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ABSTRACT:

Timber has been a popular building material for centuries and offers significant sustainable

credentiad, high mechanical and durability properties. Availability, ease to use, convenience
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and economy have made timltlee most used construction materiahistorybut, as it is a
natural material, mcertainty inits mechanical characteristissconsiderably higher than
manmadestructuralmaterials National codes and engineeuallyemployhigh factor of
safety to incorporatemberstrength uncertainty in desigri new structures and
reinforcement of existing oneghis papepresentsheresults o221 bendingtests carried
out on unreinforcednd reinforcedoft- and harevoodbeamdfir and oakwood) and
illustrates the reinforcement effecn timber capacity and strength uncertainty.

Both firwoodandoakwoodbeamshave been tested in flexure before and after the appincati
of acompositeeinforcement made ofFRP(Fiber Reinforced Polymephnidirectionalsheet
The uncertainty in the strength of reinforced timber is also quantified and modeséd.
results show thahe FRP reinforcemerns effective for both enhancing the beam load

carrying capacity and for reducing strengtitertainties

INTRODUCTION

The use of timber igonstructions continuously increasing in Europafarmation suggests
that UK sawrsoftwood use is about 0.1 per capitacompared to 0.2fh° in Germany and
0.80m?*in Finland[1]. Timber offers significant sustainable credentasl good mechanical
properties. The use of timber structural elemenddsisan interesting earthquake resistant
solution compared to other traditional constructiweteriak like concrete and masonry
based on its lightnesksrge deformation capacity diigh tensile strengtandstrengthto-
weight ratio As a renewabland sustainable materiglpvernmentsnd international
regulatorybodies are committed to increase the use of tirabdrof new wooéased
products in construction, by incentivizing i means of incomé&ax deduction, valuable

funding
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Because wood has been used as a building material for hundreds ¢2},ehesupgrading

of pre-existing timber structures is another important aspeateasing the strength of timber

beams whetheir sizeis incorrect over the span they need to cover or due to an increases in

bending loads isften necessariy historic constructions in many partstbé planef3]. A
very large number of historic construction across Europe, represersiggfecant
percentage of the building stock, needs to be not ordggrved and protected but also
maintained according to the original intended use. Conservation ludtiasleal with
finding new uses for redundant historic constructions witladfecting theirssignificance

As a natural material, the strength of timber is appreciably reduced by the presgeieebf
like knots, especially tven located on the tensiside and distortion of the grainfor this
reason ncertainty in the strength g@ifnberis considerably highecompared to an artificial
construction material (steel, concrete, bricks,) gt¢chichis produced throughuality-
controlled and precise manufacturimgthods angroceses This uncertainty necessitates
the adoption of a conservativpmoach in evaluating the strength of the material when
designing timber beam%his aspect has not been sufficiently investigated in the past and,
when an existingtimber structurer componentioesnot comply withnew standards,
structural engineemsftenopt for removaland demolitioror apply strategiedased upon
reinforcementmethods

Remedial methods for upgrading and conservation of old timber beams include the
reconstruction of deteriorated parts, the application of metal reinforcefesjtand, more
recently, mechanical retrofitting techniques employing FRRse( Reinforced Polyme)s
and thermosetting resins. For examg@erri et al.[7] tested beams reinforced with carbon
sheet{CFRP)applied on the tension sidEhe tests proved thathie application of the carben
fiber reinforcement wamainly beneficial in terms of bending capacity. Similar testsmall

beamahave been carried out Btevris and Triantafilloi8], Fiorelli and Diaq9], Radford et
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al. [10] and Hay et al[11] using fiberglass sheefBhe use of carbon pultruded plates has
been studied by Raftery et f12-13], Nowak et al[14-16], ' $P E ULV [17D S¢h@ber
-andRautenstraucfiL8]. Shear or local reinforcements using FRP sheets hese studied
by Triantafillou[19] and Schober et gR0]. Glued laminated timbeiglulam), made of
multiple layersof dimensioned lumber bonded together with durable, moisasistant
structural adhesivefias been also reinforced with FRPs (sheettepltar bars) and high
increases in bending capacity have been med§Rite?5).

The use of composite rods or bars inserted in grooves at the tension side of timber beams has
also been suggested as a means of reinforcing and repadstiggtimber beamgSvecova
and Ederj26], Micelli et. al.[27], Alam et al.[28]). Gentile et al[29] tested twentytwo half
scale and four fulkcale timber beams strengthened using GFRP bars to failure and found a
flexural strength increase up to 46R4ghetti et al[30] studied the shear stress distribution
along a groovembedded CFRP bar.

Composite sheets made of natural fibers (bamboo, flax, Heaspl} havebeen studied by
Borri et al.[31] andde la Rosa Garciet al.[32]. More recently composite sheets made of
high strength steel cords embedded into an epotty pave been used to reinforimmber
beamd33].

Among retrofitting methods using composite materide,dubject of FRP reinforcement
using preimpregnated sheets generated considerable inteitbgt the research community
mainly becauséhis methodproved to be the most effective in terms of strength
improvement Ease of application, limited damagethtetimber sulstrate in case of removal,
low-costand fasteinforcement procedusere the kefeaturesf the use of epoxponded
FRP sheets

This paper presents the resultaoexperimental investigatioof the behaviour 0221

unreinforced and reinforced timber beafReinforcement has been applied using FRP pre
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impregnatedinidirectionalsheets placed on the tension side of a very large number of timber
beamausing an epoxy gluing systei®pecimens were made cbmmon commercially
availablesoftwood (Fivood- Abies Alba and harevood (Cakwood +Quercus Petraga
beamsEnhancement of the behavior of timber beams in bending by the addition of a
composite reinforcement is not a new concept, buatiadysisof the strengtluncertaintyof
bothcommercially availablenreinforced and FRReinforced timber beams has not been
addressed befora first attempt to address this problem is reportedi34]. Uncertainty

analysis was onlgtudiedwith regard tahe short term static performance. No analysis was
undertaken with regard to fatigueng term andlynamic performanc& he presence ¢fRP
sheets seems tielaycrack openingn the tension sideonfines local rupture and bridges

local defects in the timbemd this has a considerable effect on the streprotberties.

UNREINFORCED TIMBER

The bending strength of timbex governed by the modes of failuigince the behavior of
timber in compression is different from that in tension, the failure modes could be highly
affected by this.Figure 1show different baracteristidailures of beams bending Simple
tensionfailure (Fig. 1a) due to a tensile stress parallel to the giis is common in
straightgrained beamsiade of high quality timbeparticularly when the wood isell
seasonednd there is no diagonal cross grain

The most common failure mode is tressgrained tension, in which the fracture is caused
by a tensile force acting oblique to the grain. This is a common form ofefadpecially
where the beam has diagonalother form of cross grain on itsnsionside.This failure
mode, always occung on the beam tension side, can be also activated by the presence of

defect (a knot, a shake, etc.). Example of dadtres are shown in Figure 3ince the



123 tensile strength of wood across the grain is only a small fraction of that with the grain it is
124  easy to see why a cregsained timber would fail in this manner.

125 As stated, ainteresting effect of the analysis of the failure modes is that tisesdlyoccurs
126 for different levels obendingloads. Fdure mode in Figure 1is usually activated fdow

127  bending loadsThis is also typical of lovgrade timber where the high number of defects
128 facilitates thecrossgrained tensiofailure.

129  Failure on compression side is shown in Hig.This failure modelo notusuallylead to the
130 collapse of the strugte as the behavior of timber in compression istiglésSig. 3). Failure

131 modes in Figuredis usually activated for high bending loads as this occurstifaight

132 grained beamand tensile strength of timber is very high.

133  While generally tensile fracture govermsnding capacityother mode of failure isdrizontal
134 shearupture in whichtwo portions of a timbelbeam slide along each oth&his failure

135 mode is rare folargetimber beamgbut it can occur in the case affje beams with openings
136 and often require local reinforcemd86]. It is often due to shake checks, which reduce the
137 resistingcross sectionarea. Theconsequencef a failure in horizontal shear is to divide the
138 beam into two or morpartsthe comimed capacityof which is much less thanahof the

139 original beam. Figure 1shows a large beam in whiehhorizontal shear failur@ccurred at

140 one end

141  The application of an external FRP reinforcement causes ansedrethe bending capacity
142 for different reasons. Firstlyecausdigh-strengthcompositematerialis addecn the tension
143 sideincreasing theesistingcross sectionarea but also because this could prevent the

144  occurrence of a failure mode characterized by a low capacity.slthie case of a FRP

145 reinforcement epoxglued on the tension sidthe initiation of thdracturemechanism

146 SURGXFHG E\ WKH JUDLQ GHYLDWLRQ RU WKHISUHVHQFH RI
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postponed or stopp€éig. 4)and the beam will fail accondg to a different failure mode

with ahigher bending capacity.

Strength grading

The main mechanical properties of timber are usually estimated using a process known as
strength gradinglhis is usually conducted at the sawmills when the timber elements are
producedGrading is usually carried oby visual assessmeat by machine by the

companies selling the timber material for structural applications. Visual strength grading is
madeusQJ WKH JUDGHUYfV H[SHULHQFH DFURVV D QXPEHU RI II
knots, grain deviatiorgnnual rings characteristiesic.) while machine strength grading is
best suited to high volumes of wood where the species and the dimension oEthgection

are not changed very often.

The European standard for timb6-37] includesseveralktrength classeS$heseclassesre
designed by é&tter(D for deciduous species and C for coniferous and pojdoyved by a
number.The numberepresents the characteristic low&rggrcentile value of the bending
strength of 150 mm deep timber in MBdrength grading of timber beams is often done by
machine to Standard EN140R8] to twelve classes ranging between C14 and C50 and to 5
strength classes (D30, D40, D50, D60 and D70) for softwood and hardwood, respectively.
It is recognized thaaomesawnills in Sloveniadid not perform grading properlgrior to the
introduction of harmonised standaf@8]. In many cases in small produonti sites irEurope

no grading is applied orfaeis charged for this service [44]. In order to comply with
European Standard® avoid riskaassociated with unmet strength requiremeants to
economize on the grading process (sometimes more expémshigh quality timber)a lot

of companiepreferto grade theitimber productiorwith low strength values, especiaify

they producéow-added value products, like timber beams for the construction indiisgy
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also commorthatthe sawmills ask the client for an additional cost for the grading service:

this often costa fee oran additional 20% for of the price of D40 timber (and higher strength
classes) and 10% for D30.

In somecases, when this is possible, both final userspaodiucersopt notto use graded

timber. Producers of engineered wood products can use material that has not been pregraded
if they undertake the mechanical properties characterisation them&#ves grading is

needed, #ot of sawmills grade their beams in tli&l6class for firwood beamk even if the
strength quality of their products is highespecially because the stiffnessftenthe

controlling factor For oalkwoodbeams ltardwood, the typical strength class the products

on the markeis D30.

The main consequence of this incorrect application of the European standard is that a very
limited choice of timber is available on the market for the higher strength classes and, for the
lower strength classes (C163D etg, the mechanical characteristics are very scattered as

this issimply used as a lower strength bound.

Experimental work

In this experimental worka large number of oak andviinod beamsvereused and tested in
bendingbefore and after the applican of an FRP reinforcementor both wood species
different beam dimensiongere tested with cross sections varying from 20x20 mm to
200x200 mm.D30andC16strength classswereused foroak and fiwood beams
respectively

Mechanical properties of both wosgeciesverepartially evaluated in accordance with
ASTM D143 @2]. A parallel to the graicompressive strengtif 27.9 MPa (Coefficient of
Variation (CoV) =9.6%) and 31.7MPa(CoV =7.9%) was measured froffirwood and

hardwoodprismatic test specimens (20x20x60 mnespectivelyThe average weight



197 densities were 791.8 and 423.7 kdfor firmood and hardwood. Moisture contents were

198 12.5and 11.9 % and were measured accondifgN 131831 standard [3].

199

200 Unreinforcedbeams

201 Six seriesof bending tests wengerformed on unreinforcesbftwood(fir) and hardwood

202 (oak) beams (Tab. 1n total 95 unreinforcedoeams were subjectedftuur-pointbending

203 test(Fig. 5), according to UNI EN 40§44] standardor flexural strength estimatioithe

204 beamswerenew andwith straight and sharpdgesAll beamswere found on the market and
205 had a square cross section. The dimensions of the three series of softwood beams were
206  20x20x380 mm, 100x100x1950 mm and 200x200x4000 Funhardwood beams

207 dimensions were 20x20x380 mA¥x67x1320 mm and 200x200x4000 mm

208 In order to reduce the local crushing of the wood, the load was applied through two diameter
209 steel cylinders. Displacement controlled loading ensued with a crosshead speed of 2

210 mm/min The lcad was applied monotonicaliyntil failure by means of a hydraufack

211 conneced by a hydraulic circuit to ump. The vertical displacements of the beams were
212 recorded using inductive transduc@r¥DT) in the testing region (pure bending region) to
213  monitor the midspan deflection and calculate the curvature.

214 Hardwood i usually characterized by higher mechanical properties compared to softwood.
215 However uncertainties arasually more significantompared to softwood like fir, larch and
216 pine woodsGrain deviation and dimensions of the knots are larger, but the dengity of

217  knots are usually smaller. For this reason it was decided tortestommon type of

218 hardwood ¢ak) and one of softwood (fir)fhe test program was divided into two series: tests
219 on beamsinreinforced andeinforced withFRP sheetsTests resultsverethen processed

220 according to the indications of the reference standards and the bending sirengthated

221  thus:



222§ atu (1)

223 where, F is the ultimatdmaximum)load (N),a is the distance between the point of

224  application of the load and the nearest support (mm)Aansl the modulus of resistance of
225 the section (mr) about the neutral axis

226  Resultsfor unreinforced beams are given in Tablénlthis &able results are reported in terms
227 of meanbending strengtlhialue(f,) andits standard deviatiariy, «is thestrengthvalueat 5%
228 of cumulative distribution function.

229 The relationship between bending load and-spdn dsplacement (Fig. owasinitially

230 linear. As the load creased, timber started to yield on the compression sideasite

231 failure occurredvhen the tensile strength sveeachedn most cases, failure initiaddoy

232 flows in the timber material (knots, grain deviationjtspor cracks).Table 1shows thathe
233 scatteingin the capacity values of neinforcedlargebeamg200x200 mm and 100x100
234 mm cross secti@), where the presence of grain deviation and khatse annfluenceonthe
235 failure mode, is very highrhe Coefficient of VariationCoV), also known as Relative

236  Standard Deviation, of the bending strength was 28.2@847@% for 200x200 mm cross
237 section(oakwood) and 100x100 cross sectifiirwood) beamsrespectivelylt is worth

238 noting that for thé®5 unreinforcedimber beams tested in bendinige CoV was smaller for
239 small beamsEvenif the number of tested beams wat very high, this result cabe

240 considered interesting. The explanation of this is apparent froemtigsisof the

241 dimensionof defects mainly knotscompared to the dimensionstbg timber beams:

242 typical knotdefect have a diameter varying fromt@®10 cm and, for small beams, this may
243 lead to early catastrophic failuresnen loadedas the knot may completely interrupt the
244 coninuity of timberfibers For this reason sawmilge forcedo checksmall beam®by

245 discardng thedefectedonesor by cutting off the partsvhere the defects are located before

246 commercialiation This has a positive effect on both the strength and its scattering.

10



247 Whenthe dimensions of the beamaebigger, the effecf asingle defectslimited. In this
248  situationsawmills maypay less attention to the defects. Howelsgge beamswhen teste in
249 bending, exhibit a large scattering in the bending strength.

250 Table 1 and Figuse7-8 showthe Probability Density Function (PDF) and Cumulative

251 Distribution Function (CDFdf thestrengthfor unreinforced beamst can be noted that the
252 fnkvaluewaslargely below 16 MPavalue giveras a limitby the EN 338standard36] for a
253 C16 wood for 100x100 mm firwood beams. The differeneas even bigger for 200x200
254 ~mm oakwood beams. By comparing txperimental result of, «(17.92 MPa) and the value
255 givenby the EN 338 standai®@0 MPafor D30 wood it can be noted difference ofapprox.
256 35%. These low values df, kwereclearlythe consequence tife high scattemng of the test
257 results in fact,the mearexperimental/alue of the bending strengthwasalwaysgreater

258 thanthe valuegiven by the EN 338 standard

259 Itis not possible to verify how common is the fact thate are on the market timber beams
260 that are not meeting the requirementshafEN 338standardn terms of bending strength.
261 However the tests carried out in this experimental research seem to indicties tisaiot

262 veryrarg especiallyfor beans of large dimensions.

263
264 REINFORCED TIMBER

265 126timber beamsverereinforced using Carbon (CFRP) or Glass (GFRP) shigetk.

266 compositesheets had similar weight densities (0.3 and 0.288%fgintarbonand glass

267 sheet, respectivelyThe currenmarket SULFH LV DS S UR [ for carbd@e@®d glass P
268 sheetThepopularity of bonded FRP reinforcement of timber is largely due to the economy
269  with which they may be applied with low installation times than other strengthening methods.
270 Reinforcementan be easilynade orsite handlay-up technique) by applying the miat

271 polymer (usually an epoxy resin) over fiteers (Fig. 9). The same resin is often used as

11
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matrix polymer to form the FRP composite and as bonding adhesive with the wooden
substrate.

The component materials of the FRfPengthened beams were characterized before beams
were examined under loalechanicaproperties ofjlassand carboriibers according to the
procedure otlined inthe ASTM Standard D303§45], are shown irmmable2.

Reinforcement and resin were applied byday-up (Fig. 9a, 9h Once the compositayer

was placeaver the beam@ig. 9c) resin was applied either by pouring on by hariee

layer wasconsolidated and air bubbles were removed by using squeegees and hand rollers.
Beams were tested in bending according to the same test arrangement used for unreinforced
beamgqFig. 5) The failure mode wasot highly influenced by the type of reinforcerhen
(Carbon or GlasBbers), as the failure usuallgccurredn the woodmaterial without

attaining the ultimate FRP tensile stren@fig. 10) On the contrary, the cross sectional area
and the area fractmoof the composite material hadsignificantnfluence(Tab. 3.

When FRPeinforcement failurés neglected due to itsigh tensile strength, two different
failure mechanismarepossible. The first one involvéise possibility of attaininghewood

tensle strengthwhile the othenccurswhen the compressiwatress limit 5 reachedThe two
stress limits were often attainednsecutively: @perimental tests have shown that thestmo
frequent failure mechanism wt® one in wheh tensile failure occurre@ut this was

preceded by partial plasticizationof timber materiaktthe compres®n side both for un
reinforced and reinforceldeamgFig. 10)

The application othe compositeeinforcement reswddin adownward movement of the

neutral axis position and an increase inlib@m capacityas shown in Figure 10 he

incremen in the bendingtiffnesswasusuallyvery limited [7, 9, 20, 31 However some

studies reported significant increases in stiffness especially for CFRP reinforcement of lower

grade timbepr highreinforcement ratios3], 10, 12. Analyzingthe distribution of fores

12
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over the entire section, it wapossible to sta thatthereinforcement, applied dinetension
side, wa very useful in improving the ultimatesistingmoment, through the contribution of
an extra tensile force {F

Furthemore, this reinforcement allowedyeeateraxial deformationin the compression
region,as a result afhe increase in the distance of the compressesti fibersfrom the
neutral axis. This type of intervention may be usedow grade timbedue to the presence
of defectssuch agimberin which theratio between ultimate tensiéend compressive
stresesis approx. 1 Whentimberyieldedon the compression sidée values oforces F,

F, and k were veryhigh. Howevethe point of application of force; moveddownward
causing a decrease of the offset of internal forces. Fergeferated by the FRP
reinforcement, allowedn increase in thesistingmoment.

The application of the composite reinforcernbad several positive effects) It caused a
significant increase in the 2P TV E H Q G L Q@) Tlkelehidreedieéamexhibiteda
more ductilebehavior asan higher degree of yielding was possibhWKH EHDPfV VLGH L«
compression3) Accordingto the results shown inable 4 theFRPreinforcement also
reducel the standard deviation in the strengthueaFigures 11 and 12 shothe PDFand
CDFfunctiors for reinforced beams$everal experimentétsts B] have shown that thaost
frequentfailureis a tensilefailure without thetimber plasticization of the compression
region depending on the quality of the wodthis explains the need for@amposite
reinforcement on theensionside,especiallyfor low-grade timber.

Figure 13 showa comparison betweetieincrements of reinforced firood beams in terms
of mean bending capgy andf,, xvalues The incrementcalculated using thi, xvalues, is
always bigger compared to tbae based on theean bending strength,. The maximum
ratio between the two incremergfs increment fmean capacit§, incremen} was3.24, and

this occurred fod00x1® mm cross section beams reinforeath GFRPs.This increment

13



322 wasusually greater for beams of large dimensi@pnwasapprox. 1 for beams having 20x20
323 mmecross sections) based on the fact that larger beamtains defects of various, such as
324  knots, slope of grain, bark pockets, etc. In this situations the appticitaoFRP

325 reinforcement may produce a double positive effsat confinedocal rupture and bridges
326 local defects in the timber

327 It can be also noted thboth unreinforced and reinforcéichber beams were tested over a
328 short spanThis reduced thprobability ofthe presence of aitical defectin timber,

329 decreasinghe uncertainty of tifler beams particularly wherunreinforced It is likely that

330 with longer spans uncertainty of unreinforced beams will increase aposheeeffect of

331 the compsite reinforcement should be even moogicealte. Also, it should be noted that no
332 measures to minimize the difference in properties between the timber beams in each group or
333 adjustment factors to the stiffness and strength values have been appleddatat reported
334 in Tables 4 and 5.

335 By comparing these results with the ones report¢dahfor timber beams reinforced with
336 unbonded composite plates, it can be noted that the increments in the bending wegpacity
337 significantly larger when the FRP reinforcemesatsbondedo the E H D fisibn sidevith
338 an epoxy adhesive. The role of the resin sgerbe critical in both the stress transfer (FRP
339 timber) andn confininglocal rupturein the timber Thishada corsiderable effect in

340 reducing the uncertainties and in increasingthe&/alueof reinforced beams

341 On the contrary, the difference in terms of capacity increments between GRIREFRP

342 reinforced beamwassmaller. For high reinforcement area fractions (Fig. 13) the ratio
343 between these incrememiscreasedBy comparing the test results of GFRidd CFRP

344  reinforced beams for the same cross section (Tab. 5), it can be noted a limited difference in
345 terms of @pacity increments for beams reinforced with the two FRP types. G&RP

346  much higher tensile strengfB388 MPa,Tab. 9 compared to GFRP (1568 MPa) but this did

14



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

not cause a significant increase in the beam bending cafBedguse failure always

occurtUHG RQ WKH EHDPYV WHQVLRQ VLGH WKH FRPSRVLWH W
exploited during the tests and this reduced the importance ofais@ugpon sheet, more

expensive and with higher mechanical properties.

With regard to the flexuratiffnessr, the applicatiorof a FRP reinforcement dchuse a

significant increasen the meanvalue ofthis mechanical propertyFlexural stiffness was

calculated from théending loadc tmidspan deflectiof Ggraph by considering the slope

of the secant linbetweerF; =0.1x FnaxandF2 =0.5x Frax

FZ I:1
€ @

r

)

where G and @ are the corresponding values of thielspan deflection

For both unreinforced and reinforced beams Gb¥ of the flexural stiffness wasalways

smaller compared to the CoV of the strength. Defects in timber affect more the strength than

the stiffness, causing a smaller scattering of Wedues.

FRP reinfecement also produced a limited increaséheflexural stiffness(r increment =

approx. 515%) based on the fact that the rarcement area fraction3#b. 3 were very

small. Furthermore, the orientation of the FRP sheet (parallel to the neutrad &€& H EHDP {V
section)(Fig. 10)producedavery smallLQFUHDVH LQ W Kdtalsdddrd/dorwadtF WL R Q 'V
By comparing the incremestf r andK; values (flexural stiffness at 5% of cumulative

distribution function)it can be noted that teeincremens weresimilar (Tab. 5)highlighting

the fact that the application of the reinforcement was not able to reduce stiffness uncertainty

CONCLUSIONS
Epoxy-bondedFRP sheetappear to have good potential to strengthen existing deficient

timber beamsln this experimental investigatid@®1fir and oakwoodeamsveretested and

15



371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

it wasdemonstratethat the appliation of small quantities of compositinforcement
EHVLGHYV EHLQJ DQ HIIHFWLYH PHWKRG adredpcethe DVLQJ WLF
uncertainties in the strength

Tests resultshowed that theypical failure modes for unreinforced and reinforced beams
weregrossgrained tension and knot trated. Ductile compression ditbt produce the beam
failure and the rupturalwaysoccurredon thetension side. fie application oanepoxy
bonded FRP sheebnfined local rupture and bridgéstal defects in the timbemd this hd

a considerable effect on the beam capacityamthescatteing of the resultsThe negative
defectseffecton the tension sideaseffectively reduced by the application of thRP
reinfocercentincrements in theneanstrength up td. 226 and decrements in the CoV values
up to62.3% wereexperimentally foundAll tested timber beams (made of firwood and
oakwood) met, after reinforcemettie requirement of thEN 338standard for the strength
class for which theywerecommercialized and sold.

Finally it is worth notingthata limited differencein terms of capacity incrementsas
recordedor beams reinforced with the tweRP typegGFRP and GFRPBecausdailure
always occurredn the W L P E H U tdhsldd Bifigthe FRP tensile strengttould notbe
completely exploitediuring the testand this reduced the importance of using a composite

material with higher mechanical propert{€~RB.

REFERENCES

[1] FAO, Food and Agriculture Organization thfe United Nations6 WDWH RI WKH :RUOG 1
Forests2011

[2] Thelanderssof, Larsen HJTimber engineering. John Wiley & Sor#)03.

[3] FHWA, US Department of Transportatioseventh annual report to the congress on

highway bridge replacement and rehabilitation progrE386.

16



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

[4] Lantos G. The flexural behavior of steel reinforced laminateder beams. Wood
Science 1970; 2: 1343.

[5] Bulleit WM, Sandberg LB, Woods GJ. Staeinforced glued laminated timber. Journal
of Structural Engineering 1989; 115: 4334.

[6] Bulleit WM. Reinforcement of wood materials: a review. Wood and fibem8eie
2007;16:391397.

[7] Borri A, CorradiM, GraziniA. FRP reinforcement of waml elements under bending
loads Proc. 10th Int. Conference Structural faults & repair 2003, London, 2003.

[8] Plevris N, Triantafillou TCFRRReinforcedWood as structural material.Mater Civ
Eng1992;4300-317.

[9] Fiorelli J, Dias AA. Analysis of the strength and stiffness of timber beams reinforced with
carbon fiber and glagier. Materials Resear@0036:193202.

[10] Radford DW, Van Goethem D, Gutkowski RM, Peterson Kamposite repaiof
timber structuresConstr Build Mate2002;16417-425.

[11] Hay S, Thiessen K, Svecova D, Bakht#ectiveness of GFRP sheets foear
strengthening of timbed. Compos Cons2006;10483491.

[12] Raftery GM, Harte AMLow-grade glued laminated timber reinforced with FR&el
Compos Part B Eng011,42724-735.

[13] Raftery GM, Whelan CLow-grade glued laminated timber beams reinforced using
improved arrangementd bondedin GFRP rods. Constr Build Mat2014;52209-220.

[14] 1RZDN 73 -DVLH N R Expefihertal teBtdNarid numerical analysis of
historic bent timber elements reinforced with CFRP strips. C&usld Mater2013;40197-

206.

17



419 [15] -DQNRZVNL /- -DVLH. Bxperimendt&t ZBa8sment of CFRP reinforced
420 wooden beams by-goint bending tests and photoelastic coating technique. 18atsat

421 201043:1412-150.

422 [16] -DVLH NR - 1RZDN.B&oqguelst@uQupdldeibng overgh.eopoldinum

423 $XGLWRULXP LQ :URFabDzZz 8QLYHUVLW\ WHVWVINFRQVHUYDW
424 Archit Herit20148:269-289.

425 [17] 'T$PEULVL $ )RFDF EExperirméridl Dv@dRigation on flexural behavior of
426 timber beams repaired with CFRP plat&emposStruct2014;108720-728.

427 [18] SchobeKU, RautenstraucK. Poststrengtheningd WLPEHU VWUXFWXUHYV ZLW
428 Mater Struc00740:27-35.

429 [19] Triantafillou TC. Shear reinforceent of wood using FRP materialsMater Civ Eng

430 19979:65-69.

431 [20] Schober KU, Harte AM, Kliger R, Jockwer R, Xu Q, ChenRIRP reinforcement of

432  timber structures. CondBuild Mater201597:106-118.

433 [21] Fava G, Carvellv, Poggi C. Pulout strength of glueth FRP plates bonded in glulam.
434  ConstrBuild Mater2013;43:362-371.

435 [22] LopezAnido R, Hu H.Structural characterization of hybrid FR&ulam panels for

436 bridge decksJ Compos Cons0026:194-203.

437 [23] FossettiM, Minafo G, Papia M. Flexural behaviour of glulam timbeeains reinforced
438 with FRP cordsConstrBuild Mater2015;9554-64.

439 [24] *OLARYLU , 6WHY D Q B¥dingdeha/idiy of Boddmibéams reinforced
440  with carbon FRP plated.Civ Eng Mana@015; 21:923-932.

441 [25] Yang H, Liu W, Lu W, Zhu S, Geng @lexural behavior of FRP and steel reinforced
442  glulam beams: Experimental and theoretical evalua@omstrBuild Mater2016;106.550

443  563.

18



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

[26] Svecova D, Eden RElexural and shear strengthening of timber beams using glass fibre
reinforced polymer baran experimental investigatioBan J Civil Eng200431:45-55.

[27] Micelli F, Scialpi V, La Tegola AFlexural reinforcement of glulam timber beams and
joints with @arbon fber-reinforced polymer rodsl. Compos Const20059:337-347.

[28] Alam P, Ansell MP, Smedley Blechanical repair of timber beams fractured in flexure
using bondedn reinforcementsComposPart B Eng200940:95-106.

[29] Gentile C, Svecova [Rizkalla SR Timber Beams Strengthened with GFRP Bars:
Develgment and Applicationsl. Compos Cons20026:11-20.

[30] Righetti L, Corradi M, Borri ABond strength of@amposite CFRP reinfomg bars in

timber. Materials 2018;40344049.

[31] Borri A, Corradi M, Speranzini EReinforcement of woodith natural fibersCompos

Part BEng2013;531-8.

[32] De La Rosa Garcia P, Escamilla AC, Garcia MB@&nding reinforcement of timber
beams with composite carbon fiber andddafiber materials. Compd#art BEng
2013;55528-536.

[33] Borri A, Corradi M Strengthening of timber beams with high strength steel cords.
Compos Part B Eng01142:14801491.

[34] Corradi M, Maheri A, Osofero IADesign of reinforced and unreinforced timber beams
underuncertainties. 12th International Conference on Computational Structures Technology,
Naples, Italy, 25 September 2014.

[35] Franke S, Franke B, Harte AM. Failure modes and reinforcement techniques for timber
beamstState of the art. Constr Build Mater 2095:2-13.

[36] EN 338. Structural timberStrength classes. 2009.

[37] Eurocode 5Design of timber structures, BS EN 1995.

19



468 [38] BS EN 140811. Timber structures. Strength graded structural timber with rectangular
469 cross section. General requireme@05.

470 [39] Srpcic J, Plos M, Pazlar T, Turk Gtrength grading of Slovenian structural sawn

471 timber.The Future of Quality @ntrol for Wood & Wood Productg-7th May 2010,

472  Edinburgh Final Conference of COST Action E53

473  [40] http://www.uktimber.co.uk/blog.php?c=2&a=42&Genetaformation/OakBeam

474  GradingService accessed January™ 2017.

475  [41] http://www.timberpride.co.uk/oagroducts/structurabakbeamsaccessed January™,1

476  2017.

477 [42]) ASTM D143. Standard Test Methods for Small Clear Specimens of Timber. 2014.

478 [43] EN 131831. Moisturecontent of a piece of sawn timber. Determination by oven dry
479  method.2002.

480 [44] EN 408 Timber structures. Structural timber and glued laminated timber: determination
481 of some physical and mechanical propert2€4.0.

482  [45] ASTM D3039 Standard test methddr tensile properties of fibeesin composites.

483  20009.

484 [46] Corradi M, Borri A, Castori G, Speranzini E. Fully reversible reinforcement of softwood
485 beamswith unbonded composite plat€3ompos Struc2016; 14954-68.

486

487 ACKNOWLEDGEMENTS

488 The authaswishes to recortheirindebtedness thbir A. Molinari, A. Ricci and A. Maraca

489 for their contribution tgartof the experimental worklhanks are also due to tkavil

490 Engineering.aboratory Staff of the University of Perugia, Italy.

491

20


http://www.uk-timber.co.uk/blog.php?c=2&a=42&General-Information/Oak-Beam-Grading-Service
http://www.uk-timber.co.uk/blog.php?c=2&a=42&General-Information/Oak-Beam-Grading-Service
http://www.timberpride.co.uk/oak-products/structural-oak-beams/

492

493
494

495
496

497

498

499
500

501
502
503

504
505

506
507

508
509
510

511

512
513

514

515
516

LIST OF FIGURES

Figure 1:Characteristic failurenodes of simple beams: a) tension failurestoaightgrained

beamdb) thecrossgrained tensioffailure c) compression failure, dphzontal shearupture.

Figure 2: Tensiomailure modes: a) due to the presence dkr@ot on tension side, b) simple

tension (tension failure for a straigitained beam), ¢) and djossgrained tensiofailure.
Figure 3: Typical stress distribution for a tension failure
Figure 4: Typical cross grained tension failure and subsequent&titiding.

Figure 5: Test arrangement (fepoint bending) and LVDT position (1/4 and 3/4 of the span,
mid-point).

Figure 6 Load vs midspan deflection for softwood beams having a 100x100 mm cross
section: the relationship is initially linear and, foabes of good quality at high load level,

the curves flatten as a consequence of timber yielding on the compression side.

Figure 7:Probability Density Function (PDRjpr unreinforced beams (different cross
sectios): a) firwood b) oakood.

Figure 8: Cumultive probability: a) 100x100 mm firoodbeams, b) 200x200 oadood

beams.

Figure 9: Reinforcement procedure: a) application of a first layer of epoxy resin, 2) fibers can
be easily cut with scissors, 3) multiple sheets of fibers can be also applied amatedtevith

multi-layers of epoxy coatings.
Figure 10: Stress and strain distribution, before and after timber yielding in compression.

Figure 11:Unreinforced and reinforced fitood beams (100x100 mm cross section): a) PDF
b) CDF.

Figure 12: GFRP vs. tueinforced for 100x100 mm and 200x200 mm cross sections.

Figure 13 Comparison between increments of reinfordeddod beams in termd &,

(mean bending capacity) ahglkvalues

21



517

518

519

520

521

522

LIST OF TABLES

Tablel: Test resultsfor unreinforcedvood beams.

Table 2 Results of mechanical characterizatafrFRPmaterials.

Table 3 Reinforcementof FRRmaterials.

Table4: Test resultsfor reinforcedwood beams.

Table5: Effects of reinforcement

22



523

i j a)
—_— 7
1
—

525 Figure 1:Characteristic failurenodes of simple beams: a) tension failurcomwmightgrained

524

526 beamd) thecrossgrained tensioffailure ¢) compression failure, dptizontal shearupture.

527

528

529 C)
530 Figure 2: Tensiofailure modes: a) due to the presence of a knot@nsion side, b) simple
531 tension (tension failure for a straigitained beam), ¢) and djossgrained tensiofailure.
532

23



533

Side in compression Compressive stress

Timber beam

Bendingmoment

Neutral axis

ddein tension

534 Tensile stress
535
536 Figure 3: Typical stress distribution for a tension failure
537

Cross Lateral

Section View

Cﬁ
g Bending
moment
FRP wv - FRP
epoxy-bonded debonding Cross-grained
tension failure
538
539 Figure 4: Typical cross grained tension failure and subsequent FRP debonding.
3F
- e
NS—

540
541 Figure 5: Test arrangement (fgpoint bending) and LVDT position
542 (1/4 and 3/4 of the span, mmbint).
543

24



544

20000
18000
16000 S
L ——
14000 M"d
— 12000
< i
L 10000 2] n
g Z a1l
S 8000 )% =1
6000 / ‘ t \
o0 i St F,=11770 N
2000 fm=23.73 MPa
fonie=10.10 MPa
0 1
0 10 20 30 40 50 60 70
Midspan deflection (mm)
545
546 Figure 6 Load vs midspan deflection for softwood beams having a 100x100 mm cross

547 section: the relationship is initially linear and, for beams of good quality at high load level,

548 the curves flatten as a consequence of timber yielding acothpression side.
549
550
:: ‘ 20x20mm 08
< o007 < o 200200mm 20x20mm
5 200x200 mm ik 67x67 mm
€ 006 { g
g‘ 0,05 + ;; 0,03
e
04z 0,01
0,01 ‘
55 1 00 100 200 J(;anmg S"Ae(i;l;m (Mpa)so,u 60.0 700 00 10,0 200 30,0 mvoaen;g:s"e:;ﬁ(MP;)OVO 80,0 90,0 1000
552 a) b)
553 Figure 7:Probability Density Function (PDRpr unreinforced beams (differentoss
554 sections): a) fwvood b) oakwood.

555

25



0,06 1
t o9

. 0,9
0,05 Lo 2 0,05 s
> 4 B g ¥ 0,8 £
£ g .2 =
@ o7 ® & 2
g o004 0'6 8 £ 004 o7 =
3 ros &£ & 06 £

2 >

£ 0,03 ros g £ 03 05 ¢
o = 3 2
5 tos4 & ® 0,4 ®
g 002 2 B o0 ‘2
s % ros § & 0O o3 &
02 ° ©

F o, 0,2

0,01 0,01 *

' 5% [ o1 5% 01

0] ==————— = [ o o] — — [ o

-13,2 -58 16 89 16,3 23,7 31,1 38,5 459 53,3 60,7 -46 2,1 10,8 18,5 26,2 33,8 41,5 49,2 56,9 64,6 72,2
Bending Strength (MPa) Bending Strength (MPa)

556

557 Figure 8: Cumulative probability: a) 100x100 mnwiaod beams, b) 200x200 oakod
558 beams.

559

560

561

562
563 Figure 9: Reinforcement procedure: a) application of a first layer of epoxy resin, 2) fibers can
564  be easily cut with scissors, 3) multiple sheets of fibers can be also applied and alternated with
565 multi-layers of epoxy coatings.

566

26



567

568

569

570

571

572

573

574

575

576

577

Probability density (-)

Normal strain

%ﬁ;

Neutral axis

Vimas

Normal stress

Figure 10: Stress and strain distribution, before and after timber yielding in compression.

Fir Wood |
Cross Section 100100mm |

GFRP 32.80 MPa

CFRP

\

40,0
Bending strength (MPa)

23.73MPa 39.30MPa

UNREINFORCED

20,0 30,0 50,0

a)

)

Probability density

1.00 -
090 y
0.80 /
CFRP
070
060 1
D60 s 23 MER /2250 MER/ . L 2080MP.,
040
0,30
020
Fir Wood
0.10 10.1 MP 22.7 MP 25.9 MP: G Sstongaadoes
0,00 =
00 10,0 200 300 400 50,0 60,0 700

Bending strength (MPa)

b)

Figure 11:Unreinforced and reinforced Wwood beams (100x100 mm crasection):

a) PDF b) CDF.

27



578

579

580

581

582

583

584

585

586

0,10

GFRP
T

0,08 +
UNREINFORCED

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Probability density (-)

— » .|

- T = T = 5 |
00 10,0 20,0 30,0 40,0 50,0 60,0 70,0
Bending strength (MPa)

Figure 12: GFRP vs. Unreinforced for 100x100 mm and 200x200 mm cross sections.

Figure 13 Comparison between increments of reinforaegtdod beams in termd &,

(mean bending capac)tgndfy, cvalues

28



587

588 Tablel: Test resultsfor unreinforcedvood beams.

Wood Cross  Sample Weight Moisture Bending CoV Standard fn

species  section size density content Strength (%) deviation (MPa)
(mm) (kg/m®) (%) (MPa) (MPa)
Fir 20x20 20 423.3 10.2 4239 1442 6.10 32.3

Fir 100x100 20 417.0 14.3 23.73 34.72 8.24 10.1
Fir 200x200 10 430.8 11.3 30.32 20.21 6.13 20.4

Oak 20x20 20 823.5 11.6 7153 13.46  9.58 46.2
Oak 67x67 20 755.8 14.4 60.94 16.90 10.3 44.1
Oak 200x200 5 796.0 11.5 33.83 28.26 9.6 17.9

589
590
591
592
593 Table 2 Resultsof mechanical characterizatiof FRRmaterials.
Composite type CFRP GFRP
Layout Textile Textile
No. of samples tested 10 10
Fiber orientation Unidirectional Unidirectional
<R X Q Jdpwiup (GPa) 417.6** 78.65**
Weight density  (kg/f) 0.3 0.288
Tensile strength (MPa) 3388** 1568**
Thickness(mm) 0.165* 0.118*
Elongation at failure (%) 1.0 2.1
594 * nominal plythickness™ using nominal thickness for calculation
595
596
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599
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601
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605

606

Table 3 Reinforcementof FRP-materials.

Beam cross section (mn 20x20
No. of beams tested 50
No. of composite layers 1

GFRP area fraction (%) 0.590

CFRP area fraction (%) 0.825

Sheet width (mm)

20

67X67

35

1

0.176

0.246

67

100x100

24

1

0.118

0.165

100

200x200

17

2

0.059

0.082

100

Table4: Test resultsfor reinforcedwood beams.

Wood

Cross

Sample Weight

Moisture Bending

CoV

Standard fm.k

species section size  density content Strength Reinforcement (%) deviation (MPpa)
(mm) (kg/m?) (%) (MPa) (MPa)

Fir 20x20 20 4233 10.2 70.1 GFRP 131 9.11 55.1
Fir 20x20 20 4233 10.2 94.0 CFRP 16.0 15.0 69.2
Fir 100x100 14 4170 143 32.8 GFRP 18.7 6.11 22.7
Fir 100x100 10 4170 143 39.3 CFRP 20.6 8.12 25.9
Fir 200x200 6 4308 113 45.8 GFRP 10.7 491 37.7
Fir 200x200 6 4308 113 48.2 CFRP 8.84 4.32 41.1
Oak 20x20 10 8235 116 130.1 CFRP 7.35 9.60 114.3
Oak 67x67 20 7558 144 89.60 GFRP 18.6 16.7 62.0
Oak 67x67 15 7558 144 83.10 CFRP 9.44 8.80 68.6
Oak  200x200 5 7960 115 48.55 CFRP 10.6 5.14 40.1
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607

608

609

610

611 Table5: Effects of reinforcement
Cross  Wood Mean CoV fmk Stiffness K
section species Reinforcemeni strength decrement increment r increment
(mm) fm (%) (%) increment (%)

increment (%)
(%)

20x20 Oak GFRP 81.9 45.4 147 11.6 12.2
20x20 Fir GFRP 65.4 9.20 70.6 13.3 13.1
20x20 Fir CFRP 122 -11.0 114 15.1 17.9
67x67 Oak GFRP 47.0 -10.1 40.6 7.8 9.8
67x67 Oak CFRP 36.4 441 55.6 9.4 8.1
100x100 Fir GFRP 38.2 46.1 125 9.1 12.0
100x100 Fir CFRP 65.6 40.7 156 11.2 14.0
200x200 Oak CFRP 43.5 62.5 124 4.7 5.0
200x200 Fir GFRP 51.1 47.1 84.8 7.9 7.9
200x200 Fir CFRP 59.0 56.3 101 119 8.4

612

613

614
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