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Abstract

The objective ofthe project outlined ithis thesiss to develop a novel utility pole
with comparable performance to commercially availabdderdieinforced polymer (FRP)
poles. The novel pole is made of BBylassfabric-epoxy composite reinforcemith wood
dowels, referred to as wood doweinforced 3D hybrid composite (WC3DFRR)e
compressive and flexural properteNC3DFRPare evaluatg. Two WC3DFRPand two
2D FRPpolesare fabricated using hand layup method. The poles are tested as per the
standard and theresponsearecompared

Additionally, robust finite element models are developed in theDKSIA
environment and calibrated based on the experimental results.

Finally, a simplified analytical calculation method is developsd practicing
engineers couldetermine the stiffness ¥¥C3DFRP poles accurateiyndquickly.

The results demonstrate the superiority of the developed 3D pole over the conventional
2D poles. Additionally, numerical simulation results agree with the experimental results
very closely.
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Chapter 1: Introductions

1.1.Background

The first recorded utility poles were constructed from wood for transmitting telegraphs
in 1844 in Washington, D.(North American Wood Pole Council, n.dAccording to
Mankowskiet al. (2002)the number of wood utility poles in the US was estim#&degdnge
betweenl60 million to 180 millionwith southern pine, Dougleg and western redcedar
beingthe most used species of wood pale construction Woodalsohas the lowest cost
compared wh steel and concrete. Besiddeseesare renewable resources and absorb
carbon dioxide when grown. Concrete and steel are also commonly used materials for
utility poles. Concrete utility poles are strong and have good resistance to natural erosions
and rds. However, their drawbacks includemparativelyheavier weight and higher cost,
which have made them not so popular in North America. Steel poles are about 50% to 70%
lighter than comparable wood polgove et al., 2021)Besides, the steel poles 41@0%
recyclabléLove et al., 2021)The disadvantages of steel poles i@r comparatively

higher cost andulnerabilityto corrosion(Love et al., 2021)

Fiberreinforced polymer composigdFRPs) arenaterias that consist of two or more
different materials,consisting of strong anstiffer reinforcing fibers andess stiffand
weakematrix. Some of the commonly used fiber materials at@d SGlass, carbon and
aramid. Epoxy and polyester ateecommony usedmatrix materialsFRPs have aide
range of applications civilian to military industries including but not limited to ships,
airplanes, automobiles and wind turbine blades. Most FRP applications aitdlinénated
structure, consisting dfvo or multiple layers of 2D FRP. One layef FRP is called a

lamina or a plyFigurel-1 shows the formation of a laminate from fibers and matrix.



Laminate

f f:
Lamina /

Figurel-1 Schematic representation of the formation of a lami(idtegnhod et al., 2021)

Glass fiber reinforced polymers (GFRP), the most widely used composiagiaus
industies, are also used for manufacturing FRP utilithgs because of their lower cost
compared tothertypes ofFRPS(EL-Fiky et al., 2022)The first application of GFRP was
in marine boats in the early 194Pslucka & Bensaud¥incent, 2002) Twenty years later,
the first utility pole made of GFRP wasstalled in Hawai(Love et al., 2021)The pole
lasted about 50 years before being removed due to U.V. exposure degrdadateet al.,
2021)

In Canada, FRP pole desitmas beeradopted in CSA C22.3 Overhead Systems,
(CSA, 2020) The development of FRP poles in the US could be based on the standard
ACMA/UCSC UP01:18-2019 produced by thé&merican National Standards Institute
(ANSI) or Engineering Practice NO.104 by the Americaociety of Civil Engineers
(ASCE) (ANSI, 2019; ASCE, 2019)Due to the lower popularity of concrete and steel
poles compared to wood poles in North America, the scope of discussion is limited to wood

and FRP poles in the followirggctionof this chapeér.

1.2.Advantages of FRP Poles

Wood utility poles arevulnerableto decay when subjected tgevere weather
conditions. In May 2022, Hydro One (previous Ontario Hydro) and H@ibec lost
about 1900 and 1125 wood poles, respectively due to a series ofommsl@VicClearn,
2023) In September of the same year, Nova Scotia Power claimed they had to remove

more than 200@amagedwood poles due to Hurricane FiofslcClearn, 2023) The
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damaged poles causagower outage in about 525,000 homes and businassess Nova
Scotia(MacDonald & Alam, 2022)

In addition to natural disasters, wood poles may fail due to the natural decay of the
wood material Morrell et al. (2007)concluded based on thesurveythat in a total of
52,375 removed wood poles fdt eauses annually in the Pacific Northwesipre than
half of them (56%) were removed due to the decay. The agents that cause the decay of
wood poles includeultraviolet light insects, and decay fungi, which become more
problematic when the poles are kit a humid environment [lorrell (2012) Therefore,
decay occurs especially faster in poles installed along the coastal lines because of the
combined effect of higumidity and frequent rainfall, which help tliengal enzyms
attack the poleszigurel-2 shows the rotted part of a wood pole underneath the groundline

due to the fungi attack.

Figurel-2 A wood pole rotted below the groundline due to the fungi aitdetkson, 2012)

In contrast, FRP poles are much less affected by material decay due to their inherent
nature. Nowadays, the expected service life of GFRP poles which have been tréated wi
UV and fireinhibitors has been estimated to be over 80 y€hove et al., 2021)The

expected service life of wood poles ranges between 40 to 56.§Resr& Morrell, 2016)



Besides, wood poles requirespection and maintenanoace every 1§earscompared
with a meagre amount of maintenance required for FRP paAlesndustryleading
composite pole manufacturd,S. Technology Inc., claint® maintenancés required in
the 120year life cycle oftheir polegR.S. Technologies Inc., n.d.)

The classification standafd.g., transmission, distribution, and light/illuminatidox)
wood poles in Canada is specified in thiational Standard of CanadzSA-015 (CSA,
2015) However, there exists no such standard for FRP poles. Due to the deéfereéhe
material responses of wood and FRP, FRP pole manufacturers can adjust their pole
dimensions to accommodate the specific loading designated for each class of wood poles
(ASCE, 2019) Owing to the high specific strength of GFRP, a class 1 woadipabout
three times heavier comparidn equivalent GFRP pole, as claimed by Reghnologies
Inc. (n.d.).

GFRP poles from R.STechnologies Incare designed modularly, bringing various
advantages over the wood and traditional monolithic GFRP .poles modular system
allows more feasible transportation since modules can be transported in a nested
configuration, as seen figure 1-3. Besides, mdular poleswith differentsizescanbe
combinedto havevariousoveralllengths andigidity to meetdifferentapplicatiors (e.g.,
for power transmission and distribution). Moreover, in an event of a catastrophic failure of
a modular pole, only the fademodule(s) would need to be replaced instead of the entire

pole.

Figurel-3 Transportation of the nested 38.1m modular p(h&CE, 2019)



1.3.Manufacturing Methods of FRP Utility Poles

1.3.1.Pultrusion

The pultrusion manufacturing method ase of thecommonly usedmethodsfor
manufacturing FRP poles in the industry because it is a highly automated process with a
fast production rate. In this process, fiber yarns are pulled from the yats toragesin
bath through a yarn guide. Sometimes, multidirectional mats or fiber cloths are added to
improve the multidirectional strengths, as seerfrigure 1-4. Subsequently,hie resin
impregnated fibers are taken into a die to shape into a desireésenbiss. The die is also
heated to expedite the cure period of the resin upon the forming process. Consequently, the
resin is fully solidified wha the impregnated fibers leave the die. Subsequently, the
pultruded FRP is cut into the desired lengths. There is also anvatt&tion oftheresin
wetting system in which the resin is directly injecteiito the die, producing more
effectively consolideed pultruded sections. The limitations dltrusion are that the
pultrudedarticlewould be prismatic (i.e., with a constant crkgsstion), and isnostsuited
for thefabricationof components that have unidirectionally (uniaxially) laid fibers. Hence,
the FRP poles manufactured using this process have a prismatic shape and are not effective

in taking multidirectional and complex loading states.

Pulling device
Cut off saw

Figurel-4 Schematic representation of the pultrusion pro(Reslel, 2012)

1.3.2.Filament winding

Filament winding is the most commercially used manufacturing method for fabricating

FRP poles. It is highly automated and can precisely lay fibers at the desired angle for each



| ayer. The mandr e lwitsan®ldreléageccempousdthe filament t r e a
wound part could be easily removed from the mandrel. Similar to pultrusion, fiber yarns

are pulled from creels taresin bath for impregnation. Then, the resipregnated fiber

yarns are pulled through the bath and rolled on the mandrelgtinrthe payout eye

(delivery point), as seen irigure1-5. As the mandrel rotates and the payout eye moves

back and forth through the guide rail, theninated structure is laid onto the mandrel. The

FRP is extracted from the mandrel after it has been cured. The limitations of this
manufacturing process are that the low fiber angles, ftala p v ahd a uniform thickness

of the final product are diffiduto obtain(Mazumdar, 2002)

Confinnons Rovings

Nip Roller Device

Resin Bath

The pay-our eye

—

Figure1-5 Schematic representation of the filament winding proffdsset al., 2019)

1.4.Testing Methods of FRP Composite Utility Poles

Utility poles can be classified by their applications (e.g., transmission, distribution,
and light/illumination). Transmission poles are used to draw-hidtage power from
power plants to the transformer substations to reduce the voltage. Then, thedreduc
voltage power is sent from the substations to consumers using the distribution poles.
Althoughas mentioned in sectidn2.no standard exist®f classifying FRP pole§SA-
Overhead Systems (2026pecifies that FRP poles could use the same minimum load

factors as steel pol es. The | oad factor mu
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assumed load. The applicable Ieaduld bethevertical load due to the pdeseight and

the force due to thsupportingattachments on the pole (e.g., guy wiaesl transmission

wires, especially due to ice/snow accrefjdransverse load due to wind pressure applied

to the transmission cablema Al ongi tudinal 6 | oad due to
transmission cablegigure 1-6 illustrates thecustomarydirections for describing utility

pol esd | oad directions.

Transverse

rFrepO——aam<

Figurel1-6 lllustration of the customary load directions
for the utility polegMurray & Sipler, n.d.)

The suggestetesting methods for FRP poles include f&dhle static flexural and
dynamic tests, crossectional hoop tests, wall palirough tests and moirsee ASCE,
2019) Afull-scal e fl exur al test unt il the destru
stiffness and ultimate strength. This test follows the standard static test procedures for the
wood poles as pe&xSTM D103699 (ASTM, 2017) According to the standard, the pole is
constrainedrom its bottomend at a lengtlequal t010% of its total length pls 0.6m
(ASCE, 2019)Then a loads appliedpoerpendicular to the pol 0.6 m below the pole tip,
and the deflection is measured at the(A8CE, 2019) Figure 1-7 illustrates &ull-scale

flexural test of an FRP pole.



Figurel1-7 lllustration of the fultscale flexural test of an FRP pole
based on th&STM D103699 (ASCE, 2019)

Mohamed (2000¢onducted a fundamental investigation of the relationship between
t he GFRP polesd performances and their | ay
Various stacking sequences, includitngee laminatiors, onewith all fibers laidin the
longitudind direction fibers laid circumferentidy and the combinations of the two
directions were tested. The highest ultimate {twachass ratio achieved was 0.47 kN/kg
using [9011 /90] layup configuration (0: along the axial direction, and 90: along the hoop
direction(lbrahim, 2000)

1.5.3D Glass Fabric

Currently, FRP poles are constructed usingl2Dinates Here, a novel design is
established based on the incorporatioa mdcently developed 3B-glass fabridn epoxy
resin a combinatiorwhich has never beattempted by the utility pole industry. The 3D
fabric as seen iRigure1-8, consists of two plies of bidirectional woven fabriehich are
interwoven by vertical fibers (or pillars). The length of the pillars governs the space that is
created between the two fal@idn other words, once the entire fabric is impregnated by a
resin, the pillars are awakened from their collapsed state, creating the specified gap
between the two bidirectional fabrics. The fabric can be selected based on the desired gap
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(i.e., between 20 21 mm).Due to the woven nature of pillars to fabric connectitwe
overall stiffness and interlaminar strengttthe composite made of this 3D fabai@ much
improved compared with an equivalent 2D FRP laminate.

Figure1-8 lllustration of component names in the 3D glass fabric
(China Beihai Fiberglass Co., n.d.)

The hollowrow of spaces created by the plies and pillargefierred to ashannels in
this thesis. The warp direction for the plies is along the channels perpendicular to the weft
direction as shown ifigure1-8. In develojng WC3DFRRE wooden dowels are inserted
into those empty channels prior to the impregnation of the cloth, thereby creating an even
stiffener and stronger 3D hybrid composite material. The advantages of using wood were
briefly discussed in sectidhl.The objective of this thesis is to evaluate the feasibility of
using the developed 3D hybrid material for the fabrication of poles having stiffer sespon
compared with the 2D poles but with the same weight. Therefore, scaled 2D and 3D poles
are designed and fabricated to assess the response of the proposed design against the latest
commercially designed 2D modular poles. Finally, a simple equationvidoged by

which pole designers can estimate the equivalent stiffness of the suggested 3D poles.



Chapter 2: Introduction to Classical Lamination Theory

This chapter will introduce thbackground used to develop tbalculations of the
composite lamina and laminatased in this thesis. Besides, the singular type (i.e., the
Maximum stress) and the interactive (Fbgil) failure theories are also briefly described.

2.1.Macro-mechanics of the composite lamina

A fiberr ei nf orced pl asti c pocncipaproaserial @ord{n&eR P ) I
system is independent of the global coordinate system. In a unidirectional (UD) lamina, its
principal material directioil is along the fibres, 2 is orthogonal to the fibres, and 3 is
orthogonal to the plane of 1 and 2 (iteroughthethickness), as illustrated in

Figure2-1. Hence the principal material direction of a lamina can be varied across a
laminate. The globalaordinate system with x,y and z directions is used as a reference

coordinate system for convenient calculation.

=

Figure2-1 lllustration of a unidirectional lamiida principal materiatoordinate system in a global
coordinate systerfiYe & Zhang, 2012)

To assess the | aminated cocachmlmmiwvitheméhe mech
lamination must beharacterizedirst. The stresstrain relation ofa thin lamina under

plane stresis represented dyquation2-1 (Daniel & Ishai, 2005)
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w =0 0 m - Equation2-1
t m m 0 T
where the, ,, and- ,- arethe normal stresses and strains in principal material 1

and 2 directions;t and’ are the irplane shear stress and strain in material 1 and 2

directions, respectively and is the stiffness component of the lamina, where i and j are
the matrix entry indices<j = 1, 2, 6). Th@ terms can be calculated using the following

relationsu s i n g t h aginkeangy constadiSaniet & Ishai, 2005)

. 0
0 -

p U U
. 0
0 —

puvuv o Equation2-2
. . v O v O
U U T

p 0 U p 0 U

0 O

where théO and'O arethe elastic modulpf the lamina in principal material 1 and 2
directions, respectively, an® is the inplane shear modulus of the material. The
Poi s s on 0epreseattthe change in deformation idiction under the applied
loading in Xdirection and’ would be in reversegspectively The value of can be

calculated using thimllowing compatibility equatiofDaniel & Ishai, 2005)

H 6 Equation2-3

I n cases when the directions of the appli
axes, the stresstrain relation of the lamina can be transformed from the material axes to
the loading (global) axes (X, y). Therefore, the stetsEn relationshn after the

transformation can be written as seelquation2-4.
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wheret andl represent the Hplane shear stress and strain in the loadiygaxes,
respectively. Theerms of thetransformed stiffnessnatrix in the global axisan be
calculated using the following relationships:

0 d 0 €0 ca €0 T4 £ 0

0 €0 a 0 ca €0 T4 £ 0

0 a £ 0 a £ 0 G & 0 T4 € 0 _
il y il r v % rooN Gl rooNn Il Equatlon
0 a &0 d¢ 0 Ged & 0O cagd & 0 2.5
0 ¢ 0 a 0 aca e 0 ca €& ¢ 0

0 a ¢£0 a &0 ca €0 a & 0

where m= cog| and n = simg. The angley, as seen in

Figure2-1, is measured countefockwise from the saxial to the 1axis (Daniel &
Ishai, 2005)

2.2.Lamina failure theories

The maximum stress failumgriterioni s a | i mit theory, meani
failure depends on the applied stress to reach the failure streagthpnimary or principal
material direction. When a thin lamina is subjected tplame stresses that are not along
the principal mateal axes, the stress would have to be transformed into the material axes

before applying the failure criterion. The calculations of the criterion show the following:

ey Equation2-6

" OERT-6
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where, is the applied stres®), 'O and"O represent the failure strengths corresponding
to the material axes 1 and 2 and notatios set either to tensipmompressioror in-plane
shear

An interactive theorpredicka mat er i al 6s failure based ¢
of comparing each stress compongsihg one equatio herefore, this failure theory will
be used as a failure criterion for optimizing both the thickness and fiber angle of the lamina
in this thesis. For a thin lamina, the T&l8l failure criterion is based on this theory, which
can be represented by the following equation:

P« € p p
0 O 0. 0. O

a € Equation2-7

2.3.Macro-mechanics of composite laminis

The stiffness of a | aminate is affected
stiffness of each constituent lamina. In general, the resultant forces and mamant

laminate an be calculated by the followimglationship(Daniel & Ishai, 2005)

Equation2-8

0 0 -
6 O |
where0 and0 are the resultant forces and moments on a laminate, attlll are the

mid-plane strains and curvatures of the laminate, respectively. The A, B and D are the
materi al 0s extensional , coupling and bend

matricesare calculated using the following relationshipsiniel & Ishai, 2005)

8 LR

74 p T 1] 1] .

0] = "W oa o Equation2-9
C

(@) B "ﬁ) d d
o)
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where k is the layer number starting from the bottom of the laminate, as can be seen in

Figure 2-2. Thed represents the stiffness components of ‘thelayer lamina, whose

coordinate) is measured from the miglane of the laminate in thedirection.

M2

xR X
W
-+ N

n|=

Figure2-2 lllustration of the coordinate system and notations used in
Equation2-9 (Daniel & Ishai, 2005)
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Chapter 3: Evaluation of the Mechanical Properties othe

Dowelreinforced 3D Hybrid Composite Material

In this chapter, the procedures used to evaluate the mechanical properties of the wood
dowelreinforced 3D hybrid composite (hereafter referred to as WC3DFRP) are described.
The properties were evaluatesing the standard thrgmint flexural test and compression
test. In addition, finite element (FE) models were constructed to simulate the tests and also
tune the mechanical properties for use in the FE model of WC3DFRP poles.

3.1.Flexural test

3.1.1. Specimen preparation

The WC3DFRP used in preparing the specimens used ingbnee flexural and
compressive tests is the same; therefore, thr@fabrication of the WC3DFRP specimens

used in the flexural test is described in this section.

The 3D glass fabric was cut into@& 150 mm (in the weft and warp directions,
respectively), for each test category. Each piece of fabric was weighed to calculate the
amount of required epoxy (i.e., equal to 1.3 times the weight of the fabric). This amount is
adequate for saturating thesbfric (without excessive resin that could fill the empty cavities

of the 3D fabric), and resin wastage (i.e., resin remaining in the mixing cup and brush).

It is important to note that the dowels used were 3.175 mm in diameter, slightly larger
than the wilth and height of the fabric channels of the untreated fabric. Therefore, the

dowels had to be carefully inserted into every other channel along the warp direction.

A 7 mm thick aluminum plate was cleaned with acetone and was covered with a layer
of breaher cloth followed by a layer of peel ply (with a slightly larger dimension than the
breather material)Vest System 105 rooitured resin and 206 hardel(&fEST SYSTEM,
2014)were used to prepare the 3D FRIRe resin and hardener were mixed thoroughly
with a ratio of 5:1, and the mixture was then brushed onto the peel ply. The wood core

inserted fabric was placed on the peel ply, and resin was applied to its top surface. The
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fabric was then carefully flipped, and resin was applied to its dry (top) suidaerigure
3-1). Another layer of peel ply was placed on top of the reatnrated fabric. The use of
peel plies provides a better surface finisl &elps to reduce the void content in the cured

composite.

Figure3-1 WCGFRP being prepared.

A second layer of a breather cloth was placed on the top, followed by the placement
of a heavy steel plate dop of the assembly. The breather cloths absorb excess resin;
however, sincégheresin amount was established after a series of trial and error, it was not
in an amount to fully adhere the breather cloth to the steel plate and it could be removed
fairly easily after the curing period. After waiting 24 hours for the resin to fully cure at
room temperature, the peel plies on both sides were peeled off to expose the cured
3DWCFRP panel. The extra edge fibers of the panels were then trimmed using a rotary
diamond saw, and the panel was then cut into appropriate size specimens as per ASTM
D7264(2015)for the bending test, and ASTM6641(2017) for the compressive test. As
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can be seen iRigure3-2, each specimen or coupon included one empty channel at mid
width, neighboured by two doweisserted channels and a halidth empty chanrieon

the exterior edges. Five coupons were extracted from the panels for each test category, with
150 mm length for the thrgmoint bending test and 140 mm for the compressive test as per

the ASTM standards.

Figure3-3 shows the coupons ready for the flexural and compressive tests.

Thickness

Figure3-2C o u p o n éssection.r o0 s s

Figure3-3 Prepared specimens for (a) flexural test and (b) compressive test.
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3.2.Three-Point Flexural Test

3.2.1.Test method

The bending test was carried out following procedure A of ASTR264 (2015)
Table3-1 shows the coupon dimensions. Each value is an average of three readings taken

at three different locations on the coupon (at the two ends and thepamjl

Table3-1 Flexural test specimen dimensions

Number Length (mm) Thickness (mm) Width (mm)
1 153.2 3.9 14.9
2 153.2 3.9 15.0
3 153.1 4.0 14.9
4 153.4 4.0 16.0
5 153.5 4.0 14.8

The tests were conducted using an MTS sérydraulic universal testing machine,
using a thregoint bending test fixture with a support span of 128 mm in the configuration
shown inFigure 3-4. The radius of the load nose and support nose was measured as 7.1
mm and 4.6 mm, respectively. The loading speed was set to 1 mm/min as per the standard.
The first test was performed with a maximum allowable @otudisplacement set at 10
mm, and the initial failure was observed to occur at 9.2 mm actuator displacement. To
capture the full response of the remaining specimens, the maximum actuation displacement

was increased to 25 mm.
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Figure3-4 Threepoint flexural test setup.

3.2.2.Numerical modek

It should be noted that the main objective of conducting the flexural and compressive
tests was to obtain the basic mechanical properties required for the finite element analysis
of the full composite poles fabricated with the 3D deveshforced FRB. Moreover,the
other objective was to evaluate the performance of several compalatiedand contact
related algorithms of the FE software using smaliee models. Therefore, a preliminary
finite element model was constructed to mimic the flexural tgstytuch the required
mechanical properties were tuned against the experimental results. Due to the symmetry in
geometry and boundary conditions, only a quarter model of the spetiateto be

constructed, as illustrated in
Figure3-5, in which the symmetry boundary conditions are also illustrated.

The model was constructed using-DS'NA commercial finite element software and
was solved explicitly using consistent unitshdPa, mm, g, and msec (corresponding to
stress, length, mass and time, respectively). The geometric dimewsiotiseunit in mm

of the unit cell of the fabric used to construct the model are illustratéidume 3-6.
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| Quarter model of specimen

| Us= Uy = U= Re= Ry=Ry=0 |

Figure3-5 The quarter symmetry model of the flexural test specimens and the imposed bound

conditions
} 8.00 |
I ||
| | 040
]
320 | [—-——{——-— ~—Pillar
| =—ply
0.50 3.50 Unit: mm

Figure3-6 The dimensions of the 3D fabric unit cell used in the numerical model.

To prevent the potential shelacking phenomenon that commonly occurs in fully
integrated elements, the selective reduiogerated (SRI) Tshelement (ELFORM=2)
of LS-DYNA was used for modelling the plies and pillars. The benefits of using the SRI
formula essentially provide a balance in numerical accuracy and computational efficiency.
The dowels were modelled using the solid element with SRidtation(ELFORM=-2)
which also accounts for poor aspect raiod has a very accurate formulation compared

with the other solid elements of the software

Since the dowels and 3D FRP are bonded together with epoxy resin, hence, the contact
interface was modell ed wusing an appropri a
TACT_ _AUTOMATI C_SURFACE_TO_SURFACE_CONTACT _
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DYNA was incorporated. This algorithm has the option of incorporating the cohesive zone
model (CZM) to account fohe potential delamination of dowel/pillars and dowel/plies
interfaces. The values of the CZM parameters were obtained(Mamamed & Taheri,
2017) and tabulated imable3-2.

The CONTACT_AUTOMATIC_SURFACE_TO_SURFACE algorithm was incerpo
rated to simulate the contact between the loading-twespecimen and support nete
specimen interfaces. All frictional coefficients of this contact were sét3olt is also
crucial to account for the potential contact of the loading nose and the dowel after the top
fabric layer is ruptured, which was observed during the tests. Therefore, the
ACONTACT ERODI NG_SURFACE_ TO_ _SURFACEe was
contact between the dowel and pliésiements representing the plies are eroded (or
deleted).

Table3-2 Summary of thepoxy-related parameters required by the CZM contact algorithm.

Normal . Mode | energy Penalty

failure stress 222?; Z’\I/'llg;e) release rate rell\e/l:sdee rgti-?(ej*r?y) stiffness

(MPa) (+ Fl ) (NAL T )
59 23 1 1.5 3500

The 3D fabric and pillar materials were modelled using MAT_054 ENHANCED
_COMPOSITE_DAMAGE material model of EBYNA, which is capable of assessing
the damage evolution using the ultimate strain values. The mechanical properties used in

this model are shown ihable3-3.

The mechanical properties of the dowel were estimated based on the published results
and were also tuned using the experimental results. The dowel wood was modelled using
one of LSDYNAG s or t hols,rnamely dMATMIA3 WOODa Initially, the
mechanical properties of American gBlorest Service & Products Laboratory, 204@ye
used for the dowels; the properties were then calibrated by comparing the numerical results
against the experimental results.should be noted that this material model requires
mechanical properties along the grain, in tangential, and radial directions. However, visual

inspection makes it nearly impossible to distinguish the tangential and radial directions in
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a given dowel beause dowels have round cresections, and the directions are not
discernable. Therefore, the tangential and radial directions were assumed in the directions
facing the pillars and plies, respectively.

Table3-3 Refined material properties used in flexural and compressive models

4 ¥ ¥ il T

-
dmo) ™My M5 M M+ M

0.00175 9000 9000 0.05 1000 1000 1000

A N
ME ™M M3 g S
153 179 153 179 30 0.08 -0.04
4 ¥ Iy w L T T
dmo) Ml Ml Ml M5 M5
0.00175 3000 1000 0.05 1000 1000 1000
Pillar n n n n
= . F g
ME+ M3 ™M v (3
80 80 80 80 30 0.054  -0.054
2 P SR TR =
dmo) ™ Ml ™Mb 5 M3
0.0006 11330 974.38 1099.01 1665.51 23671 51.1
Dowel 4, n n _”
1 F F
Ml M3 b M5
51.1 6.5 8 13.2
Figure3-7s hows t he principal directions of thi

to the principal material direction of the 3D fabric and dowels material properties reported
in Table3-3. In other words, the A, B, and C seen in the figure correspond to the orthogonal

principal material directions 1, 2 and 3, respectively. As stated in the previous section, the
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pillar fibers are oriented at 3With respecto the througkthickness axis of the fabric. This
orientation is accommodated by specifying the angle as one wiptigparameterso the
material model.The footnoted_, T and Rshownin the elastic modulusof the dowel
representhewo o d 6 s | otangentialand radisddirections corresponding to, 8

and Cin Figure3-7.

Figure3-7 Material directions identified by the arrows in40 NA preprocessor

3.2.1.Results and discussions

Figure3-8 shows the experimental resufor the five specimens tested in a thpeat
bending configuration and also the FE mode
quite close. The test results, including the calculated properties using the results, are
summarized iMTable3-4. As can be seen, specimfailed at the lowest ultimate load and
deflection, whereas specimen 4 exhibited the highest ultimate 18adNj. Even though
specime had a higher capacity than specingiit had the lowest flexural modulus;,

The flexural rigidity,O "Qis theparameter used in the design and analysis of components
subjected to bending. For the given configuration, it can be calculatediciagion3-1:

00 ‘@ Equation3-1

T

where F is the load, L is the support sphis the area moment of inertand 4 i s t h
deflection corresponding to load F (taken at the linear portion of the loatkfsction

curve). The differences in loatkflection curves are attributed to potential fabrication
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related anomalies such as mamform void and resin distribution that are invariably

developed in any hand layup process.

The comparisorof the average experimental results and those produced by the
numerical simulation is reported ifable 3-5 with a maximum error 0fl0.8% in the
predictedmodulus of rigdity, thus, confirming the integrity of the developed FE model.
However, the numerically predicted flexural stiffness is slightly lower than the average
stiffness of the actual material.

160
140
120 e
100
& Specimen |
= 80 ‘
& Specimen 2
60 Specimen 3
Specimen 4
40 Specimen 5
20 FEM
0 =z L
0 1 2 3 - 5 6 7 8 9 10 11

Displacement (mm)

Figure3-8 Comparison of the experimental and numerical{desplacement curves.

Table3-4 Summary of threg@oint flexural results.

Ultimate. Ultimate. Moment of

Spelclz:l)mens Load Displacement O (MPa) inertia, | (Rl\ll%dlge)s
(N) (mm) (mm4)

1 120.5 8.6 10,009.1 662605.6

2 116.0 7.3 10,316.8 682974.0

3 117.1 8.5 10,230.0 66.2 677,226.3

4 137.0 7.6 9,853.5 652304.1

5 116.7 75 10,926.1 723306.6
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Table3-5 Comparison of the average experimental values again the numerically predicted

Max Max. Disp. .
load(N)  (mm) O (MP2)

Exp 134.0 8.6 10,267.1 679683.3

Flexural Rigidity (N-mmi) % Error

10.5
FEM 128.0 8.9 9188.42 608273.1

Figure 3-9 illustrates the damage developed in the actual specimen and the predicted
damage by the numerical model Rigure3-9(c) and (d), the elements that are in red, blue
and brown represent the plies, pillars and dowel, respectively. As seen, the FE model could
successfully simulate the ply and pillar failures by deleting some of the higagsatr
elements in the damaged region. As can be seEigime3-9(a), the ply region on top of
the empty channel, located at the ramhn and mividth, is the most vulnerable region.
A good agreement i s seen between the actual
located on the tension side of the pillar was also captured by the model, asSgenen
3-9(c) andFigure3-9(d).

(a) (b) (©)
Figure3-9 Comparison of the pogtilure damage on the actual specimen and the numenmaltijcted
T top views (a) Actuallf) numerical; side view (c) actual (dumerical.

3.3.Compression test

3.3.1.Test method

As briefly stated, the compression test was conducted in accordance with the ASTM
D6641(2017) using the Combined Loading Compression (CLC) fixture Esgere3-10).
Five coupons were tested. The dimensions of the coupons are liJiolé3-6. As in the
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bending test, all measurements were takeheit locations, and the average values were

reported.

B Retroreflective tapes |8

(@) (b)
Figure3-10 Front (s) and side (b) views of compression test coupon secured by the CLC fixtu

Table3-6 Dimensions of the compressive test coupons.

Specimen ID Length (mm) Width (mm) Thickness (mm)
1 140.2 15.2 3.9
2 140.3 14.6 4.0
3 140.1 15.0 4.1
4 140.3 14.7 4.1
5 140.3 16.0 4.0

A laser extensometer, shown Hkigure 3-11, was wused to record
deformation within the gauge length between the two 3 mm wide reflective tapes mounted
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in parallel, as shown iRigure3-10. The gauge length was set at 13 mm as per the below
equation given in the standard.

a

= . Equation3-2
O ©
Ti@ TT ¢ op —p§0 ‘ol

Q

wherea is the gauge lengtfQ is the estimated ultimate compressive streri@ihjs the

estimated interlaminar shear modulus &hds the estimated flexural modulus. Rough
estimates were established for 50 MPa andO  p T MOTD Then, by inputting
O  ¢fp wd> 0 As stated in Equation3-2 andd p ax & to the rest of the

unknowns in  Equation3-2, the estimate®has to be at least equal to or greater than 1.2

mm. Therefore, the 4 mathickness coupons satisfy the requirement. Each coupon was
carefully placed in the fixture, and the longitudinal edges of the specimen were ensured to

be parallel to the longitudinal edges of each half of the fixture. Both the coupéirtarel

were carefully adjusted to make sure the tapes appeared within the gaugaeineztds

position was also adjusted to align them to the outer bounds of the tapes, as sfigumin

3-10. All the bolts were then evenly tightened in ass pattern to secure the coupon and
fixtureds position. Finally, the fixture \
shown inFigure3-11. Thetest was performed at a rate of 1.3 mm/min until failure was

observed.

The same Tshell and solid elements used in the flexural model were used to construct
the compression specimen model. In this model, the cafiteisveen the dowel and plies,
dowel and plars  interfaces were model | ed usi ng t he
TACT_ERODI NG_SURFACE_TO_SURFACEO algorithn
flexural model. The rest of the contact settings and material parameters remained

unchanged.
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I Laser Extensometer

Figure3-11 Compression test set up.

|
Bottom  |U, =U,=R. =R,=R. =0 || [v,=R, =R =R, =0 Top

z_L szuyzuzszzRyszzon U =U=R,=R,=R, =0

Figure3-12 Boundary conditions of the FE model depicting the compression coupon.

3.3.2.Results and discussions

The compression model was analyzed using the same tuned mechanical properties
established in the previous section. The numerical results are compared against the

experimental results iRigure 3-13.

As can be seen, the numerical predictions follow the trend in thedisphicement
curve observed experimentally very closely. Specimen 4 exhibited the highest ultimate
load, while specimen 2 showed the lowest. Specimen 1 underwent the largest dispilacemen
and could maintain the load after attaining its ultimate strength by deforming
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approximately 0.03 mm before it failed, while specimen 2 failed the earliest. The
discrepancies in the experimental results are attributed to the presence of nonuniformly
distributed void content invariably developed when composites are not subjected to
vacuum during their curing stage. The numerical model showed an elastic response up to

a displacement of 0+/hm, after which it deformed nonlinearly as the dowels failed.

3.5
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Displacement (mm)
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o

Figure3-13 Comparison of the experimental and numericaldd@aglacement curves

Table 3-7 Summary of significant results in the compression t®atmarizes the
experimental results as well as the numerically predicted values. The ultimate compressive
strength and elastic modulus are calculated using the basic mechanics of materials
equations:

0

” 2 \

(0]

, A
and o -
R

Equation3-3

where s and eare the strength and strain values on the elastic region of the curve,
respectivelyd is the ultimate load, and w and t are the width and thickness of the

S peci mesdaiton, espectvaly.

Interestingly, specimen 1 had the sectowlest elasc moduli, while it exhibited the

most ductile response. The standard deviation of the maximum streiigtiviBa, which
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IS believed to be reasonable considering the complexity of the material configuration and

experiment.

Table3-7 Summary of significant results in the compression test.

Specinen Elastic Ultimate Failure Ultimate Ultimate
pIDs modulus,Ec Load strength strain Strength Std

(MPa) (N) (MPa) (mm/mm) Dev

1 8,427.6 2,977.3 74.1 0.017

2 8,445.3 2,370,0 59.7 0.012

3 8,466.5 2467.4 63.5 0.013 7.7

4 9,792.1 3,041.6 78.3 0.016

5 9,686.1 2,878.7 72.3 0.014

The average values of the experimental and numerical results are also compared
and reported inTable 3-8 Comparison of the average experimental values and the

numerically predicted values

Table3-8 Comparison of the average experimental values and the numerically predicted values

Elastic Ultimate Ultimate Ultimate % Error in
modulus,0 Strength Strain .
(MPa) Load (N) (MPa) (mm/mm) Elastic modulus
Exp 8,963.5 2,747.0 69.5 0.015
9.9%
FEM 8080.0 2,556.0 61.4 0.017

The comparison of thihe elsticmodulusobtained from the experimental results and
that from the numerical results shows a difference of 919% .experimental strain values
were calculated using the gadgeagth displacement values recorded by the extensometer.

The numerically calculated ultimate strains were obtained based on the displacements of

30



the nodes corresponding to the positions ofréflective tapes, sampled at one timestep

before the specimenés failure.

Figure 3-14 compares the experimentally observed numerically predicted failure
modes. The FE model 6s col our schenpeinti s t he
bending modelAs seenn Figure3-14(b), the numerical model could predict the ply failure
fairly accurately. The numerical modmuld also capturthe shear crimping that occurred
in the dowel (seeFigure 3-14(c) andFigure 3-14(d)). As seen inFigure 3-14(d), the
elements corresponding to the plies and pillars are deleted around the kink region in the

dowel, whichresembles quite closely to the experimental observation.

(@) (b) (©) @

Figure3-14 Compression of the experimental and numerically predicted compressive failure o
WCGFRP coupon (a) Experimahfront view (b) numerical front view (c) Experimental side view. (
numerical side view
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Chapter 4: Design of Scaled Poles

This chapter discusses the development of two types of sdabel composite poles
that are made of conventiorD FRP (i.e., glasgpoxy) and the introduced WC3DFRP
material. In addition, the test setdpta, including fixture design and loading schema a
data acquisition, are also discussed. The fabricated FRP and WC3DFRRisealqubles
are referred to as 2D and 3D poles, hereafter in this chapter.

The 2D poles have a modular design. In brief, the advantages of modular poles over
conventional prisméc poles include easier transportation, less maintenance cost when
replacing the modules and improwegtsatilityin assembling the modules to meet different
in-service conditions. The 3D poles would have to be prismatic due to the inherent and
complex cafiguration of the 3D fabric.

4.1.2D Scaled pole design

Developmenbf anFRP pole requires a comprehensive consideration of experimental
resourcesglassic laminatiortheoly and design limitationsThe final geometry o pole
results from a compromise betarethe theoreticaldesign and the experimental response
assessment, which would invariably inclddenan errorsaking place during the testing

of the pole in daboratoryenvironment

4.1.1.Preliminary Laminate design and optimization

In contrast to geometricaptimization orthotropic material®ptimization remainsa
challenging taslkor finite element (FE) software. However, NISA Suite 2019 provides a
structural optimizatiormodule the OPT module), applicable ttaminated composite
materials. Unlikethe conventionalyjeometrical optimizatioroften used in relation to
isotropic mateals, OPT is capable of optimizing both the thickness and fiber angle of each

laminaof agivenlaminate.

It should be noted that, at the time of this optimization, the geometrical design of the

2D pole was still in the early stages, and therefore, the gebenetry used in this
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optimization does not reflect the actymdle designconstructed andested in the lab.
Nevertheless, the optimized results were utilized to gtnedinallaminate design.

The optimization analysis in NISA is based on a working ehoednd OPTonly
supportshe use oD composite shell elements (NKTP=38%tead of the preferred>3
layered solid composite element (NKTP=7), which is not supported by OPT.
Consequently, arismaticfiber-reinforced polymer (FRP) pole wasnsideredising the
shell element, with a physical diameter of 44 mm antdeight of 600 mm The
unidirectional Eglass/Epoxy was employed with the estimated mechanical properties, as
shown inTable4-1. As customarily assumed when designing pde$s of thetotal pole
lengthwas assumed to be embedded in the ground; therefore, all nodes within that portion
of the length weréully constrainedThe pole was subjedédo a lateral load of 1,866 N
applied at 30 mm below the tiphis load was selected based on the theoretical assessment
using theTsa-Hill failure criterion, as the load that would initiate the failure of the pole

Table4-1 Estimated mechanical propertigfsthe unidirectional compositesed in NISA OPT.

0 0
(MPa) (MPa)

39,700 8,500 8,500 4,200 4,200 8,400

O (MPa) O (MPa) O (MPa) 'O (MPa)

® (MPa) & (MPa) ® (MPa) @ (MPa) @ (MPa) & (MPa)

686 990 155 58 283 58
9
Y (MPa) Y (MPa) Y (MPa) i "
27 27 27 0.3 0.001746

Table4-2 presents th@reliminarylaminatedlayup sequencewith the material angle
measured with respect to the poleds axi al
materialprinciple (along the saxis) in this model, as seen in

Figure4-1. The layer number starts from inside to outside of the pole.
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Table4-2 Summary othe layup sequence and thicknesses of the laminate logfimgzation

Layer number 1 2 3 4 5 6
Thickness (mm) 1 1 1 0.4 1 0.8

Fiber angle (°) 0 0 0 45 0 90

Layer number 7 8 9 10 11 12
Thickness (mm) 1.2 0.4 1.2 0.4 1.2 0.6
Material angle (°) 0 -45 0 45 0 0

After the model was fully constructed (including the boundary conditions) in the
Display IV environment (i.e., the preprocessor), th@del was then imported to OPT to
utilize the optimization code. Th&eneralized Reduced Gradigf@RG) optimization
algorithm was usedh cooperation with theolume cost functiofior the minimizationThe
stress constraint was set to the THdsi failure criterion, which limits failurecausing
stresgsoccurring atthe Gaussintegrationpoints of each elemeniThe algorithm cow
adjust both the ply thickness and material angle to test the performance of the OPT
algorithms To help the convergencgf the optimization functionthe adjustable bound
was set to £0.6 mm for the thickness and 360° for the angle. The optimizethgtack
sequencef the laminatas reportedin Table4-3. All the layer$ angles were optimized
close tothe nearest practical degree (practical in terms of fabrication practicality and
minimization of material wastageAlthough the total thickneswas increased by 0.4 mm
after the optimization, the maximum pole tip deflectimasgreatlyreduced lfy about 8%,
from 53 mmto 37 mm), as seen ifable4-4. This improvemenis attained by increasing
the polés extensional stiffnessvhich wasoptimized byaligningthe fibresmainly along
the axial direction of the pole and through th&ckness. Thenalytical procedure for

establishing thextensimal stiffness islocumentedn Chapter2.

Figure4-1 shows the pol&s stress contouiia the principaldirectionof the material

on the outer layer of the poédter the optimization, in which thmaximumcompressive
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(negative) stress is identified by the déatlke contour and themaximum tensile stress

in red. The actual deflection was scaled up tialddor beter visualization

Compression

IL

NISA
-

Figure4-1 Postoptimization stress contours in the principal matetiadction
on the outer lamina of the pole.

Table4-3 Summary othelayup sequence and thicknesseéthe laminatefter optimization

Layer number 1 2 3 4 5 6
Thickness (mm) 0.6 1.2 04 12 04 12
Material angle (°) 0 0 349 0 360 360

Layer number 7 8 9 10 11 12
Thickness (mm) 1.2 1 04 1 1
Material angle (°) 0 0 0 349 0 0

Table4-4 Performance comparison of before and after the optimization
Total thickness Maximum deflection at tip Deflection reducec

(mm) (mm) (%)
Before 10.2 52.8
optimization 30
After 10.6 37.0
Optlmlzatlon
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4.1.2.Further numerical analysis using LSDYNA FE software

As discussed in the previous section, NISA OPT employed a mathematical method to
determine the optimabolution for the given problem. However, in the context of laminated
composite materials, It I's I mportant to a
direction, which helps prevent local buckling failure resulting from ovalization, especially
at the gound line boundary. Additionally, it is essential to investigate the interlaminar
failures because | aminated material sd wea!
requires the use of the layered 3D element. From a material modelling perspective, in
comparison to NISA, L®YNA offers a more sophisticated material model for modelling
composites. Not only does the material model incorporate more sophisticated failure
criteria, but it also has the capability of degrading and eroding (deleting) ttealbyriti

stressed elements.

Nevertheless, despite the sophisticated failure criteria fplaine failure assessment,
if one wants to assess the interlaminar failure, as briefly mentioned earlier, one would have
to use the 3D solid layered element, which aalgws examination of material failures
using the Maximum Stress Failure criterion. Therefore, to investigatepthmeal stacking
sequence for mminatewith aconstant thickness, model was constructed in {LBYNA,
using its 3D solid element$he layy consisted ofinidirectional (UD) Eglass fibers and
biaxial [0/90] glass fabrics to examine the potential for interlaminar failure. The model
considered a prismatic pole with the dimensions and boundary conditions presented in
Table4-5. The material properties of the UD and biaxial fabrics were selected based on the
reported material properties I§hen et al. (20223nd those IPALT Composite Pty Ltd
(n.d), respectively, as outlined iflable 4-6. To enable througthickness stresses, the
MAT_059_SOLID_COMPOSITE_FAILURE_SOLID_MOIEL of LS-DYNA was utk
lized. This material model includes eight failure modes: normal tension and compression
failures in the orthogonal directions, and-plane and oubf-plane shears. The
corresponding stresses can be obtained as additional histallearin each element and
are only  saved upon request. To save these variables, the
DATABASE_EXTENT_BINARY was invoked, with the NEIPH parameter set to 18.

NEIPH controlghe number of history variables to be saved for gosicessing.
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Table4-5 Geometries and test setups used iFCYSNA.

Length (mm) Inner diameter Thickness (mm)
Geometry (mm)
2000 48 2.6
Pole embedmeriteight  Distance of load Loadmagnitude
Boundary (mm) from thetip (mm) (N)
conditions 200 100 793

Table4-6 Mechanical properties of the materials used ifDYSNA models.

0 0 . "0 "0 "0
MPa)y  (Mpa) O MP&)ubay  (MPa)  (MPa)
37,650 9,233 9,233 3228 3131 3,228

® (MPa) ® (MPa) ® (MPa) & (MPa) & (MPa) ® (MPa)
uD
725 1,075 283 58 283 58
Y Y ; , . 9
MPa)  (mpa) | (MPa) <P 4 d
118 118 94 0.069  0.001746
0 0 . "0 "0 "0
MPa)  (Mpa) O (MPa)

(MPa) (MPa) (MPa)
14,200 14,200 14,200 2,770 5,550 2,770

Biaxial @ (MPa) ® (MPa) ® (MPa) & (MPa) & (MPa) & (MPa)
[0/90]

216 243 216 243 216 243
my ny . , ) "0
(MPa)  (Mpa) ' (MPa) cp g

42 42 34 028  0.001746

Seven laminated configurations were modelled and compared by examining the failure

modes in each layer. The configurations includeDs/+2], [+4/0s], [90/011/90], [+7], [O13],
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[+/0o/+] and [+/90/G/90/+], where [+] represents a biaxial [0/90] fabric, and 0° is aligned

with the pole axial directiolable4-7 summarizes the results of the analysesHerseven
designs. In this table, AP0 denotes that a
while AFLO indicates that the | aminate is
its laminae. As seen, both tf@&s3](with [0 w QUG & and [+/0¢/+](with [0

P PQUIG & designs passed the test, indicating that, the extensional stiffness dominates

the polebds deflection performance in the ¢

Furthermore, these analyses highlight the risk of interlaminar failuhen stacking

two plies with dissimilar angles, as observed by comparing the/f}/@nd [90/Q1/90]

designs.
Figure4-2 shows the onsetofdelamat i on f ai l ure in the [ +7]
indicates the el ement i's intact, while A0O0

Element 44039 failed due to delamination failure during the last time step of the analysis.

B8 PlotWindow-1

o 1 -ADelaninatiom failureschecka A A A

E S ST SRR \ | Element no.
= i

087 L1 _A 44039
Q | Vo

2 A

80671 n

7 \

204 LT

] \

L \

S02+ \

: 1

=) -

3 \

E o0 0.2 0.4 0.6

Time
SRS [ Title ‘ Scale | Attr ‘ Filter ‘ Print —[_Save I Load ‘ Oper | Hide | Close

Figure4-2Vari ati on in the interlaminar fail
(1 = intact; 0 = failure).
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Table4-7 Numerical failure indices for various laminated designs.

= 3
f 3 2 . - T 2
s T ¢ L & € g
o3 £ 3
- o
Longitudinal tension failure FL FL P FL P P FL
Transverse tension failure P P FL P P P FL
In-plane shear failure FL FL P FL P P FL
Throughthickness tension
_ FL FL FL FL P P FL
failure
Throughthicknessshear
' P P P P P P FL
failure
Longitudinal compression
' FL FL P FL P P FL
failure
Transverse compression
' P P P P P P P
failure
Throughthickness
FL P FL P P P FL

compression failure
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4.1.3.Influence of element formulation

The last section of this chapter compares the predictions of models usisgIRI) (
and2D (shell) element formulation$his is done to assess the computation efficiency of
the elements, which would l@portant in future analyses when combined nonlinear and
environmental loadings will be consi@er As discussed previously, both NISA and-LS
DYNA software confirmed that laying all the fibers along the axial direction of the pole is
the optimal design chce. However, to prevent local buckling around the base of the pole,
strengthening the laminate in the hoop direction would be necessary. Among the evaluated
laminated designs[+/0o/+] was selected as the optimal design; this laminate was
considered fordrther assessing the accuracy of the numerical results and the modelling
approach. Therefore, the performance of the selected design was examined using the solid
and Tshell elements of EBYNA. Note that LSDYNA offers over 45 shell formulations,
one of whch is the Tshell (or thiclshell), which is an-&iode shell element with 2D stress
state like a shellThe thickness of the element is constrained by a penalty function between
thetop and bottom nodethus, thehickness can onlige affectedy membranstrain (like
athin shell)

The comparison was initiated by comparing the maximum tip deflection and
maximum compressive stress of the selected pole design evaluated by the two elements’
formulations against the analytically established values base@ &ukbrBernoulli beam
theory. Specifically, the maximum deflection was calculated using the formula for
determining the deflection of a cantilever beam usivegfollowing equatior(Hibbeler,

2016)

@ E iond-
N quation4-1
| —(p.o,,oou ®
wherg| is the maximum deflectioriQis the applied lateraload, and E ighe

elasticmodulus of theole,and the other parameters are shown in

Figure4-3.
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Figure4-3 Schematic diagram daf cantilevered pole, laterally loaded with a compressive force

Since the designed FRP pole is a twiall structure, thevalue of elastienodulus E,
was estimated using the following equat{@aniel & Ishai, 2005)

0O O _Ph Equation4-2

0 Y

whereO is the effective elastic modulus of the laminate in the principal direction of the
material, T is the total thickness of the laminate, @and is the extensional laminate

compliance matrix entry & p®£ Q@ p (as described in Chapter 2).

The area moment of inertia, I, of the pole was calculated by the following equation
(Hibbeler, 2016)

O — 0 O Equation4-3

whereO andO are the inside and outside diameters of the eseston.

The same model witl+/0¢/+] layup used in the last section was used for additional analysis
in this section. The comparison of the numerically evaluated maximum deflection using
the solid and Tisell elements of LOYNA and the analytical solution is shownTiable

4-8.

As can be seen, both the solid and Tshell elements provide sufficiesulateresults

with 0.7% and 2.8% margins of errors, respectively, compared with the analytical solution.
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Table4-8 Comparison of the numerically predicted and analytical maximum tip deflentidbending
momentof the pole.

Sol i Tshe
Analy el eme el eme
Yerr . %err

Soli Tshel
el emecel em

Maxi mum de
(mm)
Ma x i nbe md i
s ress (I

349. 361. 352 0. 7% 2. 8%

133 116 137. 3.2% 15. 5"

The value of the maximum compressive bending stress developed in the pole was
subsequently calculated analytically basedEmuation4-4 and compared against the
numerically predicted valuaga Table 4-8 Comparison of the numerically predicted and

analytical maximum tip deflectioand bending momemif the pole.

o 0O
v C Equation4-4
” !IO

In the above equatioi@ is the outside diameter of the pole, and is the

maximum bending moment.

The maximum numerically predicted compressive stress is developed immediately
above the base region boundary of the FE model. The results reporegduled-8 reveal
that the model constructed with the solid element maintained its accuracy compared to the
analytical models, with only a 3.2% error margin, while the model using the shell element

produced a larger error margin (15.5%).

Since the analytical calalt i ons are only basedaston t he
modulus, the actual performance of these two types of elements in the modelling of the
FRP cannot be completely judged with the alevaysisNonetheless, both element types
demonstratedloseagreenents Althoughthe mode constructed witlishellelement was
shown to be slightly less accurate than the selgsnent model, its significantly more
efficient in terms of CPU time consumptioyielding a 3,865% improvement in CPU
consumption compared the solid model, as shownTable4-9. Consequently, theodel

with Tshell element was selectemlconductll remaining numerical analyses.
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Table4-9 CUP time comparison between solid and Tshell elements.

Solid elements  Tshell elements  Improvement %

CPU Time (89 989 25 3,856

4.1.4.Modular pole design

The modular design was implemented in this pole due to the numerous benefits
outlined in Chaptet. Due to the limitations of the experimental setup and fabrication, the
maximum length of each module was set to 1000 mm, with a maximum of two modules to
corstruct the poleThe modular design was compared to the current commercial pole
design offered by RS echnologiednc. (Tilbury, ON and St. George, U}, a leading
industrialmanufacturer andupplier of FRP utility structural systems. In other words, the
performance of the designed modular pole was evaluated against equivalent designs by RS

Technologies and other scaled pole designs reportibe @xisting literature.

Due to the timeconsuming process of customizing a mandrel necessary for fabricating
theFRP modules, both modules were designed in such a way that they could be fabricated
using one mandrel. In other words, the two modules were designed such that they had the
same lower crossection diameter but different lengths, with the bottom modulegbein
smaller in length to achieve better buckling capa&iyntrol of the overlap region in the
modular design was crucial for two reasons. Firstly, the overlap region is the second
higheststressed area after the ground line base region because the tépenédss b as e wo
tend to expand under loading. Secondly, overdesigning the overlap length would increase
the cost. According t¢ASCE, 2019)t he over |l ap regiondés | engt
times the diameter of the upper module at the bottom. Thetrafa overlap lengttan be
calculated by the following equation

0
€ 0 QI ODIFNQAD =+ Equation4-5
OAI g
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wherelL is the polés length tis the pole thickness;is the tapered angia degree
The detailed calculations can be foundAppendix A A schematic diagrandentifying
the parameters used in tt&culatiorsis shown in

Figure4-4.

The diameter of the crossection at the top of each modul®, can be evaluated

based on the base diametg, by the following equation (see also
Figure4-4):
0O O ¢0o Qe Equatior4-6

The dimensions of the modular poles calculated accordinggumation4-5 and
Equation 4-6 are reported inTable 4-10. The detailed calculations can be found in
Appendix B As seen, thé is 54.2mmand the designed overlap is 135.2mm. By
multiplying theO by 1.5, the required overlength is 81.3mm, ethis weltbelow the

designed overlap length.

Table4-10The Proposed modul ar pole designés dim

: Overlap
Module Length O (mm) © (mm) Thickness tapereod length
(mm) (mm) angle (°) (mm)

Top 1000 47.2
54.2 2.6 0.2 135.2

Bottom 880 48.1
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——p,

Figure4-4 Schematic diagram dfieoverlap regiorand its parameters
(angleq has been exaggerated for better visual)

Table4-11 illustrated the values of the key parameters of the proposed pole and the

equivalent one based on RS technologies. The key parameters are the slenderness ratio,

taper angle, and ratios of tapd bottom diameters to the thickness.

Table4-11 Comparison of the proposed desl@y parametergith the equivalencommercially
availablepole.

Designed RS Top Designed RS bottom
Top module  module Bottommodule module
Slenderness ratio 117.4 117.3 99.8 90.7
Taper 7 20.2 6.9 20.3
On 18.2 21.8 18.5 29.2
On 20.8 33.1 20.8 40.3

The slenderness ratio is calculated using the following equgdibbeler, 2016)

"y U_U Equation4-7
i

where"Yis the slenderness ratinz=2 is the effective length factor andis the radius of

gyration,which can be calculated by the followimgjuation (Hibbeler, 2016)
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LO Equation4-8
5

whereo is the average cros®ctional areaf the tip and base areas of the pole modules.

Taper 1s an industri al terminology descr
length, which can be calculated by the following equ#A&CTE, 2019)

O O zpnm
0

YO R Qi Equation4-9
where the 1000 is a scaling factor to make taper a relatively large number for visualization.
The detailed calculations can be foundAppendix C

Subsequently, after the assemblage of the two modules of the proposed design, the
entire poleds par amet er s-sizedeconamerdab pole dRSed ag
Technologies) and two scaledles from the existing studies, as reporte@lable4-12.

Table4-12 Comparison of the proposed palesign with the commercial pole and scaled poles from of
studies

Proposed Pole

design RS Technologies #1(Altanopoulos et Polez((l)%rcz)a)hlm,
(assembled) al., 2021)
Slenderness g5 7 219.2 127.7 83.0
ratio
o It 20.7 27.5 194 65.5

4.2.3D Scaled poledesign

4.2.1.Preliminary coupon-level investigation

As discussed in the previous chapter, one of the novelties of this project is the
incorporation of 3D fabric in developing stiff and lelagting poles, which has never been
attempted in pasfAnother novelty of the work is the incorporation of wooden dowels to

(a) reinforce the fabric, thereby enhancing its overall stiffness, and (b) facthiat
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incorporation of the 3D fabric in the fabrication of cylindrical structural members.
Therefore, bfore attempting the desigthreepoint bending test were conductedo
investigatethe extent of stiffness enhancement that could be attained by incorporating the
reinforcingdowelsAs t he main objective of the test
contribution tahecylindrical geometry, the test coupons were cut directly from a cylinder,
similar to t he F®thatporposea @ydindey madencd WC3PFRP, and

one made of 3DFRP (i.e., the unreinforced version of the WC3DFRP one)alveoated.

An ABS pipe was coated with a release aderie useds the mandrel, using tineethod
outlined insection5.3.1. Then, thedowelreinforced fabricwas prepared using the same
procedure describad section 4.1Subsequentlythe WC3DFRP cylinder was fabricated
usinga similarprocedure used to fabricate the 2D pole, whithbe described in detail

in the next chapter. Fabrication of tB® cylinder made of 3DFRP was similar to the
WC3DFRP cylinder, except that the dowels were taken out at the time when the resin was
half-cured. After fabrication, three coupons were extracted from each 3D cylinder. Each
specimen had a width that includeidht channels of the fabric. Half of the channels in the
WC3DFRP coupons contained dowels, as seéiguare4-5, while all the channels in the

3DFRP coupons were empty.

The threepoint flexural tests were performed in the same manner as discussed in
section3.2.1. Figure4-6 shows the test setups for the two types of coupons with their
curvature facing upward. The comparison of the results obtainedhdamwio different
materials is shown iRigure4-7. As can be seen, the response of the 3DFRP is significantly
improved by the incorporation of the ddaelndeed, the dowels improved the stiffness

and strength of the FRP by approximately 300% and 500%, respectively.
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Figure4-5 lllustration of WC3DFRPc o upon ds ¢ o n f ielgninanegéndirg test.f o

(b)

(@)

Figure4-6 Threepoint flexural test setups for (a) WCGFRP and3B}-RPcoupons.

275
250 |
25 | \
200 ﬁ
R
% 150 —Specimen 1(3DFRP)
Ef 125 ——Specimen 2 (3DFRP)
100 Specimen 3 (3DFRP)
75 ——Specimen 1 (WC3DFRP)
50 ——Specimen 2 (WC3DFRP)

25 ’/7<—\ Specimen 3 (WC3DFRP)
0 L L L L L L L L L L L L L L L
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Displacement (mm)

Figure4-7 Responses o'WCGFRP an@DFRPcouponsn thethreepoint flexural test.

4.2.2.Design compromise

In a tapered pole design, the diameter of the top and bottom of the pole would differ.
This means that when constructiagpole with WC3DFRP material, the number of
channels on the top portion would be fewer than the number of channels on the bottom

portion. This would require partial cutting of the dowels along the length of the pole, which
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would not only make fabrication janactical but also negatively affect the contribution of
the dowels, leading to inconsistent stiffness along the length of the pole. As a result, a
prismatic poledesignhad to be used as a compromi$ée design procedure will be
discussedn detailin afuture chapter.

Table4-13 showsthe dimensions of the prismatic poles. An ABS pipe with a length
of 1200 mm and a diameter of 48.5 mm was choseneasandrel.

Table4-13 Dimensions of thenpposed 3D poles.

Thickness Slenderness
Length (mm) OD (mm) _
(mm) ratio
3D pole 1000 56.5 4 115.5
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Chapter 5: Fabrication of the Poles

5.1.Mandrel design

5.1.1.Material selection and design

Developing a mandrel for fabricating axisymmetric composite structural members
requires careful consideration of machinability and the ability to release the cured
composite from the mandreéhn Acrylonitrile Butadiene Styren@ABS) ard a stainless
steel pipe weresedto test thereleasaility of one layer of biaxiaglassfabric-epoxy.To
improve releasg of the composite from the mandrétree layers of polyvinyl alcohol
(PVA) moldrelease agent were evettlgushedo the surface of theandrelsAfter laying
the composites on the pipegwever,it wasnearly impossible to releaske specimens
from the pipes at room temperature withdamaginghem.To address this challenge, a
methodwas attempted biaking advantage of ttdifference in the coefficient ahermal
expansionCTE) of the mandrel materials and tR&P. The CTE of ABS andsteel are
80x10%/°C (Polymershapes, n.dand 1x10%°C (AISC, 1994)respectively Al-Falah et
al., (2014)yepored FRR® CTE as 26.6K0°%°C, whichis higher than steel but lower than
ABS. These values suggesiat therelease of FRP could be facilitated by increasing the
temperaturef the steel pipe andiecreasing that dhe ABS pipe Since the glass transition
temperature of the roowuredWest systeni05 epoxy is relatively lovat 65 °C(WEST
SYSTEM, 2014)topreventhepotentialdamage to the composite material during mandrel

removal, it would be advantageous te @amABS mandrelnstead of a steel mandrel

In accordance with the proposed modular design outlin€dle4-10, t he mandr e

geometrical dimensits are shown in

Table 5-1. Since an ABS pipe fitting the required dimensions was not available, a
grade of PVC was used instead. PVC has a similar CTE to ABS (ix@,%8°C) and a
lower unit cos{VYCOM, n.d.).
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Table5-1 Dimensions of the mandrel
Length (mm) Top diameter (mm) Bottom diameter (mm)

Mandrel 1200 50 41.6

5.1.2.Mandrel fabrication

A solid PVC rod measuring 76.2 mm in diameter and 1200 mm in length underwent
aturningprocess, as depictedkigure5-1. The PVC rod was securedptace by a chuck
and live centeras shown irFigure5-2, and excess material was removed until the desired
shapewas achieved.

Figure5-1 The PVCcylinderis ready forturning
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Figure5-2 PVC rod being turned on Lathe.

Chuck Mandrel deflection

AX
—

—

o Qf_ﬁork

Moving position

PN

T

9
S,

Live
center

G

Figure5-3 Schematic mandrel deflection during the turnibg et al., 2019)

Upon completion of the machining process, it was discovered that the resulting

mandrel did not havthe requirecconstant taper rate. This issue arose due to the mandrel

deflecting away from its constraints as the cutting tool exerted lateral force chaiagal

removal(seeFigure 5-3). To address this issue,naitigatory strategy was implemented.

For that, astraight bar was secured along the mandrel, and a stitiyg sinding belt was

inserted between the bar and the mandrel. As the mandrel turned, the abrasive action of the

sanding belt automatically straightened the mandrel by sanding out the excegd thater

was affecting the taper rate, as showrkigure5-4. The proposed mandrel dimensions

were achieved after this alleviative process.
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Figure5-4 Themethod ofresdving theinconsistent taper rate

5.2.Fabrication of the 2D poles

5.2.1.Trial and error hand layup

Axisymmetric structural members such as poles are customarily fabricated using a
filament winder. With a filament winder, the fibers are placed exactly at predetermined
angles using a computeontrolled process, thereby rendering a uniformly consolidated
part with the desired fiber angles. However, a filament winder was not avadaide As

a result, the poles had to be fabricated using the hand layup method.

The fabrication of th@olesusing hand layupequiredextensive practice artdal and
error. To determine the best fabrication solution, sraglindrical specimens were first
fabricatedbefore thedesignedpoles. The fabrication process involved several steps.
Firstly, moldrelease agents were applied to the mandrel, followed by the application of
three layers of PVA onto the mandrel. Each layer was alldavedy for two hours before
applying the next layer. Once the PVA layers weiedjan additional layer of wax was

applied for added release assurance.

The next step was terapthe Eglassépoxy fabricaroundthe mandrel in the order
of the designed layps, with each layer being alloweddartially curefor 45 minutes before
applying the next layeihe partial curing stage allows the adhesion of the next layer onto
the partially cured tacky substrate. Once all the layers had been wrapped aralyestap
shrink tape was then wound around fhigricated poleand a heat gun was used to shrink

the tape while rotating the mandrel at a constant spgeedonsolidate the layers as
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uniformly as possibleTheheatgun was kept at a distance of at least 50fnom the tape

and was moved continuoudly avoid overheating the resim. themeantime the mandrel

was continually rotatedt a constant speed, slowliyntil the resin was extruded through

the shrink tape overlapping boundaries. The next step vadstothe resin to cure for 24

hours at room temperature. Once the resin was cured, the specimen and mandrel were
placed in a chest freezer for about 30 minutes. Finally, the specimen over the mandrel was
retrieved from therefrigerator and the specimen cloube released from the mandrel

effortlessly by pulling and twisting them in the opposite direction.

Based on the previously proposed thickness for the modular pole, a pole with 2.6 mm,
the thickness was attempted to be fabricated in the lab. First, diregewith a layup
sequence of+/04/+] was fabricated, and the resulting thickness was measured at 3.4 mm.
Then a [+/02/+] laminate was fabricated whose thickness was measas&d7 mm.
However, thd+/0/+] layup with 2.3 mm thickness was selected aditte design. This
was because botlt/0-/+] and [+/0/+] produced acceptable thicknesses; however,
according toEquation4-5, the modular overlap length is decreased as the thickness
increases. Therefore, the/0/+] design could provide more tolerance in the thickness
increment in the scaled poles to accommodatéfecient overlap lengthzigure5-5 shows
the variation in thicknesses of the six, four and thager designs. A small unevenness
(bump) was deveped in the[+/0/+] design by inadvertently overlapping all the layers
along the same line. In the subsequent optimal layup, the overlaps were distributed
alternatively at a 120° angle around the circumference as schematically shBigar
5-7. Finally, Figure 5-6 displays the local surface wrirgkklcaused by overheated shrink

tape, whileFigure5-8 depicts both sides (a) and top (b) views of the final version specimen.
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Figure5-7 Schematic representation of staggering the overlaps in fabric le
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(@) (b)

Figure5-8 (a) side view and (b) front view of the final specime

5.3.An innovative solution usingin-housefabricated prepreg

Winding resinwet fabric layers around the mandrel isa timeconsuming,
cumbersome, and messy task. The use of prepregs would significantly alleviate the issue
and allow for the wrapping of longer fabric lengths around the mandrel without the need
for splicing or overlapping the fabric pieces, as was redquir¢he attemptedavet layuys.
However, conventional prepregs must be cured at a very high temperature, requiring a
suitable ovenSincean oven capable of accommodating the pole lengths was not available
at the university, an innovative solution was sdughthat pseud@repreg layers of fabric

were developed in the lab.

The procedure started byrst cutting a layer of Eglass fabric to the desired
dimensions. The fabric was then weighed in order to calculate the required amount of resin,
which was 1.3imes the weight of the fabric plus an additional 20 grafmsaste during
the application procesgvestSystem 105 resin an206 slow hardenexere mixedat a5-
to-1 ratia The hardeneprovides a working time of approximately 20 minut@&/EST
SYSTEM, 20%4)

Next, two layers of plastisheets, with dimensiondightly larger than the fabric

dimensions, were preparetihe cut fabric was then placed onto one layer of the plastic
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baggingmaterialand the prepared resin wlasishedevenly to the fabric. Givethelarge
size of the fabric, it was necessary to apply the resin swiftly and careéfilyeexhausting
its pot life.Subsequentlythe other layer dheplasticsheetwas placed on top of thesin
infused fabric, as shown inFigure 5-9(a). It was imperative to label each prepreg
immediately afteits preparatiorio avoid confusion regarding the fabfileer orientation.
Finally, the prepreg was rolled and stored anchestfreezer.Figure 5-9(b) shows the

partially frozen prepreg.

(b)

Figure5-9 Wet fabric sandwiched between two plastic sheets; (b) a view of the partially frozen pr

The prepregs wer¢hentrimmed to their final dimensions, which were 1200 mm in
length and 200 mm in width for the top potesl 1000 mm in length and 200 mm in width
for the bottom prepregs.
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Sincethe top and bottom circumferences of the tapered medudee different, each
prepreg layer was trimmed to the approximate equivalent unwrapped trapezoidal footprint
instead of a reangular shapdefore layingup eachmodulés fabrics Templates with
appropriate dimensions were prepared for cutting each layer of the prepreg, as shown in
Figure5-10.

Figure5-10 Prepreg for the top module was ready to be trimmed with a guiding template on top

The following discussiomppliesto both the top and bottom modulafsthe 2D pole
The machined mandrel was prepared with PVA and wax, as desedldext The surface
finish of the mandrel after applyirtherelease agentsad amattappearangeas shown in
Figure5-11. Since the proposed final layup was [+/0/+], a layer of biaxial prepreg was first
trimmed into the exact dimensions guided &ypreparedtemplate The fabrication
procedure requiredvo persongo wrap the trimmednepreg onto the mandrel, as shown
in Figure 519. The wrapping procedure involved laying the prepreg flat and removing the
plastic bagging on top, carefully aligning the mandrel along the edge of the fabric, firmly
pressing the mandrel to the fabric whslewly rolling it and removing its lower plastic
sheet accordinglyntil the entire fabric was wound around the mandrel. Then, the final
fabricated part wasarefullyinspected for wrinkleand air bubbleswhich were removed
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by applying additional tensiorio the fabric This procedure was followed fahe
fabrication of each module

Figure5-11 Prepregwas rolled up to theurfacepreparednandrel.

The biaxial fabric was left to cure for 4Binutes until the resin thickened enough to
prevent movement during the rolling of the next layer. The next layer, [0], was rolled onto
the mandrelhowever, the fabric edge needed to be aligned ag&find the circumference
of the mandrehaway from the osrlap of the previous layer. The final layer of biaxial fabric

was rolled using the same procedure.

A certain amount of practio@asalsorequired tosuccessfullywrap the shrink tape
along the poldo avoid any wrinkling that may occur on the surfaceha pole.Figure
5-12 shows the shrink tapesbeing wrapped around the top modiklatwassecured on a
lathe. Finally, the module was left to cure after being haaded a heat gun, as described

in the last section.
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Figure5-12 A top module wrapped with shrink tape

A total of four modulesvere fabricated by repeating the above stéipese modules
will be assembled to produce two pol@$e top module was designéa have a tight
tolerance with respect to the lower module, thereby tightly overlappingtioedyottom
module especially once the pole undergoes loadidgwever, for better load transfer
betwea the modules, a thin layer gfoxy was used tin them together. Using two poles
to reflect the performance of the proposed desigumd bejustified if the experimental
resultswould beconsistentThe measured dimension$ these modules are reportad
Table5-2.

5.3.1.Fabrication of 3D poles

A total of two 3D poles were fabricated. The fabric was turned into prepreg following
the same procedure described previousigept the 3D fabric was cut into 1200 92
mm. The poles were also fabricated by the same procedure discussed in the last section
with one difference in that before the WC3DFRP prepreg was wrapped onto the mandrel,
a layer of resin was brushed on thandrel to ensure better wetting of the inner surface of
the pole. The prepared WC3DFRP prepreg before being wrapped on the mandrel is shown
in Figure5-13. Figure5-14 shows the final step of the fabrication after the shrink tape was
wound around the pole and heated with a heat gun. The process was repeated to fabricate
the second pole. The physical dimensions of the two poles are shdabléb-3. Finally,
Figure5-15 shows the fabricated 2D and 3D poles.
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Table5-2 Measured dimensioraf thefabricated=RP polemodules.

Length O O Thickness Weight Overlap
(mm)  (mm) (mm)  (mm) @ oo
(mm)
Pole1top 44, 482 539 25 395.5
module
160
Pole 1bottom 882 49.1 53.5 2.3 374.5
module
Pole 2 top 1002 48.1 53.8 2.4 391.4
module 160
Pole 2 bottom 882 49.1 53.5 2.3 359.6
module

-

T

Figure5-14 A 3D pole wrapped with shrink tap after heating.
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Table5-3 Measured dimensions of tfebricated 3D poles.

Thickness ]
Length (mm) OD (mm) Weight (g)
(mm)
3D pole 1 1,005 56.0 3.8 435.7
3D pole 2 1,005 55.8 3.7 409.1

R

Figure5-15Thefabricated 2D and 3D poles

5.4.Load attachment

During the cantilever pole tests, thpplied loadvas applied to each poterough a
scissor jackattached to a load cell. The jack facilitated gradual and spmdolled
loading, and it could travel a reasonable distance as the pole defledtedl attachment
devicewas designed to allowhe arc motion at the pol@tp while being loaded and
undergoing large deflectioriThe load attachmendevice consised of a loading ring
attached to the pole and a loadkmpb attached to the load cell, which was screwed on the
jack. The working priniple of the load attachment is that the loading nob with a half
cylinder shape fits into the groove underneath the loadingTimggrove on the rings was
adequately large to accommodate easy movement/rotation of the pole on the loading knob.
The loadingringés inner diametewas equato theoutside diameters of the 2D, mounted
at 110 mm below tip of the poleEhe detas of theloadtransfemobs can be found ithe
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CAD drawings included inAppendix D The loading rings and loady knob made of

hardwood are shown in

Figure5-16. Then, the ring were assembled on the 2D and 3D poles at 110 mm and

40 mm from the tips, respectively.

(a) (b)
Figure5-16 Fabricated (a)oad rings and (b) loading nob.

5.5.Polesrestraining fixture

To replicatethe actual irsitu boundary conditions, the poles weeenbedded in
concreteThe bottom portions ofdih 2D and 3[0poleswerefirst infilled with concreteup
to their respectivéixed (cantilever)engths of 235 mm and 1l4fespectivelyFigure5-17
illustratestheendf i | | ed por t i aasssectibns, withenumbers 2 and 4

representing the 2D poles, and numbers 5 and 6 representing the 3D poles.

To poles were subsequently eealdled in the cavities dfollow concrete blocks
measuring 190.5 mm higindwere used as external fixtures. The poles were inserted into
the blocks, and theurroundingspace was filled with concrete. Since the height of the
blocks exceeded the fixture gh of the 3D poles, the hollospace was filled to the
appropriate levelln the case of 2D poles, the block height was less tha@3Gemm
restraining length. Howevethe concrete inside the poles provided sufficient stiffness and
strength to constraitthe polesat the desired lengthTherefore, the constraint heights
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representtheis er vi ce pol es 0 PRleateeetedBEgdreSgl8andirigudel i n e .

5-19for a complete illustration of the fixture setup for the 2D and 3D poles, respectively.

Figure5-17 Crosssectional view ofhe partiallyconcretefilled poles

Figure5-18The strain gaugesd | ocations

Figure5-19The strain gauges6 | ocations
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5.5.1.Data acquisition

5.5.2.Strain gauges

Individual 350W strain gaugesMEGA SGD10/356LY41) were implementec
to measure the tensile and compressive strd@veloped orell the poles and hoo
strainson the 2D polesThe hoop strain in the 3D poles was not monitored due t
relatively thickwall configuration of the 3D poles, which makes local buckling fail
unlikely. The strain was measured by connegteach strain gauge to a strai
measurement module NI 923Strain/Bridge Input ModulgNational Instruments
Austin, TX), through a screw terminal he straingaugesused in this experimentere
quarterbridge typethereforethe bridge completiowas acommodated usiniyll 9944
terminalblocksbefore connectinthe gaugeto theBridge Input ModuleThe complete
wiring configuration for the strain measurement and the pin layoutheoNI 9237
Voltage Input Modules shown inAppendix E Two strain gauges were placesDinm
above the groundline on the tensile and compressive sides of the 2D poles. Th
gauge measuring the strainangen the hap directiondue to the compressive loags
placed 155 mm above th@wver endof the top moduleFigure5-18 shows strain gaug
locations for the 2D gles, where the black line represents thentap d ws lowed end
The straingauges were placeti35 mm above the groundline on the tensile

compressive sides of the 3D poles, as shoviigare5-19.

5.5.3.Load cell

A 100 Kgf capacity OMEGA LCM/111100 load cell(Omega EngineeringSt-
Eustache Q¥ was used to measure the applied load. As the load cell operates on the same
principle as the strain gauge, the NI 9237 module was used to power and receive the output
voltage signal from the load celHowever, since the resistors of the load cell were
configured as the full bridge instead of quarter brjdipe wires ofthe loadcell were
connected to aNl 9949RJ50screw terminglwhichroutesthe input and output signals to
the RJ50 receptacles in NI 923which is subsequently hosted Bompact DAQNI
Chassis cDA@172, which is connected to a laptdphe pin layout of NI 9949 and the
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full bridge connection configuratiazan be found ippendix E Aspreviouslymentioned,

the load cell was installed between the jack and theldoal to measure the reaction loads
from the polés tips.Figure5-20 shows the load cell fastened on the jack connected to the
NI 9949.

Load cell

Figure5-20Load cell fastened on the jack connected to the NI 9
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Chapter 6: Tests of Scaled Poles and Performance Comparison

This chapter describes the experimental investigation conducted to examine the

performance of the 2D and 3D poles and their respective FEmMa&l 6 cal i br ati on

the experimental results. Finally, a 3D pole with comparable weight to the 2D pole is
modelled using LDYAN. The numerically evaluated performance of this pole will be
compared with the performance of the 2D prismptite obtaied numerically using the

finite element method (FEM). The experimentally acquiresgpldicement, load and strain
dataare used toerify the integrity of thenumerical models. During the tests, displacement
valueswere manually recorded by projecting thedapointers from the desired locations

of the poles to whiteboards. Meanwhile, the load and strain data were automatically
collected usinghe data acquisition (DAQ) systeim conjunction withLabView software

with aminimumsampling ratef 1612.9 Hz.

6.1.2D scaled poles

6.1.1.Experimental investigation

The experimental setups of the 2D and 3D polesemg similar Therefore, only one

pol ebébs setup is discussed here.

Firstly, the block holding the pole was clamped on a dtaate workbench which
was bolted to the ground. A metal plate was placed on top of a concrete block to avoid
damage to the block due to clamping forces. Four hdatye clamps were used as
illustrated in Figure 6-1. On the other end, the pol eds
transfer knob and load cell to a scissor jack with a 384 mm lifting limit, as discussed in
section5.5.3.and illustrated irFigure 6-2. The jack was secured in a vise, which sat on

five metal blocks.

67

t



Figure6-1 Fixture setup for 2D poles

Y

Loading ring
I

Metal block

Figure6-2 Loadng setupnearthe tip of the 2D pole
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Displacements were manually recorded during the test at the tip and midspan of the
pole using laser pointers. Specifically, the midspan coincides with thermif the top
module of the pole (see

Figure6-3) The laser pointers were gluedthogonadly at those locations. During the
test, the lasers were projected onto two whiteboards, and their trawvejsiores were
manually marked at specificdd increments using a pin.

. - — 1485mm!

S | 3T S —

A FY
‘Groundline

‘Compressive/tensile s

Figure6-3 An overall view of the experimental setup of the 2D poles

Then, the strain gauges were wired and connected to the NI 9944 -duiiger
adapter and subsequently to NI 9237 module which was hosted by the DAQ chassis 9172
as discussed in sectiérb.2.Figure6-4 shows the strain gauge mounted for measuring the
strain in the hoop direction. The load celas also connected to the same module. A
LabView program was used to control the data acquisition process, including the start and
end of the acquisition, sampling rate, dat
programbs f | owc Appendix GeAl the transduders weredcalibrated and

offset to zero readings before the test began.
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Figure6-4 The strain gauge mounted for measuring the hoop st

Two persons were required to perform this test; one raised the jack, and another one
recorded the displacement. The polebs tip
approximateate of 0.25 mm/se@andstopped at a predetermined interval. The lead screw
inside the jack ensures the jackods sl ow an

record the displacements and their corresponding loads after every three complets rotation

of the jackds crank until the test ended.
the pole did not fail when the jackbs | i ft
the vise and steel bl ocks abseenmrggure6ts.@Once | a c k ¢

the jack reaches its travel limit, the test waerrupted,and three additional steel blocks

and one concrete blockver pl aced underneath the vise to
Note thatthe pole underwent linear elastic displacement, thus, the test could be followed
accordingly. However, despite the additional imposed displacement, the failure of the pole
could notbe achieved as the jack reached its travel limit once again. The process was

repeated for testing the second pole.
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Figure6-5 Jack reached its lifting limit
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6.1.2.FE model

An FE model was constructed to simulate the described testD¥INA FE software
environment. Due to the symmetry, only half of the pole was modelled using the Tshell
element of LSDYNA. The model was constructedth the actual dimensions of the tested
poles, tabulateth Table6-1. To apply the boundary condition, all the inner surface nodes
within 235 mm distance measured from the bottom edge pfaleewere fully constrained
(identified with red triangular symbols figure 6-6(a)). The loading ring was meshed
using rigid elements and was patdontact with the pole mesh using an appropriate contact
algorithm (CONTACT_AUTOMATIC_TIE_BREAK). The pole was loaded laterally
using applied displacement of 550 mm applied to the appropriate location on the loading
ring to simulate the real condition. &@modes between the top and bottom modules within
the overlap region were merged because no failure was observed within the overlap regions
at the end of the experimenEBgure6-6(b) shows how the overlap region was conducted
in the FE model, where the meshes in blue and red represent the bottom and top modules,
respectively. The thicknesses of each biaxial and UD fabric layer were assumed as 0.8 mm
ard 0.65 mm, respectively. The damage model MAT_054 ENHANCED_COMPSOITE_
DAMAGE was implemented, and the values of mechanical properties are estimated based
on the data provided By k K i and Gasshovh inTale6-2 7 )

Table6-1 Dimensions for each modudd the2D pole.
0O , Thickness Overlap Length
Module Length (mm) O (mm)
(mm) (mm) (mm)

Top 1000 48 54
Bottom 880 49 54

2.3 155
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Figure6-6 (a) lllustration of boundary conditi@accounting for thdixture and (bXheoverlap regiod s
mesh

Table6-2 Mechanical properties used in the FE model.

rabic A700) MES MEE Y b oMb+ o4
YP® 500175 15560 6,749 011 33108 2,595.8 3,310.8
UD = =y L. Ly 1

ME+ ME$ MES MEF M

3433 5722  80.1 78 30.9

4 IF IF W T T T

dmo) My M MEF MEF M
Biaxial 000175 9,336 4,0494 011 19864 1557.5 1,655.4
[+] = =y L Ly ]

M4 MES M mES S

2231 3433 481 468 185
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6.1.3.Results and discussion

A sampling rate of 163 Hz was set for data collected by all the transducers, which
facilitates reasonable data management. It should be noted that while load cell data was
continually recorded by the DAQ, the displacement afs the load were manually
recorded at each ladimgcrement (i.e., after three revolutions of the jack crank). A Python
code was developed tdentify the exact load values and their corresponding strain values
based on the manually recorded input load increment data since the recorded output files
were bo large to be viewed by MS Excel, despite the lowH#stvablesampling ratevas
setinNlI  9237. The p fooppstpaonedssng thel sivam cebuissmdluded
in Appendix H Figure 6-7 shows the displacement trajectories recorded at the two
locations during the test. The displacements were measured vertically with respect to the

first marked point (lowest point).

Figure6-7 Trajectory of the tip displacement recordedaavhiteboard during the test

Figure6-8 showscomparisons ahe loaddeflection responsaf the 2D poles obtained
at the tip and migpanexperimentally and numerically. As can be seen, the numerical
results closely agree with the experimental resatis the responses of the two tested poles

are also quite consistenthe predicted pole stiffness by FEM is slightly lower than the
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stiffness of the actual poles up taleflectionvalue of 310 mm, after which it shows a
slightly stiffer response. It is believed that the actual pole experienghs shftening due
to the development of microcracks within the layer interfaces, which cannot be accounted

for by the model.

Mid-span deflection (mm)
0 20 40 60 80 100 120 140 160

600 [

500

400
—2D Pole 1 (Tip)

Load (N)

2D Pole 2 (Tip)
2D Pole FEM (Tip)

200 ~ - N
2D Pole 1 (Mid-span)

2D Pole 2 (Mid-span)
100 | ) :

/;, ----- 2D Pole FEM (Mid-span)

0 100 200 300 400 500 600
Tip defeletion (mm)

Figure6-8 Comparison of the experimental and numerical{daflectioncurves
of the 2D poles at the tip and rasgpan.

It should be noted that the more nonlinear responses in thepard curves are
partially due to the measurement resolution. That is, atlsuwckalues of deflection, the
change in the deflection at each measurement increment was smaller than the projected
radius of the laser beam on the whiteboard. Hence, the manually pinned locations were less
accurate than those at the, tighere the displagnent increments were largdihe use of a
Linear Variable Differential TransforméLVDT) or a laser pointer with a more focused
beam could have resolved this issue. While an LVDT was available in the lab, however,

the deflection rangebservedvould havesurpassed the stroke limit of the LVDT.

The average experimentahd numerically predictedtiffnessvaluesare obtained
based on the load to tgeflection and reported ifiable6-3. The percentage error of the
numericaly predictedstiffness is only 3%, which is very low, thusyalidating the

numericamodel 6 s i ntegrity. The noted moment
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an equivalent psmatic pole, usindequation4-3, with'O andO taken as the average
diameters at the top and bottom of the fabricated poles as ndtebleb-2. The equivalent

elastic modulus is then calculated uskguatiord-2.

Table6-3 Comparison of the averaged experimental and the numerical results.

S Stiffness _
Moment of inertia, I§ & ) 'O (MPa) % ErrorinO
(N-mnv)
Experiment 105765.6 9,117.9 9.64E+8
3.1
FEM 100395.9 9,399.1 9.43E+8

Figure 6-9 shows the comparison of the experimental and numerically predicted
compressive and tensile strains as a function of the tip deflection. Both strains were

measured at a location 150 mm abdwe groundline, as illustrated in

Figure6-3, and numerically predicted strains were sampled at the same locations.
For compressive straingyerall, Pole 1 shows slightly higher strains compared with pole
2. Thenumerically predictedompressive stragagree very closely with the results of pole
2 until about 240 mrof deflection, after which, the predicted strain is slightly higher. The
maximumnumeical strain reaches0.018 mm/mm at approximately 540 mm deflection

compared with the experimental strain@f015mm/mmatthe same deflection value.

As seen the tensilexperimentaktraindeflectioncurvesseenin the same figure
are quite consistentThe numerically predicted strains areslightly higher than the
experimental valueap to tipdeflectionof 190 mm tip deflection after which the actual
poles undergo inelastic deformatidrhis is due to the nature tifefinite elemenimethod
which pralicts the response of structural components slightly stiffer than the actual cases.
Moreover, the values of the maximum compressive and tensile strains are about the same

for both the experimentalimeasure@nd the numerically predicta@lues
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Figure6-9 Comparison of experimental and FE tensiedeflection curves for 2D poles.

Variation of the hoop strain againsie tip deflection is plotted ifFigure 6-10. The
predicted numerical values agree well with the experiment values up to a stage where the
poles undergo inelastic deformation. Moregumsed on the variation of the hoop strain
in the two poles, the padexhibit somewhat of a different inelastic response as the applied
deflection(load) increases. This noticeable strain difference between the two poles reaches
approximately 0.0002 mm/m at 528mm deflection, or 24% in difference. The difference
is postulated to be due to the slight difference in the overlap length between the poles
modules and the inevitabiactorssuch as voisandtheir nonuniformdistribution, and the
potential locafiber misalignment, which often occurs in Reacuum assisted hand layup
process. Therefore, mi ni mi zing t he i nevit
manufacturing process is crucial. It should be noted that the filanmmd automated
manufacturingorocess, which is commercially employed, resolves a great portion of such

anomalies.
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Figure6-10 Comparison of the experimental and numerically predicted hoop strain of the 2D pc

6.2.3D scaled poles

6.2.1.Experimental investigation

The test method of the 3D poles followed the same procedure as the 2D poles, as
discussed in sectiof1.1.During the tes, only the deflection at the tip was measuired
these poled-igure6-11shows the test setup for the 3D poles. As discussedtioisg.5.2.
two strain gauges, measuring tensile and compressive strains, were mounted on the
unreinforced channels of the poles as illustrateldigure 6-12. Pole 1 was tested until it

was damage (though not fded entirely), and pole 2 was tested until its total failure.
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Groundline

Compressivet

Figure6-11 Experimental setupf 3D poles

Figure6-12 Strain gauge mounted on the unreinforced channel of the 3D

6.2.2.FE model

A FE model was constructed to simulate t
solution. Due to symmetry, half of the pole was modelled for computational efficiency.

The dimensions of the 3D pole used in the FE model are shown in

Table6-4. The geometry o'NKBDFRPwas
constructed according féigure 3-6, exceptthatthe upper and lower plies were 0.3 mm
thick. The dowel supporting the channel sb
material under the 17.2 MPa maximum compressive gtniassould be developed by the
shrink tape(Road, 2013) Hence, the fabric plies are considered to be slightly more
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consolidated than the 3D composite from which the coupens extracted. The pole was
fixed along 140 mm measured from its end, as discusseection5.5. ; therefore, only

the nodes at the inner surfacethe pole were fully constraingadentified by yellow
triangular symbols ifrigure6-13) . I n t he 2D pol eds model, a
the tip to which displacement was applied to load the deigure6-14illustrates how the
loadingring was attached to the pole using the surfaegurface contact algorithm of LS
DYNA. The rest of the model (i.e., the element type, material properties, etc.) follows the
FE model of theVC3DFRPcoupon as discussed in sect®2.2.However, the contract
relations between the dowels/plies and dowel/pillars were removeestuve the
instability issue prompted by EBYNA implicit solver. Besides, the compressive strain

(- ) property of the compsite was reduced t®.02 to compensate for the fabrication
induced flaws of the pole as briefly discussed in the last section.

Table6-4 Dimensions of the 3D pole used to develop the FE model
Length (mm) OD (mm) Thickness (mm)

3D Pole 10050 52.0 3.8

Figure6-13 Nodes fully constrained on the inner surface of the pole.
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Loading ring —- |

Pillars

Figure6-14 lllustration of load ring attached to the pole using contact algorithm.

6.2.3.Results and discussion

The comparison of the experimental and numerically predictedtipatkflection
curves is shown inFigure 6-15. The predicted response matched closklythe
experimentally observedup t o the polesd failure. Pol e
strength of 384 N at 79 mm tip deflection, while pole 2 revealed its failure strength of 371
N at 77 mm deflection. The FE modes p r endicatedthepoies f ai | ur e at a
lower deflection 5.2 mn) compared with the experimental results, and its failure load
magnitude of 380 N is in between the failure strength of the two experimental poles.
Following the procedure discussed in secttoh.3., the Effective elastic modulu§),
values of the actual poles and FE pole were compartdceported inTable6-5. As can be
seenthedifference is0.8%%. Due to the complexity of the cressctional geometry, the
moment of inertia was obtained from SolidWorks.comparison with the experimental
eastic modulus of the f Il exu® alongam3ddoweio mpr es

and 8.5%higher, respectively, which is expected.

As seen inFigure 6-15, Pole 26s endures significant
strength and its ultimate strength gradually decreased to 262 N before it was fully fractured
at 220mm deflection. This occud-€oncurrently with the development of ply failure at a
distance 30 mm above the groundline along an empty channel on the compression side, as
seen inFigure6-16 (a) followed by a compression failure observed at the groundline after

the fracture, shown iRigure6-16 (b).
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Figure6-15 Comparison of the experimental and numerically predicted
load-deflection curves.

Table6-5 Comparison of the averaged elastic modulus calculated based on the experimental and
numerical results.

Moment of inertia, I§ & ) O (MPa) (Slj'_fmﬁl%s % Error inO
Experiment 9,726.5 1.12E+9
115149.5 0.89
FEM 9,639.6 1.11E+9

] »

RN e

(a) (b)

Figure6-16 Typical experimentally observed (a) Ply failure and (b) pole failure.
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Figure6-17 shows the compressive and tensile strain versus tip deflection curves for
the actual poles and thmimerically predicted results For compr essi ve st
strain values are slighttyi gher t han pole 16s from the beg
compressive strain of 0.0049 mm/mm, whicliesy closetp ol e 106s wul ti mat e
strain of 0.0051mm/mm. The compressive strain values for both actual poles begin to
decrease aapproximately the same deflections at which the load also decreased. The
compressive curve for the FE model has a similar tteritde experimental curves with

about the same strain value and noticeably closer to the second pole.

0.006

0005 | PAY

0.004 - ——3DPole 1 (Tensile)
PR 3D Pole 2 (Tensile)
0.003
3D Pole FEM (Tensile)

0002 r 3D Pole 1(Compressive)
3D Pole 2 (Compressive)

0001

3D Pole FEM (Compressive)

-0.001

Strain (mm/mm)

-0.002

-0.003

-0.004

-0.005

-0.006
0 25 50 75 100 125 150 175 200 225 250

Tip deflection (mm)

Figure6-17 Comparison of experimental and FE stramdeflection curves for 3D poles.
As for the tensile strains, also seen in

Figure 6-17, the numerically predictetbnsile strain values compare very closely to
the experimental values. The ultimate experimental and FE strains and their corresponding
deflections are almost idec#l to that observed on the compression side of the poles.

Unli ke the wvariation in the compressive s
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constant after reaching its ultimate value up to a deflection ofri85This suggests that

the damage on theompression side of the pole was greater than on its tensile side, which
Is apparent inFigure 6-16 (b). This is due to the inherent nature of thigid 3D
composite, whose tensile lch@aring capacity is greater than its compressive capacity, a

response similar to aramid reinforced composites.

6.3.Comparison of the performances of 2Cand 3D poles

The performancsof the two types of poles are compabgchormalizing their ultimate
strength to their masses. Since the tested 3D poles were shorter and prismatic and the 2D
poles were longer and ngumismatic, they could not be compared directly. Therefore, the
response of a 3D pole with the same lengttha2D pole is simulated using {L3YNA.

The outside diameter of this 3D pole is the average of the outside top and bottom diameters
of the 2D pole. Additionally, for more consistency, an equivalent prismatic 2D pole is also
considered to investigate thdeadt of the modular design of the 2D pole in comparison to

the monolithic pole. The length and outside diameter of this prismatic 2D pole are the same
as the longer 3D pole. The exact geometric values for both the longer 3D and prismatic 2D

poles are repted inTable6-6.

Table6-6 Summary of dimensions used in extruded 3D and 2D prismatic pole FE models.

Length(mm) OD (mm) Thickness (mm)
Long prismatic3D Pole 1735 48 3.6
Prismatic 2D Pole 1735 48 2.3
Since the 2D polesé failure mode could no

load was predicted using the FE simulation, as tabulatéichlote 6-8. A performance

comparison between the 2D and 3D poles conducted using FE models is shown in

Figure6-18. As can be seen, the modular 2D andltmger3D poles respond with
similar initial stiffness, whileas expected, he pr i smati c 2 DBlightho!l e 6 s
lower. Ironically, the 3BD poe6s ulti mate strength is noti
poles. The 3D pole suffers some damage starting at a load of 195 N, at a tip deflection of

190 mm compared to the 2D poles that seemingly suffer no damage until reaching their
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ultimate strength. dpered and prismatic 2D poles failed at similar deflection values of 537
mm and 551 mm, respectively, while the ultimate deflection of the 3D pole was 482 mm.

700
600 |
500 I |—2DPole
Prismatic 2D Pole
Z 400 Extruded 3D Pole
e
8
5300 F
200 _
100 } s
-
r -
0

0 50 100 150 200 250 300 350 400 450 500 550 600
Tip Deflection (mm)

Figure6-18 Numerically predicted response of egleaigth prismatic
2D and 3D and neprismatic modular 2D poles

The densities of 2D (FRP) and 3D (WC3DFRP) poles were determined using the
fundamental mast®-volume ratioformulawith the masses of 2D and 3D polestimated
by taking the test edrepgtedinelable 5>-2an@dTaldlegp€8, mas s e

respectively.

The volume of the 3D poles obtained using SolidWorkand thevolume of the

prismatic 2D polas calculated using:

I g 0 Equation6-1

wherew is the volume of the prismatic poles.

The volume of the noeprismatic 2D polesw , can be calculated by using the

following equation:
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“ 0
® o O Q 00 QQ 0O Q Equation6-2
whereQA T @are the inner and outer diameters of the pole, respectively and imdices

andT refer to the bottom and top location of the pole, respectively.

Table6-7 summarizes the calculated physical parameters for the 2D and 3D FE models.
As can beseen, the poles are extremely lightweight, weighing less than a kilogram. The
3D WC3DFGF pole hashaut the samdensityasthe 2D FRPan advantage facilitated by
the empty channels of the 3D fabric.

Table6-7 Summary othe fundamental physical parametefs¢he FE models.

Volume | I Mass (g) Density —
2D Pole 68,6711 760.5 0.0011
2D Prismatic Pole 57,2920 634.5 0.0011
Long prismatic3D Pole 66,9842 729.2 0.0011

Table6-8 reports some of the critically important valukatsignify the performances
of the 2D and 3D poles. As can be seen, the 3D pole has a slightly larger normalized
stiffness than the two 2D f&s. In contrast, th&D poles exhibit a noticeable superiority
over the 3D Pole in terms of their normalized ultimate {badring capacityin fact, the
nonprismatic (tapered)and prismatic 2D poles sustath35.3% and 37.2% more load
compared to the 3D pole. This is postulated to be due tBDheo | eds unsupport
segments (those over the empty chanmalseen ifrigure6-16 (a)), making itmore prone
to premature&eomparison governef@ilure underaflexureload compared to theegments
supported by wood dowels and pillars, respectivdlyis believed that significant
improvement could battained ly stacking a few layers of 2BRP on the 3EFRP to
lessen the chance of empty channels buckngore costeffectivealternative would be
to have a dowel reinforcement inserted in every channel of the 3D fabric.s\Witha
configuration, the pole sectiaccan be fully consolidateduring its manufacturing process
as was done with the 2D polasd generate much stronger and kglhteight 3D poles

with faster fabrication and processing speeds. It should be noted that dowel inserts could
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be easily automatetlring the automated manufacturinglod3D fabric.It is worth noting
thatthe slightly higher normalized loaldearing capacity of the prismatic 2D pole cannot
justify one to dismiss the various advantages of the modular design of tpeisroatic

pole as discussed in Chapter 1.

Table6-8 Comparison ofthe normalizegharametersf the 2D and 3D poles

Pole tvpe Stiffness Ultimate Load Normalized Ultimate
yp (N-mm?) Capacity (N) Load Capacity (N/kg)
Prismatic 2D Pole 1.02E-09 616.0 0.81
Norrprismatic2D 4 jor g 530.0 0.84
Pole
3D Pole 1.06E+09 355.8 0.49

A simple hanecalculation procedure has been developed to aid practicing engineers
in quickly estimating the stiffness of 3D poles without incorporainqgation4-1. First,
the moment of inertia of the 3D pole is calculated as discussed in sé@i@n As
discussed in sectiohl.2., t he pol eds performance is gov
modulus of its material. Then, one could estimate the extensional modulus of the
WC3DFGF,0 j hin the principal material 1 direction, by considering a representative unit

crosssection of the material, as illustrated Rigure 3-6. The esthlished formula is as

follows:
O fF O QO (‘,SO © — ° _ © “0 © Equation6-3
co co 0
whered ,0 ando are thetotal crosssectional areas of the ply, pillar, dowel
and empty channglrespectively;O ,O Al @ are the elastic modulus of the

plies pillars anddowek in theprincipal material direction 1, respectively. By inserting the
appropriate material properties as tabulatedable 3-3, and the correspondingross
sectionareas, as shown Figure3-6, in Equation6-3, thevalue ofthe extensionaklastic
modulus, O his establishedas 8,686 MPa,which agrees very closelyo the
experimentally established valas seen inmmable 6-9. However, the use of the above
equation requirgthe exact crossection of the materigl Given the fact that the 3D poles

crosssection has several @ty channels, calculation of the exact net cissgion area
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would be atime-consumingtask. However, one can use the gross esestion are (i.e.,

the area bounded by the inner and outer ply, which can be easily obtained), in combination
with the following equation yielding the value of extensional elastic modulG@s, ; hof
5,296.0MPa.

5 0 &6 0 8 © 5 0 .
O Of AN £ & , x a i Equation6-4
cd cd ) )

where andO s the elastic modulus of the air in the empty channels (equal to zero) and

0 s the total crossection area of the empty channels.

It should be noted that the multiplication of this value with the gross-ees®n area
would yield exactly the same extensional stiffness;,, value aswould be obtained by
multiplying the exact value oD ; Uiy ¢ 0 Aby the net crossection aea.

Obviously, the use of the net area would significaegeedancethe calculations.

The detailed calculati@can be found irAppendix|. The estimated valuef 8,68
MPa is compared with the experimentally evaluated modulus obtained from the

compression test ihable6-9.

Table6-9Compari son of experimental Youngbs modu
Extensional elastic Stiffness % Errorin
modulus (MPa) (N-mn?) Stiffness

Experimental value

(Compression Test) 8,963.5 152,208
Equation6-3 8,68.0 152058 0.03
Equation6-4 5,296.0 152058

As stated earlier, the actual 3D pole ply thickness was evaluated to be 0.3 mm thick as
opposed to the 0.4 ply thickness in the dry fabric (igure3-6). Thereforethe3D poles
‘O was evaluatedusing Equation6-3 as 8,682 MPa, which is10.®% higher than the
experimentdy obtained valug asreportedin Table 6-5. It should be noted thahe
numericallypredicted maximum deflectioat failure was only about 10% lower than the

actual experimentally observed deflection. Therefore, one can appreciate that one can
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easily useEquation 6-4 combinedwith the gross crossection area of the polm
conjunction with mechanics or materials equations to predict the deflection of such
complex polesvithout resorting taime-consumingnumerical (FEM)analysis

Equation6-4, can be further simplified for the 4 mm nominal thick ply used in this
study, considering that parameters related to the 3DFRP are constant and the only variable
woul d be the dowel 6s el astic modulus as an
equaion could be used instead of the more elaborate verSgugtion6-3.

O F, OULURC MW O Equation6-5

It is worth noting thaEquation6-5 is applicable only to the configuration that was
considered in this stughhowever, the simplified procedure can be tuned for any fabric

thickness or pole crossection configuration.
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Chapter 7: Condusion and Recommendations

7.1.Summary and Conclusions

This thesis focused on the development of a new utility pole made of a novel
combination of3D glass fabrieepoxy composite reinforceslith wood dowels, referred to
as wood doweteinforced 3D hybrid commite (WC3DFRP) The objective was to
develop a pole that could perform comparably to the conventional and commercially
available modular 2D FRP poles with higher stiffnessthe same cost or even less
expensive overall costThe performances of 2D modulg@oles and 3D poles were
experimentally investigated under a laterally applied bending load, which is a standard
primary test used for validating the stiffness, strength smelgrity of such poles. The
standardized flexural and compression tests conducteC3DFRP coupons indicated
that the WC3DFRPOs stiffness and -dowelengt h
reinforced base 3DFRP composite (by as much as 300% and 500%, respectively).
Experimental results revealed a differencel8¥% between the flexural modulus and
compressive moduludQ.3and8.9 GPa, respective)y Additionally, robust finite element
models were constructed with their input mechanical properties calibrated based on the
experimental results. The models were provebéd accurate and reliable, thus, could be

confidently used to examine the influence of different materials combinations.

The development of the scaled 2D poles started by optimizing the layup stacking
sequence of its laminate subjected to bending thréingk element analyses conducted
using two commercially available finite element software, NISA aneDY8IA. The
optimization results obtained through NISA ORfe optimization module of NISA),
indicated that the optimum pole design could be attained Iyminate consisting of
uni axi al |l aminae | aid along the pol eds axi
not perform reliably when other factors suah axialloads, fatigue and environmental
loadings are considered, therefore, the performaricpoles having various stacking
sequences was further examined usingDDNA FE software. The analysis results
showed that the optimized designs would be achieved by eithef+{@ [90/0,1/90]

layup sequences. In summary, both NISA andDYSNA resultsindicated the dominant
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role of the extensional stiffness of t he
Subsequently, the performances of models constructed with solid and Tshell elements of
LS-DYNA were examined, and the results were compared aghateoretical solutions

to establish the computational efficiency for future more demanding combined loading
analysesThe Tshell constructed model showed a larger discrepancy (15.5%) in evaluating

the maximum flexural stress against the theoreticaitisol compared to the model built

using the solid elements (with a 3.2% discrepancy); however, the Tshell model revealed a
3,856% saving in CPU time over its counterpart model. Hence, Tshell element was used to
construct the two poles model for furtherastigations.

The development methods of both the 3D and 2D poles were also presented. Two
modular tapered 2D poles with 1485 mm in length and two prismatic 3D poles with 1005
mm in length were fabricated using the hdaygup process and were tested urtmErding
in a cantilever configuration. The results of the tests were used to calibrate the FE models
so that the performances of eqiexigth 2D and 3D (made of WC3DFRP) could be
evaluated numerically. The numerical results revealed that while the extidedle
exhibited higher stiffness (i.el,06E+0N-mn¥) compared to the 2D poléd, exhibited
lower normalized loading capacit@.620 7QXX355.8N and 616N for the 3D and 2D
poles, respectively)The lower loading capacity is attributed to the yommrted ply

segments, which are prone to premature failure under bending.

Finally, a hanetcalculation procedure was established for quickly estimating the
stiffness of the 3D pole without going through complicated FE analysis. The estimated
extensional elstic modulus&.69 GPa) was only 3% less than the results produced by

the compression test (i.8.96GPa)

In closing, the results of the research indicate that the developed 3D pole is promising,
especially when other loading types which would cause the pole response to be more
stiffness governed (such aially applied dynamic loading states) arensidered.

Therefore, further investigations would be required.
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7.2.Recommendations for Future Works

The hybrid 3D material system introduced in this thesis is in its infancy. Consequently, its
database and performance measurement are quite limited, and further shaliks be
conducted to expand the database. These studies should focus on different types of loading and
environmental conditions to achieve a comprehensive understanding of the material's response.
A series of recommendations are therefore offered ingidion, which aims to further
improve the overall response of poles made of such lightweight and stiff hybrid material.

1 As stated, utility poles become subjected to combined axial and lateral loadings as a result
of their wiring connection and the consequeatguy wires used for their stability. Such
combined loading will induce significant compressive axial load ondhaxm, which in
turn may cause premature buckling of a comparable 2D column as opposed to a 3D column
having comparatively stiffer materiaBesides, wind and hurricanes would cause the
vibration of the poles. The vibration could significantly benefit ftbemsignificant stiffness
and more importantly, the damping characteristicSMi£3DFRP The result of such
investigation is strongly believed to justify and promote the use of the developed material
for manufacturing lightweight and resilient poles.

1 The dove critical states could be further exasperated déetigue, and environmental
loading states. Therefore, additional experiments would have to be performed to further
explore the structural responses of 3D poles under such combined loading states.

1 Itis believed lightweight hollow plastic profiles would be as light (or ligtiten) wood
dowels withthe potential of making the poleerform more resiliedy. Therefore,
attempts should be made to explore the viability of such alternative reinforcantsins

1 Further improvemenin the performance of 3D poles could be attained by supporting
the empty channels in WC3DFRP to prevent premature failure. An optimal alternative
is believed to bachieved byheinsertion ofadowel in every channel of the 3D fabric.

This could be effectively done during the manufacturing (weaving) of the fabric.

1 Moreover,theimplementation of additional layers of 2D FRP to the 3DFGF could also
be attempted to explore the gain in the streagtih stability of the empty channels.

1 Finally, as stated, the reinforced inserted fabric could be prddiszeganautomated

weaving process. Successful attemptgeta@readybeen made to manufacture integral
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foam 3D fabric. Moreover, it is believed thastead of the hanldy-up process used in

this investigation, the entire pole manufacturing process could feasibly be automated.
This can be facilitated by automated manufacturing of reinforcemsatted 3D
prepreg fabric, making the rolling processieaandatamuch faster speed. Moreover,

the prepreg nature of the fabric will further enhancerésponse andonsolidation of

such poles bypreventing fiber misalignment amdducing the presence of voids in the
composite.
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Appendix DCAD dr awhlpogadoft ransfer knob
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Figure D1 CAD drawing of load transfer knob.
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Figure E1 Wiring configuration fola quarterbridge strain gauge
(NATIONAL INSTRUMENTS CORP., 2022)
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Figure F1 Wiring configuratiorfor theload cell
(NATIONAL INSTRUMENTS CORP., 2022)
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Figure G1 Flowchart of the LabView program for dagaquisition.
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AppendixHF |l owchart of the Python pro

FigureH-1 Flowchart for posprocessing databtained from theDAQ.

106






