a three-roll mill (EXAKT 80E) machine. The mixture was fed into the first gap between feed
roll and centre roll before being moved into the second gap between centre roll and the apron roll linked by a 9:3:1 speed
roller. The process was applied at four consecutive cycles for 0.1 wt% and five cycles for 0.5 wt% of MWCNTSs. The
time required is about 10-15 minutes for each calendar cycle.
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Fig. 3 - Process of dispersion using the calendering method

Table 1 - The composition of epoxy grout

116nm

15.7nm

16:3nm

Composition (ratio)

Specimens DGEBA Remarks
Epoxy Resin Hardener MWCNTSs
Neat epoxy grout 2 1 - Control
0.1 wt% MWCNTs-based 2 1 0.1% Modified
0.5 wt% MWCNTs-based 2 1 0.5% Modified
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S

Fig. 4 - Preparation of modified epoxy grout

2.3 Tensile and Lap Shear Characterisation

Five specimens were prepared for tension and lap shear tests referring to appropriate industry standards. The 25kN
INSTRON 5567 universal test machine, as seen in Fig. 5, was used to conduct both tests. Dumbell or dogbone specimens
with the size of 13.0 mm x 3.2 mm were used for tensile testing, i.e., Type | of the ASTM: D638. The crosshead speed
used for the traction specimens was 5.0 mm/min. The specimens were marked and clamped at the top and bottom using
the end tab to prevent premature failure of the grip length. All specimens are equipped with strain gauges and attached
to a data logger at a specific INSTRON 5567 grip separation before being pulled up until failure.

A single lap joint test was conducted in accordance with ASTM D1002. ASTM D1002 determines the shear strength
of adhesives for bonding metals by applying tension loads to the specimens. Two pieces of carbon steel coupons
measuring 25.4 mm x 100 mm (width x length) were bonded together with a sample at each end where the two coupons
overlapped. The specimen was pulled in opposite directions to produce shear stress at the specified load rate of 1.27
mm/min.

12.7 mm

=

Tensile
test

Lap shear
test

Fig. 5 - Universal testing machine-INSTRON 5567

3. Results and Discussion
3.1 Tensile Properties

The pressurised pipeline will experience three stresses under circumferential (hoop), longitudinal (axial) and radial
directions [26], [27]. However, hoop stress is the most critical stress for the pipe under internal pressure. This stress will
cause the failure of the pipe in tension. Therefore, the tensile properties of repair material are considered as the most
important properties to be understood. The representative tensile stress-strain curves for each specimen are shown in Fig.
6. As can be seen, both control and modified epoxy grout displayed a linear stress-strain relationship in the initial elastic
region, and no plastic deformation has occurred before fail. Fig. 7 shows the fractured specimen for modified epoxy
grouts in the tensile test. All specimens failed due to splitting into two parts perpendicular to the direction of loading
during peak stress. No significant lateral dimensional differences were found in all specimens before failure.
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Fig. 6 - Specimens’ stress-strain curves
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Fig. 7 - The failure of tension specimens

Fig. 8 shows the effects of MWCNTSs addition on epoxy grout under tensile loading were compared. The tensile
strength and Young’s modulus of control grout (neat epoxy grout) and modified epoxy grout were found between 26
MPa to 40 MPa and 2.2 GPa to 2.4 GPa, respectively. The inclusion of MWCNTS in epoxy grout has significantly
increased the strength and modulus under tensile loading. Fig. 8 shows that the tensile strength of epoxy grouts with 0.1
wt% and 0.5 wt% of MWCNTSs nanofiller was 31% and 53.3 % better than the control grout, respectively. The increase
of the tensile strength is believed to be due to the MWCNTSs’ nano-sized dimension. MWCNTS have large reactive surface
areas, which contributed to effective stress distribution and reduced interfacial stress concentration [28-30]. However,
there is a slight reduction in tensile modulus at a higher percentage of the MWCNTSs filler.

Under tension, the bonding interaction is more important than the bridging effects. The strong interface between
MWCNTSs and matrix has led to higher strength and strain at break under tensile loading. This strong interface allowed
the load to be transferred from the matrix to the MWCNTS filler. This enhancement is supported by the Field Emission
Scanning Electron Microscope (FESEM) image as presented in Fig. 9. The image indicates that the MWCNTSs were
evenly distributed within the matrix. From the observation, most of the MWCNTSs nanofiller were dispersed into smaller
broken particles and ranging out of the epoxy resin, showing a rough profile compared to control grout. This reflects the
strong interfacial strength between MWCNTS and the resin matrix, which prevents MWCNTSs from being pulled out [31].
Thus, it effectually improves the mechanical properties of modified epoxy grout. However, some MWCNTSs bundles
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were observed at higher content of MWCNTSs, which is referred to as re-agglomeration that might have occurred during
the curing process. This could be a reason for the modulus reduction on the higher MWCNTS content.
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Fig. 8 - Specimen tensile strength and tensile modulus
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Fig. 9 - FESEM image of the fracture surface of control and modified epoxy grout

The dispersion of CNTs using ultrasonication and a three-roll mill has shown good results that correlate with previous
studies [32—-34]. The effect of shearing in the three-roll mill surely has succeeded in tearing the MWCNTSs agglomeration.
The material’s high strength is attributed to an exceptionally high surface area of MWCNTS, which in turn exhibits a
very high interfacial area [35]. Hence, the stress transferability across the interface is easily facilitated. The surface area
provided, which was combined with the specific mechanical nature of the nanofiller and the aspect ratio is a determining
factor for strengthening the epoxy mechanical matrix by nanoparticles. Therefore, a good nanofiller impregnation is a
prerequisite before the potential of MWCNTS as structural reinforcement.
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3.2 Shear Bonding

Another aspect that contributes to the efficiency of the composite repair system is the bonding strength between the
damaged pipe and the repair component [19], [20]. If the bond between the repair components is not sufficient, the load
will not be effectively transferred within the repair system.

The findings show that the addition of the MWCNTSs improves the adhesive strength of the epoxy grout. For both
modified epoxy grout, the bonding strength increases by around 13% compared to the control grout, from 5.83 MPa to
over 6.62 MPa and 6.63 MPa. On average, modified epoxy grout with 0.1 wt% and 0.5 wt% of MWCNTSs show
comparable shear strength despite differences in nanofiller content. The improvements in shear strength using this
nanofiller have also been reported in the literature [10], [36]. The failure surface of the tested grouts is shown in Fig. 10.
As can be seen, parts of the matrix remain on both surfaces of the steel coupons, signifying the cohesive failure pattern
for all tested grout. This shows that the chemical bond between the matrix and the steel coupon (steel) exceeds the solidity
of the matrix.

A strong bond at the adhesive/substrate interface indicated that the interaction between MWCNTS and the matrix
was achieved, which improved the adhesion performance of the MWCNTSs/epoxy grout material to the substrate.
MWCNTSs nanofiller was also found to increase the roughness surface of the matrix as captured in the FESEM image.
Hence, the mixture of an epoxy grout with MWCNTS increased the bonding strength of particles with the material in
contact. This indicates that the component will be durable throughout its service life. Other than that, it also can be
explained that MWCNTSs might have infiltrated properly within an epoxy matrix. However, no further improvement was
observed at the higher content of MWCNTSs. Since infill material is only used in small quantities, further addition of
MWCNTSs content might not be appropriate. The FESEM image also shows a bundle of MWCNTS in the matrix, which
restricts load transfer from the matrix to the nanofiller.

Cohesive Failure /

(a) Neat epoxy (b) 0.1wt% (c) 0.5wt%
MWCNTs-based MWCNTs-based

Fig. 10 - The failure of shear specimens

4. Conclusion

This study identified the potential of MWCNTSs in enhancing the tensile and bonding properties of epoxy
nanocomposite material. The deagglomeration of MWCNTSs was carried out through ultrasonication and three-roll mill
techniques. The experimental results demonstrated that the modified epoxy grout with 0.1 wt% and 0.5 wt% of MWCNTSs
improved tensile strength and shear bonding better than the neat epoxy grout. An increase of 31% and 53.3% were
recorded for tensile strength of 0.1 wt% and 0.5 wt% of MWCNTS, respectively, and bonding strength increased by 13%.
The addition of MWCNTSs has also increased the stiffness of the epoxy grout. The random orientation of the MWCNTSs
in the matrix accounts for the significant improvement in the performance of the epoxy grout. This demonstrates that the
effect of shearing in a three-roll mill was successful in tearing the MWCNT agglomeration. As a result, MWCNTSs have
been discovered to be very promising in terms of improving the strength, stiffness, and adhesion performance of epoxy
grout for pipeline repair applications. This suggests that the addition of higher MWCNTSs content may further improve
the material’s strength, provided good dispersion of MWCNTSs in the resin matrix to unlock its remarkable properties.
Therefore, the improvement in the properties of the infill material is seen as a significant step toward boosting the
effectiveness of the composite repair system by functioning as secondary layer protection in the system in the event of
composite layer failure.

Acknowledgement

319



Arifin et al., International Journal of Integrated Engineering Vol. 14 No. 1 (2022) p. 313-321

This work was supported by Universiti Teknologi Malaysia and the Ministry of Higher Education of Malaysia
(MOHE) under the Fundamental Research Grant Scheme [grant number FRGS/1/2019/TK03/UTM/02/7].

References

[1] Gibson, A. G. (2003). The cost effective use of fiber reinforced composites offshore. In Health and Safety
Executive Research Report. HSE Books. https://doi.org/ISBN 0717625915

[2] Seica, M. V., & Packer, J. A. (2007). FRP materials for the rehabilitation of tubular steel structures, for underwater
applications. Composite Structures, 80(3), 440-450. https://doi.org/10.1016/j.compstruct. 2006.05.029

[3] Lukécs, J., Nagy, G., Torok, 1., Egert, J., & Pere, B. (2010). Experimental and numerical investigations of external
reinforced damaged pipelines. Procedia Engineering, 2(1), 1191-1200. https://doi.org/10.1016/j.proeng.
2010.03.129

[4] Leong, A.Y. L., Leong, K. H., Tan, Y. C., Liew, P. F. M., Wood, C. D., Tian, W., & Kozielski, K. A. (2011).
Overwrap composite repairs of offshore risers at topside and splash zone. 18th International Conference on
Composite Materials (ICCM-18), 1-6.

[5] Shamsuddoha, M., Islam, M. M., Aravinthan, T., Manalo, A., & Lau, K. (2013). Effectiveness of using fibre-
reinforced polymer composites for underwater steel pipeline repairs. Composite Structures, 100, 40-54.
https://doi.org/10.1016/j.compstruct.2012.12.019

[6] Raj, K.S., & Nirmalkumar, K. (2014). Application of FRP wraps in arresting corrossion of steel structure (Review
Paper). International Journal of Engineering Science Invention Research & Development, 1(111), 129-134.

[71  Duell, J. M., Wilson, J. M., & Kessler, M. R. (2008). Analysis of a carbon composite overwrap pipeline repair
system. International Journal of Pressure Vessels and Piping, 85(11), 782—788. https://doi.org/10.1016/j.ijpvp.
2008.08.001

[8] Shamsuddoha, M., Islam, M. M., Aravinthan, T., Manalo, A., & Lau, K. (2013). Characterisation of mechanical
and thermal properties of epoxy grouts for composite repair of steel pipelines. Materials & Design (1980-2015),
52, 315-327. https://doi.org/10.1016/j.matdes.2013.05.068

[9] Shamsuddoha, M., Mainul Islam, M., Aravinthan, T., Manalo, A., & P. Djukic, L. (2016). Effect of hygrothermal
conditioning on the mechanical and thermal properties of epoxy grouts for offshore pipeline rehabilitation. AIMS
Materials Science, 3(3), 832-850. https://doi.org/10.3934/matersci.2016.3.832

[10] Baltzis, D., Orfanidis, S., Lekatou, A., & Paipetis, A. S. (2016). Stainless steel coupled with carbon nanotube-
modified epoxy and carbon fibre composites: Electrochemical and mechanical study. Plastics, Rubber and
Composites, 45(3), 95-105. https://doi.org/10.1080/14658011.2016.1144339

[11] Azraai, S. N. A. (2017). Characterization of epoxy grout as infill material for pipeline composite repair system.
Master Thesis, Universiti Teknologi Malaysia.

[12] Khan, V. C., Balaganesan, G., Kumar Pradhan, A., & Sivakumar, M. S. (2017). Nanofillers reinforced polymer
composites wrap to repair corroded steel pipe lines. Journal of Pressure Vessel Technology, 139(4), 041411,
https://doi.org/10.1115/1.4036534

[13] Lim, K. S. (2017). Behaviour of steel pipeline composite repair using epoxy grout as infill material. PhD Thesis,
Universiti Teknologi Malaysia. http://eprints.utm.my/id/eprint/84136/

[14] Zainal, N., Arifin, H. H., Zardasti, L., Yahaya, N., Lim, K. S., & Md Noor, N. (2018). Mechanical properties of
graphene-modified epoxy grout for pipeline composite repair. International Journal of Integrated Engineering,
10(4), 176-184. https://doi.org/10.30880/ijie.2018.10.04.028

[15] Azraai, S. N. A, Lim, K. S., Yahaya, N., & Noor, N. M. (2016). Characterization of mechanical properties of
graphene-modified epoxy resin for pipeline repair. International Journal of Chemical, Molecular, Nuclear,
Materials and Metallurgical Engineering, 10(1), 15-18.

[16] Lim, K. S., Zardasti, L., Noor, N. M., & Yahaya, N. (2019). Mechanical properties of graphene nanoplatelets-
reinforced epoxy grout in repairing damaged pipelines. Materials Science Forum, 962, 242-248.
https://doi.org/10.4028/www.scientific.net/ MSF.962.242

[17] Kopple, M. F., Lauterbach, S., & Wagner, W. (2013). Composite repair of through-wall defects in pipework —
Analytical and numerical models with respect to ISO/TS 24817. Composite Structures, 95, 173-178.
https://doi.org/10.1016/j.compstruct.2012.06.023

[18] Budhe, S., Banea, M. D., & de Barros, S. (2020). Composite repair system for corroded metallic pipelines: an
overview of recent developments and modelling. Journal of Marine Science and Technology, 25(4), 1308-1323.
https://doi.org/10.1007/s00773-019-00696-3

[19] Banea, M. D., & da Silva, L. F. M. (2009). Adhesively bonded joints in composite materials: An overview.
Proceedings of the Institution of Mechanical Engineers, Part L: Journal of Materials: Design and Applications,
223(1), 1-18. https://doi.org/10.1243/14644207JMDA219

[20] Soltannia, B., & Taheri, F. (2013). Static, quasi-static and high loading rate effects on graphene nano-reinforced
adhesively bonded single-lap joints. International Journal of Composite Materials, 3(6), 181-190.
https://doi.org/10.5923/j.cmaterials.20130306.07

320



[21]
[22]

[23]

[24]
[25]
[26]
[27]
[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

Arifin et al., International Journal of Integrated Engineering Vol. 14 No. 1 (2022) p. 313-321

Palmer-Jones, R., Paterson, G., & Nespeca, G. A. (2011). The flexible grouted clamp - A novel approach to
emergency pipeline repair. Rio Pipeline Conference and Exposition.

Allaoui, A., Bai, S., Cheng, H. M., & Bai, J. B. (2002). Mechanical and electrical properties of a MWNT/epoxy
composite. Composites Science and Technology, 62, 1993-1998

Moudam, O., Andrews, T., Lekakou, C., Watts, J. F., & Reed, G. (2013). Carbon nanotube-epoxy nanocomposites:
Correlation and integration of dynamic impedance, dielectric, and mechanical analyses. Journal of Nanomaterials,
2013, 1-11. https://doi.org/10.1155/2013/801850

Eldessouki, M., Shady, E., & Gowayed, Y. (2015). Mechanical properties of epoxy nanocomposites. Proceedings
of The 7th International Conference, NanoCon 2015, 1-8.

Hosur, M., Mahdi, T. H., Islam, M. E., & Jeelani, S. (2017). Mechanical and viscoelastic properties of epoxy
nanocomposites reinforced with carbon nanotubes, nanoclay, and binary nanoparticles. Journal of Reinforced
Plastics and Composites, 36(9), 667—-684. https://doi.org/10.1177/0731684417691365

Antaki, G. A. (2003). Piping and pipeline engineering (1st Edition). CRC Press. https://doi.org/10.1201/
9780203911150

Liu, H. (2003). Pipeline engineering. In Lewis Publishers. CRC Press. https://doi.org/10.1201/9780203506684
Liu, J., Fu, J, Ni, T., & Yang, Y. (2019). Fracture toughness improvement of multi-wall carbon
nanotubes/graphene sheets reinforced cement paste. Construction and Building Materials, 200, 530-538.
https://doi.org/10.1016/j.conbuildmat.2018.12.141

Liew, K. M., Kai, M. F., & Zhang, L. W. (2016). Carbon nanotube reinforced cementitious composites: An
overview. Composites Part A: Applied Science and Manufacturing, 91, 301-323. https://doi.org/
10.1016/j.compositesa.2016.10.020

Liu, J., Jin, H., Zhao, X., & Wang, C. (2019). Effect of multi-walled carbon nanotubes on improving the toughness
of reactive powder concrete. Materials, 12(16), 2625. https://doi.org/10.3390/mal2162625

Xiao, H., Song, G, Li, H., & Sun, L. (2015). Improved tensile properties of carbon nanotube modified epoxy and
its continuous carbon fiber reinforced composites. Polymer Composites, 36(9), 1664-1668.
https://doi.org/10.1002/pc.23076

Srivastava, V. K. (2012). Modeling and mechanical performance of carbon nanotube/epoxy resin composites.
Materials & Design, 39, 432-436. https://doi.org/10.1016/j.matdes.2012.02.039

Singh, S., Srivastava, V. K., & Prakash, R. (2015). Influences of carbon nanofillers on mechanical performance
of epoxy resin polymer. Applied Nanoscience, 5(3), 305-313. https://doi.org/10.1007/s13204-014-0319-0
Martin-Gallego, M., Yuste-Sanchez, V., Sanchez-Hidalgo, R., Verdejo, R., & Lopez-Manchado, M. A. (2018).
Epoxy nanocomposites filled with carbon nanoparticles. The Chemical Record, 18(7-8), 928-939.
https://doi.org/10.1002/tcr.201700095

Mahato, K. K., Rathore, D. K., Prusty, R. K., Dutta, K., & Ray, B. C. (2017). Tensile behavior of MWCNT
enhanced glass fiber reinforced polymeric composites at various crosshead speeds. IOP Conference Series:
Materials Science and Engineering, 178(1), 012006. https://doi.org/10.1088/1757-899X/178/1/012006

Gkikas, G., Sioulas, D., Lekatou, A., Barkoula, N. M., & Paipetis, A. S. (2012). enhanced bonded aircraft repair
using nano-modified adhesives. Materials & Design, 41, 394-402. https://doi.org/10.1016/j.matdes.2012.04.052

321



