Fibers and Polymers 2021, Vol.22, No.3, 793-803
DOI 10.1007/s12221-021-0512-1

ISSN 1229-9197 (print version)
ISSN 1875-0052 (electronic version)

Comparison of Static and Long-term Creep Behaviors between Balau Wood and
Glass Fiber Reinforced Polymer Composite for Cross-arm Application

M. R. M. Asyraf'*, M. R. Ishak"***, S. M. Sapuan®*, and N. Yidris'

' Department of Aerospace Engineering, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia
2Aerospace Malaysia Research Centre, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia
3Laboratory of Biocomposite Technology, Institute of Tropical Forestry and Forest Products,
Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia
*Advanced Engineering Materials and Composites Research Centre, Department of Mechanical and
Manufacturing Engineering, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia
(Received May 6, 2020; Revised June 10, 2020; Accepted June 14, 2020)

Abstract: Cross arms are mainly made up of wood (conventional) and pultruded glass fiber reinforced polymer composite
(modern) installed in suspension tower. However, the creep response of both materials has not been fully covered in many
literatures to explain the long-term durability of the current cross arm design. Thus, it is necessary to find the creep trends and
models to evaluate the behavior in the tropical outdoor environment. The creep properties of Balau wood and pultruded
composite at load of 10, 20 and 30 % of ultimate flexural stress were evaluated from quasi-static flexural test results. Using
several creep numerical models, the creep properties of wood and composite cross arms were modelled. The results showed
that the GFRP had a significant value of flexural strength, while Balau wood performed better in flexural modulus. In terms
of creep properties, GFRP specimen exhibited high creep resistance with greater stability during transition from elastic to
viscoelastic phase. From numerical modelling perspective, the simulated creep trends from Burger and Norton models were
deviated from the experimental data. Subsequently, the most suitable creep model to forecast the creep behavior for wood and
composite specimens was Findley model. All in all, pultruded composite is the most appropriate durable material to be
applied in cross arms, while Findley model is a suitable model to represent creep performance of anisotropic materials.

Keywords: Cross arm, Glass fiber reinforced polymer composites, Balau wood, Flexural properties, Non-linear response

Introduction

Currently, modern urban areas consume around 75 % of
power usage in order to perform the population’s daily
routine involving industrial and residential sectors [1].
Therefore, it is required for energy providers to supply
electrical power to the consumers using high voltage
transmission tower. Numerous parts of transmission line
systems are constructed from continuous overhead power
line cables and lifted via tall latticed steel structure tower [2,
3]. Most transmission towers are made up of galvanized
steel, hardwood timber, and composite material as structural
material with various designs and sizes. These towers
accommodate electrical supply from 420 substations using
three main operating lines, at 132, 275 and 500 kilovolts
(kV) [4]. Generally, a transmission tower usually consists of
structural joining members, which is incorporated in cross
arms, tower body, cage, and peak. One of the crucial
components of transmission tower is cross arm (Figure 1). It
is an extended assembly of several long arm members used
to lift and support electrical utility wire above the ground.

In 1963, cross arms in 132 kV suspension tower were built
from Chengal wood. However, due to the limited supply of
hardwood timber and wood aging degradation, it has led to
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the needs to find new alternatives [5,6]. Since the wooden
cross arm is composed of natural fiber, it exhibits the
characteristics of natural wood defects when exposed to
continuous loading in a prolonged time in high humidity
environment [7-12]. Thus, a research led by Rawi ef al. [5]
suggests that a comprehensive approach has to be taken to
substitute wooden cross arms with other alternatives such as
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Figure 1. Application of cross arm assembly holding electrical
cable and insulator in transmission tower.
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glass fiber reinforced polymer (GFRP) composite material
in the Malaysian electrical grid system. This has been
attributed due to the combination of E-glass fiber with
unsaturated polyester resin which displays a promising
attributes, performance and manufacturability for heavy
construction application [13]. Several studies show that the
GFRP composite has been widely used in several structural
industries including wind turbine, bridge deck, retrofitted
beam and structural fastener [14-17]. This is due to the fact
that the composite is made up of fine fiber which exhibits
lightweight properties, stiff and high in mechanical strength
with less raw material and production cost [18-21].

Since the pultruded GFRP composite is currently new to
cross arm’s application compared to hardwood timber, the
study on long-term durability is not yet fully explored. In
this case, it is essential to do a profiling on long-term
mechanical testing (creep) in coupon scale to characterize
this behavior in actual condition. A coupon scale experiment
is performed to evaluate both wooden and composite cross
arms using a three-point flexural mode. This creep test
would evaluate the mechanical properties in terms of
compression, tension, and shearing actions [13,22]. The
bending effect in this mode can be moralized, and mimics
the cantilever beam mode of the in-service cross arm in
transmission tower [23]. The creep pattern obtained from
both materials would provide better understanding, and can
be further extended to predict their service life [20,24].
Thus, this creep study would establish a preliminary and
comprehensive analysis for conventional (wood) and current
(composite) cross arm’s materials before extending to a full-
scale cross arm structure.

To obtain significant creep results, a conventional mode of
test (load based test) has to be conducted for a minimum of
1,000 hours. The creep trends obtained can be further
elaborated and extended using available numerical modelling.
Currently, there are two types of numerical models proposed
in several literatures [25-28], such as physical (Burger
model) and empirical (Findley power law and Bailey-
Norton) models. These models aid researchers and engineers
to predict the time-dependent long-term properties of the
material either by implementing empirical formulation in
terms of power-based approach or physical dashpot-spring
element applications.

In this study, Balau wood was used to be compared with
pultruded composite cross arm in the long-term mechanical
test. Since Balau wood has similar mechanical and physical
properties with Chengal wood [29] as well as cheaper and
easily available in the market [30], it is suitable to be used in
this experiment as a wooden cross arm representative. Balau
or Shorea Dipterocarpaceae is a hardwood timber species
originated from the South East Asia regions, especially
densely located in Malaysia, Indonesia and the Philippines.
It is commonly known as dense hardwood applied for heavy
construction in buildings and bridges due to its high
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mechanical strength and stiffness (19.4 GPa of elasticity
modulus and 142 MPa of rupture modulus). The texture of
wood timber is moderately fine with interlocked grain to
produce a figure of stripe on their radial surface. Balau
hardwood is considered easy to manufacture and operate
since it has comparatively low density to be managed (850-
1155 kg/m®) [31]. Thus, this explains Balau wood is suitable
to represent conventional cross arms to be compared with
pultruded GFRP composite for current cross arms.

In this manuscript, the goals of the project are to
characterize and compare the quasi-static flexural and creep
properties of Balau wood and pultruded GFRP composites
in actual outdoor condition. Balau wood and GFRP
composite exhibit better quality in terms of mechanical
properties in various literatures [31,32], yet a comparative
study on long-term mechanical properties of cross arm’s
laminated material is still not fully discovered. This study
aids in estimating the quasi-static behaviors and creep trends
in order to establish a verification on the existing cross arm’s
material which is very suitable in transmission tower
application. Subsequently, it would provide a good view for
readers to understand the impact of composite material in
heavy construction applications such as in transmission line
sector. Moreover, this article also highlights the verification
of the applicability of the existing creep models to describe
the creep strain of wood and composite cross arm in coupon
scale size. Lastly, the paper also develops a general equation
to predict creep response by using the best-fitting model.

Experimental
Around thirty-two (32) Balau wood and pultruded glass
fiber reinforced polymer (GFRP) composite laminates were

used in this project. Balau hardwood sample was obtained
from Hang Tuah Sawmill Berhad, Negeri Sembilan,

124.5 mm

31.2 mm
i

Right view

Figure 2. Schematic (a) and physical (b) coupon geometry.
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Malaysia, while pultruded GFRP composite was obtained
from Electrius Sendirian Berhad, Selangor, Malaysia. The
average specimen size (Figure 2) was 7.8 mm in depth,
31.2 mm in width and 125 mm in span length. The samples
were divided into two groups, which encompassed one
(quasi-static flexural group) »=4 strips, and one (flexural
creep group) »n=12 strips. For the whole project, those
specimens were subject to both quasi-static and long-term
mechanical tests, which were explained as follows.

Properties of Balau Wood and Glass Fiber Reinforced
Polymer Composite

The wood and composite specimens (Figure 2) were
directly obtained from matured Balau timber trunk, into long
plank shaped and single pultruded member of GFRP cross
arms, respectively. Later, they were cut into rectangular
shapes without any surface modification from both materials.
The specifications of the Balau wood and pultruded GFRP
composite such as density, texture, shrinkage, natural
durability, rupture modulus and elastic modulus are listed in
Table 1 [31,33,34]. In terms of pultruded GFRP composite
compositions, fabric orientations and thickness aspect, they
are described in Table 2.

Table 1. Properties of coupon strips [31,58,59]

Properties Balau wood Pultruded GFRP composite
Density 850-1155 kg/m’ 2580 kg/m’ - E-glass
1350 kg/m” - Unsaturated
polyester

Texture Fine and even with Fine, homogenously and
deeply interlocked unidirectional fiber along
grain the matrix

Shrinkage High Low

Natural durability ~ Very high Low

Modulus of elasticity 20.1 GPa 29.8 GPa

Modulus of rupture  142.0 MPa 858.0 MPa

Table 2. Comprehensive information on composition, fabric
orientation and thickness of pultruded GFRP composite [6,60]

Composition of pultruded GFRP composite

Materials Fiber Resin
Pultruded GFRP E-glass fiber Unsaturated polyester
composites (37 vol%) (UPE) (63 vol%)
Fabric orientation and thickness of pultruded GFRP composite
GFRP composite Fabric orientation Thickness
layer © (mm)
First (Outer) 45 0.5
Second -45 0.5
Third 90 0.7
Forth 0 3.6
Fifth (Inner) 45 0.7
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Figure 3. Quasi-static flexural test setting on rectangular coupons.

Quasi-static Flexural Test

The values of flexural strength and modulus for Balau and
GFRP specimens were attained from an average of four
repetitions in quasi-static flexural test. The test was conducted
based on the international testing standard, ASTM D790.
First, four samples from both Balau wood and GFRP
composite were subject to short-term flexural tests, which
used INSTRON Universal Testing Machine with 250 mm in
diameter of supports and nose fixture. The loading speed of
the flexural test was set to 3.33 mm/min to evaluate the
bending properties for both materials under instantaneous
loading effect. Figure 3 displays the quasi-static flexural test
used to examine the quasi-static bending properties of
wooden and composite specimens.

Flexural Creep Test

The creep test was conducted based on the international
testing standard called ASTM D2990 focusing on flexural
creep test. From the standard, four specimens were subject
to long-term durability test for 1000 hours in an opened area.

Figure 4. Schematic and actual experimental setup for flexural
creep test for wooden and composite coupons.
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Figure 5. Average 24-hours of daily temperature and relative
humidity.

It was conducted using custom test rig (Figure 4) in order to
evaluate creep durability of the Balau wood cross arm’s
coupon strip in actual outdoor condition of the tropical
season. The creep test assessed the mechanical strength of
Balau wood and GFRP composite specimens under three
load levels, as obtained from quasi-static flexural test. These
loads were divided into three consecutive values, such as 10,
20 and 30 % from the ultimate flexural strength (UFS) of
wood and composites, respectively. The deflection of each
specimen was recorded using dial gauge for 1000 hours. The
dial gauge was positioned at the top of the loading nose to
measure the deflection value. The test took place from
October to December 2019 (raining season), and hot weather
was experienced in the afternoon, and it was raining in the
evening. The daily relative humidity and temperature can be
seen in Figure 5. Each specimen was kept for at least one
month at room temperature before the test was conducted.
All measurement instruments were calibrated before the test
started.

These specimens were notated with alphabetical and
numerical codes which are W, G, C and P, where W indicates
Balau wood, G indicates pultruded GFRP composite, C
indicates creep test, and P indicates the percentage value of
the constant loading applied (10=10 % from ultimate
flexural strength; 20=20 % from ultimate flexural strength;

Table 3. Variation of creep loading for coupon specimens

Duration Initialload No. of Load

Name Test (hours) (%)  specimens N)
WC10 Creep 1000 10 4 203
WC20 Creep 1000 20 4 406
WC30 Creep 1000 30 4 609
WC40*  Creep 1000 40 4 812
GC10 Creep 1000 10 4 436
GC20 Creep 1000 20 4 872
GC30 Creep 1000 30 4 1308

Note: *Failure occurred after 200 hours of loading.
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30=30 % from ultimate flexural strength; 40=40 % from
ultimate flexural strength). All specimens are noted in Table 3.

In terms of measuring instruments, dial gauges were used.
To ensure the strain measuring tool was properly calibrated,
the tool was compared with the analogue dial gauge during
the strain evaluation. In this study, four different loads were
implemented, which are 10, 20, 30 and 40 % from UFS. The
specimens were experimented to study the creep as reported
in Table 3. However, the strain-time graph at 40 % of load
level was not described due to its failure after 200 hours of
testing from the initial applied loading on the specimens.
These tests clearly pointed out that a constant load at 40 %
of load level caused creep rupture of the Balau hardwood
rectangular coupon in more than 200 hours. Since the Balau
wood only withstood 1,000 hours of creep operation up to
30% of UFS, the same load levels were applied for
pultruded composite, which are 10, 20 and 30 % of UFS.

The bending stress was applied with dead load in the
middle of the strips from the initial time loading, t,, which
caused an instantaneous elastic strain. Nevertheless, some
nominally equal tests were different. These differences were
not subject to possible loss during calibration of the gauge
with time as it was verified in the first place, neither from the
inhomogeneity from the specimen stiffness, which was not
observed during flexural test of the specimens of the same
batch. This was due to loss of calibration during high speed
of wind and seismic effect from external work from the
surrounding areas. During the installation process, the
specimens were operated manually using the lifter machine
to hang the dead weight and the operating duration was
within 15 minutes. A significant creep strain was induced
due to load rate affecting the total deflection, which contributed
to both creep and instantaneous elastic deformations.

Results and Discussion

Mechanical Behavior of Wooden and Composite Cross
Arms

Figure 6 shows the flexural stress-strain curve of Balau
wood and pultruded GFRP composite. The graph displays
that the GFRP composite can withstand higher bending
stress compared to Balau wood specimen. Moreover, it is
interesting to note that the strain at failure for Balau wood is
lower than GFRP composite. These results could be due to
the delay of the breakage of glass fiber when the force was
applied, which protected the composite laminate. The delay
of the breakage of glass fiber occurred when macromolecular
chain of unsaturated polyester (UPE) resin was more
prospectively slipped and stretched in high elasticity rate
[35,36]. As a result, the presence of UPE as a matrix in the
composite laminate provided higher toughness and stiffness
besides the compatibility of E-glass fiber and UPE resin.
Overall, the trends of both wooden and composite
specimens exhibited that the GFRP composite showed more
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Figure 6. Flexural stress-strain curve of Balau wood and
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Figure 7. Flexural strength and modulus of Balau wood and
pultruded GFRP composite.

brittle characteristic than Balau wood after ultimate flexural
stress (UFS) was achieved.

According to Figure 7, the average elastic modulus of
Balau wood was 21.93 GPa, and pultruded GFRP was
20.44 GPa. The average flexural strength for wood and
composite found were about 196.1 MPa and 421.4 MPa,
respectively. The elastic modulus of Balau wood was
slightly higher by 7.1 % in relation to pultruded GFRP. This
showed that both materials of wood and GFRP composite
exhibited almost the same quality to resist the deformation
elastically. However, the strength of the wood exhibited
significantly lower by 73 % in relation to GFRP composite
due to poor mechanical properties of hardwood related to

Fibers and Polymers 2021, Vol.22,No.3 797

GFRP composite [37]. The poor mechanical properties of
wood resulted from composition of natural fiber which
consisted of cellulose, hemicellulose, lignin, and pectin.
These compositions allowed weak interaction among the
fibers, which promoted internal defects and cracks.
Subsequently, it induced to early crack development and
growth [10,25,34,38].

From Table 4, it is found that the cross arm materials such
as Balau wood and pultruded GFRP composite have higher
quasi-static flexural performance compared to the previous
materials tested. In terms of wooden material category,
Balau wood has better bending strength and modulus
compared to laminated veneer lumber (LVL), as Balau is
considered hardwood timber [39], while Poplar veneer is a
softwood, and it needs to be further enhanced via laminating
and smearing by phenolic resin [40]. On the other part,
pultruded GFRP composite applied in the experiment
exhibited significantly greater bending properties compared
to the glass fiber reinforced epoxy composite conducted by
Zulkifli and Chow [41]. This could be due to the pultrusion
process that aided the glass fiber to be fully wetted by resin
to avoid void formation in composite laminate [42]. Hence,
those two cross arm materials’ bending properties (strength
and modulus) have significant values to be used in heavy
construction transmission applications.

Creep Trends and Properties

The strain-time graphs of the Balau wood and pultruded
GFRP composite at three load levels are displayed in Figure
8. Both Balau and GFRP specimens were shown to increase
creep strain as the load levels increased. From Figure 8, both
curves revealed that there were two phases occurred during
1000 hours of creep operation, such as elastic and viscoelastic
regions. As reported by Sanyang et al. [43], an anisotropic
material such as wood and polymeric composite usually
behaves elastically, followed by viscoelastic condition before
entering plastic region. In this experiment, it seemed that the
transition period from the elastic period to the constant
viscoelastic state was extended in Balau wood as shown in
the arrow as in Figure 8. This showed that the pultruded
GFRP specimen experienced better stable viscoelastic state
than conventional material for cross arm (Balau wood).
Furthermore, the force implemented to the pultruded GFRP
laminate was higher than the applied force to Balau wood at
the same load level. This observation happened as GFRP

Table 4. Comparison of current experimental specimens and other research works materials in term of flexural properties

. . . . . Flexural strength  Flexural

Type of materials Experimental specimen and others related works Specimen preparation (MPa) modulus (GPa) Ref
.. Balau wood Cutting (virgin timber) 196.10 21.93

Wooden material . L. [40]
Laminated veneer lumber Laminating (poplar veneer wood) 68.21 6.06
. Pultruded glass fiber reinforced UPE composite Pultrusion (fiber fabric ply) 421.35 20.37

GFRP composite . . [41]
Glass fiber reinforced epoxy composite Hand lay-up (chopped strand mat) 220.40 4.98
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Figure 8. Comparison of creep strain between (a) Balau wood and
(b) pultruded GFRP specimens at 10, 20 and 30 % of load levels.

composite containing E-glass fiber exhibited higher tensile
properties [44], and UPE had good compatibility with glass
fiber to ease the stress transfer, and subsequently promoting
better bending performance [45].

The initial strain was evaluated at 15 seconds after loading
the specific weight. The evaluation was done in order to
classify the instantaneous strain level. Both wood and
composite samples permitted the same elastic property as
elastomer. Hence, the wooden material followed Hooke’s
law (F=kx; F is elastic force, expressed in N; k is the elastic
coefficient, expressed in N/m; x is elastic deformation,
expressed in mm), which describes the stress-strain relationship
[46]. In general, the relationship can be expressed as in
equation (1).

oc=Fe¢
where, o is applied stress, £is the elastic strain, and E is the
elastic modulus. The elastic modulus was identified using

equation (1) as displayed in Table 5. The average of elastic
modulus of GFRP specimen was less than Balau wood,
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Table 5. Hooke’s law parameter of Balau wood and pultruded
GFRP samples in term of instantaneous elastic stage

Material Load levels o £ E Average of
(%) (MPa)  (10%)  (GPa) E (GPa)
10 19.0 1.24 15.32
Balau 20 382 310 1232 1321
wood
30 573 478 11.98
Pultruded 10 422 7.12 5.92
ultrude
GFRP 20 84.5 8.81 9.59 9.47
30 126.7 9.81 12.90

resulting in higher elastic strain of the GFRP specimen at the
same load level.

Creep Compliance

Creep compliance is a measurement which describes a
long-term durability in terms of strain per constant stress. It
can be simplified into a mathematical equation defined as
J(ty=¢e(t)/o, (0, is constant stress, in unit MPa, &(7) is time-
based strain under applied constant stress, J(f) is creep
compliance, in unit MPa™). Figure 9 presents the time-
dependent compliance of the Balau wood and pultruded
GFRP samples.

The consistency of the outcome of creep compliance of
Balau wood for four replication samples for each stress
levels indicated the stability of creep performance of the
material. Based on the results obtained, Balau wood
compliance increased creep compliance pattern as the load
level increased. This observation has been confirmed by
Hoseinzadeh er al. [47] and Nakai et al. [48] where the
increase of creep compliance can be attributed to the
structure degradation of the cell wall components as the
samples continuously experienced daily rainy and hot
weather. This has caused micro-cracks between the fibers to
propagate, and fiber pull-off would occur due to the increase
of stress magnitude [3,21,49]. On the other hand, the
pultruded GFRP specimen had significantly lower creep
compliance than Balau wood based on three consecutive
load levels. This was attributed due to the compatibility of
E-glass fiber and synthetic resin (unsaturated polyester) [50,
51], as well as high tensile properties of E-glass fiber [52]
which hindered the continuous deformation by the creep
along the creep period. Referring back to Figure 7, the
GFRP specimen had greater bending strength compared to
Balau wood in order to reduce the primary creep. In general,
the pultruded GFRP possesses better ability to decelerate the
creep rate compared to Balau wood, subsequently providing
longer service life for the material to sustain constant load.

Creep Numerical Models
To assess the time-dependent creep responses of the Balau
and GFRP specimen on the basis of the flexural information,
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Figure 9. Creep compliance against time at different load levels
for (a) virgin Balau wood and (b) pultruded GFRP specimens.

a reliable creep model has to be recognized. One of the
models used in order to identify relationship between the
material and creep properties via physical model is the
Burger model [25,53]. This model can be expressed in
equation (2).

&) = &+ &t e,

Total strain = Elastic strain + Permanent strain
+ Viscoelastic strain

O O e[ BN O
o) = £+ F 1-exo 3]+
&(t) = g+ A[1—exp(-Bt)]+Ct 2)

Equation (2) comprised of 4, B, C and & as independent
parameters. Hence, the model can be mentioned as four
parametric variables. To be more accurate, both elastic and

Fibers and Polymers 2021, Vol.22,No.3 799
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Figure 10. Schematic diagram of Burger model.

viscoelastic moduli are essential behavior of a material and
can be elaborated using this model. Usually, these independent
parameters (4, B, and &) are linearly proportional to the
applied stress, as well as C, which is supposed to be constant.

According to Perez et al. [54] and Chandra and Sobral
[55], the Burger model comprised of a combination of three
elements including a linear elastic spring, dash-pot and
Kelvin-Voight element (a dash-pot and combination of dash-
pot and spring). These elements explain the creep behavior
in terms of elastic strain, permanent strain and viscoelastic
strain. The stress usually responds at the tip of displacement
and causes a strain to happen instantaneously. Figure 10
visualizes the long-term behavior of viscoelastic material
under the Burger model.

Findley power law is an empirical mathematical model
which simulates the creep behavior of anisotropic material.
The model is presented as in equation (3) [56].

Total strain = Elastic strain + Transient strain
1) = g+al’ 3)

Equation (3) is made up of a and b as stress-dependent
coefficient and stress-independent material constant,
respectively. For instantaneous strain after exerting the load,
it is represented and denoted as &,

For Norton-Bailey law, it is considered as another
empirical model to evaluate the primary and secondary
creep under constant stress and temperature within the given
time period. The model is expressed using equation (4) [26].

&f) = mo't" )

where m, k, and n are classified as constants functions of
temperature. In this project, the temperature parameter was
selected as relatively constant. Hence, the equation (4) is
deduced into equation (5) in order to predict the creep
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properties under constant flexural stress.
&) =Kt

where K can be attained using a non-linear fitting function in
computer software, Origin 8.5, in order to organize the
experiment data (creep strain and time) with three different
stress values. The fitting was done by incorporating equation
(5) in the mentioned modelling software. To be specific, the

0.030 -
(@) 4 30% of load level (A-1)
*  20% of load level
’é‘o_ozs. = 10% of load level .
E A
€
0.020 "
S
< A
% 0.015+
=
7] A
%0010- Py . . .
o A .
© 0.005 [ X
.-. n L] - [ ] -
0.000 T T T T 1 - r
0 200 400 600 800 1000
Time (h)
(b) 0.030
A 30% of load level (A_Z)
*  20% of load level
EODZS_ = 10% of load level a
£ A
=
£ 0.020 .
E
A
€ 00154
hy
7] . .
%0010— ' . .
o N
© 0,005 1 ‘.
.-- ] - - [ ] -
0.000 ——
0 200 400 600 800 1000
Time (h)
(c)
0.030 4
A 30% of load level (A-3}
= 20% of load level
__0025-_* 10%of load level N
1S T
A
‘E‘ODZD-
£ -
£
~ A
C 0.015+
©
= A
@ L
Q_13.('.‘1('.'- A N -
8 A L]
e L ]
€ 0.005 4 ?.
- . L = -
0.000 —_— —
0 200 400 600 800 1000
Time (h)

M. R. M. Asyrafet al.

mean values of m and & can be determined using K. It can be
derived by using the least-square curve fitting of the results
of the flexural creep test.

Creep Model Validation

For this section, non-linear curve fitting was applied based
on three models to acquire the mentioned parameters as
discussed earlier. Figure 11 presents a comparison of creep
strain-time curves between the stress levels of Balau wood
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Figure 11. Experimental and modelled curve for three stress levels proportional to time in basis of (a) Burger model, (b) Findley model, and

(c) Norton model.
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Table 6. Overview of fitted parameters of Balau wood creep prop-
erties for three stress levels on the basis of the three models

Stress level (%)

Model Parameter
10 20 30
e, 0.00146  0.00412  0.00506
A 0 0 0.00857
Burger B 0 0 0.01087
C 1.170x10° 7.775x10° 1.122x10°
Adj. R? 0.6156 0.8172 0.9944
&, 0.00108 0.00275 0.00427
) a 0.00025 0.00062  0.00089
Findley
n 0.245 0.372 0.454
Adj. R? 0.9435 0.9968 0.9964
K 0.00133 0.0030 0.0042
Norton- n 008184  0.1733 02492
simplify o,
Adj. R 0.9069 0.9411 0.9539

Table 7. Overview of fitted parameters of pultruded GFRP
laminate creep properties for three stress levels on the basis of the
three models

Stress level (%)

Model  Parameter
10 20 30
€, 0.00742 0.00911 0.01008
A 1.552x10%  1.645x10%2  9.806x10™
Burger B 0 0 0.2012
C 1.386x10°  1.466x10° 1.170x10°
Adj. R? 0.7189 0.7337 0.9503
& 0.00698 0.00868 0.00972
. a 3.1122x10* 3.0768x10™* 6.4318x10™
Findley
n 0.234 0.240 0.189
Adj. R? 0.9953 0.9629 0.9930
K 0.00731 0.00901 0.01040
g::gﬁ‘;y n 0.0195 0.0165 0.0194
Adj. R? 0.9406 0.9118 0.9549

and pultruded GFRP specimens. The analysis and comparison
results from fitted parameter from three consecutive models
are simplified in Tables 6 and 7.

Based on Figure 11, the adjusted regression (adj. R*) of the
Burger model showed that Balau wood (A-1) had higher
value than pultruded GFRP (B-1). This was attributed due to
the fitting results for Balau wood samples which were better
than pultruded composite samples. The Burger model fitted
poorly for the pultruded GFRP samples when fitting the
experimental data at the commencement period. The
forecasted instantaneous strain was considered slightly more
than the actual experimental creep data. This happened due
to the model itself which estimated the creep behavior using
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a linear relationship between time and viscosity [23,25].
Apart from that, the composite samples showed that the
creep rate steadily decreased along the 1,000-hour period of
operation. Hence, the D value could be assumed as a
dependent variable which was time rather than a constant
value in this model [57].

Power law model is divided into Findley and Norton
models, also known as empirical models. Previous studies
state that both power models satisfy the steady-state creep
behavior within a particular time period in order to elaborate
the transient creep period [24,28]. According to Figure 11
(A-2, B-2, A-3 and B-3), the finding revealed that the fitting
results of the Norton model were quite higher compared to
the experimental data. However, for a longer duration, the
model performed in a downward deviation from the
experimental results. Among the simulated creep model, the
best model to forecast the experiment data was Findley
power model, where the adj. R* of the Balau wood (0.9968-
0.9435) and pultruded GFRP (0.9930-0.9629) were the
highest values. The fitting outcomes for the early stage of
the Norton-Bailey model was greater than experimental
results. The Norton’s creep estimation deviated downwards
from the experimental outcomes. On the basis of the fitting
results based on these models, the long-term creep properties
of Balau wood and GFRP samples were predicted by using
Findley model to formulate a mathematical equation.

Creep General Equation

The creep validation of these two general equations were
carried out by comparing the instantaneous strain from
experimental data and Findley’s model. Moreover,
estimation of creep strain is also being simulated within their
service life for further verification. The instantaneous elastic
strain, &, was directly proportional to the applied stress
value according to equation (1). As depicted in Table 8, it
contained the comparison of instantaneous elastic strain
value between experimental data and Findley model for both
Balau wood and pultruded GFRP laminates.

The findley model was implemented to forecast the creep
behaviors of Balau wood and pultruded GFRP samples
under 10, 20 and 30 % of ultimate flexural stress. In general,
both samples can be generalized using mathematical
equations in order to estimate their creep properties as in
Table 9. The general equations for both Balau wood and

Table 8. Comparison of instantaneous elastic strain value between
Findley model and experimental data

Instantaneous  Stress level (%)
strain 10 20 30
e(10%) 124 3.10 478
&(10%) 108 275 427
(107 712 881 98l
&(10%) 698 868 9.72

Specimen Model

Balau  Experimental data

wood  Findley model
Pultruded Experimental data

GFRP  Findley model
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Table 9. List of equations for specific stress level

Sample Equation to forecast the creep response
Balau wood &0 = 587107+ Z
Pultruded GFRP a() =421(10H" '+ £

E

pultruded GFRP are generated from Findley’s power law
model due to adjusted regression of the model is highest and
have a good approximation for the creep properties of
pultruded GFRP composite under tropical environment.

Conclusions and Recommendations

Wood and pultruded composite are common materials
applied for cross arm structure in the transmission line
tower. The quasi-static mechanical and creep behaviors of
both Balau wood and pultruded GFRP composite were
evaluated and analyzed. Generally, the modulus of elasticity
of pultruded GFRP decreases by 7.09 % compared to Balau
wood. In contrast, the flexural strength of pultruded GFRP
increases about 72.97 % compared to Balau wood. Moreover,
the pultruded GFRP exhibits higher instantaneous elastic
deformation, and also indicates steady-state viscoelastic
phase in early stage of creep at the same stress level. In this
case, the creep strain rates and compliance of pultruded
GFRP are elevated at viscoelastic stage which displays
better creep resistance due to higher strength and fracture
toughness of glass fiber. Apart from that, due to pultrusion
process of E-glass fiber with unsaturated polyester, it
provides better consistency and coherence of fiber reinforcement
in composite laminate. Subsequently, pultruded GFRP
performs more stable creep properties. Therefore, pultruded
GFRP composite is very suitable as durable material to be
applied and implemented as cross arm structure.

This study has verified the implementation of several
creep models, such as Burger model, Findley power law
model and Norton-Bailey model, in describing the creep
behaviors of both wood and composite materials. The
simulated results from these models also define the adjusted
regression of (Adj R”) using non-linear fitting method.
According to the findings, it is depicted that the fitting
curves from Burger and Norton-Bailey models are diverged
obviously from the experimental outcomes at the end of the
experiment. Thus, the numerical results have confirmed that
Findley model is the optimized model to simulate the creep
properties of both materials. All in all, two mathematical
formulas (Balau wood and pultruded GFRP) have been
derived from Findley model in order to forecast their creep
properties.
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