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Abstract: Plantation softwood timber poles are associated with low natural durability, and it is
also not clear what the effects of the high humidity environment on the long-term performance
of composite action integrity of such a system. This paper presents a durability study for the
proposed composite poles using (GFRP) glass fiber-reinforced polymer as a confinement system
on wooden poles sourced from plantation softwood timber. Radiata pine poles of 6 m length were
wrapped with multiple layers of 0°/90° woven roving biaxial E-glass fiber sheets through a wet layup
process as confinement. The prepared GFRP softwood poles were then subjected to high humidity
environmental conditions of up to 95 & 2% relative humidity and 22 + 2 °C temperature for a period
of 30 months. Various lengths of confinement were considered in this study ranging from 0% to
70% of the span length. The poles had a span length of 5.4 m and were tested using a three-point
bending test. Results showed that the proposed confinement system of GFRP-softwood provided a
satisfactory long-term performance and the high humidity environment did not greatly affect the
improvement in the mechanical performance that the GFRP system provided.
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1. Introduction

Timber is commonly considered as a source of load bearing structural members in
remote regions such as utility poles due to their desirable properties of cost-effective and
nonconductive material and descended from renewable sources [1-3]. Moreover, a study
was performed on assessing the life cycle of treated wooden utility poles with comparisons
to steel and concrete utility poles, and it was found that the manufacture and installation of
preservative-treated timber poles are less energy-intensive than those of either concrete or
steel poles [4]. In Australia, according to a 2006 study report, around five million utility
poles were made of timber and most of them were native hardwood, which were chosen
due to their high durability in addition to their satisfactory mechanical properties [1]. This
number represented about 80% of the total number of Australian utility poles. There is a
need for about 75,000 new poles every year [5]; and moreover, about 70% of hardwood posts
in service have been installed for many decades and require immediate replacement [1,2].
The reliability of utility poles is of utmost importance since power outages resulting from
pole-failure can cause substantial financial losses and significant safety concerns [3,6].

Despite the desirable properties as mentioned, other concerns may occasionally call
for the need of other pole types [7] and one disadvantage of timber is its vulnerability
to biological deterioration over time (termite, fungus, or beetle attack), resulting in low
durability in natural environments. A notable example, in South Australia and Northern

Forests 2023, 14, 343. https:/ /doi.org/10.3390 /14020343

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f14020343
https://doi.org/10.3390/f14020343
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0003-2724-6660
https://orcid.org/0000-0002-4473-4722
https://doi.org/10.3390/f14020343
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14020343?type=check_update&version=2

Forests 2023, 14, 343

20f19

Territory, timber poles are not in use due to the high termite hazard in those states. Alterna-
tively, they mainly depend on Stobie and steel poles [1], where Stobie poles are basically
made as a composite of two steel joists connected together by bolts, and the gap between
them is filled with concrete. Another major issue of timber as a natural material is decay,
which particularly causes external damage to timber poles, at the ground level that leads to
a significant reduction in their load capacity. In a previous study [8], it was observed that
decay of 25% of the external diameter of the timber pole would result in close to failure
for the pole according to the strength criterion. This is because the outer 40% of the timber
pole’s diameter accounts for 90% of its bending strength [1]. In order to help alleviate the
decay problem faced by timber poles, and lengthen their lifespan, they require preservative
treatment and constant maintenance [4]. However, the preservative treatments of timber
require the use of toxic chemicals such as creosote and pentachlorophenol, which causes
a negative impact on the environment and human health [9]. Towards the end of the last
century, concerns regarding the use of toxic chemicals prompted the proscription of certain
preservative chemicals [10].

Distribution timber utility poles in Australian remote regions are usually made of
hardwood, which are harvested from the native forests. However, hardwood has become
difficult and costly to obtain due to the hardwood shortage caused by deforestation and
forest degradation. For example, by the 1980s, about 40% of forest in Australia had
been altered by clearing [11]. In addition, large-scale hardwood forests were destroyed
due to bushfires in 2002 and 2003 [2]. Environmental consciousness has further grown,
which eventually led to agreements to reduce the logging of Australian native forests [1,5].
Therefore, there is an insistent demand to detect sources of another type of timber for
utility poles. In Canada, the United States of America, and Europe, plantation-grown
softwoods have been used and shown great benefit as distribution poles, which can be
introduced as an alternative solution to the timber hardwood shortage, and they have
recently been established in Victoria and Queensland [1]. However, studies confirmed
that plantation softwoods are linked to low natural durability and consequently require
additional treatments for preservation [1].

Fiber-reinforced polymer composites, as a confined material to poles made of softwood,
particularly in the regions near ground-level, offer a promising solution to enhance the
durability as well as the mechanical performance of softwoods [12]. In comparison to
steel and concrete poles of higher cost and heavier weight associated with more effort in
their transportation and installation [7], FRP provides considerable advantages such as
resistance to corrosion, lightweight to high strength ratio, superior durability, and ease
of installation [13-35]. The advantage of weight reduction in FRP may also quicken the
installation operation and reduce transportation costs [36]. The use of glass fiber-reinforced
polymer (GFRP) is considered an ideal option as reinforcing materials on the softwood pole
surface due to their characteristic low electrical and thermal conductivity in addition to the
low manufacture cost in comparison with other types of fiber-reinforced polymer materials,
such as (CFRP) carbon fiber-reinforced polymer [37-41]. Despite the fact that structures
made of GFRP materials are commonly affiliated with a higher initial cost in comparison
to structures made of steel materials, a considerable advantage will be accomplished
economically in the costs of maintenance over the duration of their service life [28,38].

Different studies showed that the use of composite materials made of FRP as a rein-
forcement system successfully improved the mechanical performance of timber in terms
of strength and stiffness [3,27,42-44]. Most of these studies involved the rehabilitation of
timber structures, and all of them indicated that FRP composites materials as confinement
systems improved the mechanical performance of aged and decayed timber structures.
Recently, a study [45] was conducted to investigate the mechanical performance of GFRP-
confined softwood timber poles with different confinement lengths for application as utility
poles using a wet layup method, where this practical method was widely used in the labora-
tory and workshop to fabricate small and thin FRP composite components or products [46].
The results obtained experimentally suggest that the use of multiple layers of E-glass fiber
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sheets of biaxial 0°/90° woven roving provided a significant increase in bending stiffness
as well as the load-carrying capacity of the softwood poles [45]. The improvement in
moment capacity was significant and reached 62% higher than the hardwood used in
service [45]. It is worth mentioning that glass fiber has several grades, which are known by
a letter nomenclature, such as E-glass, A-glass, C-glass, and S-glass. Where E-glass has high
electrical resistivity, A-glass (window glass or alkali-resistant glass), C-glass has excellent
corrosion-resistance, and S-glass (structural or high-strength glass) is used to produce
the high-performance fibers used primarily in the aerospace industry. The properties of
common grades of glass fibers are summarized in Table 1 [46].

Table 1. Approximate properties of common grades of glass fibers which adapted from [46] © 2023
by John Wiley & Sons, Inc.

Grade of Glass Fiber Density (g/cm®)  Tensile Modulus (GPa)  Tensile Strength (MPa)

E 2.57 72.5 3400
A 2.46 73 2760
C 2.46 74 2350
S 247 88 4600

Despite the fact that using GFRP composite materials as confinement systems for
softwood poles provides an alternative solution to the hardwood shortage issue. It is
important to highlight the role of bond behavior between the timber and FRP, as well as the
effect of environmental conditions on the composite’s integrity. The stiffness and strength
gained from the application of FRP to timber is dependent on the composite’s actions,
i.e., it relies on the bond between the timber and FRP. Without proper bonding between
the timber and the FRP, a partial composite action may occur [47], and that will lead to a
notable reduction in the strength and stiffness of the structural member. Moreover, weak
bonding can initiate the delamination process in an FRP-timber composite, and this may
be worsened by environmental effects [48]. Therefore, the effects of the environmental
conditions on the FRP-timber composite system need to be investigated. Furthermore,
previous studies were performed on the effects of an aqueous environment on glass/epoxy
composites, under both room temperature and 90 °C temperature, through submerging the
GFRP specimens in water of controlled temperatures. For a temperature of less than 35 °C,
the moisture level of FRP materials reached a saturation rate of 0.8%, and the mechanical
properties of the composite were not significantly affected [49]. It may be concluded that
the durability of the FRP coating itself may not be significantly affected by the humidity
levels in the ground for such FRP-timber composite poles. However, since the FRP and
timber act together through composite action, the durability of the FRP-timber composite
system needs to be investigated further.

Therefore, the presented study in this paper will investigate the long-term perfor-
mance of the proposed composite poles using (GFRP) glass fiber-reinforced polymer as
a confinement system onto wooden poles sourced from plantation softwood timber af-
ter exposure to a high level of humidity. A process of wet layup system was used as a
confinement method by using multiple E-glass fiber sheet layers of biaxial 0°/90° woven
roving. Various lengths of confinement were prepared for the tested specimens and placed
in an environment with a relative humidity of about 96% RH for 30 months. The exposed
specimens were then examined in a three-point bending test, where strain gauges were
installed at the midspan of the specimens and near the edge of the GFRP wrapping to
recognize and explain the compressive and tensile strain behavior as well as to examine the
degree of composite action of the GFRP-softwood sections. Experimental results, including
failure modes, ultimate load, load-displacement responses, moisture content (MC), strain
behavior, and bending stiffness, were obtained and thoroughly evaluated in this paper.

With regard to the recycling of composite materials, it is worth mentioning that GFRP-
based products, in particular, are expected to have a long lifespan. Thus, the disposal of the
proposed solution might not be a major concern in the next few decades. However, due to
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the growing production and consumption of using GFRP materials in the past few decades,
the waste amount resulting from end-of-life GFRP products will definitely increase within
the next few years, and this issue has become particularly worrying. Therefore, researchers
have focused on developing recycling approaches for FRP composite materials, which
might be very useful for this proposed solution [50,51].

2. Experimental Program
2.1. Materials

The selected timber poles in this investigation were unseasoned and untreated plan-
tation softwood timber, which is called Radiata pine, widely available in Australia. The
softwood poles had a diameter of 150 mm and moisture content (MC) of 40% and were
wrapped with multiple layers of E-glass fiber fabric (biaxial plain weave 0°/90°), which
were epoxy-impregnated sheets installed via wet layup. The epoxy used in the wet layup
procedure consists of Epikure 3234 as a curing agent and Epon 828 as an epoxy resin.
The GFRP confinement was composed of a total of 27 layers of 0°/90° woven roving as
described in [45] where the fibers in a transverse direction enhance the hoop strength,
in addition, to restraining the swelling of wood caused by water uptake [3], as well as
improve the shear resistance [9,52]; while the fibers in the longitudinal direction produce
the bending strength [3]. Each layer had a thickness of 0.26 mm and a weight of 400 gsm
fabric. By knowing the fiber density, which is 2550 kg/m? [53], and the total thickness of
fully cured laminate, which is 8§ mm, the volume fraction of fiber in the composites was
calculated as 53%.

The GFRP properties can be obtained using (CLT) classical lamination theory [45,46]
including the transverse and longitudinal in-plane modulus, the in-plane shear modulus,
and the minor and major in-plane Poisson ratio, with the results presented in Table 2.
The properties of softwood were obtained experimentally in accordance with the ASTM
D143-94 standard [54], and the results are given in Table 2. The moisture content (MC) of
the timber was measured after the GFRP-softwood pole specimens were subjected to high
humidity condition, using the oven-dry method according to AS/NZS 1080.1 standard [55].

Table 2. Material properties of softwood timber and GFRP adapted from [45] © 2023 Elsevier Ltd.

Parameters Magnitude Unit
Tensile strength parallel to wood grain direction 30.6 MPa
Compressive strength parallel to wood grain direction 34.2 MPa
Tensile modulus of elasticity parallel to wood grain direction 6.6 GPa
Compressive modulus of elasticity parallel to wood grain direction 4.2 GPa
Flexural modulus of elasticity of softwood 5.9 GPa
Density of softwood 400 kg/m?3

GFRP longitudinal in-plane modulus 23.2 GPa
GEFRP transverse in-plane modulus 23.2 GPa
GEFRP shear in-plane modulus 3.89 GPa

GFRP major in-plane Poisson ratio 0.15

GFRP minor in-plane Poisson ratio 0.15

2.2. Specimens Preparation and Configurations

The fabrication process of GFRP along with the confinement procedure of GFRP timber
pole specimens was carried out as presented in Figure 1a—f. The GFRP sheets were first
attached onto the timber pole after proper surface cleaning [45]. The mixed epoxy was
then impregnated on glass fiber sheets using a roller. After that, during the impregnating
procedure, the timber softwood pole was carefully rolled in order to complete the whole
layer, and after that, the operation is reduplicated for the remaining layers. The final
stage of the GFRP confinement fabrication was to place the peel plies, where after the
specimen was left to fully cure for about 24 h and then the peel ply was removed. The
poles were allowed to fully cure for at least 14 days at a room temperature of 23 £ 2 °C
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and with 38 £ 2% relative humidity. Before the GFRP-timber poles were subjected to
environmental conditions, preparations were further made at the two ends with a distance
of 400 mm for the timber poles in order to protect the timber there as the supports in
the three-point bending from local damage (natural deterioration due to high humidity)
during the moisture exposure conditions (described ahead in Section 2.3), which might
affect the testing performance where the main focus of this investigation is to examine the
degree of composite action of GFRP-softwood sections. The preparation procedure for the
support locations started with sanding the surface area. The surface was then coated with a
paint product after cleaning the sanded area thoroughly. Finally, layers of plastic film were
wrapped on top of the coated area and covered with thick heavy-duty plastic, which was
then sealed by using heavy-duty duct tape.

Figure 1. Wet layup process during fabrication of experimental specimens: (a) Cleaning the surface;
(b) attaching the fabric onto the timber pole; (c) mixing the epoxy resin with a curing agent; (d) ap-
plying resin to glass fabric; (e) curing after applying peel plies; and (f) removing peel plies after
one-day curing.

The GFRP-softwood poles were exposed to the high humidity environment for
30 months and then tested for bending using a three-point setup to represent two symmetric
cantilevers in order to simulate the true loading layout for utility pole applications. As
shown in Figure 2, the tested specimens have a span length of 5.4 m and specimens were
labelled TWEx, where x is the percentage of GFRP confinement from 0% to 70% of the span
length. Each equivalent cantilever has a span length (L) of 2.675 m with a steel loading
plate of 50 mm wide at the middle. The GFRP confinement length is L;,, where L, is the
exposed length and L; is the total length of GFRP confinement (see Figure 2). For example,
in TWE70 with 70% GFRP confinement of the length of the span, Ly, is calculated to be
1873 mm, while L, was 803 mm, and total confinement length L; was 3795 mm, as shown in
Table 3.
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Figure 2. Three-point bending and equivalent cantilevers for tested specimens (units in mm).

Table 3. Geometric parameters of experimental specimens.

Specimen FRP Confinement Exposed Total Confined
Name Confinement (%) Length L, (mm)? Length L, (mm) Length L; (mm)
TWEO 0 0 2675 0
TWE20 20 535 2140 1120
TWE30 30 803 1873 1655
TWE70 70 1873 803 3795

2 Confinement length calculated for one symmetrical half of each specimen.

2.3. Moisture Exposure

The prepared GFRP-softwood pole specimens were placed into a room conditioned
with 95 % 2% relative humidity and a temperature of 22 & 2 °C for period of 30 months.
During the moisture exposure, the relative humidity and a temperature were measured
once a week in order to maintain stable conditions as shown in Figure 3. An increase in the
temperature of up to 40 °C may not affect the bonding between timber and FRP much [56]
and therefore this study focusses on the effect of such a high humidity environment.

100 — 100

o4+ T T 7 L 90

80 - - 80
2 i L
3 70 70 0
§ 60+ | ----- % Relative humidity L 60 g
2 50 1 Temperature’C L 50 ®
= [
8 40 - L 40 £
© &
e 30 1 + 30

20 47 L 20

10 L 10

0 0

1 3 5 7 9 1113 1517 19 21 23 25 27 29 30
Time (Months)

Figure 3. Moisture exposure (relative humidity and temperature) over time.

According to the climate statistics of Australia [57], the maximum measured relative
humidity is around 80% in the Victoria region and this value is usually reached in one
month every year. By subjecting the GFRP-softwood pole specimens to higher relative
humidity conditions of about 95% for the period of 30 months, it would be assumed to
represent 30 years of exposure of high humidity.
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2.4. Mechanical Experimental Setup and Instrumentation

The experimental setup and instrumentation are illustrated in Figure 4. The specimens
after environmental exposure were loaded into a three-point static bending setup and
simply supported using an Instron 100 kN testing machine (see Figure 4a), where the test
was performed at a room temperature of 23 & 2 °C and with 38 =+ 2% relative humidity.
As shown in Figure 4b, strain gauges were positioned in the GFRP-softwood poles at the
longitudinal direction of span along the bottom, top, and middle sides, using 120-ohm-
resistant strain gauges. The strain gauges were attached to the critical locations in order to
capture compressive and tensile strain responses as well as to evaluate the degree of the
composite action (of the bonded sections GFRP/timber composite) after the high humidity
exposure. As presented in Figure 4b, the strain gauges were attached to specimens TWE20,
TWE30, and TWE?0 and the locations of the strain gauges were divided into several regions
along the span. As shown in Figure 4b, at the region of the midspan (section D), strain
gauge SG1 was attached on the compression side and SG2 on the tension side while SG9
was in the mid-side of the specimens. The other regions, namely, section C, section B, and
section A were located 200 mm, 100 mm, and 10 mm, respectively, from the edge of the
GFRP wrapping, where strain gauges SG3, SG5, and SG7 were attached to the compression
side while SG4, SG6, and SG8 were attached to the tension side, and SG10, SG11, and SG12
to the mid-side.

!
[ |=FRPwrap

(b) A ! @ R
s P lp R
By, B
s Déft Déf2 Def3 Def4 Def5 .
300, Le/2 Le/2 Lw Lw Le/2 Le/2 300L
309 | | | | | |
Section A Section B SectionC  SectionD SectionE Section F Section G Section H

SG7 SG5 SG3 SG1 SG1 SG3 SG5 8:7
SG12 SG11 SG1 SGY{ ) (
SG8 SG6 SG4 SG2 SG2 SG4 SG6 SG8

Figure 4. (a) Experimental setup of specimens (TWE30 as an example) and (b) strain gauge and
LVDTs instrumentation for all specimens.

At the midspan, a 50 mm width loading steel cradle, a 250 mm length, and a 75 mm
overall depth were applied to transfer the loads from the Instron actuator to the specimens.
Two steel cradles with the same dimensions were used to support the specimens at two
ends. The loading process was controlled at a rate of 6 mm/min using displacement
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mode. The displacements were measured using a string pot at the midspan and at the
GFRP confinement ends. In addition, two linear potentiometers (LVDT) were placed at the
middle of the exposed timber regions to understand displacement responses and deformed
shapes of specimens.

3. Experimental Results and Discussion
3.1. Failure Modes

As presented in Figure 5, one dominant failure mode was observed from the tested
timber pole specimens, which was a timber tensile failure. All the specimens that have
0% to 70% range of GFRP confinement span length (i.e., TWEO to TWE70) exhibited a
sudden flexural tensile failure of the timber pole at their ultimate loads. For the timber pole
specimens with confined GFRP, no damages were observed on the GFRP during the loading
process. The failure happened at the midspan as seen in Figure 5a for TWEQ without GFRP
confinement and there were sounds of cracking when approaching the ultimate load. For
TWE20, TWE30, and TWE70, the failures occurred on the timber at one side of the GFRP
wrapping edge at the ultimate loads (see Figure 5b—d). It is important to mention that
the timber tensile failure for specimens with GFRP wrapping was initiated from inside
the GFRP wrapping. Therefore, it is believed that such behavior may be caused by the
degradation of the adhesive bond between timber and GFRP, leading to a loss of composite
action between GFRP and timber after the exposure to a high level of relative humidity for
30 months (further discussion in Section 3.3). For the timber pole specimens with confined
GFRP ranging from 20% to 70% of the span length, the damaged specimens were removed
immediately after each test in order to measure the depth of timber failure inside the GFRP
wrapping. It was found that for TWE20, TWE30, and TWE?0 the depths of timber failure
inside the GFRP wrapping were 11 mm, 17 mm, and 58 mm, respectively.

Figure 5. Failure modes of experimental specimens (a) TWEO at 6.5 kN; (b) TWE20 at 5.93 kN;
(c) TWE30 at 10.32 kN and (d) TWE70 at 28.5 kN.

In a recent experimental investigation performed on timber poles made of GFRP and
softwood with the same configurations but without environmental exposure [45], it was
concluded that there were only two major observations in terms of failure modes there.
First, timber tensile failure for the timber pole specimens with confined GFRP ranging
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from 0% to 30% of the span length (i.e., TWO0 to TW30), identical to TWEO, TWE20, TWE30,
and TWE70. However, without environmental exposure, the specimens in [46] showed a
good bonding quality, which was evidenced by the timber failure located at 100-250 mm
outside the confined GFRP. In [45], the second failure mode was GFRP fracture located in
the midspan in both tension and compression sides for the TW70 specimen, and this failure
mode was not observed in the current study for specimen TWE70.

3.2. Load—-Displacement Behavior

Figure 6 shows a comparison of the load (or midspan moment)-deflection responses
up to the failure for the TWE specimens that were exposed to high humidity and the TW
specimens without environmental exposure in [45], the numbers beside the labels represent
the percentage of confined GFRP (ranging from 0% to 70%).
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Figure 6. Deflection responses with load and midspan bending moment for TWE specimens in
comparison with TW specimens without environmental exposure from [45].

Overall, TW specimens without environmental exposure showed load (or midspan
moment)-deflection responses linearly up to their ultimate load capacities. In contrast,
the TWE specimens that were exposed to high humidity exhibited a linear response in
terms of load-deflection up to around 50%-52% P,, (ultimate load) for TWEO, TWE20, and
TWE30, or 69% P,, (ultimate load) for TWE70. As these nonlinear responses were noticed,
it is believed that such behavior in the TWE specimens can be caused by the high moisture
content of the timber poles after exposure to high humidity for a long period of time. For
the TWEQ specimen with no confined GFRP, the ultimate capacity of the load was 6.5 kN,
which corresponded to the maximum capacity of the moment of 8.8 kN-m at the midspan,
where a sudden flexural tensile failure occurred in the timber. After the experiment was
completed, timber samples were immediately taken from TWEO in order to measure the
moisture content using the oven-dry method according to the AS/NZS 1080.1 standard [55],
and the result was 83.9%.

For TWE20 or TWE30, the ultimate capacity of the load P, was 5.9 kN or 10.3 kN,
respectively. However, as shown in Figure 5b,c, the failure scenarios for both specimens did
not occur in the middle span, only on the timber pole portion close to the rim of confined
GFRP. At the midspan for TWE20, the maximum capacity of the moment was 8 kN-m with
moisture content of 78.1% and for TWE30 was 13.9 kN.m with moisture content of 64.3%.
The TWE?0 specimen exhibited a considerable increase in the capacity of the load, and the
ultimate capacity of the load was 28.5 kN, which corresponded with the maximum capacity
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of the moment of 38.4 kN-m. The specimen failed similar to specimens TWE20 and TWE30
when a sudden timber tensile failure of the pole occurred close to the rim of confined GFRP.
The moisture content (MC) for TWE70 was measured as 56.4%.

It can be identified from Figure 6 that the ultimate load capacity and therefore the
maximum moment capacity for the TWE specimens were close to the TW specimens
without environmental exposure, with a maximum difference of 18.3% (also see Table 4).
This is because the timber poles for the unexposed TW specimens were unseasoned and
their moisture contents were around 40%. This value is greater than the fiber saturation
point of Radiata pine species of around 30% [58,59]. Consequently, the ultimate load
capacity was not significantly affected by the high humidity exposure as the mechanical
properties (strength in particular) of the timber would not change much for moisture
content beyond the fiber saturation point [60-62].

Table 4. Major experimental results of GFRP softwood poles specimens after 30 month of exposure to
a high humidity environment (TWE) compared to some experimental results for specimens without
humidity exposure (TW) [45].

Maximum Maximum Maxi St Maxi St . D dati
. Bending Stiffness EIexp Compres— Tension .ax1mun.1 ress aximum : Tess 1n - egra a. on
Failure Load (kN) (KN-mm?) x 10° sion Strain Strain at in Tension at Compression at in Bonding
Confinement at Midspan Midspan Midspan ot (MPa) Midspan oc (MPa) (%)
TW TWE %D TW TWE %D TWE TWE TWE TWE TWE
20% 70 59 183 19 17 164 -02 02 441 55.7 357
30% 96 103 -7.1 28 25 117 —04 0.3 69.6 83.5 121
70% 316 285 109 53 51 34 -07 0.7 153.1 155.4 5.7
2 The degradation in bonding calculated as the debonding percentage between the GFRP and timber in reference
to the overall confinement length for each specimen.

Five displacement transducers were placed as shown in Figure 4b and therefore the
deformed shapes received in Figure 7 for the specimens of TWE at the load of 3.5 kN in
comparison to those from TW specimens without humidity exposure. For both exposed and
unexposed GFRP-softwood pole specimens, the overall deformations were substantially
decreased when the GFRP confinement length increased. Furthermore, the differences in
displacement at the load of 3.5 kN were also remarkably reduced as the GFRP confinement
length increases of equivalent confinement length between TW and TWE specimens.

Span (mm)
0

540 1080 1620 2160 2700 3240 3780 4320 4860 5400

—— TWO at 3.5kN

O TWEO at 3.5kKN

— — —TW20 at 3.5kN

A TWE20 at 3.5kN

----- TW30 at 3.5 kN

O TWES30 at 3.5kN

------- TWT70 at 3.5kN

¢ TWET0 at 3.5kN

Figure 7. Deformed shapes for TWE specimens in comparison with TW specimens without environ-
mental exposure from [45] at 3.5 kN with a span length of 5.4 m.
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3.3. Load—Strain Behavior and Composite Action

maintained there for section C.

Figure 8. Strain responses at midspan (section D). (a) Load-strain responses for TWE specimens
in comparison to TW specimens without environmental exposure from [45]; (b) strain distribution
along depth for TWE20; (c) strain distribution along depth for TWE30; and (d) strain distribution
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Figure 8a shows the load axial strain curves for the TWE specimens TWE20, TWE30,
and TWE70 at the midspan in comparison with the TW specimens without environmental
exposure. Due to similarity, the strain values and curves were presented for only one-half
of the symmetry of each specimen. Overall, the load—strain curves for the TWE specimens
showed linear behavior up to the ultimate loads similar to the TW specimens, indicating
that satisfactory bonding was maintained at the midspan section during the loading process.
A slight nonlinearity was noticed for specimens with 70% confinement length, where those
particular specimens experienced much larger deformations compared to the others, where
such behavior (slight nonlinearity) might happen. Moreover, Figure 8b—d shows the
strain distributions at section D along the section depth for TWE20, TWE30, and TWE70
specimens at different load levels. The axial strain distribution along the section depth was
linear, which indicates that a full composite action between the bonded materials (timber
and GFRP) was achieved at the midspan (section D). It is noteworthy that, at the midspan

where the maximum strain values were expected, all TWE specimens showed maximum
strain values significantly lower than the typical maximum compressive and tensile strains
value of the GFRP materials [63,64], indicating no damages to the GFRP wrapping during
the experiments. Figure 9a shows that the load axial strain curves from section C for
the specimens TWE20, TWE30, and TWE?70 are located 200 mm from the edge of GFRP
wrapping (see Figure 4b). All the TWE specimens exhibited linear strain behavior (from
SG3 and SG4) up to their ultimate loads, similar to those in the midspan strain responses.
Furthermore, Figure 9b—d shows linear axial strain distribution along the section depth for
the TWE specimens and these results demonstrated that the full composite action was still
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Figure 9. Strain responses at section C. (a) Load-strain responses for TWE specimens; (b) strain

distribution along depth for TWE20; (c) strain distribution along depth for TWE30; and (d) strain
distribution along depth for TWEZ0.

As shown in Figure 10a, TWE30 and TWE?70 at section B with a distance of 100 mm (see
Figure 4b) showed approximately linear (slight nonlinearity is believed to be due to the high
MC of timber when approaching the beginning of GFRP wrapping) load axial strain curves
with close strain values from SG5 and SG6; and this indicated that good bonding quality
was likely still maintained for the specimens with 30% and 70% of confined GFRP of the
span length. Even though the load axial strain curve was approximately linear, Figure 10a
for TWE20, its SG6 in the tension side showed remarkably lower strain magnitude at
different load levels as compared to SG5 in compression as seen in Figure 10b. This

can be considered a sign of debonding that initiated during the loading process on the
tension side, suggesting that the adhesive bond between timber and GFRP around section
B for the TWE20 specimen was affected by the high humidity environment. Figure 10c,d
demonstrates linear axial strain distribution along the section depth for TWE30 and TWE70
specimens indicating that the full composite action was still preserved there at section B.
Strain gauges SG7 (compression) and SG8 (tension) were attached at section A, 10 mm
away from the beginning of GFRP wrapping for specimens TWE20, TWE30, and TWEZ0.
As evidenced by Figure 11a—d, irregular changes in the strain developments with load are
found from SG7 and SGS8 for all the tested TWE specimens, such as the nonlinear behavior
and the discrepancy in the strains measured from SG7 and SGS8 at the ultimate load. This
suggests that the bond interface between the GFRP wrapping and timber may be severely

affected by the high humidity environment and therefore there was an obvious degradation
in GFRP-timber composite action in section A.
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Figure 10. Strain responses at section B. (a) Load—strain responses for TWE specimens; (b) strain
distribution along depth for TWE20; (c) strain distribution along depth for TWE30; and (d) strain

distribution along depth for TWE70.
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The affected sections from the environmental exposure can be identified for the tested
TWE specimens based on the above discussions about strain results. Therefore, the derived
degradation in bonding between GFRP and timber is quantified in Table 4, as a percentage
in reference to the total confinement length for each specimen. For example, for TWE20,
section A (10 mm from edge of GFRP) and section B (100 mm from edge of GFRP) indicated
potential debonding while the first sign of full composite action between GFRP and timber
was seen in section C (200 mm from edge of GFRP). This suggests that potential debond-
ing may be within a total of no more than 400 mm from the GFRP confinement length,
corresponding to the maximum degradation in bonding of 35.7%. It is worth mentioning
that the GFRP wrapping withstood and restrained the swelling of wood throughout the
exposure, where the circumferences of the GFRP-softwood sections were measured for the
tested specimens before and after the humidity exposure, and the results were identical.

3.4. Bending Stiffness

The bending stiffness (El.xy) of the specimens (TWE TWEO, TWE20, TWE30, and
TWE?70) can be determined using beam theory [65]. Due to the large span length of
the GFRP-timber composite specimens and the governing flexural deformation, shear
deformation was not considered. Thus, the bending stiffness can be calculated from

Equation (1) \
L°> (P
Elexp = @ (5) (1)

where L is the span length of the tested pole under three-point static bending, the value of
P is the load applied at midspan, and 4 is the deflection at midspan, which were obtained
from the linear elastic stage of the load—displacement curve of the experimental results,
which are presented in Figure 6.

In general, reductions in the bending stiffness can be noticed for the TWE specimens
that were subjected to a high humidity condition in comparison to the specimens without
environmental exposure. As shown in Table 4, for specimen TWEQ without GFRP wrapping,
the bending stiffness was only decreased by 6.1% compared to the unexposed specimen.
Specimen TWE20 showed more reduction in bending stiffness of 16.4% in comparison to
specimen TW20 without environmental exposure. The cause of such reduction in bending
stiffness for TWE20 is believed to be the degradation in the bonding and the induced partial
composite action as discussed previously. With 30% wrapping (TWE30), the bending
stiffness was decreased by 11.7% compared to the unexposed TW30 specimen. Slight
reduction was seen for TWE70 in the bending stiffness of 3.4% as compared to the specimen
without environmental exposure.

The tensile and compressive stresses of the GFRP-timber composite section at midspan
can be determined from Equation (2), for the TWE specimens

o =Errpe )

where ¢ is the stress at the outward fiber of the midspan composite section in the GFRP
confinement that occurs when timber fails at the section near to the edge of the GFRP
wrapping material, the GFRP elastic modulus is Ergp (23.2 GPa, see Section 2.1), and € is
the obtained strain value from experimental results in the outward fiber at the ultimate
load Py (see Table 4). All the tested TWE specimens showed significantly lower values for
their maximum stresses in comparison to the typical maximum compressive and tensile
strengths of the GFRP materials, supporting that the failure at their midspan regions did
not happen on GFRP.

4. Moment Capacity Comparisons

In order to consider the proposed GFRP-softwood composite poles as an alternative
solution to hardwood, the moment capacity results obtained from the specimens that were
exposed to a high humidity must be compared to existing hardwood applications. Corymbia
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(spotted gum) and Eucalyptus pilularis (blackbutt) are the most widespread hardwood
species currently in use as poles throughout Australia [1]. According to AS/NZS 2878,
these are hardwood pole species classified into strength group S2 [66].

The timber poles in Australia are classified into seven strength groups ranging from a
maximum bending characteristic strength of 100 MPa (strength group S1) to the minimum
bending characteristic strength of 25 MPa (strength group S7) and the moment capacity of
poles in bending (M},) can be determined by using Equation (3) [67].

My = f,Z ®)

where M, is the pole capacity at the moment, f; is the characteristic bending strength (S1 to
43
S7), and Z is the section modulus, i.e., % , where dj, is the diameter of the pole. The

specimens used in this study were softwood and had 150 mm diameters where d, in the
above equation is assumed.

The experimental moment capacities for the GFRP softwood pole specimens that were
subjected to a high humidity environment are given (see Section 3.2). The specimen TWEQ
without GFRP wrapping has a moment capacity of 8.8 kN-m, which could be categorized
between strength groups S6 and S7. TWE20 with a moment capacity of 8 kN-m is very
close to strength group S7. The moment capacity M, for TWE30 is 13.9 kN-m, which can be
classified between strength groups 54 and S5. The specimen TWE70 has a higher moment
capacity of 38.4 kN-m, which corresponds to 16.1% and this value is greater than the highest
strength group S1. Spotted gum and blackbutt, currently in use as hardwood pole species,
have moment capacities of 26.5 kN-m for poles of 150 mm in diameter, and are categorized
into strength group S2. This suggests that 70% of the confinement length of the proposed
GFRP enhancement method for softwood can reach 45% higher than the hardwood poles
in use such as Corymbia (spotted gum) as well as Eucalyptus pilularis (blackbutt).

5. Recommendations

The results obtained from this study have confirmed that the GFRP-softwood confine-
ment system provided a moment capacity 45% higher than the hardwood pole species in
use when pushed further under extreme weather conditions such as high humidity envi-
ronment for 30 months. These results represent the specimen with 70% of the confinement
length of the Radiata pine softwood. Further investigations may be expected to identify
the optimal confinement length for softwood that would satisfy design requirements, as
existing hardwood utility poles are currently in service. Moreover, the softwood used
in this investigation was unseasoned Radiata pine (Pinus radiata) with relatively lower
mechanical properties (such as strength and modulus of elasticity) as compared to the
seasoned timber from the same species. The selection of seasoned softwood may provide
larger improvement in the GFRP-softwood confinement system, and therefore a lower
GFRP confinement length may satisfy the design requirements. It is worth mentioning
that the base of the proposed GFRP-softwood must be sealed entirely, either with an epoxy
coating or a few layers of GFRP, in order to avoid any fungus that causes decay from
ground-level. Thus, field durability tests should be performed using the accelerating aging
approach in future work in order to obtain a better design method to cover the base of the
proposed GFRP-softwood pole. For the regions or states where high termite hazards exist,
it is beneficial to apply GFRP confinement onto the remaining surfaces of the timber pole
for protection against any biological deterioration in order to avoid using the traditional
preservative solutions of timber poles with hazardous waste due to chromium and arsenic.
Finally, a comprehensive economic analysis can be performed to estimate the total cost re-
ductions for the proposed solution throughout the expected lifespan of the GFRP-softwood
poles in future works, as compared with other solutions.
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6. Conclusions

Mechanical performance of the composite timber poles made of GFRP and softwood

after long-term exposure to a high humidity environment was investigated in this study.
The effects of 95 £ 2% high relative humidity along with the difference in confinement
length on the flexural performance of the proposed composite timber pole (GFRP-softwood)
specimens were clarified. The ultimate load, load-displacement responses, moisture content,
failure modes, bending stiffness, and strain behavior were experimentally obtained and
evaluated. From these investigations, the following conclusions can be drawn:

@

@)

®)

4)

©)

(6)

The ultimate load capacities for specimens with 0% to 70% GFRP confinement of the
span length (i.e., TWEO to TWE70) after exposure to high humidity environment for
30 months were found to be close to the specimens without environmental exposure
and the maximum difference in the ultimate load capacity was about 18% for the
specimen that has 20% GFRP confinement length of the span (i.e., TWE20).

All the specimens with GFRP confinement after environmental exposure showed
a similar failure mode as a sudden flexural tensile failure of timber at the ultimate
loads. For the TWEOQ specimen without GFRP wrapping the failure happened on the
midspan, while the specimens with 20% to 70% GFRP wrapping, failed on the timber
at one portion close to the rim of the GFRP confinement. However, the depths of
timber failure inside the GFRP wrapping were different, namely, 11 mm, 17 mm, and
58 mm for specimens with 20%, 30%, and 70% GFRP wrapping, respectively.
GFRP-softwood composite specimens showed different performances, in terms of the
moisture content after exposure and subsequent load-displacement responses, with
the GFRP confinement length. The load-deflection responses started to change from
linear to nonlinear when ultimate loads of about 50% were reached for the specimens
with 20% and 30% GFRP confinement. The nonlinear response started for the TWE70
specimen ultimate load of at about 70%. The moisture content for the specimens
decreased when the GFRP confinement length increased.

After exposure to high humidity for 30 months, full composite action between the
GFRP and softwood was maintained for most of the bonded area in the softwood
and GFRP composite specimens. For specimen TWE20 with 20% GFRP confinement,
the first sign of debonding was 100 mm away from the rim of the GFRP confinement
and the degradation in bonding was estimated to be 35.7% of the confinement length
based on the strain responses at various sections along the span. For the specimens
with 30% and 70% GFRP confinement span length, the degradation in bonding was
estimated to be 12.1% and 5.7% of the overall confinement length, respectively.

The high humidity exposure of 30 months causes a reduction in bending stiffness for
all the specimens. For the specimen without GFRP wrapping the bending stiffness
decreased slightly by 6.1% compared to the unexposed one. The role of degradation
in composite action caused more reduction in bending stiffness of 16.4% for specimen
TWE20 with 20% confinement, and of 11.7% for the specimen with 30% GFRP confine-
ment. For specimen TWE70 with 70% GFRP confinement, the environmental effect
was minor with only 3.3% reduction in bending stiffness.

The capacity of the moment from the experimental results of the GFRP-softwood
composite system after 30 months of exposure can be classified into several strength
groups in accordance with the relevant standard (AS/NZS 2878. Timber-classification
into strength groups, Standards Australia). Where specimens with 0% and 20%
confinement with moment capacities of 8.8 kN-m and 8 kIN-m correspond to the
lowest strength groups—S6 and S7. Specimen TWE30 with 30% confinement presents
the capacity of the moment of 13.4 kN-m and is located between strength groups
S5 and S4. TWE70 showed 16.1% higher moment capacity compared to the highest
strength group, S1, and it is also 45% higher than the hardwood pole species such as
Corymbia (spotted gum) and Eucalyptus pilularis (blackbutt) currently in use.

This study may propose an alternative solution using GFRP as a confinement system

for existing softwood to improve its mechanical properties and durability performance,
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considering the shortage of traditional hardwood poles. Equally important, GFRP materials
have excellent resistance to corrosion and biodeterioration as well as being an environmen-
tally friendly solution compared to the traditional preservative solutions of timber poles
with hazardous waste due to chromium and arsenic.
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