Results in Engineering 25 (2025) 103735

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/results-in-engineering

t.)

Check for

Experimental investigation and theoretical prediction of sleeve reinforced  [w&s
PGFRP composite under flexural loading for cross-arm application

Vijayvignesh Namasivayam Sukumaar ** ©, Mohamad Ridzwan Ishak *"",
Mohd Na’Im Abdullah %, Mohamed Yusoff Mohd Zuhri ©¢,
Muhammad Asyraf Muhammad Rizal **

@ Department of Aerospace Engineering, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia

b Aerospace Malaysia Research Centre (AMRC), Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia

¢ Laboratory of Biocomposite Technology, Institute of Tropical Forestry and Forest Products (INTROP), Universiti Putra Malaysia, 43400 UPM Serdang, Selangor,
Malaysia

4 Advanced Engineering Materials and Composites Research Centre (AEMC), Department of Mechanical and Manufacturing Engineering, Universiti Putra Malaysia,
43400 UPM Serdang, Selangor, Malaysia

¢ Engineering Design Research Group, Faculty of Mechanical Engineeting, Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia

f Centre for Advanced Composite Materials (CACM), Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia

ARTICLE INFO ABSTRACT

Keywords:

Cross-arm

Elastic moduli

Flexural properties

Pultruded glass fibre composite
Sleeve reinforcement

Pultruded glass fibre reinforced polymer composite is used as a cross-arm material in high-rise transmission
tower application to suspend insulators, conductor cables and vibration dampeners. Due to long-term static
loading conditions, they fail due to incompetency in the cross-arm’s mechanical properties. This study establishes
a feasible method to improve the service life by retrofitting a sleeve reinforcement, sandwiching the composite
fastened by bolting, to strengthen the overall structure. This study is focused, at the coupon scale level, to
determine the influence of this structural element upon the elastic mechanical properties under instantaneous
and creep load conditions. The composite material and the stainless steel sleeve are fabricated using waterjet
machining and laser cutting respectively. A comparative study among the virgin and varying lengths of sleeve
reinforced composite is established for homogenizing this concept at the actual scale applications. It has been
observed that the composite reinforced with the sleeve of 100% length as that of the composite specimen showed
enhancement in its flexural elastic moduli by about 178% and 138% under instantaneous and creep load con-
ditions as compared to its virgin counterpart. The Findley numerical model in compliance with creep results was
used to generate equations to predict the deterioration of mechanical properties. This data helps to determine the
functional service life of the composite in actual application. The sleeve installation has been found to increase
the bending strength thereby resulting in reduced strain and promoting localized encapsulation, resilience,
toughness, load transfer capability and creep strain resistance of the PGFRP composite.

systems [2,3]. The majority of transmission towers, in a variety of sizes
and designs, are constructed using composite materials, hardwood

1. Introduction

Nowadays, in Malaysia, the electricity consumption in modern
metropolitan areas accounts for about 75% of total power consumption,
which is required to run the industrial and residential sectors to fulfil
everyday population needs [1]. As a result, high voltage transmission
towers must be constructed by energy companies to provide consumers
with sufficient electricity. A tower with a tall-latticed steel structure is
used to raise and uphold various components of the transmission line
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lumber and galvanized steel. Three primary working lines, at 132, 275,
and 500 kilovolts (kV), are used by these towers to accommodate the
electrical supply from 420 sub-stations [4]. A transmission tower con-
sists of structural components that are integrated into the peak, cage,
tower body and cross-arms. The cross-arm, as illustrated in Fig. 1, is one
of the most important part of the transmission tower. It is an extended
assembly made up of multiple long arm components that are used to

E-mail addresses: n.s.vijayvignesh@gmail.com (V.N. Sukumaar), mohdridzwan@upm.edu.my (M.R. Ishak), naimabdullah@upm.edu.my (M.N. Abdullah), zuhri@

upm.edu.my (M.Y.M. Zuhri), muhammadasyraf. mr@utm.my (M.A.M. Rizal).

https://doi.org/10.1016/j.rineng.2024.103735

Received 27 September 2024; Received in revised form 3 December 2024; Accepted 12 December 2024

Available online 13 December 2024

2590-1230/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0000-0002-5560-7606
https://orcid.org/0000-0002-5560-7606
mailto:n.s.vijayvignesh@gmail.com
mailto:mohdridzwan@upm.edu.my
mailto:naimabdullah@upm.edu.my
mailto:zuhri@upm.edu.my
mailto:zuhri@upm.edu.my
mailto:muhammadasyraf.mr@utm.my
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2024.103735
https://doi.org/10.1016/j.rineng.2024.103735
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rineng.2024.103735&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

V.N. Sukumaar et al.

' / Peak ‘ T

/ 7
Cross-arm : //
Structure ) /
il Cage
7 Insulator String
Vibration [~ ) .
Dampener [£ 5
s J’
_ ——»| Transmission Lines
Tower Body XN L)

Fig. 1. Cross-arm assembly in a transmission tower.

support overhead electrical utility lines.

Chengal wood was used to construct the cross-arms of a 132 kV
suspension tower since 1963. However, the scarcity of hardwood lumber
and the deterioration of wood over time have made it necessary to
discover new substitutes [5,6]. Given that the wooden cross-arm is made
of natural fibre, it showed signs of natural wood faults when subjected to
high humidity and continuous stress over an extended period of time
[7-12]. Therefore, a study proposed that a comprehensive strategy be
used to replace the wooden cross-arms in the Malaysian electrical grid
system with other alternatives, like glass fibre reinforced polymer
(GFRP) composite material [5]. The combination of E-glass fibre and
unsaturated polyester resin, exhibited promising qualities, performance
and manufacturability for large construction applications [13].
Numerous studies demonstrate the widespread usage of glass fibre
reinforced polymer composite in a variety of structural industries, such
as wind turbines, bridge decks, retrofitting beams and structural fas-
teners [14-17]. The composite is composed of fine fibres, which have
the advantages of being stiff, lightweight and mechanically strong while
requiring less raw materials and energy during manufacturing [18-21].
Recent studies also focus upon the utilization of natural fibres or a
combination of natural and synthetic fibres for structural applications
due to their sustainable advantages [22]. It has been experimentally
proven that the combination of kenaf and glass fibres have yielded not
just desirable mechanical properties but also superior creep and fatigue
responses prolonging the service life in real-world conditions [23].
However, the major drawbacks still exists in their inherent phenomenon
of being deteriorated due to water absorption, thermal ageing and
quicker yielding, which make them unsuitable for implementation in the
current applications [24].

Compared to hardwood lumber, pultruded glass fibre reinforced
polymer composites are relatively new in cross-arm applications, thus
the research on enhancing their long-term durability by utilization of
structural reinforcements is still in its early stages. Also, the utilization of
sleeves have so far found its application as a temporary repair mecha-
nism but never as a preventive measure to resist rupture and cata-
strophic failure. To address these research gaps, it is mandatory to
characterize their behaviour in real-time conditions, that is, to perform a
profiling on long-term mechanical testing (creep) upon the coupon scale
specimen as its experimental origin. The outcome of this study is
anticipated to indicate the applicability and functional capability of the
additional installation made to obtain desired results. A three-point
flexural testing mode is used in a coupon scale experiment to assess
the virgin and the bolted sleeve reinforced cross-arms made of pultruded
glass fibre reinforced polymer composite material. The mechanical
qualities would be assessed using these tests in terms of compression and
shearing activities [13,25]. This mode’s bending impact is realizable and
resembles the in-service cross-arm of a transmission tower’s cantilever
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beam mode [26]. Better comprehension and the ability to forecast the
materials’ service life can be observed from the creep pattern found from
cross-arm materials [20,27]. Thus, before proceeding on to a full-scale
cross-arm structure, this study would establish an initial and thorough
examination for the material used as cross-arm.

A traditional style of testing (load-based test) was carried out for
1,000 hours. The observed creep trends can be further expanded and
enhanced with the use of accessible numerical modelling. The most
commonly used numerical models are Burger model, Findley power law
model and Bailey-Norton model [28-31]. However, it has been vali-
dated that the Findley power law model is most suitable for imple-
mentation of studies related to cross-arms in transmission tower
application [14,32,33]. These models help scientists and engineers
forecast the material’s time-dependent, long-term features through
empirical formulations using power-based approaches or through
practical dashpot-spring element applications.

In this work, an instantaneous and long-term mechanical flexural
testing were conducted using coupon scale virgin and bolted sleeve
strengthened pultruded glass fibre reinforced polymer composite cross-
arms, to compare and characterize the quasi-static creep and flexural
properties in real time scenario. In several literatures, glass fibre rein-
forced polymer composite have been shown to have superior mechanical
qualities [14,34]. However, a comparative analysis of the long-term
mechanical characteristics of virgin and structurally reinforced
cross-arm material is still lacking. The purpose of this study is to esti-
mate quasi-static behaviours and creep trends in order to validate the
material and the proposed sleeve reinforcement for the cross-arms,
which are ideal for use in transmission tower applications. As a result,
it helps in understanding the functional role of structural reinforcements
upon composite materials in similar demanding applications. This
article also emphasizes upon the applicability of the creep model to
describe the creep strain of sleeve retrofitted pultruded glass fibre
reinforced polymer composite cross-arms in coupon scale size. Finally,
the research also creates a general equation to forecast creep response.

2. Methods

This research study is broken down into two phases: experimental
activities and numerical analyses. The subsequent sections explain the
research’s specific procedures and techniques in detail.

2.1. Materials

The coupon scale specimens of cross-arm material were made of
pultruded glass fibre reinforced polymer composite, comprising of 37%
volume fraction of E-glass fibre and 63% volume fraction of unsaturated
polyester resin, obtained from Electrius Sendirian Berhad, Selangor,
Malaysia. The coupon scale specimen size, are 124.8 mm long, 31.2 mm
wide and 7.8 mm thick with a length-to-thickness ratio of 16:1 as per
ASTM D790 standards [14,35]. Table 1 provides information on the
mechanical properties and laminate structure of the pultruded glass
fibre reinforced polymer composite used in the current study
respectively.

The stacked fibre laminate raster orientation, from the outermost to

Table 1
Mechanical properties of PGFRP composite [36,37].

Property PGFRP composite

Density 2580 kg/m® — E-glass
1350 kg/m® — Unsaturated polyester

Texture Fine, homogenously and unidirectional
fibre along the matrix

Shrinkage Low

Natural Durability Low

Modulus of Elasticity 29.8 GPa

Modulus of Rupture 858.0 MPa
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the innermost ply, is 45°/-45°/0°/90°/45° corresponding to the ply
thickness of 0.5/0.5/0.7/3.6/0.7 mm respectively with the remaining
thickness of 1.8 mm being filled by the matrix symmetrically [38,39].
These specimens are cut to desired dimensions from the full-scale
cross-arm structure by the utilization of waterjet machining, to avoid
heat generation, in order to prevent deterioration of the mechanical
properties. The sleeve reinforcement used are made of stainless steel
SS304 obtained from Tan Central Metal (Kuala Lumpur) Sendirian
Berhad, Selangor, Malaysia. Their dimensions were cut to 47.2 mm
wide, 2 mm thick with a varying length as a percentage, in steps of 10%,
of the span length of the coupon scale cross-arm, namely 50%, 60%,
70%, 80%, 90%, 100% whose equivalent dimensions are 62.4 mm, 74.9
mm, 87.4 mm, 99.8 mm, 112.3 mm and 124.8 mm respectively. The
composite is sandwiched using symmetrical steel plates and are fastened
together using SS304 M4 bolts, with a length of 16 mm, and nuts ob-
tained from Hua Hui, Zhongshan, China.

The retrofitted sleeve lengths are considered starting from 50% as
that of the span length of the composite specimen and lesser lengths are
neglected due to its inefficiency in enhancing structural integrity. As the
load is induced, the maximum stress occurs at the mid-point of the
specimen but the critical stress corresponding to failure occurs over a
region upon the surface [40]. This phenomenon has more pronounced
effects when subjected to long-term creep conditions. The shortest
length of structural reinforcement corresponds to 8 times the thickness
of the base material under deformation, which in this case with the
specimen thickness of 7.8 mm corresponds to 50% of the composite
length [41]. In order to overcome such drastic scenarios, the capability
of stress transfer has to be enhanced which thereby leads to neglecting
sleeve lengths less than half of the composite specimen due to their
negligible influence [42].

The sleeves are cut to dimensions, holes of 4 mm diameter are made
at an symmetrical equidistance of 10 mm using laser cutting technique.
This specific equidistance is used based on the generic condition that the
distance between the hole distance must be greater than at least 2.2
times the nominal diameter of the bolt to ensure uniform concealing
pressure upon the sandwiched composite specimen. whose assembled

(a) 1248 7.8
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31.2

Ls 2
(b) >

o O o o o O
~ $8304 Sleeve
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All dimensions are in mm
(c) Coupon scale

PGFRP composite
cross-arm
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Fig. 2. Coupon scale (a) PGFRP composite dimensions (b) SS304 sleeve di-
mensions (c) assembled test specimen.
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structure is illustrated in Fig. 2. The torque used to tighten the bolts to
form structure is 2.5 Nm, since SS304 M4 bolt-nut are used, which have
a critical maximum permissible torque of 3 Nm. The process of tight-
ening is done at a slower pace to ensure the avoidance of galling. The
torque wrench is used to ascertain the imparted torque thereby pro-
ducing a strong bond capable of inducing negligible slip potential.
Mitutoyo 2050A Japan, analog dial gauges were used to measure de-
flections produced under loads, supported using the magnetic holders.
The relative temperature and humidity of the open environment were
measured using the thermo-hygrometer. OriginPro V10.1 computer
software is used to evaluate the Findley numerical model.

2.2. Flexural load-deflection

In a quasi-static flexural test, the values of flexural strength and
modulus for virgin and sleeve installed pultruded glass fibre reinforced
polymer composite specimens were obtained by averaging five repeti-
tions. The examination was carried out based on ASTM D790, an in-
ternational testing standard. The flexural load-deflection is performed
within the elastic limit, to co-relate with real-time scenarios, upon the
specimens that are endured to a maximum load of 1760 N, determined
using the static flexural loading until failure, corresponding to 40% load
of ultimate flexural stress (UFS). This load parameter was identified by
introducing the specimens through short-term flexural tests using an
INSTRON Universal Testing Machine (UTM) with a nose fixture and
support diameter of 250 mm. The bending properties of virgin pultruded
glass fibre reinforced polymer composite was assessed under the
instantaneous loading effect at a loading speed of 3.33 mm/min in the
flexural test [14]. The elastic flexural load-deflection test performed is
used to identify parameters, namely, elastic flexural stress, elastic flex-
ural strain and elastic flexural modulus of the specimens using Eqs. (1),
(2) and (3) respectively [43].

3Fl

77 r W

where, ¢ represents elastic flexural stress in N/mm?, F represents load
induced in N, [ represents the span length of the specimen in mm, b
represents breadth of the specimen in mm, h represents the thickness of
the specimen in mm.

65h
€= 5 2)

where, ¢ represents elastic flexural strain, § represents deflection pro-
duced in mm.

Fl3

Epee = 15 3

where, Efe, represents elastic flexural modulus. Since, the loading is
done within the elastic limits; the elastic flexural modulus is same as that
of Young’s modulus (E) of the material.

In addition to elastic longitudinal mechanical properties, the elastic
lateral mechanical properties, namely, elastic flexural shear stress,
elastic flexural shear strain and elastic shear modulus can also be found
out using Egs. (4), (5) and (6) respectively [44].

3F

% = b @

where, o represents elastic flexural shear stress in N/mm?.

s
€ = ~——
: 2yl
where, d represents the distance from the neutral axis to the point of
application of load in mm and y represents the distance from the neutral
axis to the point of interest in mm. However in this case, the neutral axis
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is the mid-point so d = h/2 and the point of consideration is the outer-
most layer such that y = d = h/2. Hence, the above equation becomes,

hé

€s = ﬁ (5)
o;

Sﬂex = : (6)

s

where, Sgex represents elastic flexural shear modulus in N/mm?. Since,
the loading is done within the elastic limits; the elastic shear flexural
modulus is same as that of rigidity modulus (G) of the material.

2.3. Flexural creep

The flexural creep test upon the virgin and sleeve fastened pultruded
glass fibre reinforced polymer composite were performed as per the
international testing standard ASTM D2990. Based on the standard, each
specimen were induced to long-term constant loading for 1000 hours in
an open environment wherein the deformation values were obtained at
intervals of 0, 0.1, 0.2, 0.5, 1, 2, 5, 20, 50, 100, 200, 500, 700 and 1000
hours sequentially. 15 seconds after the working tension was applied,
the first strain, also referred to as the "immediate or instantaneous
strain", was measured. The creep mechanical properties of the speci-
mens were obtained by averaging three repetitions at three varying load
levels. These loads were split into three consecutive values within the
elastic limit, corresponding to the ultimate flexural strength (UFS) of
virgin pultruded glass fibre reinforced polymer composite, which are
10%, 20% and 30% respectively [14].

To measure the deflection value, the dial gauges were placed at the
top of the loading hook supported by the magnetic holders. The exper-
imental procedure was executed at tropical environmental condition to
mimic the real-time operational conditions. In Malaysia, there exists no
seasonal changes and entire year is experienced by alternating sunny or
rainy days within a standard range of temperature and humidity. In-
crease in either one of these physical phenomena results in reduction of
flexural modulus of the composite, that is, inversely proportional [45,
46]. These constantly varying conditions also results in alternating
elongation and contraction of the composite, which acts like a localized
cyclic loading resulting in a higher rate failure [47]. These physical
parameters directly affect the flexural loading by imparting changes in
the capability of stress distribution, material’s resistance to bending and
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other surface deteriorations eventually leading to reduction in desirable
mechanical properties [48]. Thus, investigation in actual scenario and
the effect of sleeve reinforcement ascertains the efficiency and the
novelty of the current study

The coupon scale specimens are mounted upon the test rig with a
loading hook whose inward face is welded with a cylindrical solid bar.
This bar acts as the contact interface between the loading hook and the
composite specimen, through which the induced load is imparted upon
the specimens. The region of contact of the bar is a line along the mid-
section of the specimen, perpendicular to the length of the specimen,
in compliance with ASTM flexural testing standards. The load is induced
along the vertical axis via the suspended fixture to hold slots, hung in-
line with the axis of the solid bar. The dial gauge is positioned verti-
cally above the loading hook at the mid-point, which helps determine
the deflection produced, when the load is engaged without any de-
viations such as coupling due to eccentric loads or offset axes. Prior to
the initiation of the experiment, all the specimens were stored under
room temperature for over a month and the entire measurement tools
were calibrated. The coupon scale experimental setup for execution of
flexural load-deflection and flexural creep studies are illustrated in
Fig. 3.

The creep specimens were coded, in order, C, P hyphenated with S,
that is CP-S, which stand for pultruded glass fibre reinforced polymer
composite, percentage value of constant loading (10 = 10% of UFS, 20 =
20% of UFS, 30 = 30% of UFS) and percentage of sleeve length (0 = 0%
(virgin), 50 = 50%, 60 = 60%, 70 = 70%, 80 = 80%, 90 = 90%, 100 =
100% of span lengths of the composite) respectively. This creep exper-
iment is conducted to identify creep mechanical properties and their
variation with respect to time thereby to observe actual functionality.
The overall detail of the creep parameters are tabulated in Table 2 whose

Table 2
Creep test parameters.
Set  Specimen Type (CPy) Duration No. of each Load
(Hours) specimen N)
1. C10-0, C10-50, C10-60, C10- 1000 3 436
70, C10-80, C10-90, C10-100
2. C20-0, C20-50, C20-60, C20- 1000 3 872
70, C20-80, C20-90, C20-100
3. C30-0, C30-50, C30-60, C30- 1000 3 1308

70, C30-80, C30-90, C30-100

Open environment condition |

Coupon scale
test rig

SS304 sleeve reinforcement

Mitutoyo
2050A
dial gauge

Magnetic
holder

Loading
hook

Induced load in vertical direction
at mid-point of specimen

Coupon
scale
specimen

Dial gauge in vertical direction
at mid-point of specimen

Fig. 3. Coupon scale experimental test setup.
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load parameters are obtained from study [14].
The stress-strain relation of the creep study is observed to follow
Hooke’s law, hence the Young’s modulus is found out using Eq. (7) [49].

E =

o
2 @]
€

A measurement called creep compliance expresses a material’s long-

term resilience in terms of strain per unit stress. It is comprehensible
mathematically as determined using Eq. (8) [50].

J(t) = €(t)/oo ®

where, J(t) represents creep compliance in MPa"l, ¢(t) represents strain,
dependent upon time and oy represents constant stress applied in MPa.

2.4. Validation model

In general there exists a few numerical models to validate creep data,
one such is the physical model called as Burger model, which consider
the parameters of elastic and viscoelastic moduli to predict the behav-
iour of the material subjected to steady state creep [28]. The Burger
model comprises of three major component such as a linear elastic
spring, a dash-pot, and the Kelvin-Voight element (a dash-pot along with
a combination of dashpots and springs) [51,52].These components use
elastic strain, permanent strain and viscoelastic strain to explain the
creep behaviour. Usually, the tension acts at the displacement tip,
resulting in an immediate strain. However, this model has been proven
to be not suitable for the service life prediction of composite materials
due to the model’s unfair assumption of linear relationship with time
and viscosity of the material [26]. Further, this model failed by pre-
dicting a steady decrease in the creep rate with time that resulted from
their relationship assumption to be a constant rather than as a depen-
dent variable [14,53].

Yet another numerical model employed for the creep study is Norton-
Bailey model that evaluates the primary and secondary creep under a
constant stress and temperature within the given time period [29].
Although this model is suitable for elaborating the transient creep of the
material derived through the analysis of the steady-state creep response,
this model cannot efficiently fit responses for longer durations [27,31].
In addition, the scope of this model lies only when the experiment is
performed within the controlled conditions with no major deviations in
temperature, which completely contradicts the current work wherein
real-time working conditions are employed. Over long durations, the
deviation from a positive to a negative fitting of obtained data has been
proven by experiments upon the composite specimens [14].

The empirical numerical model termed as Findley model can over-
come the drawbacks of the above said models. Findley model can be
employed to find long-term creep responses based on the early creep
strain data [54]. The parameters of this model is purely based on the
actual engineering parameters without having any limitations upon the
physical conditions and hence can validate the creep responses from the
current work effectively. Any influence from the physical conditions are
accounted for in the obtained experimental responses, as the evaluation
is done based on the integrated outcomes, rather than based on an in-
dependent parameter or an induced constraint. The results obtained
from creep experiments are validated using the Findley power law is
proven to be most suitable and feasible for implementation upon the
creep behavior of anisotropic materials [14,32,33] that can be deter-
mined using Eq. (9) [55].

Total Strain = Elastic Strain + Transient Strain
e(t) = e + at® ©

where, ¢ represents instantaneous strain, ¢(t) represents strain at a
particular time t, a represents stress-dependent coefficient and b repre-
sents stress-independent material constant wherein the values of a and b
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can be obtained by incorporating non-linear curve fitting technique in
OriginPro software.

3. Results and discussions
3.1. Load-deflection behaviour

The load-deflection values were measured using the dial gauges at
mid-point of the coupon scale pultruded glass fibre reinforced polymer
composite specimens with and without sleeve reinforcement along its
vertical axis as shown in Fig. 3. The average of load-deflection value was
obtained by repeating each measurement five times. Fig. 4 shows the
load-deflection response of both the virgin and sleeve strengthened
pultruded glass fibre reinforced polymer composite. It is evident that the
sleeved pultruded glass fibre reinforced polymer composite deforms less
than its virgin counterpart under the same loading pattern. As long as
there are minor deviations and no yielding of the composite material,
this relationship holds true [56,57]. In view of this phenomenon, the
pultruded glass fibre reinforced polymer composite is regarded as a
linear elastic material that complies with Hooke’s Law. More specif-
ically, as the length of the sleeve reinforcement increases the deforma-
tion produced upon loading decreases. This is due to the reinforcement’s
capability to resist deflection and its ability to withstand greater stress.
Additionally, the connected sleeve arrangement improves load transfer
capabilities, which in turn serves to reduce the critical stress concen-
tration zone thereby avoiding catastrophic failure by mechanizing the
stress distribution across a greater region.

Under the same loads, it was found that the initial deflection of
reinforced composite followed a pattern identical to that of virgin
composite. One possible explanation for this could be that the effect of
reinforcement comes into play only when the composite reaches a spe-
cific sagging point. This characteristic makes it easier to comprehend
how the span of the sleeve reinforcement contributes to improved me-
chanical properties because the structural reinforcement does not
experience reaction forces at the support elements during the initial
loading stages of the composite. In addition, this mechanism helps to
encapsulate that particular region endured to critical stress when
induced to mechanical loading without any constraints upon its degrees
of freedom.

Fig. 5 shows the longitudinal elastic flexural stress-strain plot of both
the virgin and sleeve fastened pultruded glass fibre reinforced polymer
composite. In order to examine its reactions in real-world operating
conditions, the load induced is within the elastic limits. The sleeved

Load Vs. Deflection

2000 -
1800 - .
/r‘/
1600 — 7
1400 - o
~ 1200 -
2
T 1000
©
o
=1 800 -
= Virgin
600 — —o— Sleeve 50%
—— Sleeve 60%
400 —v— Sleeve 70%
Sleeve 80%
200 - < Sleeve 90%
’ —>— Sleeve 100%
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0 1 2 3 4 5 6 7 8 9
Deflection (mm)

Fig. 4. Load-deflection plots of virgin and sleeve reinforced PGFRP composite.



V.N. Sukumaar et al.

Stress Vs. Strain (Longitudinal)

200 - s
%’50
180 @"G'
160 - -
140
& 120
£
»n 100 -
(7]
<
5 80
=— Virgin
60 —o— Sleeve 50%
—— Sleeve 60%
40 —v— Sleeve 70%
+  Sleeve 80%
20 <« Sleeve 90%
—— Sleeve 100%)
0

T T T T T 1
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Strain (mm/mm)

Fig. 5. Longitudinal stress-strain plots of virgin and sleeve reinforced
PGFRP composite.

pultruded glass fibre reinforced polymer composite exhibits a lower
strain than the virgin composite, with the concept of direct propor-
tionality with the sleeve length. This is because the addition of sleeve
reinforcement, which is able to withstand deformation and absorb more
energy before breaking when subjected to stress, has increased the
toughness of the structure. The incorporated structural element has
demonstrated to have increased the region’s transition resistance factor
from elastic to plastic, owing to the newer structure’s higher resilience
to withstand hiked strain energy.

Thus, the elastic region of the structurally reinforced composite had
greatly increased in comparison to its virgin counterpart, according to
the comparative analysis plot of stress-strain of virgin and sleeved pul-
truded glass fibre reinforced polymer composite. It has been proven that
the glass fibre in the unsaturated polyester (UPE) resin prevented the
early onset of failure due to the compatibility of the matrix and the
reinforcement [58,59]. Likewise, the installed structural reinforcement
has further enhanced this compatibility by altering the components to
enact as a single structure with the desirable advantages each element to
resist deformation and to promote load distribution properties.

Egs. (2) and (3) calculates the elastic flexural strain and modulus
respectively, in the longitudinal axis, for virgin and varying lengths of
sleeve retrofitted pultruded glass fibre reinforced polymer composites at
the maximum elastic load limit of 1760 N that yields a constant stress of
173.57 MPa as per Eq. (1), are tabulated in Table 3. Within elastic
bounds in the longitudinal axis, the structural reinforcement with a
lengths of 50%, 60%, 70%, 80%, 90% and 100% of the composite span
length has increased the pultruded glass fibre reinforced polymer com-
posite’s flexural modulus and, as a result, its resistance to bending under
load by 67.53%, 88.74%, 100.29%, 115.30%, 142.71% and 178.21%
respectively. Since the loading condition was within the elastic limit, the
Young’s modulus and the elastic flexural modulus are equivalent.

Table 3
Elastic flexural parameter values (longitudinal).

Specimen (PGFRP) Strain Modulus (GPa)
Virgin 0.0251 6.93

Sleeve 50% 0.0150 11.61

Sleeve 60% 0.0133 13.08

Sleeve 70% 0.0125 13.88

Sleeve 80% 0.0116 14.92

Sleeve 90% 0.0103 16.82

Sleeve 100% 0.0090 19.28
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Fig. 6 shows the lateral stress-strain graph for both the virgin and
sleeve reinforced composite. It is clearly seen that the lateral faces of the
pultruded glass fibre reinforced polymer composite is subjected to lesser
stress than the longitudinal faces. On the lateral axis of the composite,
the sleeve reinforcement does significantly improve the elastic me-
chanical characteristics. This insight guarantees that sleeve reinforce-
ment can be implemented on the actual-scale pultruded glass fibre
reinforced polymer composite cross-arms. Conversely, the pultruded
glass fibre reinforced epoxy composite used in the experiment had better
bending capabilities than the glass fibre reinforced epoxy composite
carried out by other studies [60]. This might be the result of the pul-
trusion procedure, which induced the glass fibre to maximum wetta-
bility with the resin to prevent the creation of voids in the composite
laminate [61]. Therefore, the bending qualities (strength and modulus)
of utilized composite and SS304 sleeve materials have substantial value
to be used in transmission tower and for other related heavy construc-
tion applications.

According to Egs. (5) and (6), the elastic flexural strain and modulus,
in the transverse axis, of the virgin and varying lengths of sleeve rein-
forced composites are tabulated in Table 4, for the induced stress of
10.85 MPa calculated using Eq. (4). Within elastic bounds in the lateral
axis, the structural reinforcement with a lengths of 50%, 60%, 70%,
80%, 90% and 100% of the composite span length has increased the
pultruded glass fibre reinforced polymer composite’s flexural modulus
and, as a result, its resistance to bending under load by 67.47%, 89.16%,
101.20%, 115.66%, 143.37% and 179.52% respectively. The rigidity
modulus and the flexural shear modulus are equivalent since the loading
was within the elastic limit. Two observable facts account for these high
modulus values: first, there exists no direct loading on the lateral faces of
the composite; second, the bulk phenomenon, which is caused by the
manufacturing process, causes load transfer to occur primarily in the
direction of the glass fibre reinforcement, or the path of least resistance.

3.2. Creep behaviour

Fig. 7 shows the strain rate graphs of the virgin and varying length of
sleeve reinforced composite at three different load levels. All the spec-
imens showed an increase in creep strain as the load levels increased.
The curves demonstrated that throughout 1000 hours of creep opera-
tion, there were two phases, elastic and viscoelastic zones. An aniso-
tropic material, such as polymeric composite, exhibits elastic behaviour
initially, followed by viscoelastic conditions, before entering the plastic
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Fig. 6. Lateral stress-strain plots of virgin and sleeved PGFRP composite.
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Table 4
Elastic flexural parameter values (lateral).

Specimen (PGFRP) Strain Modulus (GPa)
Virgin 0.1303 0.83
Sleeve 50% 0.0778 1.39
Sleeve 60% 0.0690 1.57
Sleeve 70% 0.0650 1.67
Sleeve 80% 0.0605 1.79
Sleeve 90% 0.0537 2.02
Sleeve 100% 0.0468 2.32

zone [62].

The indicated arrow in Fig. 7 suggests that the sleeve fastened pul-
truded glass fibre reinforced polymer composite in this experiment
transitioned from the elastic period to the constant viscoelastic state
more slowly than the virgin composite. This demonstrated that the
structural reinforcement, as opposed to virgin material, promoted a
more stable viscoelastic condition for cross-arm application. It is also
observed that this region of viscoelasticity is directly proportional to the
length of the sleeve reinforcement. After loading the specified weight for
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15 seconds, the initial strain was measured. This assessment was carried
out to categorize the degree of immediate strain. There was less creep
strain in the improved pultruded glass fibre reinforced polymer com-
posite with sleeve reinforcement than in the virgin material. This was
caused by the fabric interlayer contact mechanism, which increased the
strength of the structure by allowing the final layer of composite to
overlap with the upper layer of the sleeve structure in the presence of a
bolt and nut fastening mechanism [63]. Overall, the structural integrity
had found to be increased by the installation of sleeve structures. Similar
responses were found upon thin-walled aluminum tubes strengthened
with carbon fibre reinforced polymer which has proven to increase their
resistance to lateral crushing which thereby also enhances their capa-
bility absorb higher impact energies [64].

Fig. 7 is a plot between the creep strain (obtained by the ratio of
deflection produced to the span length of the composite) and the time.
The creep mode has three stages before rupture, namely primary, sec-
ondary and tertiary. However, since the loading is done within the
elastic limit the tertiary stage is not attained. The primary stage is a
completely elastic state and over time, under the influence of constant
stress, the secondary stage is reached via the transition state. The initial
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Fig. 7. Comparison of creep strain rate of virgin and varying lengths of sleeve reinforced PGFRP composite at (a) 10% (b) 20% (c) 30% load levels of ultimate
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gap seen in the plot corresponds to the instantaneous elastic strain. The
stronger the viscoelastic state (secondary creep stage) of a material
during the creep, higher is its functional service life, whose transition
initiation is indicated by the red arrow in the figure. It can be seen that at
all load levels, the sleeve reinforced composite transits from the elastic
to viscoelastic state at much lower creep strain indicating higher tran-
sient creep elastic flexural modulus that resists bending deformation by
promoting stress distribution. It can also be seen that there exists a direct
proportionality in fostering a stronger viscoelastic stage with the in-
crease in the reinforced sleeve length. The increased creep strains
experienced by the virgin composite, especially at the transition phase,
indicates that there exists acute stress concertation that eventually leads
to quicker failure. Numerically it can be seen that for a given constant
load, for instance say at Load = 30% UFS, the elastic to viscoelastic
transition initiation for virgin and 100% sleeve reinforced composite
occurs at a creep strain of about 0.0025 mm/mm and 0.0010 mm/mm
respectively, indicating an increase in the effectiveness of the sleeve
reinforcement to prevent rupture by about 60%.

Additionally, at the same stress level, the sleeve reinforced composite
experienced less creep strain than the virgin counterpart. According to
this observation, the pultruded glass fibre reinforced polymer compos-
ite’s intrinsic qualities, namely its unsaturated polyester matrix’s good
compatibility with glass fibre to facilitate stress transfer and enhance
bending performance is found to have further enhanced by the structural
sleeve reinforcement [65]. It is also observed that the sleeve length and
the region of encapsulation are inversely proportional to the creep strain
denoting the improvement in the resistance to deformations. Fig. 8
shows the relative temperature-humidity data experienced during the
testing period mimicking real-time tropical conditions for about 1000 h
in the open area with the average surrounding temperature (ST) of
29.5°C and relative humidity (RH) of 71.1 %.

Eq. (7) was used to identify the specimens’ Young’s moduli at
different load levels using the idea of Hooke’s Law. The average of these
values was determined and is noted in Table 5. The average Young’s
modulus of sleeve strengthened pultruded glass fibre reinforced polymer
composite of lengths 50%, 60%, 70%, 80%, 90% and 100% are found to
be 12.01%, 22.76%, 41.72%, 70.04%, 96.46% and 138.05% respec-
tively higher than that of virgin composite. The specimen’s stiffness,
resistance to deformation under load, and capacity for energy absorp-
tion and stress transmission under long-term static loading circum-
stances are all suggested by the specimen’s improved Young’s modulus.

The virgin and varying lengths of sleeve reinforced composite spec-
imens time-dependent compliance plots are illustrated in Fig. 9. The
stability of the material’s creep performance was revealed by the
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Fig. 8. Average temperature and relative humidity of open environment.
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Table 5
Initial Young’s modulus identification based on Hooke’s law.

Specimen  Stress Initial Initial Young’s Average Initial
(MPa) Strain (x Modulus (GPa) Young’s Modulus

10%) (GPa)

C10-0 42.99 6.25 6.88 7.91

C20-0 85.99 9.86 8.72

C30-0 128.99 15.86 8.13

C10-50 42.99 6.01 7.15 8.86

C20-50 85.99 8.37 10.27

C30-50 128.99 14.10 9.15

C10-60 42.99 5.53 7.77 9.71

C20-60 85.99 7.45 11.54

C30-60 128.99 13.14 9.82

C10-70 42.99 4.25 10.12 11.21

C20-70 85.99 6.81 12.63

C30-70 128.99 11.86 10.88

C10-80 42.99 3.19 13.48 13.45

C20-80 85.99 5.85 14.69

C30-80 128.99 10.58 12.19

C10-90 42.99 2.79 15.41 15.54

C20-90 85.99 4.89 17.58

C30-90 128.99 9.46 13.64

C10-100 42.99 2.32 18.53 18.83

C20-100 85.99 3.85 22.33

C30-100 128.99 8.25 15.64

uniformity of the creep compliance results for three replications of each
specimen under three different stress levels. The intended result was
achieved when the data demonstrated that the sleeve installed pultruded
glass fibre reinforced polymer composite specimen exhibited much less
creep compliance than the virgin composite for three successive load
levels and also comply with the physical sleeve length criteria, that is,
direct proportional relationship. This was ascribed to the sleeve re-
inforcement’s robust structural bonding, which eliminated any possi-
bility of slippage, and its compatibility with the composite, which
contained synthetic resin (unsaturated polyester) and homogeneous E-
glass fibre [66,67]. The pultruded glass fibre reinforced polymer com-
posite reinforced by a sleeve structure increased the composite’s
bending strength. This improvement comes from the applied load being
distributed between the more stiff fibre bundles enclosed within the
sleeve structure and the flexible matrix of the composite [68].

The increase in creep compliance in virgin composite can be attrib-
uted to the structural deterioration of the cell wall components, as a
result of the samples being exposed to continuously varying weather
conditions throughout the day [69,70]. This can cause the propagation
of micro cracks between the fibres and fibre pull-off due to the
increasing stress magnitude [71]. Primary creep was reduced in the
sleeved pultruded glass fibre reinforced polymer composite specimen
because its bending strength was greater than that of its virgin coun-
terpart. Structurally improved composites are often better at slowing
down the creep rate than virgin composites, extending the material’s
service life and enabling it to support a constant load. Furthermore, the
outcomes of these research could be extended to analyze effect of sleeve
reinforcement upon their localized loading point, deformation of
sub-surfaces, energy absorption characterizes and thin plate buckling
phenomena [72].

3.3. Creep numerical model

The Findley numerical model was incorporated to the creep experi-
mental data for validation whose plots along with the numerically
defined equations are illustrated in Fig. 10. The fitted parameters from
Eq. (9) are summarized in Table 6.

Due to the better steady-state creep response, it was found that the
sleeve reinforced composite exhibited lesser transient creep coefficient
‘a’, than the virgin composite. Although the pultruded glass fibre rein-
forced polymer composite had previously demonstrated to hold a higher
level of resistance to creep, it appears that adding a sleeve reinforcement
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(a) Creep Compliance Vs. Time (Load = 10% UFS)
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(b) Creep Compliance Vs. Time (Load = 20% UFS)

= C100
0.6 | ® c10-50
A C10-60
v C10-70
- ¢ C10-80 [ -
‘s 059 | « c1090 . '©
o » C10-100 o "
S - S .
- =
8 0.4 - - 8 0.6 - L
2 o34 V" s "y .
£ ° € . o o
o - ] o 04 = . ° ° a
(8] = o ° : A (&) e R A .
o 4
& st v v M @ 031 f 4 ¢ v M .
B 1y ¢ M M 4 S ool BT e M N N
o : : : : > > © 0.2+ !'/\/: : : > > >
0.1+
0.0 T T T T T T 0.0 T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (h) Time (h)
(c) Creep Compliance Vs. Time (Load = 30% UFS)
1'2'_ = C30-0
e C30-50
11 1| a c30-60
— 1.0 v C30-70
< || ¢ c3o0-80
& 094 | « c3090 g
o {| » c30-100 . -
o 0.8 .
o 1 n
S 074y = .
4 = ®
g 0.6 ] : . . R A
O 0549 = ° , A v v
o |1 m3a v v * .
9 04y Evy o, : : «
- 1 , < < >
S 03] ks > >
] f» > >
0.2 4
0'1 T T T T T T
0 200 400 600 800 1000
Time (h)

Fig. 9. Creep compliance against time of virgin and varying lengths of sleeve reinforced PGFRP composite at (a) 10% (b) 20% (c) 30% load levels of ultimate flexural

strength (UFS).

to the composite would not have an effect on the secondary stage of
creep [73,74]. The first creep of inelastic flow is represented by this
transient creep strain, which gradually diminishes until the steady state
period is attained [75]. In addition, both the virgin and sleeved com-
posite’s stress independent exponent ‘b’, fell within the typical range of
stress-independent material exponents [76-78].

Table 6 also summarizes the initial elastic flexural modulus (E,,) and
transient creep flexural modulus (E) have been derived from the Findley
model. The elastic flexural modulus helps in identifying the bending
strength, durability under sustained loads and stress transfer capabilities
that have a direct impact upon the failure of the composite. The transient
creep flexural modulus determines the strength of the composite to resist
deformation under rapid strain rate for the overall transition period as a
cumulative data. The average of these derived parameters is possible as
the entire loading is done within the elastic limits and provides overall
moduli corresponding to the defined limits at various load intervals. It
can be seen that both the elastic moduli are directly proportional to the
length of the sleeve reinforcement. The transient creep for sleeve rein-
forced composite with lengths 50%, 60%, 70%, 80%, 90% and 100% has
found to be increased by 60.54%, 66.54%, 72.40%, 72.54%, 75.74% and

83.56% respectively as compared to its virgin counterpart. The
compliance of Findley numerical model with the experimental responses
can be ascertained based on the initial elastic flexural modulus as similar
to that done based on the instantaneous elastic strain values as done in
Table 7.

It can be observed that the Adj. R? values of both the specimens at
various load levels are in the range of 0.9720-0.9907 fostering a stronger
reliability region of acceptance as validated by previous study [14]. The
creep trend explained the steady-state creep behaviour in the secondary
phase, making Findley’s power law model the best numerical model to
assess the creep performance of pultruded glass fibre reinforced polymer
composite [31,79]. By contrasting each specimen’s instantaneous strain
values with the experimental instantaneous strain, it was further
assessed and verified. Based on the ideas of Hooke’s law, which stipulate
that the value of instantaneous stress be linearly related to the stress that
is induced. The validation of creep behavior conducted for the above
mentioned specimens for further involved a comparison between the
initial elastic strain derived from experimental data and empirical
Findley’s model which are tabulated in Table 7 along with their error
percentage.
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Fig. 10. Comparison of Findley model incorporated creep strain rate of virgin and varying lengths of sleeve reinforced PGFRP composite at (a) 10% (b) 20% (c) 30%

load levels of ultimate flexural strength (UFS).

The acceptable percentage error is below the range of 20%-25% and
for the purpose of validating numerical data, percentage errors are
generally categorized into five classes: highly acceptable (0.0%-9.9%
accuracy), good (10%-14.9% accuracy), satisfactory (15%-19.9% ac-
curacy), fair (20-24.9% accuracy), and unacceptable (greater than 25
accuracy) [80,81]. From Table 7 it is evident that the maximum per-
centage error between the experimental data and Findley model is less
than 10% and that there exists higher similarity between the multiple
specimens of the composite. This work demonstrated that exact and
reliable results from the Findley numerical model were used to validate
the experimental data that were plotted to elaborate the creep properties
of the pultruded glass fibre reinforced polymer composite used for
cross-arm application.

In general, the creep properties of both the samples can be estimated,
as shown in Table 8, by applying mathematical equations. Since the
model’s adjusted regression is highest, the general equations for both
specimens are derived from Findley’s power law model and provide a
good approximation for the creep properties of pultruded glass fibre
reinforced polymer composite in a tropical climate.

10

4. Conclusion

A thorough comparative analysis of the flexural characteristics of the
coupon scale virgin and sleeve strengthened pultruded glass fibre rein-
forced polymer composite has yielded prominent information upon its
structural behaviour. The following is a summary of the main
conclusions:

e Pultruded glass fibre reinforced polymer composite has been
accepted for use in transmission tower applications as a cross-arm
material. Experimental research on the flexural load-deflection and
flexural creep responses provided important information about the
incorporation of structural sleeve reinforcement into the composite
material.

The study evaluated the properties with a sleeve reinforcement of
varying lengths and found that the length of the sleeve, and thereby
the region encapsulated by it, is directly proportional to the resis-
tance to deformation, ability to withstand higher loads and stress
distribution properties.

The numerical analysis of mechanical properties showed that the
sleeve length of just 50% of the span length has increased the
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Table 6
Summary of fitted and derived parameters using Findley numerical model.
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Table 8
Generalized equation within elastic limit.

Specimen  Parameters Specimen Equation to forecast creep response
€ a B Eeo = 0/¢0 Ec=o0/b Adj. R? Virgin e(t) = 5.53(1073)01973 4 o
(GPa) (GPa) :
50% sleeve e(t) = 2.60(1073)02223 | o
C10-0 0.00582  0.0042  0.206  7.38 10.23 0.9778 , E
€20-0 0.00947  0.0046 0.221 9.08 18.69 0.9887 60% sleeve e() =1.96(10°%)02%0 ¢ 7
C30-0 0.01477  0.0078 0.165 8.73 16.54 0.9797 70% sleeve e(t) = 1.73(1073) 02246 1 2
Average 0.0055 0.197  8.40 15.15 0.9821 : E
€10-50 0.00591  0.0008 0.279  7.27 53.74 0.9897 80% sleeve e(t) = 1.50(10°3) 0214 4 &
€20-50 0.00795  0.0035 0.168  10.82 24.57 0.9848 00% sl E
€30-50 0.01328  0.0035 0.220 971 36.85 0.9893 o sleeve e(t) = 1.33(1072)020% 4 o
Average 0.0026 0222  9.27 38.39 0.9879 100% sleeve e(t) = 0.90(10-%)021%0 4 €
C10-60 0.00543  0.0009  0.237  7.92 47.77 0.9870 E
€20-60 0.00709  0.0018 0.229 12.13 47.77 0.9881
€30-60 0.01247  0.0032  0.203  10.34 40.31 0.9835
Average 0.0019  0.223  10.13 45.28 0.9862 the sleeve reinforcement as the surface endured by loading is larger
€10-70 0.00426  0.0006 0272 10.09 71.65 0.9836 leading to much higher stress distribution, thereby leading to
€20-70 0.00643  0.0019  0.201  13.37 45.26 0.9759 . . . )
€30-70 001142 00027 0201  11.30 47.77 0.9864 reduced creep strain and ultimately helps achieve longer functional
Average 0.0017 0225 11.59 54.89 0.9820 service life of the cross-arms.
C10-80 0.00301  0.0011  0.205 14.28 39.08 0.9831 e The creep life enhancement can visualized by observing a tremen-
€20-80 000560  0.0017 0195 1536 50.58 0.9788 dous increase in the Young’s modulus of sleeve retrofitted pultruded
€30-80 0.01039  0.0017 0.243 1241 75.87 0.9907 . . . . o
Average 00015 0214 1402 518 0.9842 glass fibre reinforced polymer composge \.Nlth 100% of span length
€10-90 0.00265 0.0009 0.178 16.22 47.77 0.9720 by about 138.05% as compared to its virgin counterpart.
€20-90 0.00486  0.0012  0.219  17.69 71.66 0.9791 o The creep results are further validated using the Findley numerical
C30-90 0.00910  0.0019  0.219  14.17 67.89 0.9902 model and is found to be in compliance with the experimental data
Average 0.0013  0.205  16.03 62.44 0.9804 and a general mathematical formulae have have been derived from
C10-100  0.00214  0.0007 0.185  20.09 61.41 0.9739 . S . .
Co0-100  0.00369 00008 0241  23.90 107.49 0.9885 Findley model, for virgin and sleeve reinforced composite, in order to
C30-100  0.00815 0.0012 0.231  15.83 107.49 0.9848 forecast their creep properties.
Average 0.0009 0219  19.74 92.13 0.9824
Essentially, the proposed enhancement in creep characteristics of the
sleeve fastened pultruded glass fibre reinforced polymer composite are
Table 7 validated by this investigation. Under real-world circumstances, incor-

Comparison of instantaneous elastic strain values between experimental data
and Findley numerical model.

Specimen Instantaneous Elastic Strain, ¢g (x 10°%) Percentage Error (%)
Experimental data Findley model
C10-0 6.25 5.82 6.88
C20-0 9.86 9.47 3.95
C30-0 15.86 14.77 6.87
C10-50 6.01 5.91 1.66
C20-50 8.37 7.95 5.01
C30-50 14.10 13.28 5.81
C10-60 5.53 5.43 1.80
C20-60 7.45 7.09 4.83
C30-60 13.14 12.47 5.09
C10-70 4.25 4.26 0.23
C20-70 6.81 6.43 5.58
C30-70 11.86 11.42 3.70
C10-80 3.19 3.01 5.64
C20-80 5.85 5.60 4.27
C30-80 10.58 10.39 1.79
C10-90 2.79 2.65 5.01
C20-90 4.89 4.86 0.61
C30-90 9.46 9.10 3.80
C10-100 2.32 2.14 7.75
C20-100 3.85 3.69 4.15
C30-100 8.25 8.15 1.21

Young’s modulus of the material by 67.53%, which further leads to a
maximum increase of 178.21% for the sleeve length of 100% of the
span length. The sleeve installation has also proven to enhance the
transverse mechanical properties in addition to the longitudinal
mechanical properties, which makes it more desirable to be utilized
in actual scale cross-arm structures.

e The sleeve strengthened pultruded glass fibre reinforced polymer
composite has more stable creep properties as compared to the virgin
counterpart by fostering a strong viscoelastic region under loading.
This phenomenon is yet again directly proportional to the length of

11

porating this structural improvement seems to be a workable and most
feasible method for boosting the cross-arm’s strength and lifespan.
However, incorporation and evaluation at full-scale level would mark
the onset of the potential future research along with the focus on
financial and environmental sustainability would add additional value
to this application.
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