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Pultruded glass fiber-reinforced polymer (PGFRP) composites are innovative materials used in high-rise 
transmission towers that undergo failure due to long-term static loading phenomenon. This research 
focuses on retrofitting PGFRP composite cross-arms with plug-in type sleeve reinforcements by 
employing a three-point bending (3 PB) test to analyze the cross-arm’s elastic properties, flexural creep 
response, and deflection behaviour. The addition of the sleeve retrofit significantly improved the load–
deflection behaviour and long-term creep resistance, by 45.30% and 47.10%, respectively. Findley’s 
power law model was used to accurately predict the viscoelastic response of the structure, revealing 
that the virgin cross-arm experienced a 75% drop in elastic modulus, while the sleeve-reinforced 
cross-arm saw only a 34% decrease indicating over 40% improvement in the cross-arm’s ability to resist 
deformation over extended periods. Additionally, the overall reduction factor improved by 0.51 in 
contrast to virgin cross-arm. The sleeve-reinforced cross-arm showed reduced deflection, better creep 
resistance, increased bending strength, and a longer theoretical lifespan. Predictions indicate that the 
improved cross-arm surpasses the current one in long-term mechanical performance.
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The transmission towers in Malaysia employed wooden cross-arms during the initial establishment of 
power lines1. Figure  1 illustrates the various parts of the transmission tower. One of the key component of 
the transmission tower that suspends the utility wires and insulators are known as cross-arms, ensuring that 
the wires are kept safely above the ground. These cross-arms were first employed in 1929 upon 66 kV towers 
made of Neobalanocarpus, commonly referred to as Chengal wood. In 1963, their use was expanded to 132 kV 
suspension towers. By the late 1990s, it was hard to acquire wood that could be utilized to create cross-arms 
of high quality since cross-arms made of wood succumbed to weathering due to ageing. Furthermore, these 
cross-arms started to disintegrate just after 14 years of use due to natural wood flaws, which was shorter than the 
expected service life2–4. Pultruded glass fiber-reinforced polymer (PGFRP) composite, a lightweight and highly 
durable alternative to wood, was used to preserve the sustainability of non-conductive cross-arms5–8.

The pultrusion manufacturing technology was chosen for these composite structures because its capability for 
large scale production and provision of better mechanical qualities than wood9–11. The E-glass fibres wetted with 
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unsaturated polyester resins were pultruded to create the cross-arm components on account of their desirable 
qualities such as being affordable, robust, lightweight and corrosion resistant12. Due to its symmetrical square 
tube design, they possess excellent static loading properties and is anisotropic. When compared to alternative 
fibre orientations, the longitudinal direction of the PGFRP composite cross-arm design exhibits a noticeably 
stronger mechanical performance.

The primary issue that researchers noticed after some time of operation was the high-rise transmission tower’s 
PGFRP composite cross-arm’s sudden breakdown11,13. Common mechanical problems include cable breakage, 
creep, large temperature and humidity fluctuations, vibration, and dynamic loads like wind14–16. This rapid 
deterioration can disrupt the electrical transmission and increase the electrical provider’s maintenance costs17. 
The electrical conductor lines will be drawn closer to the ground by the broken cross-arm, and this exposure 
can lead to fatality to by-walkers and other infrastructure10,18,19. Low fibre bonding and stacking sequence20,21, 
compression and tension failure22, and low material creep23,24 are some of the factors that have been linked 
to the cause of an abrupt failure. Table 1 lists a number of compilations of cross-arm problems that have been 
recognized along with suggested fixes that have been thoroughly examined by multiple research.

Creep behaviour refers to the time-dependent deformation of a material when subjected to a constant load 
or stress over an extended period. Unlike instantaneous elastic deformation, creep occurs gradually and can 
lead to significant dimensional changes or mechanical degradation under sustained service conditions. This 
phenomenon becomes particularly critical in polymer-based materials and their composites, such as GFRP, 
due to the viscoelastic nature of the polymer matrix23. In the context of GFRP composites used for structural 
applications, such as bridge decks, beams, marine structures, and reinforcing bars, the assessment of creep 
behaviour is of great importance. These materials are often exposed to prolonged loading conditions in real-
world scenarios, including static mechanical loads, environmental conditions such as temperature and humidity, 
and cyclic/dynamic operational loads24. If the time-dependent deformation is not adequately accounted for, 
it can compromise the dimensional stability, load-bearing capacity, and long-term safety of the structure. 
Furthermore, the anisotropic and heterogeneous nature of GFRP composites means that creep behaviour does 
not occur uniformly across different loading directions or environmental conditions. Studying this behaviour 
enables engineers and material scientists to predict the service life more accurately, develop reliable design 
models, and implement appropriate safety factors in structural applications. By investigating creep mechanisms 
in GFRP, including matrix flow, fibre-matrix debonding, and microstructural damage accumulation, researchers 

Cross-arm problems Proposed solutions Ref.

Corrosion and ageing of steel & wooden cross-arms subjected to environment Adoption of glass fibre reinforced polymer composite material 25,26

Higher self-weight of cross-arms Introducing variations in fibre laminate stacking and raster angles 11,27

Reduced durability of cross-arm over longer time period Incorporation of bracing fixtures encompassing tie and main members 28,29

Redundancy in structural reinforcement and higher slip potential Install honeycomb structure and filament winding at critical point 30–35

Increased slackness of electrical lines due to higher offset of cross-arms Fasten the cross-arms to body of the tower 36

Practical loads and varying environmental conditions deflate the mechanical properties Utilize hybrid natural fibre or filled-honeycomb sandwich structure reinforced 
polymer composite

37

Table 1.  Overview of past research related to cross-arms.

 

Fig. 1.  Various parts of a transmission tower4.
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can enhance the material formulation and optimize composite architecture for better performance and 
durability14. Thus, understanding creep behaviour is not only fundamental for structural reliability but also 
essential for advancing sustainable and cost-effective composite design in civil infrastructure.

The failure of cross-arm structures is a significant issue, yet effective solutions remain elusive. At present, 
the primary approach to addressing the sustainability challenges of PGFRP composite cross-arms involves 
temporary strengthening with additional structural components. To prolong their service life, one such 
strategy is the installation of bracing fixtures28,29. However, these bracing systems present difficulties in terms of 
installation, repair, and maintenance. Additionally, they can lead to slippage due to the immense load they place 
on the beams, and their design redundancy could result in catastrophic failure. Furthermore, these systems often 
incorporate wooden components, which deteriorate more rapidly than the composite material, rendering them 
unsuitable for prolonged use. Another technique employed involves bonding honeycomb sandwich structures 
to the outer surfaces of PGFRP composite cross-arms30,31. These honeycomb reinforcements are attached using 
polyester resin, but factors like heat, moisture, and ultraviolet (UV) light can degrade the resin, weakening its 
mechanical properties and adhesive strength, ultimately increasing the risk of failure of the reinforcement38–40.

Metamaterials with negative Poisson’s ratio offer a way to build even-numbered modules into polygons 
with pivots39. This contribution to the latest material design advancements expands design possibilities for 
various applications by strategically eliminating hinges to create fully deployable structures. Their parametric 
study explores how different variables influence mechanical properties and fatigue lifespan40. In the meantime, 
another study uses techniques like group theory and the bar-hinge model to investigate the multi-stability of a 
hexagonal origami hyperar, which identifies stable configurations and parameters that influence the transitions 
between these states41. Researchers concentrate on the creep response of GFRP pultruded flexural components 
to understand their long-term behaviour. This study focused on analyzing GFRP deck panels over a 5-month 
period. By simulating creep behaviour, it led to identification of inconsistencies in design standards42. Numerous 
studies have also proposed modifications to the design in order to prevent or lessen such deteriorations43,44. 
There is currently a dearth of basic research on proposing a unique design for desired use in such members.

The literature shows that although PGFRP composite cross-arms outperform wooden beams, they still face 
sustainability issues. These cross-arms lose mechanical integrity over time due to environmental exposure, 
with stress from transmission lines and weather elements contributing to failures. Current solutions, such as 
temporary bracing or honeycomb panels, are short-term fixes. These methods are costly, require skilled labour, 
and do not address the buckling failure, which arises due to the slenderness of the cross-arm member. In 
addition, the fact that the failure of the cross-arm is a point phenomenon, as described by the previous research 
works, is void as such long structures subjected to dynamic loads for longer duration causes uneven stresses 
along the critical region rather than at a critical point. Structural strengthening needs to be suitably adopted so 
as to counter all of these mentioned drawbacks along with the feasibility of incorporation.

Thus, this study will look into the possibility of employing plug-in type sleeve reinforcements. The structural 
sleeve reinforcement aims not only to offer a practical solution by enhancing structural strength but also to 
form a unified component that limits cross-arm deflections along both vertical and horizontal axes, ultimately 
increasing its operational lifespan. In order to improve the cross-arms by installing sleeves, the numerical 
deformation behaviour was examined28 and other similar mechanical experimental research works upon 
polymer composite beams to understand the failure modes45,46.

Another objective of this project is the creation of novel plug-in type sleeve reinforced composite cross-arm 
structures, with an emphasis on the load-bearing capacities and durability of high-rise transmission towers. 
The construction industry frequently uses sleeve installations because of their effectiveness in reinforcing and 
connecting essential portions between beams, columns, and other structurally different connections with 
a loading pattern akin to that of the cross-arms47,48. As a result, the sleeves may provide the required load-
sustaining capacity in long-term applications while avoiding yielding that could result in rupture.

The flexural behaviour of sleeve constructions has been thoroughly studied by researchers, who have looked 
at a number of variables, including material stiffness and bending resistance. Research has evaluated the flexural 
characteristics of sleeve reinforced polymer composite beams49–51. Flexural behaviour information is necessary 
for characterization procedures to evaluate a material’s appropriateness for practical uses. Three-point bending 
tests have been utilized in studies to validate the mechanical behaviour of various composite sleeved beams, to 
understand the impact of physical dimensions in adjusting flexural properties, and explore novel designs for 
enhanced performance52–54.

In order to increase load-carrying capacities, recent research has focused on optimizing sleeve constructions 
through creative designs, material selection, and parameter optimization55–57. The importance of taking local 
denting effects into account in theoretical assessments is highlighted by the inherent consistency58. Furthermore, 
studies on sleeve constructions have shown that they are more capable of absorbing energy and supporting 
loads than their virgin counterpart. Research also looks at creep behaviour to understand material reactions 
and mechanisms under constant static loads59–61. Recent creep analysis studies evaluate creep performance in 
tropical regions using both applied and theoretical methods62–64.

The response of sleeve-reinforced PGFRP composite cross-arms in 132 kV transmission towers to flexural 
load–deflection and flexural creep remains unexplored. Moreover, no research specifically examines the flexural 
behavior of cross-arms strengthened with sleeves. The characteristics of full-scale PGFRP composite cross-arms 
are not fully covered in the majority of the literature and are found to be limited at the coupon size level. In order 
to provide an empirical model and experimental data of a full-scale sleeved PGFRP composite cross-arm, this 
study presents analysis of sleeve retrofitted cross-arm structures that offers insights upon their development. 
By employing such techniques, this study aims to shed more light on the importance of the sleeved structure in 
structural applications.
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Methodology
The research methodology used in this study can be essentially categorized into two groups: numerical analysis 
and experimental works. The detailed investigations of this study are discussed in the sections that follow. 
Figure 2 displays the flowchart for the integrated methodology.

Materials
Initially, the plug-in type sleeve is fabricated and then integrated onto the PGFRP composite cross-arm member 
manufactured by Electrius Sendirian Berhad, Malaysia. The cross-arm’s 102 × 102 mm2 square cross-section and 
7.8 mm wall thickness with a total length of 3651 mm meets the specifications set forth by the multinational 
electricity company Tenaga Nasional Berhad (TNB), Malaysia. Its unidirectional, miniscule fibre texture is 
consistent with polymer matrix composites5,14. Table 2 and Table 3 respectively displays the full-scale cross-arm 
main member specifications and the standard-compliant attributes of the utilized PGFRP composite.

The adoption of particular configuration of composites is due to the many positive implications at each 
laminate level. Varying the fibre orientations could help enhance the flexural strength and damage resistance. 
These orientations are frequently used in real-world applications where composites experience multi-directional 
loading69. The layer thicknesses variations have direct influence on the composite’s stiffness and load transfer 
capabilities. Thicker layers are anticipated to improve load-bearing capacity, while thinner layers may enhance 
flexibility and damage resistance. By alternating different thicknesses, the overall mechanical performance could 
be improved70. The configurations were chosen to reflect a range of practical design scenarios, where varying 
stacking sequences and layer thicknesses are used based on specific load conditions and performance needs. These 

Property PGFRP composite

Density 2580 kg/m3—E-glass
1350 kg/m3—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

Table 2.  Properties of PGFRP composite65,66.

 

Fig. 2.  Flowchart of research activities.
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configurations help identify the optimal combinations of stacking sequence and layer thickness for particular 
applications. By testing various configurations, the aim to simulate real-world composite structures and gain 
a deeper understanding of how these parameters interact to affect performance under load were materialized.

The structural grade stainless steel SS304-2B sheets were purchased from Tan Central Metal Sendirian 
Berhad, Malaysia, in order to fabricate the sleeve reinforcement. The length of the sleeve reinforcement was kept 
constant throughout the study at 1200 mm, or roughly one-third of the cross-arm’s total length63. The sleeves 
were made as two symmetrical halves that encompass all the faces of the PGFRP composite cross-arm with 
flanges. This plug-in type reinforcement integrates directly into existing cross-arm members without requiring 
disassembly of the structure. Although the electrical conductivities of the materials employed are not the focus 
of the study, stainless steel was chosen since it is significantly less conductive than the mild steel and aluminium 
that were previously utilized as reinforcement28–31. Furthermore, the 1.5 mm thick silicone rubber sheets were 
used to insulate the interface between the PGFRP composite cross-arm and sleeve. These sheets also serve as a 
water-proof medium and lessen the possibility of slippage.

The sleeve is fastened to the cross-arm main parts. The silicone rubber was added to create a cushioning 
effect71,72. Since the mid-point of the cross-arm is the critical area of failure, the two sleeve halves are positioned 
symmetrically to provide a transition fit29,31. The bolting of the sleeves were done wherein the spring washers 
absorb shock by providing an axial load that counteracts vibrations, whereas flat washers evenly disperse the 
fastener’s load73,74. The fine threaded bolt guarantees a higher strength of reinforcement in both shear and 
tension because of its broad contact area75. Figure 3 shows the transition fit sleeve mounted PGFRP composite 
cross-arm.

Experimental setup
Three-point bending (3 PB) loading condition, as per ASTM D790 and ASTM D2990 standards, were employed 
along the longitudinal direction to analyze the elastic bending properties of a single cross-arm main member 
under instantaneous and creep loads respectively76,77. The induced load on the cross-arm member was measured 
using a 3-ton crane scale. To record the generated deflection, an analogue dial gauge (Mitutoyo 2050A, Japan) 
was placed at the centre of the loading hook on the cross-arm member, as shown in Fig. 4. The creep tests were 
conducted in outdoor environment to mimic the actual operational conditions.

Fig. 3.  Sleeve mounted with a transition fit before fastening.

 

Material Resin Fibre

Composition

 PGFRP
Composite

Unsaturated polyester 
(UPE) (63 vol. %)

E-glass fiber
(37 vol. %)

Composite layer Orientation (°) Thickness (mm)

Parameters

 First (outer) 45 0.5

 Second − 45 0.5

 Third 90 0.7

 Fourth 0 3.6

 Fifth (Inner) 45 0.7

Table 3.  Parameters of PGFRP composite67,68.
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Flexural load–deflection experiment
The PGFRP composite was considered as an anisotropic material. Thus, in this investigation, the equation of 
beam deflection that takes into consideration the impact of shear deformation, for pultruded fiber-reinforced 
members, was applied78. The cross-arm members were loaded over five distinct span lengths, namely, 1000 mm, 
1500 mm, 2000 mm, 2500 mm, and 3000 mm. This condition was applied to both the virgin and sleeve reinforced 
PGFRP composite cross-arm member to observe a comparative analysis by applying the methodology from 
the previous research31. Equation (1) provides the relation for beams subjected to loading in case of isotropic 
materials:

	
δ (y) = f1 (y)

E.I
+ f2 (y)

k.A.G
� (1)

where δ (y) represents beam deflection function, E represents elastic modulus, G represents shear modulus, A 
represents cross-sectional area, I represents 2nd moment of area, k represents shear coefficient, f1(y) and f2(y) 
represents loading and boundary condition functions respectively. Since the PGFRP composite cross-arm is a 
thin-walled, anisotropic beam, the variations are done by substituting Gc for shear modulus and Ec for flexural 
modulus in the above equation. Equation (2) assesses the maximum deflection in a 3-PB loaded beam, taking 
into account the cross-arm member’s shear deflection.

	
δmax = P.L3

s

48.Ec.I
+ P.Ls

4.Gc.A
� (2)

where, δmax represents maximum deflection and Ls represents the span length. In order to obtain the apparent 
elastic flexural modulus (Ea), the effect of shear deformation is neglected resulting in Eq. (3).

	
δmax = P.L3

s

48.Ea.I
� (3)

The elastic modulus ratio (Ea/Ec) to the slenderness ratio (L/r) shows that shear deflection effects increase in 
importance as the direct and inverse proportionality with respect to anisotropy ratio and the slenderness ratio 
respectively79. The effects of shear deflection are most noticeable for L/r ratios below 6031. However, for the 

Fig. 4.  Single beam PGFRP composite cross-arm under three-point bending condition.
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current PGFRP composite cross-arm under study the L/r ratio is found to be 113.54, hence the effect due to shear 
deformation can be neglected80,81. The investigation examines a simply supported beam with a centrally applied 
load, measuring its deflection.

Flexural creep experiment
The flexural creep test under 3-PB conditions was performed on both the virgin and sleeve reinforced PGFRP 
composite cross-arms for a span length of 2000 mm, 2500 mm and 3000 mm as per the methodology followed 
in the previous research31. The creep test was carried out for as per ASTM D2990 standards for 1000 h in real-
time tropical environmental conditions, with the applied load set as previously established. As seen in Fig. 4, a 
constant static load was suspended to conduct the creep test. Data on creep strain and mid-span creep deflection 
were logged and plotted over time. Following that, the relative methodology as a function of time was used to 
evaluate the effective elastic moduli78.

Equation  (4) was then used to define the time-dependent reduction factor, χ(t), for the derived elastic 
moduli42. Equation (5) uses Findley’s power law to define the apparent elastic modulus (Ea) over time which helps 
to arrive at Eq. (6). Time (t), initial elastic modulus (E0), elastic creep modulus (Et), and a stress-independent 
constant (n) are all taken into account. For a maximum of 50 years, this equation aids in forecasting the time-
dependent behaviour of a full-scale single member PGFRP composite cross-arm with and without the reinforced 
sleeve structure.

	
χ (t) =

(
1 + E0

Et
.tn

)−1
� (4)

	 Ea (t) = E0.χ (t)� (5)

	
Ea (t) = E0.

[
1

1 +
[

E0
Et

.tn
]
]

� (6)

The long-term resilience of a material is expressed in terms of strain per unit stress using a measurement known 
as creep compliance. It can be understood as a mathematical equation that can be found with the help of Eq. (7).

	 J (t) = ϵ (t) /σ0� (7)

where σ0 denotes constant stress applied in MPa, σ(t) represents strain that varies with time, and J(t) indicates 
creep compliance in MPa-1.

Empirical creep model
The Burger model is a physical numerical models to validate creep data. This model incorporates elastic and 
viscoelastic moduli to predict material behaviour under steady-state creep82. The Burger model consists of three 
key components: a linear elastic spring, a dash-pot, and the Kelvin–Voight element (which combines dash-
pots and springs)83,84. These components explain creep behaviour through elastic strain, permanent strain, 
and viscoelastic strain. Typically, tension applied at the displacement tip causes an immediate strain. However, 
the Burger model has been found unsuitable for predicting the service life of composite materials due to its 
assumption of a linear relationship between time and material viscosity85. Additionally, the model inaccurately 
predicts a steady decrease in the creep rate over time, assuming a constant relationship rather than one that is 
dependent on changing variables86,87.

Another numerical model used for creep studies is the Norton-Bailey model, which evaluates primary 
and secondary creep under constant stress and temperature over a specified time period88. While this model 
is effective for analyzing transient creep through steady-state creep responses, it is not well-suited for long-
duration predictions89,90. Additionally, the model’s applicability is limited to controlled experimental conditions 
with stable temperatures, which conflicts with the real-time working conditions used in the current study. 
Experiments on composite specimens have shown that, over extended periods, the data shifts from a positive to 
a negative fit, highlighting the model’s limitations in such scenarios86.

The empirical numerical model known as the Findley model addresses the limitations of the previously 
discussed models. It is particularly effective for predicting long-term creep responses based on early creep strain 
data91. The parameters of the Findley model are derived from actual engineering parameters, without being 
constrained by physical conditions, making it suitable for validating creep responses in the current study. Unlike 
other models, the Findley model accounts for the influence of physical conditions in the experimental responses, 
as it evaluates integrated outcomes rather than relying on independent parameters or imposed constraints.

In this investigation, Findley’s power law model employing non-linear regression analysis was applied to 
the material constant and stress component provided empirical support and explanation for transient creep33. 
T﻿herefore, the creep pattern simulated using the Findley model is represented by Eq. (8) 92:

	 ε (t) = ε0 + mtn� (8)

where, m and n are the load constant and specific material exponent, respectively, derived from the fitting of 
the experimental data curve, and ε0 is the immediate strain following the applied load. The following Eq. (9) is 
obtained by replacing the elastic strain with the applied constant stress, σ0, and dividing it by the initial modulus 
of elasticity, E0:
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ε (t) = σ0

E0
+ mtn� (9)

Results and discussions
Flexural load–deflection behaviour
In this section, the instantaneous deflection due to induced loads upon the cross-arms against their varying 
span lengths are explored. To calculate the average value, each measurement was performed five times. The 
maximum flexural load corresponding to about twice the actual working load of 1560 N was induced to observe 
the deflection response, which are well within their elastic limits31. Table 4 displays the geometric and derived 
parameters of the PGFRP composite cross-arm under investigation.

Figure 5 illustrates the flexural load–deflection response obtained for both the virgin and sleeve reinforced 
cross-arm for varying span lengths. The PGFRP composite cross-arm’s deflection behaviour and the load applied 
to it were precisely proportionate and consistent with earlier research, as seen in Fig. 5. This association held 
true as long as the beam material did not yield and there was little variation93,94. The apparent elastic modulus 
(Ea) was obtained using the Eq. (3) for all the defined sets. The deflection produced upon the cross-arm for the 
same load increased with the increase in the span length. Table 5 provides a detailed overview of outcomes from 
this study.

Cross-arm Max. load induced (N) Span length (mm) Deflection (mm) Apparent elastic modulus (GPa)

Virgin 1560

1000 3.03 2.45

1500 4.11 6.09

2000 5.21 11.40

2500 7.43 15.61

3000 9.25 21.67

Sleeved 1560

1000 2.59 2.87

1500 3.35 7.48

2000 3.38 17.58

2500 4.22 27.50

3000 5.06 39.63

Table 5.  Summary of outcomes from load–deflection experiment.

 

Fig. 5.  Load–deflection response of (a) virgin (b) sleeve reinforced PGFRP composite cross-arm member of 
varying span lengths.

 

Total length (mm) Span lengths (mm) Breadth (mm) Width (mm) Wall thickness (mm) Moment of inertia (mm4) Induced load (N)

3651 1000; 1500; 2000; 2500; 3000 102 102 7.8 4.3765 × 106 1560

Table 4.  Parameters of PGFRP composite cross-arm.
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From the Table 5, it can be observed that the enhancement due to the sleeve installation has increased by 
14.52%, 18.49%, 35.12%, 43.20% and 45.30% for the span lengths of 1000 mm, 1500 mm, 2000 mm, 2500 mm 
and 3000 mm respectively whose relationship is consistent with the previous research31,44,46. The improvement 
in properties is noticeably lower for span lengths of 1000 mm and 1500 mm compared to other spans. This 
occurs because the inherent rigidity of the cross-arm material resists deformation in shorter spans, while the 
effect becomes more significant as the deformable region under loading expands. This mechanical capability of 
the material results in negligible strengthening effect of the sleeve reinforcement. Hence, for the further creep 
studies the span lengths of 2000 mm, 2500 mm and 3000 mm are considered to further unravel their behaviour 
to constant static loading.

The PGFRP composite cross-arm is made of unsaturated polyester composites reinforced with pultruded 
E-glass fibre, which shows good stress characteristics under applied load. Given that glass fibre has a high strength 
and strength-to-weight ratio, this occurrence resulted from the fibre breaking gradually when the flexural load 
was applied95. When the UPE resin’s molecular chain gradually slid and expanded at a high elastic rate, the glass 
fibre broke more slowly96. Similar responses were observed in partially bonded steel-FRP composite bars in 
terms of load–deflection response97. These factors make the utilization of sleeve ideal for applications in the oil, 
gas, and renewable energy industries, wherein retrofitting is employed to reinforce pipelines, support structures, 
and offshore platforms that are subjected to challenging environmental conditions98.

The pultrusion a UPE matrix reinforced with glass fibre stacked alternately resists the shear strain brought 
on by the cable’s torsional loading96,99. These results were caused by a lamination sequence that had a higher 
concentration of continuous roving throughout the profile production process100,101. The pultruded composite’s 
exterior layers on both sides led to the load line along the ply orientation102. Under these conditions, the 
PGFRP composite cross-arm would be exposed in an orthogonal form, increasing the structure’s bending 
strength103. This would shield the composite laminate by preventing the glass fibre from shattering under 
pressure. Furthermore, the UPE matrix’s macromolecular chain stretched and slid more quickly, delaying the 
rupture of the glass fibre104,105. Furthermore, UPE resin and E-glass fibre complement each other nicely. From a 
microscopic perspective, the reinforcing fibres stop cracks from spreading by forming covalent chemical bonds 
with the polymer matrix106.

Flexural creep behaviour
The flexural creep characteristics of the full-scale virgin and sleeve reinforced PGFRP composite cross-arms 
were conducted using the 3-PB test as per ASTM D2990 standards. Based on the load–deflection response, 
these structures allow significant deformation depending on the applied load, accurately reflecting real-world 
assembly conditions in practical applications. To get the average data, three repetitions of observations were 
made for each of the said span lengths. According to the literature, a static load level of roughly 1326 N, 1.7 
times the load required for each individual cross-arm component to deflect similarly to the assembled cross-
arm under working load application, was hung at the middle of the beam31. The initial creep deflection was 
found to be 4.24 mm, 6.83 mm and 8.38 mm for virgin cross-arm and 2.98 mm, 3.91 mm and 4.12 mm for 
sleeve reinforced cross-arm for the span lengths of 2000 mm, 2500 mm and 3000 mm respectively. As seen in 
Fig. 6, the testing period lasts for 1000 h in an open tropical environment whose dial gauge values were recorded 
at intervals of 0, 0.01, 0.1, 0.2, 0.5, 1, 2, 5, 20, 50, 100, 200, 500, 700, and 1000 h, with average temperature of 
29.19 °C and average relative humidity of 69.83%.

As a function of time, Fig. 7 displays the average creep strain value resulting from the mid-span deflection 
findings for three samples with varying span lengths. Under the applied loads, the graph showed a linear 
relationship between initial creep strain and span length. Additionally, the viscoelastic response of the cross-arm 

Fig. 6.  Relative humidity and temperature data of tropical environment.
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section remained consistent. This study’s creep strain rate demonstrates that while the deformation increases 
rapidly and decreases over time at the primary stage, it remains consistent in the secondary creep stage as 
represented by the arrows indicating the transition from the elastic to a constant viscoelastic condition. In 
contrast to the deformation rate difference between the span lengths of 2000 mm and 2500 mm, the difference 
between the span lengths of 2500 mm and 3000 mm is observed to be minimal. The reduced characteristics 
could be attributed to the symmetrical geometry of cross-arm wherein physically the 3000 mm span length 
was close to the full-scale cross-arm’s fixtures in an assembled structure to the transmission tower application. 
Similar results were observed in thin-walled aluminum tubes reinforced with carbon fiber-reinforced polymer, 
which has been shown to improve their resistance to lateral crushing, thereby increasing their ability to absorb 
higher impact energies107. The alternating creep which corresponds to localized fatigue behaviour as found in 
railway and highway infrastructure, sleeve retrofitting strengthens beams, columns, and supports to improve 
load distribution and durability108.

As can be seen from the graph above, the creep strain in the case of the sleeve-reinforced cross-arm was 
inversely correlated with the span length. Comparing this study to earlier research, the creep strain impact was 
similar31. The shift in creep strain-span length proportionality can be attributed to the free and constrained 
anisotropy of the material respectively, especially in the region of high stress susceptible to initiation of fracture. 
Anisotropic materials, such as polymeric composites, usually show elasticity at first, then viscoelastic behaviour, 
and finally the plastic deformation stage81. However, the addition of structural reinforcement fosters a much 
stronger viscoelastic region due to the enhanced durability and structural rigidity of the overall structure. Table 
6 summarizes the creep strain obtained for cross-arm members.

The observed outcome is significant since it demonstrates the cross-arm’s ability to tolerate and sustain the 
loading circumstances78. Every aspect of this experimental setup was carefully designed to closely resemble 
the real-world application. It was discovered that plug-in type sleeve reinforcement could greatly increase 
the structural integrity and creep resistance of the assembly cross-arm structure in comparison to previous 
studies44,68. The sleeved cross-arm exhibited lower creep strain than the virgin cross-arm due to the fabric 
interlayer contact mechanism, which reinforced the outermost layer and significantly reduced slip potential94. 
All things considered, using insulated sleeve reinforcement improved the load-bearing durability and decreased 
deformation. Table 7 provides the elastic moduli properties based on the observed instantaneous strain values 
for the constant stress induced by the suspended load.

The increase in creep compliance in virgin cross-arm may have been caused by the structural degradation 
of the constituents since the cross-arms were exposed to continuously shifting weather conditions throughout 
the day109,110. Fibre pull-off may result from micro cracks that propagate between the fibres as a result of the 
increasing stress magnitude111. The sleeved PGFRP composite cross-arms exhibited less primary creep due to 
their higher bending strength compared to the virgin counterparts. Structurally enhanced PGFRP composite 

Cross-arm

Creep strain at the end of the testing period 
[× 10–3] (mm/mm) at LS

LS = 2000 mm LS = 2500 mm LS = 3000 mm

Virgin 4.08 4.50 4.48

Sleeved 2.80 2.58 2.37

Reduction (%) 31.37 42.67 47.10

Table 6.  Creep strain response of virgin and sleeve reinforced PGFRP composite cross-arm.

 

Fig. 7.  Creep strain rate graphs of (a) virgin (b) sleeve reinforced cross-arm member.
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cross-arms effectively reduced the creep rate, extending the material’s service life and maintaining a steady load 
for longer periods. The creep compliance graphs, as calculated by Eq. (7), are displayed in Fig. 8. Moreover, the 
findings of this research could be expanded to examine the impact of sleeve reinforcement on localized loading 
points, sub-surface deformation, energy absorption characteristics, and thin plate buckling behaviour112. These 
creep compliance factors indicate the improved resilience of the structures which find potential applications in 
construction and infrastructure, sleeve retrofitting is used to strengthen bridges, buildings, tunnels, and dams, 
improving their load-bearing capacity and helping prevent structural failures113.

For the unreinforced (control) specimens, the creep strain exhibited a typical three-phase behavior 
commonly observed in polymeric composites: an initial primary creep phase with a rapidly decreasing strain 
rate, followed by a more gradual secondary creep phase characterized by a near-linear strain–time relationship. 
During the end of testing period, especially under relatively higher stress levels, there existed signs of the 
tertiary phase, marked by an accelerated increase in strain, were also observed, suggesting progressive damage 
accumulation and the onset of long-term mechanical instability. In contrast, the sleeve-reinforced specimens 
demonstrated a noticeably attenuated creep response. The initial strain in these samples was lower due to the 
increased stiffness introduced by the sleeve layer, and the subsequent strain development occurred at a much 
slower rate. The secondary phase in reinforced specimens remained linear but flatter in slope, indicating better 
resistance to time-dependent deformation. No evidence of tertiary creep was observed within the duration of 
the testing period for the reinforced samples, suggesting that the reinforcement effectively delayed or prevented 
the onset of long-term degradation mechanisms. Overall, the trend analysis indicated that while both sample 
types experienced some degree of creep under constant loading, the reinforced specimens showed significantly 
improved dimensional stability and creep resistance. This trend underscores the role of external reinforcement 
in limiting matrix deformation, enhancing fibre-matrix interaction, and promoting stress redistribution, all of 
which contribute to extending the structural integrity of GFRP components in long-duration applications.

Empirical creep model
The study pertaining to the prediction of the cross-arm member’s time-dependent full-scale properties is 
presented in this part. Equation (6), which was derived from general Findley’s equation, was utilized to forecast 
the apparent flexural modulus with time, Ea(t), for the PGFRP composite cross-arm. Table 8 provides a summary 
of every parameter derived from the experimental data curve fitting. Empirical modeling over extended time 
periods determined the associated effective moduli using the same deformation method applied to estimate the 
time-dependent apparent modulus of the full-scale cross-arm member.

Fig. 8.  Creep compliance of virgin and sleeve reinforced cross-arm member.

 

Cross-arm Span length (mm) σ0 (MPa) ε0 (× 10–3) Ee,0 = σ0/ ε0 (GPa)

Virgin

2000 7.23 2.120 3.41

2500 9.04 2.732 3.31

3000 10.84 2.793 3.88

Sleeved

2000 7.23 1.490 4.85

2500 9.04 1.564 5.78

3000 10.84 1.373 7.90

Table 7.  Initial experimental parameters for virgin and sleeved cross-arm members.
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The equation accurately depicts the observed data, demonstrating the efficacy of Findley’s power law in 
modelling the creep behaviour of the PGFRP composite cross-arm. The study does, however, also show that 
the generalized Findley’s equation produced by this method would not be able to sufficiently characterize strain 
as the differences between expected and experimental results increase under more stressful circumstances. The 
general equation for the expected full-scale apparent elastic modulus of the virgin and sleeve-reinforced PGFRP 
composite cross-arms, respectively, is produced by averaging the values from Table 8 derived from numerical 
modelling in accordance with the literature31 and is shown in Eq. (10) and Eq. (11).

	

Ea(virgin) (t) = (3.61) .


 1

1 +
[

t(0.2388)

7.48

]

� (10)

	

Ea(sleeved) (t) = (6.40) .


 1

1 +
[

t(0.1995)

26.19

]

� (11)

With the obtained average values of 1.426 × 10–4  mm/mm and 2.493 × 10–4  mm/mm, respectively over the 
varying span lengths, since they are within their elastic limits, the upgraded cross-arm’s initial creep strain (ε0) 
was lower than that of the existing cross-arm because of the reduced initial creep deflection. In addition, at 
the conclusion of the test period, the average initial elastic moduli for the sleeved and virgin cross-arms upon 
varying span lengths within their linear elastic limits were 6.40 GPa and 3.61 GPa respectively. The data exhibit 
a little discrepancy from the load–deflection test results, which is likely to be caused by variations in the actual 
weather conditions, such as humidity and temperature, imposing minor deviations in recorded deflections. The 
strengthened fibre bundles inside the beam, the sleeve structure, and the compliant matrix must all share the 
applied force, so the enhanced cross-arm will boost the beam’s bending strength114.

In addition, the cross-arm member’s viscoelastic reaction appeared to be constant. According to the test’s 
creep deflection rate, the deformation begins quickly in the primary stage and slows down over time, however 
as previously said, the deflection becomes more uniform in the secondary stage. This study also demonstrates 
that adding a sleeve construction to the PGFRP composite cross-arm can increase its lifespan by reducing creep 
strain by about 42.80%. Additionally, as shown by the application of Findley’s graph fitting, the measured data 
validated the power law’s capacity to replicate the creep behaviour of the upgraded and current composite cross-
arms. The experimental values in the range of 0.9802–0.9892 for the present and increased composite cross-
arms, respectively, were well-fitted by the Adj. R2 for both of the generated graphs and better than the previous 
research31.

Although, averaging of properties and parameters obtained for varying span lengths are done to give a brief 
overview of the results, as the overall output is linear pertaining to loading within elastic limits, focusing upon 
the specific span length throws light over other concepts. Comparing the results obtained for the specific span 
lengths between the cross-arms, it can be seen that (Et/E0) is higher for the smallest span length of 2000 mm and 
for the largest span length of 3000 mm respectively. It is evident that as the span length increases the durability 
of the material to resist deflections decreases. However, despite this phenomenon, the corresponding span 
length between the sleeve reinforced cross-arm shows significant enhancement. Numerically, the enhancement 
in (Et/E0) ratio due to the installation of plug-in type sleeve reinforcement increased by 47.70%, 74.10% and 
79.31% for the span lengths of 2000 mm, 2500 mm and 3000 mm respectively. This ratio values are important 
as it determines yet another prominent parameter, namely the reduction factor, which is decisive in life span 
prediction as it weighs the capability of the cross-arm to resist transient creep when induced to constant static 
loading for longer durations.

The flexural modulus is influenced by the characteristics of structurally fastened members. Therefore, 
incorporating the plug-in type sleeve structure is expected to enhance both the flexural modulus and strength. 
A symmetrically mounted sleeve, secured along its flanges, fully encloses the cross-arm’s surfaces, reinforcing 
areas vulnerable to rupture. This causes the generation of better results as compared to the previous proposed 
solution31. An effective construction for withstanding bending and buckling stresses is created when the fastened 
flanges act like the web, increasing the moment of inertia with little increase in weight115. This behavior likely 

Cross-arm Span length (mm) ε0 (10–3) m (10–4) n E0 = σ/ε0 (GPa) Et = σ/m (GPa) Et/E0 Adj. R2

Virgin

2000 2.070 2.6454 0.2338 3.49 27.33 7.83 0.9865

2500 2.670 3.6957 0.2367 3.39 24.48 7.22 0.9883

3000 2.740 3.6990 0.2459 3.96 29.31 7.40 0.9892

Average 2.493 3.3467 0.2388 3.61 27.04 7.48 0.9880

Sleeved

2000 1.440 0.9619 0.2179 5.02 75.16 14.97 0.9802

2500 1.527 0.5486 0.1694 5.92 164.78 27.83 0.9846

3000 1.310 0.3664 0.1992 8.27 295.85 35.77 0.9821

Average 1.426 0.4923 0.1995 6.40 178.60 26.19 0.9823

Table 8.  Summary of parameters obtained and derived from Findley Power Law Model.
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explains why the enhanced cross-arm with sleeve structure configurations surpassed the existing cross-arm 
sample in flexural modulus values.

In addition, the mechanical sleeve fastening lowers the slip potential116. Since the shear and flexural strengths 
are related, strong assembly is necessary to increase flexural strengths111. Therefore, the cross-arm with sleeve 
structure reinforcement has higher elastic modulus values and less creep strain behaviour than the cross-arm 
without any improvements. This helps to extend the functional life of the cross-arms used in transmission tower 
applications.

The long-term deformation behaviour revealed clear distinctions between the control specimens 
(unreinforced pultruded GFRP) and the sleeve-reinforced specimens. Under sustained loading conditions, the 
control specimens exhibited a more pronounced time-dependent deformation, characterized by higher creep 
strain accumulation and earlier onset of nonlinear viscoelastic response. This behaviour is attributed primarily 
to the intrinsic limitations of the pultruded GFRP matrix, which is more susceptible to microcracking, matrix 
softening, and fibre-matrix debonding over extended periods of stress exposure. In contrast, the sleeve-reinforced 
specimens demonstrated significantly improved dimensional stability and resistance to creep deformation. The 
presence of the sleeve reinforcement acted as a mechanical constraint, effectively redistributing the stress and 
delaying the onset of matrix degradation. Moreover, the enhanced interfacial bonding between the sleeve and 
the pultruded substrate contributed to reducing localized stress concentrations and suppressing mechanisms 
such as interlaminar shear and transverse matrix cracking, which are typically precursors to accelerated creep 
deformation. Quantitatively, the reinforced specimens maintained a lower rate of strain over time and exhibited 
a more stable deformation profile across the duration of the long-term loading tests. This difference highlights 
the effectiveness of the sleeve reinforcement not only in improving immediate load-bearing capacity but also 
in enhancing the durability and service life of the composite structure under prolonged mechanical stress. The 
comparative findings underscore the value of sleeve integration as a viable strategy to mitigate time-dependent 
failures in GFRP structural members, particularly in applications where sustained loads are expected to dominate 
the service conditions.

Creep model validation
Creep behaviour was confirmed in these investigations by comparing the empirical Findley’s model with the 
initial elastic modulus derived from experimental data. First, it was discovered that the initial modulus of 
elasticity, or Ee,0, was inversely proportional to the measured point via the cross-arm members. This comparison, 
which required determining the initial elastic modulus values for cross-arms by comparing empirical Findley’s 
model with experimental data, is summarized in Table 9. Curiously, the results almost match, indicating that the 
creep behaviour of the PGFRP composite cross-arm investigation was sufficiently represented by the Findley’s 
power law model. The experimental and empirical model’s initial elastic modulus is consistent with previous 
studies8. Table 9 demonstrates that every recorded percentage mistake was less than 5%. This implies that the 
numerical model (Findley’s power law) and the experimental results were exactly in agreement. Using these 
calculations, the expected elastic modulus value for the cross-arm at the designated time was calculated.

Table 10 displayed the accuracy categories for comparing numerical analysis with experimental results. The 
provided experimental data stayed near the numerical model and adhered to the guidelines set forth by the 

Precision level Error range (%)

Excellent 0.1–9.9

Very good 10.0–14.9

Good 15.0–19.9

Above average 20–24.9

Not acceptable  > 25.0

Table 10.  Precision levels based on percentage errors116–118.

 

Cross-arm

Initial elastic 
modulus, Ee,0 
(GPa)

Span length (mm)

2000 2500 3000

Experimental (virgin) 3.41 3.31 3.88

Findley model (virgin) 3.49 3.39 3.96

Error (%) 2.34 2.41 2.06

Experimental (sleeved) 4.85 5.78 7.90

Findley model (sleeved) 5.02 5.92 8.27

Error (%) 3.50 2.42 4.68

Table 9.  Comparison of initial elastic modulus between experimental and Findley model.
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precise numerical model when the percentage error was less than 20%. The creep characteristics of the cross-
arms were effectively confirmed by this investigation using accurate and reliable data.

There exists alternate reinforcement methods for the cross-arm application but all those methods have 
significant drawbacks, which can be easily overcome by the sleeve retrofitting technique. Internal reinforcement 
using core inserts, can complicate manufacturing and may introduce galvanic corrosion risks if used without 
adequate insulation. Overwrapping with carbon fibre composites, is more expensive and may raise compatibility 
concerns due to differences in thermal expansion and stiffness mismatch between the carbon wrap and the 
glass-based substrate. Hybrid layered laminates, less effective in addressing localized weaknesses or stress 
concentrations. Bonded FRP plates/strips, the long-term durability of the adhesive interface under environmental 
exposure remains a critical consideration. Pultrusion with localized reinforcement zones, it may require complex 
tooling and design adjustments, thereby leading to be expensive. Sleeve reinforcement offers a practical balance 
between performance improvement, manufacturability, and cost. Unlike bonded plates or inserts, sleeves provide 
360-degree confinement, improving shear and torsional performance. Compared to carbon overwraps, sleeves 
are more cost-effective and compatible with E-glass substrates. While not as integrated as hybrid pultrusion, 
sleeves offer flexibility for both retrofitting and new installations.

Life span prediction
The full-scale flexural modulus over time, Ee,virgin(t) and Ee,sleeved(t), for the composite cross-arm whose results 
are shown in Table 11. Both the virgin and sleeve-reinforced PGFRP composite cross-arms had their modulus 
reduction factors (χe,virgin (t) and χe,sleeved (t)) assessed over time; the elastic modulus showed the greatest 
reduction in stiffness during the test period.

As stated earlier, although it is possible find the average of values obtained for different span lengths as 
expressed by Eq. (10) and Eq. (11), life span prediction based on the independent span lengths provides insights 
as regards to the total length of cross-arm in real-time applications. This outcome leads to incorporating 
modifications to cross-arm lengths in suitable places. The length of the current cross-arm is based on the 
operational feasibility, hence enhancement of its service life for the operational length can be verified and 
validated by using this approach.

The stiffness decreased most during the early stage, or roughly 24  h into the first test period. However, 
following the early stage phase, the creep rate reduction fell more slowly due to bending. Furthermore, the graph 
demonstrates that for both the virgin and sleeved cross-arms, the apparent reduction factor dropped nearly 
continually. It was determined to forecast the reduction factor and effective moduli over the ensuing 50 years, 
whose summary is shown in Table 12.

It is evident from the above table that there exists an overall enhancement in service due to the addition of 
sleeve reinforcement, the most preferable span length corresponds to 2500 mm as it induced the maximum 
improvement by a factor of 0.51 after 50 years of service. However, in order to minimise discrepancies during 
the experimental recordings the average values of the varying span lengths are used to generate the predicted 
life reduction factor as shown in Fig. 9. At the conclusion of the testing period (1000 h), the virgin cross-arm’s 
average elastic moduli were 2.35 GPa. At the same time, the average elastic moduli of the sleeved cross-arm 
resulted in an effective value of 5.12 GPa. However, it is predicted that the average elastic modulus of the virgin 

Cross-arm Span length (mm) Ee,10 years (GPa) Ee,25 years (GPa) Ee,50 years (GPa) χ50years Adj. R2

Virgin

2000 1.23 1.06 0.95 0.27 0.9888

2500 0.11 0.96 0.85 0.25 0.9939

3000 1.23 1.04 0.92 0.23 0.9906

Sleeved

2000 2.79 2.54 2.35 0.47 0.9953

2500 4.74 4.59 4.47 0.76 0.9983

3000 6.51 6.24 6.02 0.73 0.9931

Table 12.  Summary of life span prediction based on elastic moduli.

 

Cross-arm Span length (mm) Equation to predict elastic moduli based for cross-arm member

Virgin

2000 Ee,virgin,2.0m (t) = 3.49 ×
(

1 +
(

t0.2338
7.83

))−1

2500 Ee,virgin,2.5m (t) = 3.39 ×
(

1 +
(

t0.2367
7.22

))−1

3000 Ee,virgin,3.0m (t) = 3.96 ×
(

1 +
(

t0.2459
7.40

))−1

Sleeved

2000 Ee,sleeved,2.0m (t) = 5.02 ×
(

1 +
(

t0.2179
14.97

))−1

2500 Ee,sleeved,2.5m (t) = 5.92 ×
(

1 +
(

t0.1694
27.83

))−1

3000 Ee,sleeved,3.0m (t) = 8.27 ×
(

1 +
(

t0.1992
35.77

))−1

Table 11.  Prediction of elastic moduli of cross-arm member based on Findley power law.
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and the sleeved cross-arm member at 50 years will be around 74.79% and 33.75% lower than the average initial 
modulus, respectively representing an enhancement by about 41%. Consequently, it was discovered that the 
reduction factor for the PGFRP composite cross-arm was enhanced by about 66% by the use of a plug-in type 
sleeve construction. It exhibits a pattern that is almost the same as that of the individual cross-arm component 
and thereby be utilized to predicted the functional service life of the structurally modified cross-arm member.

As shown in Fig. 9, the flexural moduli reductions of the sleeved cross-arm began to progressively decrease 
throughout the course of the expected period of fifty years in comparison to the virgin cross-arm. When the 
reduction factor is near 1, the materials usually retain a significant amount of their initial stiffness; however, 
when the reduction factor is near 0, the structure’s stiffness is significantly reduced. Furthermore, as seen in Table 
12, the anticipated elastic moduli for the sleeved cross-arm at 10, 25, and 50 years later were still higher than 
those of the virgin cross-arm and significantly superior to the solution used in the previous work14. However, 
with values around 0.99, which is in line with earlier studies118,119, the regression analysis—also known as curve 
fitting—showed the best possible agreement with the actual and anticipated data points for both virgin and 
sleeved cross-arms.

According to this study, the virgin main member PGFRP composite cross-arms can be strengthened based 
on the failure mechanism upon the single main member and have their lifespan extended by adding sleeve 
reinforcement. The cross-arm can be installed on existing transmission towers, without the need for decoupling, 
because of its simple production, installation, and material availability, which lowers maintenance costs and 
prolongs the life of the full-scale cross-arm component.

Implementing sleeve-reinforced PGFRP composite cross-arms in transmission towers offers reduced need 
for frequent repairs and replacements. They have proven to provide higher long-term load bearing properties 
and higher resistance to electricity as compared to previously utilized materials, making it a cost-effective and 
safe choice. The material is easily available, easily machinable, possess design flexibility thereby simplifying 
fabrication, installation and reducing labour costs. Their ease of handling and compatibility with existing tower 
structures minimize the need for significant modifications, making the installation process more efficient. 
PGFRP requires minimal maintenance due to its resistance to corrosion and environmental damage whereby 
they are further protected at the critical region of failure by sleeves that have inherent resistance to environmental 
factors. This leads to fewer inspections and repairs compared other previously proposed techniques of inclusion 
of wooden bracing arms or externally affixing honeycomb sandwich structures.

The large-scale adoption of this reinforcement technique for PGFRP cross-arm structures faces a few 
potential challenges. The initial cost of investment is one such factor, due to procurement and production 
of sleeve structures. However, in the longer run the return-on-investment will be higher and beneficial. The 
proposed plug-in type sleeve structures have the capability of direct installation upon the existing cross-arms 
but it requires precise alignment and torque for desired outcomes. Despite the added cost, sleeve reinforcement 
significantly improves structural performance, particularly under long-term service conditions. As shown 
in this study, the reinforced cross-arms exhibited superior resistance to creep deformation, delayed onset of 
mechanical degradation, and enhanced load-bearing capacity. These improvements directly translate to 
extended service life and reduced likelihood of in-service failure, critical factors in utility infrastructure such as 

Fig. 9.  Life span prediction using reduction factor.
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transmission and distribution poles. One of the most compelling benefits lies in the reduction of maintenance 
frequency and replacement costs. Traditional GFRP cross-arms, while corrosion-resistant, can suffer from long-
term deformation and fatigue in demanding environments. Reinforced versions are more robust, potentially 
lowering inspection intervals and minimizing emergency repairs. Over time, the savings in labour, downtime, 
and material replacement can outweigh the higher initial investment. Sleeve-reinforced GFRP also contributes 
to improved system reliability and safety. For power distribution networks, failure of a cross-arm can lead to 
significant operational disruption and public safety hazards. Reinforcement helps mitigate these risks, offering 
a more resilient design solution, an intangible but critical component of the cost–benefit equation. The more 
sound observation would be that the incorporation of sleeve retrofits eliminates the catastrophic failures that 
would generally lead to fatal accidents. While the use of sleeve-reinforced GFRP cross-arms entails a moderate 
increase in initial cost, the long-term financial and functional advantages, including extended durability, lower 
maintenance requirements, and improved reliability, make it a cost-effective and strategic investment for 
infrastructure systems requiring high performance under sustained loading conditions. Despite the above stated 
shortcomings sleeve reinforced PGFRP composite cross-arms however are much feasible and durable than 
the previously proposed solution of installation of wooden bracing arms and adhesively bonded honeycomb 
sandwich panels capable of reducing catastrophic failures and fatal accidents.

Conclusion
This work investigates the elastic properties of a full-scale PGFRP composite cross-arm reinforced with 
a sleeve structure, thereby filling a substantial research gap in the feasibility of enhancing the cross-arms’ 
structural integrity and longevity in high-rise transmission towers. In order to evaluate the cross-arm’s elastic 
characteristics for creep response and deflection behaviour, this study used a thorough experimental technique 
with a three-point bending flexural test. The experimental and numerical computation results allow for the 
following conclusion to be made.

•	 The study used a comparative analysis to assess the effective flexural modulus of a sleeve reinforced cross-arm 
members to its virgin counterpart that were loaded throughout a range of span lengths.

•	 The research demonstrated that its empirical methodology could reproduce the viscoelastic response of the 
cross-arm by successfully simulating the composite cross-arm creep behaviour using Findley’s power law.

•	 Key findings showed that, in comparison to the current construction, the sleeve reinforced structure main-
tained superior mechanical properties throughout time and decreased deflection by about 45%.

•	 According to predictions for up to 50 years of operation, the improved cross-arm with the sleeve structure 
had an elastic modulus reduction of roughly 34% as opposed to roughly 75% for the virgin cross-arm. This 
improvement demonstrated greater bending strength, enhanced creep resistance, less deflection, and possibly 
longer longevity.

•	 The freedom of design, stress transfer capabilities and resistance to physical conditions of the sleeve structures 
make them an ideal choice for applications such as retrofitting columns in bridges as a primary safety measure 
to avoid catastrophic collapse, in heavy vehicles to reinforce axes to withstand torsional and shear loads, in 
boats to strengthen the wind sail arms to resist dynamic loads and in ships to protect anchors from aquatic 
erosions in addition to enhancing durability.

The results of this study suggest that incorporating a plug-in type sleeve structure could extend the life of the 
cross-arm in transmission towers and reduce maintenance costs. The potential application of sleeve structures 
in transmission tower cross-arm design optimization is highlighted by the cross-arm’s enhanced mechanical 
performance, particularly in terms of reduced deflection and greater creep resistance. These findings imply that 
lifetime and durability could be greatly enhanced in the context of high-voltage transmission infrastructure.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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