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Abstract

Coupon test data from five pultruded GFRP profilss used to generate longitudinal/transverse,
tensile/compressive ultimate stresses, elastic fhodinor/major Poisson’s ratios and ultimate siga{some of
which are not in the pultruders’ design manual$jai@cteristic ultimate stresses/elastic modulicarapared to
design manual minimum values. The former depengbrofile size/shape, whereas the latter are shape-/s
independent. Limit state design stresses are showa larger than permissible stress design ssekkmvever,
most of the limit state longitudinal design elastioduli are smaller and all of the transverse desilgstic
moduli are larger than the permissible stress walue

Keywords: A. Polymer-matrix composites (PMCs); B. Mechanigabperties; D. Mechanical testing; E.
Pultrusion

1. Introduction

Pultruded GFRPstructural grade profiles have been used for many years in a wideety of secondary
structures such as staircases, walkways and rplagfdrms. Their use in these and other applicatimmtinues
to grow as awareness of their potential amongsstituetural engineering community increases.

In order to promote the use of their GFRP profiled assist structural engineers engaged in thgrde§iGFRP
structures, several pultruders began to pulidlesign manuals about 40 years ago. During the intervening years
they have continued to update the manuals and made them accessible online [1 — 3]. In 1996 tinezeuals
were supplemented with tHEUROCOMP Design Code and Handbook [4], which was the firstimit state
design guidance for Fibre-Reinforced Polymer (FRBposite materials/structures used in infrastrnectu
More recently, limit state design guides have beeblished in Europe and Japan (see for example, 9.
Perhaps the most up-to-date design guides for FERipasite structures are those published underubgices

of the ASCE [9] and the EU’s CEN Technical Comnat&50 [10].

The aforementioned pultruders’ manuals and desigideg provide useful and reasonably comprehensive
information for the design of pultruded GFRP stmes. In the pultruders’ manuals there is a pdediciocus

on the ultimate stress and elastic modulus prageedf their standard structural profiles, whereathe design
guides the focus is on how ultimate stress andiela®dulus data are used in the design of FRP commpts
and structures so that they comply with the spetifierviceability and ultimate limit state criteridowever, it

is important to appreciate that the basic mechamioaperties (ultimate stress, elastic modulus) ed€.the
GFRP standard structural profiles, given in therpders’ manuals, are describedtgscal or minimum values

of these properties and, therefore, areapglicable to limit state design, even though thveye established by
tests carried out in accordance with early versiohghe relevant ASTM standards. They are, however,
frequently used ipermissible stress design in conjunction with relatively large factaf safety. Because the
pultruders have not disclosed full details of thecimanical properties of the pultruded GFRP stansiamudtural
profiles their typical/minimum status remains toibgependently and rigorously verified.

In the light of the foregoing comments and the thet the pultruders manufactwstandard structural profiles
which are deemed to comply with the E17 and E238irements, i.e. have flexural elastic moduli of a7d
23GPa, given in [11], it would be useful to undketdindependent of the pultruders) more comprekensi
mechanical testing of pultruded GFRP standard strac profiles to verify the status of the minimum
properties, particularly ultimate stress and etastodulus, and obtain characteristic values whiely tve used
in limit state design.
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It is also worth pointing out that a number of imjamt mechanical properties of the standard putitiuGFRP
structural profiles are incomplete or absent fréva pultruders’ design manuals. In particular, utienstrains
are not included in [1 — 3]. Furthermore, it appgetrat, except for flat plate, the mechanical proge are
assumed to be independent of the shape, wall théskrand fibre architecture of the profiles, andyonl
marginally dependent on the type of polymer maiffixe justification for these assumptions is natatated in

[1 - 3] and, therefore, would also appear to nferiher investigation.

Since the appearance of the early editions of [ @ number investigations of the tensile and casgive
properties of pultruded GFRP composites have beparted and several of them are reviewed brieflhan
succeeding paragraphs. However, it appears that ltlawe had little impact, since the basic mechanica
(ultimate stress, elastic modulus etc) properg@sain unchanged in later online versions of [1.— 3]

In 1992, as part of an extensive investigationhaf hotched strength of 6.4 mm thick pultruded GFiRiRe
[12], tension and compression tests were carri¢dounnotched coupons to determine the effects on ultimate
stress of width and roving orientation relativettieir longitudinal axis. Three widths, 15, 25 arirBm, and
three orientations,’045’ and 90, were investigated. For the tension coupons, thgéter in the ultimate stress
of the @ coupons increased significantly as the width desed, due to variations in the lateral spacingef t
rovings. However, the mean ultimate tensile stvess not significantly affected by coupon width.

Tension tests on rectangular coupons cut longiallyirout of the web and flanges of 254 x 254 x Su® and
305 x 305 x 12.7 mm pultruded GFRP Wide Flange (YWBfiles were reported in [13]. The tests indicatieat
similar mean longitudinal ultimate tensile stresand elastic moduli could be obtained provided fiegipons
from all parts of the cross-section at any posit@ong the profile were tested. Tension tests ammadium
tabbed rectangular coupons cut out of a 203 x 205 xnm vinyl ester pultruded GFRP WF profile halso
been carried out and mean longitudinal/transvelastie moduli, ultimate stresses and major/minois§an’s
ratios obtained [14]. Unfortunately, standard dgeies were not recorded and so characteristic gatoald not
be determined. However, the principal objectivestiod tests were to provide data to verify analytica
procedures for calculating the ultimate stress eladtic modulus properties of the WF profile. Almioim
tabbed longitudinal tension tests on coupons ctibbthe web and flanges of a pultruded GFRP 162 x 6.4
mm |-beam have also been reported [15]. The fulithvilange coupons included a central zone of tedidieb
material along one face. This feature may havecaftethe coupons’ overall tensile strengths.

Test work, similar to that outlined above, was ieafout, during roughly the same time period, ompression
coupons cut out of pultruded GFRP flat plate [12,8117] and WF profiles [18] to determine the maks
longitudinal stiffness and ultimate stress projgstti

The present investigation seeks to complement apadien the aforementioned experimental investigativia

a series of approximately 100 tension/compres&stston coupons cut out of several sizes/shapggltofided
GFRP profile, namely WF, channel and angle. Thagipal objectives of the investigation are to: ¢bpfirm,

for these particular profiles, that their mechahmraperties araot independent of shape/size, as suggested in
the pultruders’ manuals, and to quantify their eli@nces/values, (2) provide values for tension/cesgion
properties not given in the manuals, (3) quantifiracteristic tension/compression ultimate stresseks (4)
qguantify and compare limit state design ultimatesses and elastic moduli with permissible stressigad
stresses and elastic moduli for these pultrudedRSpiRfiles.

Although the aforementioned objectives will enhattee knowledge base of mechanical properties usékei
design of pultruded GFRP components and structutesigners should be mindful of the fact that these
properties have been determined from coupon dirnaagirescribed in test standards and it is taaggumed
that they relate directly to full-size profiles. iEhmay not necessarily be so in all design situatigparticularly
where local and/or torsional buckling may arises lvell known that wrinkling of the fibre architece (CFM)
may be present at flange edges and web-flangeigumsctConsequently, additional test methods neebeto
standardised, and included in design manuals/ga&lgor quantifying the stiffness and strength ebwilange
junctions and enhancing the design of GFRP profiiesticularly for local and torsional situatiorfaurther
information on the latter issues may be found ®f121].

First, details are given of the sizes, shapes albik farchitectures of the profiles and the origatet
(longitudinal or transverse) and locations (flangeb or leg) where the tension/compression coupm@rs cut
out of them. In the next section, the dimensiontheftension/compression coupons are given togettierthe
reasons why they differ for different profiles. Bit$ of the types and orientations of the straingges used to
record coupon strains during the tension/comprassists are also given. The procedures adoptedhéor
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tension/compression tests are then explained. @fterethe tensile/compressive properties deterthfoeeach
profile are discussed and the differences in tmeades of failure are illustrated and commented upon
Characteristic ultimate stresses, strains, modwi Roisson’s ratios of the profiles are presentedl discussed
and, where applicable, compared with correspondiingmum values given in the pultruder’s design manu
[1]. Limit state design ultimate stresses and &lasbduli derived from characteristic values arenpared with
corresponding permissible stress values and th#ferehces highlighted. Finally, the principal ctugions
derived from the tension/compression coupon tefst alee summarised.

2. Details of the pultruded GFRP standard structurd profiles

Five sizes of three shapes of EXTRENO00 series GFRP profiles, manufactured using #mespultrusion
process, provided the source material for the tenahd compression coupons. The profiles compiasado
WFs, one channel and two angles. Channel and angfiées were not included in the investigationsared in
[12 — 18]. The dimensions of the five profiles (draroughly to scale) are shown in Figure 1.Visusliection
of the end cross-sections of the profiles showed tiere were two forms of E-glass fibre reinforeain viz.
rovings (bundles of parallel fibres) and continufileanent mat (CFM), in their flanges, webs andslead that
each roving layer was sandwiched between two laye@&~M. The matrix material was a mixture of paier
resin and filler (chalk or clay). For these prdiilthe glass fibre, polyester resin and chalk/cikgr fvolume
percentages were typically 50, 40 and 10%, respdygtiThe through-thickness fibre architecture lf .02 x
102 x 6.4 mm WF, 76 x 76 x 6.4 and 76 x 76 x 9.5 mngle profiles comprised of two roving layers
sandwiched between three CFM layers. Likewise fitite architecture of the 203 x 203 x 9.5 mm WFfieo
comprised of four roving layers sandwiched betwéea CFM layers, whereas the 102 x 28.6 x 6.4 mm
channel’s fibre architecture comprised of threamgvayers sandwiched between four CFM layers. Stheoth
resin-rich surfaces of all five profiles incorpadtlightweight CFM veils.

Insert Figure 1
3. Tension and compression coupon details

It is well known that wrinkling of the CFM occurdoag the flange edges of the profiles and also @lihe
junctions between webs and flanges of WF profiles. It isdweld that this is due in part to pressure and
temperature within the pultrusion die, which causmsll transverse movements of the CFM, and tewfitial
residual curing and shrinkage of the matrix after profile exits the die. Therefore, in order toidvthe effects

of non-uniformity of the fibre architecture, thenfptudinal coupons were cut out of the central zookthe
profiles’ flanges, webs and legs so that each todgial edge was at least 10 mm away from a welgéia
transition radius and/or a flange edge. Likewise tlie transverse coupons the same criteria wdoeoma with
respect to their ends. Furthermore, in order tamise damage to the sides and ends of the coupattiamond
edged wheel saw was used to cut the coupons ¢l @iultruded GFRP profiles.

A total of 97 tension and compression coupons wateut of the WF, channel and angle profiles. Tdresion
coupons were sub-divided into nine groups. The cospn seven of the groups were cut lengthwiseobtiie
webs, flanges and legs of the profiles. The other groups were cut transversely out of the webthefWF
profiles. Similarly, eight groups of compressiorupons were cut out of the same profiles, againgdosimb-
divided into six longitudinal and two transversegps. Details of the numbers of coupons and thatitoes
where they were cut out of each profile are giverTable 1. No longitudinal coupons were cut outthod
channel's flanges because they would be too nairowrder to avoid CFM wrinkling at the web-flange
junctions and flange edges. Likewise, no transveosg@ons were cut out of the angle legs becaugsewbald
be too short to avoid wrinkling and provide adequgrip lengths.
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Table 1

Details of the numbers, locations and orientatwithe tension and compression coupons cut outeof t
pultruded GFRP profiles

Profile Shape Nominal Flange/Leg Web Web
Cross-section Coupons Coupons Coupons
Dimensions (Longitudinal) (Longitudinal) (Transverse)
[mm] T C T C T C
WF S1 203 x 203 x 9.5 6 6 4 6 6 6
S2 102 x 102 x 6.4 6 B 4 5 6 6
Channel S3 102 x 28.6 x6.4 - - 6 6 - -
Angle S4 76 X 76 X 9.5 6 6 - - - -
S5 76 x76 X 6.4 6 6 _ ] - -

Note: T denotes tension and C denotes compression.

The dimensions of the tension coupons were deteanivith reference to the guidance given in the BS O
527 [22] and ASTM D3039 [23] test standards. Thenef the plan dimensions of the longitudinal tensio
coupons were 300 x 25 mm with grip lengths of 75 (8ee Figure 2(a)). Hence, their gauge length tithwi
ratio was 6:1, i.e. sufficient to give a uniforrmsde stress across the central cross-section eofctiupon
(corroborated by previous experience of tensiletingsof similar sized coupons without end tabs).
Consequently, the seven sets of longitudinal tensioupons were tested without end tabs. The trassve
tension coupons cut out of the web of the 203 x203 mm WF profile were 170 mm by 25 mm wide wath
mm grip lengths (see Figure 2(b)). For these cosibe gauge length to width ratio was 4.4:1. Counsstly,
they were also tested without end tabs. Howeverd#pth of the web of the 102 x 102 x 6.4 mm pedfihited
the transverse coupons to 86 mm long by 25 mm \&de Figure 2(c)). For these coupons it was dedioed
bond 24 x 25 x 1.5 mm aluminium tabs to their epidsr to testing. Because the gauge length to widtio of
the latter coupons was only about 1.5, the tessitess distribution across the central cross-seatiay not have
been entirely uniform due to lateral restraint effeat the grips. Consequently, the values of thesverse
tensile properties determined from these tests Ipealgss accurate than corresponding propertiesetkfiom
the longer longitudinal and transverse tension oaupsts.

Insert Figure 2

The overall dimensions of the compression coupshewn in Figure 3, were determined taking into aoto
the guidance given in BS EN ISO 14126 [24] and ASDBX10 [25]. Five sizes of coupon were chosen with
widths of 25 mm, overall lengths of 210 to 86 mmipdengths of 80 to 24 mm and gauge lengths ofc588
mm. The longer overall length coupons with longep ¢engths were selected for the longitudinal cossgion
coupons, whereas the overall length of the shoctagbon with short grip lengths was dictated bywied depth

of the smaller WF profile (Shape 2). As recommended®S EN ISO 14126 [24], all of the compression
coupons were tested with 1.5 mm or 2 mm thick ahitmnin end tabs, which were bonded to the abradegarou
ends using Araldite 2015 adhesive. Aluminium waesem for the end tabs because its elastic modslus i
similar to that of GFRP and, therefore, minimisgess concentration effects at the grips. The #ritibs were
used on the coupons cut out of the profiles with @m thick flanges/webs/legs. The width of the angd
gauge length was chosen to minimise the effectsnétions in the coarse fibre architecture andepéifects.
Similarly, the gauge lengths were chosen to betshmyugh to prevent buckling (which was checkedEhbier
bucking theory assuming simply supported ends)lang enough to minimise the influence of transversd
restraint at the grips on the uniformity of the gressive stress within the gauge section.

Insert Figure 3

Each tension and compression coupon was instruchemih two 120Q internal resistance strain gauges
(manufactured by Tokyo Sokki Kenkyujo Co. Ltd), ize1l0 mm uniaxial PFL-10-11 gauge at the centrenef
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face and a 5 mm biaxial FCA-5-11gauge at the ceoftriie opposite face. The sensitive axes of thegga
were parallel to the coupon’s longitudinal andfansverse centrelines.

A consistent procedure was used to bond the sgiriiges to a coupon’s face. At the gauge locatierstinface
veil was abraded to expose the rovings. The susgsethen cleaned with M-Bond neutraliser, afterciviM-
Bond catalyst and adhesive were applied to bonddge to the coupon’s face. This procedure has sle@wvn

to produce reliable strain gauge readings on pl#tluGFRP polymer composites. Other methods of déugr
full-field coupon strains such Digital Image Coatdn (DIC) [26] or Speckle Pattern InterferomefBPl) [27]
were not available to the Authors at the time alentaking the test work and would probably havenbgewed

as unnecessarily complicated, though they woulc teaved the cost of many strain gauges. IndeedantC
SPI are probably more appropriately used for traghocalised failure progression in a compositéheathan

for simply determining its macroscopic mechanicabperties (ultimate stress etc) as in the present
investigation.

4. Test Procedure and data reduction

Prior to testing each group of coupons, the widtth thickness of each coupon was measured at tlsgons
along its length, i.e. at the mid-length and adjde each end of the gauge length, using a digiahier
caliper, with an accuracy of 0.01 mm. The widthshe coupons were within 0.5 mm of the specifiednmal
width of 25 mm (thereby confirming the consistemmeyd accuracy of the cutting procedure using thendial
edged wheel saw). The mean width and thicknesses wged to determine each coupon’s mean cros&sakti
area.

The tension coupon tests were carried out in akhD@apacity Amsler universal testing machine ugimg 20
and 100 kN load scales. The tensile load was appiieler load control at a rate of 0.1 — 0.15 kNdselc Each
coupon was loaded until it failed and the load atrdin data from the Amsler’s load cell and the tst@in
gauges were recorded at 0.1 second intervals blyagnSmart data logger. After each test, the coupesn
inspected visually to identify its failure mode ahén photographed to provide a permanent receme i

IITRI (lllinois Institute of Technology Researchshitute) test fixtures are often used to conduchm@ssion
tests on coupons of material [28]. The test fixtapplies transverse pressure and shear strestes ¢coupon’s
end tabs to prevent slip as the coupon shorteadiyaii compression. The IITRI fixture in the pres¢ests had
flat-faced tapered grips in matching pockets irckhsteel blocks to accommodate coupons of different
thicknesses. The steel blocks were bolted to theeupnd lower platens of the test machine, to entir
correct alignment. Figure 4 shows a schematic drgqwf the tapered grips and pockets within thel stleeks

and Figure 5 shows a compression coupon under test.

Insert Figure 4
Insert Figure 5

The cross-section dimensions of the compressiopaiwere measured before they were clamped between
the tapered grips and their alignment checked. upipeer tapered grip was then inserted and heldaioepin the
matching pocket of the upper steel block boltethtofixed grip of the test machine. The lower gaipd steel
block were then slowly raised to allow the lowepdeed grips of the test coupon to slide into thechned
pocket of the steel block ready for testing in coesgion. The compression tests were carried outruodd
control using the same load and data acquisititesras the tension coupons. After each test thpatowas
inspected and photographed to provide a permaeeatd of its failure mode.

The mean of the longitudinal tensile strains reedrdt the centre of each coupon face and theiesponding
tensile loads were used to plot a graph of loadusmean strain. A straight line was fitted to dlaga points
between the mean strains of 500 and 2m80so that the longitudinal elastic tension modubesid be
determined by dividing the line’s slope by the comijs mean cross-sectional area. The Poisson’s ve®
determined from the ratio of the biaxial strain gauweadings over the same strain range. The cosipdiithate
tensile stress was calculated by dividing its peegisile load (obtained from its load versus stgaiph) by its
mean cross-sectional area. The ultimate strain tafien as the value of the mean longitudinal strain
corresponding to the peak load of the coupon’s leaxdus mean strain graph. The corresponding digenti
were determined in a similar manner for each cosgioa coupon.
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A plot of the tensile load versus mean longitudstahin is shown in Figure 6 for a typical coupan aut of the
flange of the 203 x 203 x 9.5mm WF profile. It igdent that the response is linear until shortlfobe failure.

A similar load versus strain plot is shown in Figuf for a transverse web coupon cut out of the séfRe
profile. Compared to Figure 6, the response isineal. A potential cause of the nonlinearity istthacro-

cracks occurred at a relatively early stage dutoagling and accumulated as the loading increasdihab

failure. An additional reason for the differencer@sponses is due to the fact that the longitudiespponse is
dominated by the stiffer rovings, whereas the warse response is governed by the more flexible @Rtfthe
polyester resin. Also, the longitudinal failure doia significantly larger than the transverse falload. Similar
linear load versus strain responses were obtaioedhé longitudinal tensile flange and web coupohshe

smaller WF profile and the longitudinal web/leg poas of the channel and angle profiles, respegtivethe

reduction in transverse elastic modulus with insieg strain of the two sizes of WF profile may béaetor

which needs to be considered in design.

Insert Figure 6

Insert Figure 7

The load versus mean strain responses of the latigial compression coupons of the WF, channel augiea
profiles were linear, just as the longitudinal ienscoupons of the same profiles. Likewise, thedlvarsus
mean strain responses of the transverse compressigons exhibited slightly less nonlinearity conggiato
their tension coupon counterparts for the same ilpsof Examples of the longitudinal and transverse
compression load versus strain responses are shdvigures 8 and 9, respectively.

Insert Figure 8

Insert Figure 9
5. Tension and compression test results

The mean values of the tensile and compressivmatiti stresses etc. are given in Table 2 for theyuldd
GFRP WF profiles and Table 3 for the channel argleaprofiles. In Table 2 both longitudinal and tsaerse
properties are given, whereas in Table 3 only loniihal properties are presented. In addition tamealues,
standard deviations and coefficients of variatioa @cluded in both tables. In the following sulzttens a
number of comments/observations are made abottshedata for each of the pultruded GFRP profiles.

Insert Table 2
5.1 203 x 203 x 9.5 mm WF profile (Shape S1)

In Table 2longitudinal compressive ultimate load, stress and strain gafue given for only one of the six
coupons cut out of this profile. The reason is fbathe other five nominally identical coupons tdaminium
end tabs debonded prior to failure. Despite re-banthe tabs and re-testing two or three timesais wstill only
possible to fail one of the six coupons. Nevertbglenean elastic modulus and Poisson’s ratios ageeto be
derived from their load — strain curves between5b@ to 250Que range.

It is evident that the mean ultimate tensile steess elastic modulus of the web are 6 — 7% grehger those of
the flange, whereas the mean ultimate tensilerswhithe web is about 3.2% lower than that of tlaade.
Furthermore, ultimate tensile strain is not giverili — 3]. Moreover, the mean tensile modulus efflange is
nearly 6% lower than that of the web, whereas thepression moduli of the flange and web are alragetl.

The transverse tension and compression data (web only) are alsngn Table 2. It is evident that the mean
ultimate transverse compression stress is almasttigxwice that of the mean ultimate transverssite stress.
However, the web’s mean ultimate transverse comspresstrain is only about 36% greater than its mean
ultimate tensile strain. The difference betweenwied’s mean transverse tensile and compressivecetasduli

is small with the latter 2.4% greater than the fernAlso, the web’s mean compressive minor Poissmatio is
19% greater than the tensile ratio.

5.2 102 x 102 x 6.4 mm WF profile (Shape S2)
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The mean values of thiongitudinal tensile and compressive ultimate stresses, straiastic moduli and
Poisson’s ratios of this profile are also includedable 2. Tensile mean values were obtainedHenteb and
the flanges, whereas only mean compressive valees @btained for the web. The mean ultimate terssikss
of the web is about 9.2% greater than that of thege. The web’s mean ultimate compressive steeds4lo

greater than the corresponding tensile value. Hewealie mean longitudinal tensile modulus of thé vge7.1%
greater than that of the flange. In contrast, tle®'s mean compressive and tensile elastic modifdirdiy less
than 1%. The difference between the mean tensijerr®@isson’s ratios of the web and flange is 2\8#th the

flange’s value being higher. The web’s mean congivesmajor Poisson’s ratio is 3.5% greater thaneitsile

value.

The web’s mearransverse tensile and compressive properties are also iedud Table 2. The ultimate
compressive stress is about 71% greater than theatg tensile stress. However, the ultimate cosgive
strain is 11% greater than the ultimate tensilaistrThe mean compressive elastic modulus is 1@ESater
than the tensile modulus and the compressive nito@son’s ratio is about 5.4% greater than thelteratio.

Insert Table 3
5.3 102 x 28.6 x 6.4 mm Channel, 76 x 76 x 9.5 mmdar6 x 76 x 6.4 mm Angle profiles (Shapes S3 - S5)

In Table 3 thdongitudinal mean mechanical properties of the web/legs of Hameel (Shape S3) and the two
angle (Shapes S4 and S5) profiles are presentddrtUmately, the width of their flanges/legs was tmall for
transverse coupons to be prepared. The mean udtit@asile stress of the channel profile is 11.4&atpr than
its compressive stress. Furthermore, the ultinesile strain is about 35% greater than the commprestrain.
However, the values of the elastic tensile and adesgive moduli are the same, and the compressiyer ma
Poisson'’s ratio is only 3% greater than its tensite.

The compressive ultimate stress value for the #ricéngle (Shape S4) is based on a single couponDes
bonding of the aluminium tabs prevented (despitbarding the tabs and re-testing) the other fiveinally
identical coupons from being tested to failure. ldwer, elastic moduli and Poisson’s ratios were rdgted
from their load versus strain curves as describesib-section 5.1.

The mean tensile elastic modulus is 1.5% great@n the compressive modulus and the mean compressive
major Poisson’s ratio is 3.4% greater than theilematio. No tab de-bonding occurred with the coesgsive
coupons of the thinner angle (Shape S5). Conselguemgan ultimate tensile and compressive stresselsl be
obtained. The mean ultimate compressive stress9% reater than the tensile stress. However, thanm
ultimate tensile strain is 4.1% greater than themessive strain. Likewise, the mean elastic tensibdulus is
3.1% greater than the compressive modulus. Andjlfinthe mean compressive minor Poisson’s rati@d%s
greater than the tensile ratio.

From the foregoing comparisons of tensile and cesgive coupon elastic moduli/Poisson’s ratios dtichate
stresses, it is evident that, in general, the forquantities differ by less than 10% for a singhage, whereas
the latter properties exhibit much larger differeme- up to 100% in the case of Shape S1.

6. Coupon failure modes

In general, the longitudinal tension coupons failea brittle manner. Failure occurred rapidly,eoftwithout
much prior acoustic emission, and resulted in daagnost of the coupon between its grips. In otdeain a
greater appreciation of the initiation/developmehtoupon failure, additional longitudinal coupasts were
undertaken and recorded with a high speed videem@NAC 500 Digital High Speed Video System at 500
fps). The edge views of the video images in Figl@éa) show that failure initiates on the left haside,
followed by delamination between the CFM and roviayers. Failure then progressed on the right rsaahel of
the CFM (as shown in the rightmost image) and audtdd in massive debonding/delamination of the @hol
coupon. Edge views of the extensive delaminatiothésix longitudinal coupons cut out of the flargfehe
203 x 203 x 9.5 mm WF profile (Shape S1) are shimnigure 10 (b).

Insert Figure 10(a)
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Insert Figure 10(b)

In the case of the transverse tensile couponars\erse surface crack triggered failure acrossvitith and
through the thickness, as shown in Figure 11(am@oed to the longitudinal coupons, damage withia t
transverse coupons was localised, extending ovength of the order of the coupon’s thickness, lasa in
Figure 11(b).

Insert Figure 11(a)
Insert Figure 11(b)

The tensile failure modes observed in the longitabdcoupons cut out of the smaller WF profile amel ¢hannel
and angle profiles were similar to those shown iigufeé 10(b). Likewise, the tensile failure modestio¢
transverse coupons cut out of the smaller WF grefiére similar to those shown in Figure 11.

The failure mode of the compression coupons wadgm@antly delamination, as shown in Figure 12tfer
longitudinal coupons cut out of the legs of thex7® x 6.4 mm WF profile (Shape 5).

Insert Figure 12
7. Comparison of characteristic and pultruders’ minmum stresses and elastic moduli for Shapes S1 — S5

Characteristic material properties that are usdihiit state design are determined from the 5%tifi@of the
statistical distribution of the test values, ac@ogdo the design guides [10], [4] and [9]. In th&er document
specific reference is made to the two-parametebWiedistribution, whereas in the first two guidédse method

of determining characteristic values from test dataveloped and explained in Annexe D of BS EN
1990:2002+A1:2005 [29], is adopted. The Annexe [ &wo-parameter Weibull methods of determining
characteristic material properties lead to similaaracteristic values. The Annexe D characteristices, are
determined using Eq.(1):-

X, =X, —kX,, 1)

In Eq.(1) X,is the characteristic value of the material properX , its mean value, X, its standard

deviation andKis a constant, the value of which depends on thraben of nominally identical coupons of
pultruded GFRP tested. In the majority of matetéaits reported herein, six nominally identical cmgp were

tested and the value d€used in Eq.(1) was 1.77. Where fewer coupons wested the value oK increased

slightly, e.g. for five nominally identical coupotested the value oKin Eq.(1) was increased to 1.80, i.e. an
increase of 1.7%.

The test data, reported in Tables 2 and 3, have pexessed in accordance with Eq.(1) to detern@nsile

and compressive characteristic ultimate stres$astiemoduli, ultimate strains and Poisson’s mafiar each of

the pultruded GFRP profiles (Shapes S1 — S5). Tdferacteristic values are presented in Table Agalaith

the pultruder’s minimum values [1]. The latter \e@dufactored) are, of course, used in permissibdss design
rather than limit state design. Moreover, they ardependent of profile size and shape, whereas the
characteristic values depend on both attributeghBtmore, design guide [9] requires the charastterultimate
stresses and elastic moduli, determined by testmdpe not less than prescribed values, which apipehe
identical with the pultruder's minimum values [1§xcept that no value is specified for the minimum
characteristic transverse ultimate compressiosstre

Insert Table 4

Although characteristic elastic moduli are givenTiable 4, only [9] requires their use in limit gtatltimate
stress design. It appears that mean values of l#sticemoduli may be used for limit state servidkb
(stiffness) design in [10] and [4]. However, acdogdto [9] and [10] mean values of the elastic nmbohay also
be used for limit state (stiffnesahalysis.
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The bar charts in Figure 13 illustrate the ratibthe characteristic tensile ultimate stressefi¢ocbrresponding
design manual minimum values [1] for the five pudted GFRP profiles. As pointed out above, thedaidues
are independent of profile shape and size. FromrEid3(a) it is clear that the characteristic andimum
longitudinal tensile ultimate stresses are onlyriyeaqual for the larger WF profile (Shape S1). Hue other
profiles (Shapes S2 — S5) the characteristic lodgial ultimate stress exceeds the design manuaihmam
stress by between 19 and 79%. A similar comparispthe transverse tensile ultimate stress is shfmwithe
two WF profiles (Shapes S1 and S2) in Figure 13figain, the characteristic stresses are greater the
corresponding design manual values, exceeding the@8 to 55%. A similar comparison for the longinal
ultimate compressive stress is given in Figurelis,is slightly less comprehensive because debgnafirihe
aluminium end tabs of the thicker coupons prevetttedh from being tested to failure (though elastmdulus
and Poisson’s ratio data were obtained). Furtheemthre characteristic longitudinal compressivemdiie
stresses only exceed the corresponding design rhamoanum values by between 3 and 52% for profile
Shapes S2, S3 and S5. On the other hand, for thespoending transverse ultimate stresses, therelifée is
much smaller for profile Shapes S1 and S2, i.evéen 4 and 17%.

Insert Figure 13(a)

Insert Figure 13(b)

Insert Figure 14(a)

Insert Figure 14(b)

Similar plots, quantifying the ratios of the chdgaistic to design manual longitudinal and transedensile and
compressive elastic moduli, are presented for paétd GFRP profiles (Shapes S1 — S5) in Figuresndi518,
respectively. Again, it is evident that the chagsistic moduli are all dependent on size and shapereas the
design manual moduli given in [1] are independéithese attributes.

Insert Figure 15(a)
Insert Figure 15(b)

It is clear from Figure 15(a) that the charactarisind design manual tensile elastic moduli diffaty by a
small percentage, i.e. about 4%, for the WF proffdape S1), whereas for profile Shapes S2 — S5 the
characteristic moduli exceed the correspondinggtesianual moduli by between 15 and 32%. However, as
shown in Figure 15(b), the differences betweentthasverse tensile elastic moduli of the two WFfifge
(Shapes S1 and S2) are very large with the chaistatemoduli exceeding the design manual moduliabput

65 and 57%, respectively.

Similar plots for the ratios of the characteristmmpressive elastic moduli to the design manualpressive
elastic moduli are shown in Figure 16. The magmitudf the ratios for the longitudinal compressivedudi in
Figure 16(a) are broadly similar to the ratiostfur longitudinal tensile moduli in Figure 15(a)feliing at most
by about 6%. However, the ratios of the charadtertsansverse compressive elastic moduli for the WF
profiles (Shapes S1 and S2) are somewhat greaarttte corresponding longitudinal tensile elastmdoii
ratios (see Figure 16(a)) and exceed the desigmahaalues [1] by 70 and 68%, respectively.

Insert Figure 16(a)

Insert Figure 16(b)

8. Comparison of design ultimate stress and design alic modulus values for limit state and permissible
stress design of pultruded GFRP composite beams
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For permissible stress design of pultruded GFRPpomite beams under ambient temperature conditibiss,
recommended that the design permissible stresskdesign elastic moduli are equal to their minimuatues
given in [1] divided by the recommended safety det The safety factor for permissible stress designges
from 2.5 to 4, depending on the dominant functibnhe profile. For beam flexure the lowest value2d is
recommended. It is also pointed out in [1] that tittmate stresses of the profiles are typicallyt8025%
greater than the minimum values. The safety faistamity for the design elastic modulus. Howewehere
temperature is a significant environmental factdsisuggested that the minimum stress and modwlises
should be reduced by a maximum of 50 and 15% réisplc (corresponding to a temperature of 683

before applying the recommended safety factordtaio design permissible values.

On the other hand, design ultimate stresses arsticelmoduli for limit state design of pultruded GFER
composite structures are obtained by applying gpate factors to the characteristic values, he. design
values are calculated from Eq.(2):-

Xd =-— (2)

In Eq.(2) X, is the required design value of the material priypand ), is a factor, generally greater than
unity, which reduces the characteristic value ke taccount of specific production and in-serviceditions.

In the first limit state design guide for FRP stural composites [4] the factoy,, is expressed as the product
of three sub-factors:-

Y = WVaVs ®)

For tension/compression tests on coupons cut otheopultruded GFRP profiles (Shapes S1 — S5) tihe s
factory; =1.15. Two values, namely 1.1 and 1.7 apply to sub-fagjo The lower value applies when the
pultruded GFRP profile is fully cured at the fagt@nd the higher value applies when it is not. Sdvealues
are given for sub-factgr;. They depend on: (1) short or long term loadir®), design operating temperature
and (3) heat distortion temperature. If it is assdrthat the operating temperature is in the rap§e; 50°C,
and the heat distortion temperature range is 80°€9then for short term loadirjg =1.1. The corresponding

value for long term loading jg, = 2.8. Hence, the two extreme values pf are 1.4 and 5.5 respectively.
However, in [4], it is also stated for buildingwsttures thaty;, should not be less than 1.5, so that the minimum

value of j; is 1.5.

In the most recent design guide [10], Eq.(2) inekidn additional factaf,, known as a conversion factor, and
a modified gamma-factgr,, . (Note: In some design codes, notably [29], theveesion factor] and),, may
be combined into a single factgr which is used to reduce the characteristic vak{e.). The conversion factor

1], accounts for environmental degradation effectslaad duration. Hence, the design valo, is:-
X
Xd = ,7(: —& (4)

In Eq.(4) ), is expressed as the product of two sub-factothato-

yM:yMlyMZ (5)

For material properties derived from tegts, =1.15 and, depending on the coefficient of variatiop of the

test results, }}, , =1.35(0' < 0.:) or Vi 21.6( 0.1xo;< 0.17. Furthermore, if the material is not

10
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fully post-cured, )j,, has to be multiplied by 1.2. However, for the seability design elastic moduli,

Yiur = Vw2 =1.

The overall value for the conversion factqgis determined from the product of conversion sutiefes for

temperature and humidity effects, denoted By, and 7)., respectively. According to [10], when
T, =T, -40°C, 1, =0.9 for characteristic ultimate stress aflg =1 for elastic modulus. Likewise, when

(Tq -40°C ST, <T, - 20C) 14 = 0.9for both quantities.T, and T, are the heat distortion and glass
transition temperatures, respectively. Similar @sion sub-factorg], apply for three classes of humidity
effects on characteristic ultimate stress and ielasodulus. The/j_ values range from 1 to 0.8. Hence, the

conversion factor], ranges from 0.9 to 0.72 for design ultimate steess 1 to 0.8 for design elastic modulus.

In design guide [9] the characteristic ultimatessrof the pultruded material has to be modifiedalssors C,,

and C; to determine the design ultimate stress. Hencegttsie previous notation, the design ultimate sties
expressed as:-

X, =C, C X, (6)

For design ultimate stress and elastic modulusyahges ofC,, are 0.8 and 0.9, respectively, and the values of

C; are 1 and 0.98 fol = 32°C and forT = 60°C they are 0.5 and 0.58, respectively. Hence, thebien

factors for design ultimate stress and elastic raedare 0.8 and 0.88 for the lower temperature, @Adand
0.52 for the higher temperature, respectively.

Egs.(2), (4) and (6) have been evaluated usingarsion and sub-factors relevant to typicatmal conditions
(ambient temperature and Class | humidity conddifor fully-cured polyester material) and the cloéesistic
ultimate stresses and elastic moduli given in Tabl®r the pultruded GFRP profiles (Shapes S1 —t85)
determine the corresponding limit state design e&lihese design values are presented in Tablgebher
with the corresponding minimum stress and modull #re corresponding permissible stress design salue
(based on dividing the minimum values by a factqua to 2.5). It is evident that only the Chanri&hgpe 3)
and the Angle (Shape 5) have longitudinal tensild eompressive design ultimate stresses greater ttiea
minimum values given in [1], whereas the desigimate stresses of all of the profiles exceed thenfssible
stress design values. On the other hand, the easesvensile design ultimate stresses are sinilar slightly
lower than the minimum value in [1] but they excetb@ permissible stress design value. However, the
transverse compressive design ultimate stressealldmver than the minimum value in [1], but ag&rceed
the permissible stress design value. It is alsalemti that the highest and lowest design ultimatesses
correspond to design guides [4] and [9], respelstive

Insert Table 5

Also in Table 5 it is clear that the transversesilenand compressive design elastic moduli of the WF
profiles (Shapes 1 and 2) are greater than thenmimi and permissible stress design values gived]inahd
that the highest values correspond to design dQidéiowever, the longitudinal tensile and compressiesign
elastic moduli obtained from [9] for Shapes S2 —dfi%exceed the corresponding minimum and perniessib
stress design values given in [1], but the valu®aioed from [4] and [10] are lower than thosedh [

According to [9 & 10] mean elastic modulus may sedifor structurahnalysis and according to [10] mean
elastic modulus may also be used for limit statgiseability design. Moreover, mean elastic modutugreater
than both factored characteristic elastic moduhgmainimum elastic modulus according to [1].

Furthermore, it should be appreciated that forrpdéd GFRP components and structures stiffnesarierit
(maximum deflection or critical buckling load) raththan ultimate stress frequently dominate design.
Consequently, the fact that the limit state desigesses are, in some instances in Table 5, lahger the
permissible stress design stresses may not neitgdsaa major advantage.

11
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9. Concluding remarks

Mean and characteristic values of ultimate stretsstic modulus etc obtained from 97 axial tensiowl
compression tests on rectangular coupons cut ladigilly and transversely out of five different yputled
GFRP composite standard structural profiles havenlmresented. Details of the profiles (types arés3j
coupons (orientations and overall dimensions),gestedures, data acquisition and examples of ayjgicupon
failure modes have also been given.

Characteristic ultimate stresses have been compartd corresponding minimum stresses given in the
pultruder's design manual [1]. For example, it Heen shown that the characteristic longitudinakiten
ultimate stresses of the 6.4 mm thick channel argleaprofiles (Shapes S3 and S5) are 79% and 5@¥#tegr
respectively than the minimum stress given in Jthjch is the same for all of the profile shapessidered.
Likewise, the characteristic transverse ultimatesstes for the 9.5 mm and 6.4 mm thick WF profigisapes
S1 and S2) are 23% and 55% greater than the minigttess given in [1], which, again, is assumededHhe
same for the WF, channel and angle profiles. Theestaends are evident for the characteristic lamijital and
transverse compressive ultimate stresses relatvéhe corresponding minimum stresses in [1], bw th
percentage differences are smaller.

Characteristic longitudinal tensile and compressilastic moduli for the five types of profile (SkespS1 — S5)
have also been compared with the minimum valueqdl]n The characteristic longitudinal tensile and
compressive moduli exceed the minimum value by betw4% and 34%. However, much larger differences ar
evident for the characteristic transverse tensil @mpressive elastic moduli of the two WF prafi{&hapes
S1 and S2), ranging between 57% and 70%. Agaiifil]irsingle values are given for the longitudinaidan
transverse elastic moduli for the sizes and shapt® profiles considered herein.

In the light of the preceding two paragraphs, ic@cluded that characteristic ultimate stresseks edastic
moduli depend on the shape and size of the pultrGERP profiles as well the type and direction lof t
loading.

In addition to the stress and modulus data, this temve provided characteristic ultimate strain$ Boisson’s
ratios, albeit more comprehensive for tensile tlmmpressive loading. In particular, it is evidehatt
characteristic ultimate tensile strains range froparly 900Qe to more than 170Q@ and the ultimate
compressive strains vary between about 110@hd 16000s. This type of data is not given in the pultruders’
manuals [1 — 3].

Limit state design ultimate stresses and desigstielanoduli have been derived from the correspandin
characteristic values using the appropriate comwerand sub-factors, given in [4], [10] and [9]r the design

of pultruded GFRP structures, particularly beamdennormal conditions, and compared to permissible stress
design values derived from factored minimum streggeen in [1]. The limit state design ultimateesses are
dependent on profile size and shape, whereas theigsble stress design stresses are independehesé
attributes. It is also evident that the limit stédegitudinal and transverse tensile and compressigsign
stresses are significantly larger than the cornedipg permissible stress design stresses. On ez band the
limit state transverse design elastic moduli argdathan the corresponding permissible stresgydesalue,
whereas some of the limit state longitudinal degt@stic moduli are lower than the correspondingmissible
stress design value, especially those determinaddardance with [4 & 10].
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Tablel

Details of the numbers, locations and orientations of the tension and compression coupons cut out of the
pultruded GFRP profiles

Profile Shape Nominal Flange/L eg Web Web

Cross-section Coupons Coupons Coupons

Dimensions (Longitudinal) (Longitudinal) (Transver se)

[mm] T C T C T C

WF S1 203x 203x 9.5 6 6 4 6 6 6
S2 102x 102 x 6.4 6 B 4 5 6 6
Channel S3 102 x 28.6 x 6.4 - - 6 6 2 -
Angle A 76X 76X 9.5 6 6 - - - -
S5 76 X 76 X 6.4 6 6 _ _ N N

Note: T denotestension and C denotes compression.




Table 2 rev2.docx

Table 2

Mean ultimate loads, stresses, strains, elastiauthadd Poisson’s ratios obtained from tension @mahpression tests on coupons cut longitudinallyteamasversely out of
the webs and flanges of 203 x 203 x 9.5 mm (Sh&peusd 102 x 102 x 6.4 mm (Shape S2) pultruded GARRPprofiles

Shape Coupon Coupon | Coupons| Ultimate Load Ultimate Stress Ultimate Strain Elastic Major Poisson’s | Minor Poisson’s
Orientation | Location | Tested Modulus Ratio Ratio
[kN] [MPa] [ne] [GPa]
T C T C T C T C T C T C
F 6(T) 57.60 | 54.7 239.9 226" 14000 - 19.76 | 20.78 | 0.317 | 0.311 - -
6(C) (4.64) (18.66) (1085) (1.50) | (1.94) | (0.016) | (0.014)
Long. [8.05] [7.78] [7.75] [7.57] | [9.34] | [5.08] | [4.53]
S1 w 4(T) 61.60 - 256.1 - 13550 - 20.99 | 2091 | 0.280 | 0.313 - -
6(C) (3.63) (15.31) (287) (0.79) | (1.50) | (0.012)| (0.010)
[5.89] [5.98] [2.12] [3.75] | [7.18] | [4.25] | [3.11]
F+WwW 10 (T) 59.2 - 246.4 - 13820 - 20.25 | 20.84 | 0.302 | 0.312 - -
12(C) (4.68) (19.11) (887) (1.40) | (1.74) | (0023) | (0.012)
[7.91] [7.76] [6.42] [6.90] | [8.33] | [7.73] | [3.90]
Trans. w 6(T) 15.38 | 32.64 | 63.19 | 125.9 | 10622 | 14484 | 9.43 9.67 - - 0.138 | 0.171
6(C) (0.52) | (2.64) | (2.16) | (10.21) | (988) | (1984) | (0.22) | (0.19) (0.007) | (0.016)
[3.39] | [8.09] | [3.41] | [8.11] [9.30] | [13.70]| [2.28] | [1.92] [5.16] | [9.64]
F 6(T) 41.35 - 265.3 - 13867 - 20.7d - 0.3271 - - -
(2.33) (13.29) (896) (0.83) (0.010)
Long [5.63] [5.01] [6.46] [4.00] [3.03]
w 4(T) 47.23 | 49.8F | 289.9 | 293.9 | 13800 | 1720G | 22.17 | 22.38 | 0.312 | 0.323 - -
S2 6(C) (1.54) | (3.73) | (10.97) | (44.86) | (245) (0.36) | (0.85) | (0.021)| (0.015)
[3.26] | [7.49] | [3.78] | [15.26] | [1.77] [1.61] | [3.81] | [6.57] | [4.65]
F+W 10(T) | 43.70 - 275.2 - 13833 - 21.43 - 0.317 - - -
(3.53) (17.28) (657) (0.97) (0.017)
[8.09] [6.28] [4.75] [4.54] [5.26]
Trans. w 6(T) 1292 | 22,13 | 78.86 | 135.1 | 14934 | 16592 | 9.16 | 10.12 - - 0.148 | 0.156
6(C) (0.40) | (1.31) | (2.34) | (8.08) (515) | (1755) | (0.31) | (0.49) (0.009) | (0.008)
[3.12] | [5.92] | [2.96] | [5.98] [3.45] | [10.58] | [3.37] | [4.88] [5.89] | [5.30]

Notes: F and W denote coupons cut out of the flanges afabywrespectively; T and C denote coupons testehgion and compressiamymbers in curved and square
brackets denote standard deviatiodscaefficients of variation percentages, respeltive
'Only one coupon could be failed due to repeatedmiding of the aluminium tab&Derived from two coupon testerived from three coupon tests:
“Derived from four coupon testierived from five coupon test@erived from six coupon testerived from eight coupon tests
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Table 3

Mean ultimate loads, stresses, strains, elastiauthadd major Poisson’s ratios obtained from tengiad compression tests on coupons cut longituglinat of the web and
legs of 102 x 28.6 x 6.4 mm (Shape S3), 76 x 7X@ (Shape S4) and 76 x 76 x 6.4 mm (Shape 3&yged GFRP profiles

Shape Coupon Coupon | Coupons Ultimate Load Ultimate Stress Ultimate Strain Elastic Modulus Major Poisson’s
Orientation | Location | Tested Ratio
[kN] [MPa] [ne] [GPa]
T C T C T C T C T C
S3 w 61.95 55.01 392.6 344.7 19577 14504 23.39 23.40 0.298 0.307
(2.39) (2.16) (13.19) | (17.26) (1243) (823) (0.44) (0.18) (0.027) (0.021)
Long. 6(T) [3.85] [3.93] [3.36] [5.01] [6.35] [5.67] [1.86] [0.75] [8.96] [6.96]
S4 6(C) 64.66 82.60 271.5 351.5 12726 - 22.02 21.70 0.327 0.337
L (3.13) (11.34) (1672) (0.91) (0.87) (0.024 (0.015)
[4.84] [4.18] [13.14] [4.14] [4.02] [7.22]) [4.43]
S5 53.03 55.28 332.0 341.6 15010 14419 24.80 24.04 0.302 0.323
(1.99) (3.10) (12.82) | (19.10) (704) (564) (1.23) (1.22) (0.023) (0.005)
[3.75] [5.60] [3.86] [5.59] [4.69] [3.91] [4.96] [5.07] [7.51] [1.46]

Notes: L and W denote legs and web of the profile, respely; C and T denote coupons tested in compresaia tension, respectively
Numbers in curved and square bracketet standard deviations and coefficients of tiarigpercentages, respectively
'Only one coupon could be failed due to repeatedmiding of the aluminium tab&Derived from four coupon tests
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Table 4

Characteristic ultimate stresses, strains, elastiduli and Poisson’s ratios and pultruders’ coroasiing minimumvalues

Shape

Coupon Coupon | Characteristic Characteristic | Characteristic | Characteristic | Characteristic
Orientation | Location Stress Strain Modulus Major Minor
Poisson’s Poisson’'s
Ratio Ratio
[MPa] [ne] [GPa]
T C T C T C T C T C
S1 F 206.9 - 12080 - 1711 1736 0.289 0.2B6
Long. W 228.0 - 13024 - 19.55 18.26 0.258 0.296
F+W 213.5 - 12294 - 1785 17.87 0.262 0.291 -
Trans. w 59.37] 107.8 8873 10972 9.05 9.34 - 0.125.142
S2 F 241.8 - 12174 - 19.18 - 0.303 - -
Long. wW 269.8| 213.2| 13337 1559p 2151 20.84 0.275 0.296 - -
F+W 245.4 - 12670 - 19.74 - 0.287 - -
Trans w 74.72| 120.7] 14022 13486 8.61 9.24 b - 0.132142
S3 w 369.3| 314.1| 17302 13048 22.62 23.10 0.251 0.269 - -
S4 Long L 251.5 - 9767 - 2041 20.15 0.285 0.310
S5 309.4| 307.8] 13764 13421 22.62 21,88 0.262 0,315- -
Pultruder’s Long - 206.9 206.9 - - 17.2 17.2 - - - -
design Trans. - 48.3 103.4 - - 55 55 - - - -
manual [1]

Note: F, L and W denote flange, leg and web respectiv@lsgnd T denote compression and tension, resggtiv
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Comparison of limit state and permissible stress design ultimate stresses and design elastic moduli for normal environmental conditions

Table5

Pultruded Design Longitudinal Transverse Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse
GFRP Manual or Tensile Tensile Compressive | Compressive Tensile Tensile Compressive | Compressive
Profile Design Design Design Design Design Design Design Design Design

Guidelines Stress Stress Stress Stress Elastic Elastic Elastic Elastic
Modulus M odulus M odulus M odulus
[MPa] [MPa] [MPa] [MPa] [GPa] [GPa] [GPa] [GPa]

WEF (Shape S1) [4] 142.3 39.6 - 71.9 11.9 6.0 11.9 6.2

[10] 152.5 424 - 77.0 12.8 6.5 12.8 6.7

[9] 170.8 475 - 86.2 16.1 8.1 16.1 8.4

WEF (Shape S2) [4] 163.6 49.8 142.1 80.5 13.2 5.7 13.9 6.2

[10] 175.3 53.4 152.3 86.2 14.1 6.2 14.9 6.6

[9] 196.3 59.8 170.6 96.6 17.8 7.7 18.8 8.3
Channel (Shape [4] 246.2 - 209.4 - 151 - 154 -
S3) [10] 263.8 - 224.4 - 16.2 - 16.5 -
[9] 295.4 - 251.3 - 204 - 20.8 -
Angle (Shape $4) [4] 167.7 - - - 13.6 - 134 -
[10] 179.6 - - - 14.6 - 14.4 -
[9] 201.2 - - - 18.4 - 18.1 -
Angle (Shape S5) [4] 206.3 - 205.2 - 151 - 14.6 -
[10] 221.0 - 219.9 - 16.2 - 15.6 -
[9] 2475 - 246.2 - 204 - 19.7 -

Minimum values [1] 206.9 48.3 206.9 103.4 17.2 55 17.2 55

Permissible stress [1] 82.8 19.3 82.8 41.4 17.2 55 17.2 55

design values
(Allowable)

Notes: Accordingto[4], [10] and [9] J;,, =1.5, 7. =14 and C,,C; =0.8& 0.9, respectively. In the latter case, the lower and higher factors are for stress and

modulus, respectively.

M
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Shape S1

203 x 203 x 9.5 mm WEF Profile

S— |
Shape S5
Shape S3
] 76 x76 x 6.4 mm
102 x 28.6 x 6.4 mm Angle Profile

Channel Profile

Figurel

Shape S2

Shape S4

76 x76 x 9.5 mm
Angle Profile
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Characteristic : Pultruder's Longitudinal

Compressive Ultimate Stress Ratio

Pultruder's Value

N WF(S2)
Channel (S3)
2 Angle (S5)
1.518 1.488
7
1.030
2 3 4 5

Pultruder's Profile Shapes

Figure 14(a)




Figure 14(b).docx

Characteristic : Pultruder's Transverse
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