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Response of FRP-glulam dab systems under five-point
bending load

Marco Jorg& Jorge Branc José Sena-CrtizJoaquim Barrasand Glaucia Dalfré
1 ISISE, University of Minho, Department of Civilgimeering, Guimaraes, Portugal

In the last decades the use of fiber reinforcegmels (FRPS) in the context of repairing
and strengthening structures has been significantyeased. Properties such as light
weight, high stiffness/weight ratio, corrosion immity and wide variety of available
sizes and shapes are some of the reasons thdy jumi growing use of this type of
materials. FRP’s are being used for the strengtigeof concrete, masonry, steel and
wood structures.

To characterize flexural response of FRP-glulanucstiral systems, an experimental
program was carried out. For that purpose, stripslabs with a two-span continuous
configuration were subjected to five-point bendingds, and the effectiveness of two
strengthening techniques was analyzed: the extgrbahded reinforcement (EBR) and

the near-surface mounted (NSM) reinforcement. Gliages reinforced polymers (GFRP)

were used in both strengthening techniques anditstonct levels of strengthening were
studied: increasing the load carrying capacity @b2and 40%, when compared with the
unstrengthened slabs.

The test configuration includes the use of gluldabs with 90 mm thick, 400 mm wide
and 5800 mm long. The distance between loadingtpan1400 mm. The monitoring
system included the measurement of the slab deftednh critical sections using
displacement transducers (LVDT'’s), the strainsne-gelected points of the glulam slab
and in FRP’s sections through strain gauges, am@piplied loads using load cells. The
tests were performed using servo controlled equipmader displacement control.

The present work describes the tests carried-owt, mesents and analyzes the most
significant obtained results.

Corresponding author’s emagena@civil.uminho.pt
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Response of FRP-glulam slab systems under five poin
bending load
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1 ISISE, University of Minho, Department of Civil Bimeering, Guimaraes, Portugal

ABSTRACT: Full-scale slab strips were tested inesrtbh analyze the flexural response of
FRP-glulam slab systems under monotonic loadinge Type of strengthening technique
(externally bonded reinforcement — EBR and neafasermounted — NSM) and the increase
target in terms of ultimate load capacity (20% &®36) were the main studied parameters.
GFRP sheets were utilized in the EBR technique|evGFRP rods were applied in NSM
technique. In this work the tests are describedeitail, and the obtained results are presented
and discussed.

1 INTRODUCTION

Glued laminated (glulam) timbers appear for thstfime at the beginning of the XX century,
by Otto Hetzer. Since then, glued laminated teabmofaced great improvements. Nowadays,
the manufacturing process of glulam is strict amdustrialized, which makes the geometry very
precise, controlled moisture content and mechamicgberties with less dispersion. This leads
to a higher mechanical resistance and elasticityulus when comparing to solid wood. Glulam
materials have widely been used in transportatifrastructures (e.g. bridges), and in roofs of
pavilions.

In the last two decades, fiber reinforced polynteRP) materials have been tested and used to
repair or strengthen existing structures. Highfrets and tensile strength, low weight, easy
installation procedures, high durability (no coroog, electromagnetic permeability and
practically unlimited availability in terms of ge@tny and size are the main advantages of these
composites, ACI (2008).

In the literature it can be found some applicatiand studies of FRP-glulam systems (Davalos
et al. (1992), Dagher et al. (1996), Tingley et(4B97), Dagher et al. (1998), Dagher and
Lindyberg (1999), Brody et al. (2000), Lopez-Anidad Xu (2002)). In some cases it was
found that the FRP-glulam beams with sufficienhf@icement in the tension regions not only
exhibit significant strength increment, but alseyttdevelop wood ductile compression failure,
rather than the typical brittle tension failure wbod (Dagher et al. (1996), Dagher and
Lindyberg (1999), Lopez-Anido and Xu (2002)).

In this context, the effectiveness of flexural sg#hening configurations for glulam continuous
slab strips of two equal span lengths was explaneterms of load carrying capacity and
moment redistribution. For that purpose, six falde glulam slab strips were tested. The type
of strengthening technique (EBR and NSM) and tlweeimse level of load carrying capacity
(20% and 40%) to be attained are the main parametgrsidered in this experimental program.
GFRP sheets were used in the EBR technigue, wHiRRGrods were applied in the NSM



technique. In the following sections the testsdesgcribed in detail, and the obtained results are
presented and discussed.

2 EXPERIMENTAL PROGRAM

2.1 Test specimens

The six full-scale two span glulam slab strips arganized in three different series. The first
series is composed by two unstrengthened slabsrérefe slabs, REF_1 and REF_2). The
second series is composed by two glulam slab sitiesgthened according to the NSM GFRP
using a percentage of GFRP rods in an attempttease the maximum load in 20% (NSM_20
and 40% (NSM_40), when compared to the one regidtir the average of REF1 and REF2.
Finally, in the third series two glulam slab stripere strengthened according to the EBR
technique applying GFRP sheets, and the purposealsasto increase the maximum load in
20% (EBR_20) and 40% (EBR_40), respectively.

Fig. 1 depicts the test setup in terms of load igomn&tion, support conditions and measuring
devices. Fig. 1(b) indicates the six linear voltaijferential transducers (LVDT’s) used to
measure the deflections of the slab strips. The T¥D50541 and 18897, placed at the slab
loaded sections, were used to control the testdig@acement rate of 20 um/s. The loag4F
applied at the left span (see Fig. 1(a)) was measusing a load cell of £200 kN and accuracy
of £0.03%. In the right span, the load,{ff was measured using a load cell of +£250 kN and
accuracy of £0.05%. To monitor the reaction fordead cells were installed at two supports.
One load cell (AEP_200) was positioned at the edstupport (nonadjustable support), placed
between the reaction steel frame (HEB 300 proéilg] the slab’s support device (see Fig. 1(b)).
The other load cell (MIC_200) was positioned inven the reaction steel frame and the
apparatus of the adjustable right support of thb.sThese cells have a load capacity of 200 kN
and accuracy of +0.05%. Fig. 2 presents the tramsevgeometry and the strengthening
arrangements of the tested slabs, whereas Figestipis the longitudinal configuration of the
strengthened slabs and the corresponding straijegdacations.
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Figure 1. (a) Test configuration; (b) displacenteansducers location. All dimensions in [mm].

2.2 Characterization of the materials

In the present experimental program glued laminétater of strength class GL24h (NP EN
1194:1999) was used for all the series. The méateharacterization of the GL24h included
compression and tension tests parallel to the gradording to EN 408 (CEN 2003). From the
compression tests an average compressive strehgtha® MPa with a coefficient of variation
(CoV) of 17.6% and an average modulus of elastmit§.62 GPa (CoV=27.8%) were obtained.
From the tension tests, an average tensile strengitiulus of elasticity and strain at the peak
stress of 55.93 MPa (CoV=16.7%), 9.17 GPa (CoV=2%}.and 6.35%. (CoV=12.4%) were
obtained, respectively.



The GFRP rod used in the present work, with a tretie Maperod G, is provided in rolls with

6 meters each and it is produced by MAPEI®. Thesks have a diameter of 10 mm and the
external surface is sand blasted. Tension tests earied out to assess the tensile mechanical
properties of GFRP rod according to ISO TC 71/3€ 6Part 1 (2003). Tests were performed
at a displacement rate of 2 mm/min. To measurenbdulus of elasticity, a clip gauge was
mounted at middle region of each specimen. Fromettgerimental tests an average tensile
strength of 778.14 MPa (CoV=3.5%), an average mudubf elasticity of 38.42 GPa
(CoV=1.3%) and an average ultimate strain of 20.4&&V=2.3%) were obtained.

The unidirectional GFRP sheets used in this study provided in rolls with 100 meters long
and 0.6 meters wide and it was produced by MAPHIRe GFRP sheet has the trademark
MapeWrap G UNI AX 900/60 and its tensile behaviaswassessed by uniaxial tensile tests
carried out according to TC 71/SC 6 N - Part 2 @0@commendations. An average tensile
strength of 2209.60 MPa (CoV=13.86%), an averagestieity modulus of 101.20 GPa
(CoV=4.31%) and an average ultimate strain of 24 {Z0V=11.32%) were obtained.
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Two distinct adhesives were used in the experinhgmtggram: MapeWrap 31 and MapeWood
Paste 140, being both supplied by MAPEI®. The foraghesive is a medium viscosity epoxy
resin for the impregnation of FRP sheets, wherbasldst is a thixotropic epoxy adhesive
currently used in the restoration of timber strugtelements. The MapeWrap 31 was used with
the EBR strengthening technique, while the MapeWBadte 140 was adopted to bond the
NSM rods. To assess the tensile properties of baatened adhesives, six tensile tests for each
experimental series were carried out according® 527-2 (1993). After casted, the adhesive
specimens were kept in the laboratory environmeshthe slab specimens, and were tested after
the same curing period of time of the strengthenigrvention process of the corresponding
slabs when tested. A universal test machine wad with a displacement rate of 1 mm/min. A
clip gauge mounted on the middle zone of the spemtinecorded the strains, whereas a high
accurate cell load has registered the applied fdrece obtained results are presented in Table 1.
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Figure 3. Longitudinal configuration of the stremgpied slabs. All dimensions in [mm].

Table 1. Main results obtained on the mechanicafatterization of the adhesive (average values)

Adhesive Fimax (KN)  Gimax (MPQ)  E; (GPa) Emax (%o0)
MapeWood

Pasrf[e 140 0.65 (5.5%)15.41 (4.3%)6.49 (2.6%) 2.82 (9.4%)
MapeWrap 31

0, 0, 0, 0,
(Specimen EBR_20jL-75 (3:8%)44.33 (4.0%)2.77 (5.2%)  18.95 (10.5%)

MapeWrap 31

(Specimen EBR 4002 (8:8%)40.47 (8.6%)2.58 (3.2%)  17.33 (11.9%)

Notes:Fagnhmax Maximum forcegygn max UNiaxial tensile strengthe,q=
longitudinal elasticity modulusggn maz Strain atdiax, EadniS the slope of the
curve o—¢ between 0.0025 and 0.0075&€fThe values between parentheses
are the corresponding coefficients of variation.




3 PREPARATION OF THE SPECIMENS
3.1 NSM strengthening technique

The main steps of the specimen’s preparation afhbrdescribed. The GFRP bars were

installed into grooves of 15 mm wide and 20 mm de@ened in the glulam, on the top face of
the hogging region and on the bottom face of tlygisg regions, by using a Hilti diamond saw

cutter machine. To eliminate splinters and dustiltast from the cutting process, sandpaper
was applied inside the grooves and they were thesmed using compressed air. The GFRP
rods were also cleaned with acetone to remove asyilple dirt, and strain gauges were glued
in the predefined locations. The FRP rods weredjtoghe glulam using the MapeWood Paste
140 epoxy adhesive. The grooves were filled withépboxy adhesive using a spatula, followed
by the application of a thin layer of adhesive ba FRP surface. The rods were then gradually
introduced into the grooves until its final pogitiat about 75 mm from the external surface.
Further information can be found in Jorge (2010).

3.2 EBR strengthening technique

To eliminate splinters and dust, a sanding proeds sandpaper was applied in the zones
where the FRP’s systems were planned to be indtafidlowed by the application of
compressed air. The GFRP sheets were cut with ¢ésgedl dimensions and cleaned with
acetone. The GFRP sheets were glued to the glusamg the MapeWrap 31 epoxy adhesive.
The sheets were impregnate with the epoxy adhesivey a broche, and a hard rubber roller
was used to press the sheet to remove possible.\&itér curing, strain gauges were installed
on the GFRP sheet surface. Further informatiorbeafound in Jorge (2010).

4 RESULTS

The obtained results were analyzed in terms of mari load F .., deflection at the peak load,
Omax Tailure modes and moment redistribution indexyhich is obtained from:

M _ 2.8[Fyc - LAF,,

=1-g=1-—rd =1
é M (5/6M2.8- 1.3(F,,,

1)
elast
whereMq is the bending moment in the intermediate supafdet moment redistribution, and
Meiast IS the bending moment in this section, calculaedording to the theory of elasticity.
Fig. 4 presents the-ocurves, whereas Table 2 summarizes the obtairsedtse

4.1 Reference slabs

The loadversusdeflection curvedr-9d, obtained in both tests are presented in Fig..42elpite
the symmetry of the test setup, the response oglilam slabs strips is not symmetric. The
maximum values obtained for the average applied &a similar (46.28 kN and 47.23 kN for
REF_1 and REF_2, respectively). The behaviounisali elastic until failure (brittle behaviour),
which occurred in the hogging region. After thenfiation of the first cracks in the hogging
region, quite smaller bending moment redistributivas obtained for the reference slabs
(average value of 2.5%).

4.2 NSM series

When compared with the unstrengthened slabs, in NSBMind NSM_40 the response obtained
for both spans was more similar. However, the mogortant effect of this strengthening
technique is the non-lined&-J response, as visible in Fig. 4c-d. In fact, the linkar elastic
response obtained for the unstrengthened slalps s¢rireplaced by an elasto-plastic behavior,



with a significant plastic branch (ductility). TidSM_20 slab strip has achieved a maximum
average applied load-(.,) of 47.32 kN for a deflection of 53.90 mm, reprggeg only an
increment of 1.2% in the applied load and 15.0%hécorresponding deflection. Concerning to
the NSM_40 slab strip, a maximum average appliedefof 53.99 kN was attained with a
corresponding deflection of 76.94 mm. At the pesddl a moment redistribution of about 10%
and 25% was obtained for the NSM_20 and NSM_ 4pecsvely.
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Figure 4. CurvesF-J of the (a) REF_1, (b) REF_2, (c) NSM_20, (d) NSM, 4e) EBR_20 and
(f) EBR_40 specimens.

4.3 EBR series

Fig. 4e-f shows th&-0 curves, where a quite symmetric response of tilesatan be observed.
The EBR_20 presented an ultimate average load &436N for a deflection of 53.34 mm,
representing an increment of 20.9% in the appliead|and 13.9% in the corresponding
deflection, while the moment redistribution at fhemk load was of about 10%. Concerning to
the EBR_40 slab strip, a maximum average load 33KN was obtained, for a deflection of



65.22 mm, representing an increment of 44.0% in dpplied load and 39.2% in the

corresponding deflection. A moment redistributidrabout 9% was obtained at the peak load
for both strengthened slab strips. According toFige 4e-f, the behavior is linear elastic until

the maximum load, after which a sudden drop in Iltheed carrying capacity is observed,

revealing a behavior without ductility (fragile li@ie). This behavior is confirmed by the linear
variation registered during these tests betweenapmied load and the strains in the SGs
installed in the both GFRP sheets and glulam, J@&@#0). In consequence, no significant local
embedment of wood was observed in the compresglen s

Table 2. Main results obtained in the tests.

Slab Frmas (KN) Onay (MM) 1 (%)
REF_1+REF_2 46.75 46.85 5%
NSM_20 47.32 (+1.2%)  53.90 (+15.0%) 10%
NSM_40 53.99 (+15.4%) 76.94 (+64.2%) 25%
EBR_20 56.54 (+20.9%) 53.34 (+13.9%) 9%
EBR_40 67.33 (+44.0%) 65.22 (+39.2%) 9%

4.4 Failure modes

Representative failure modes for all the testeibS€REF, NSM and EBRare depicted in Fig. 6.
The unstrengthened specimens did not show locaedmeént in the compression regions. The
failure occurred in the tension side. In conseqaesfcthe brittle nature of the timber behavior
in tension, the failure is sudden and violent.

The slabs strips strengthened with the NSM teclmiave showed an extensive cracking
located at the existing wood between the FRP rbeission cracks have formed in the hogging
and saggings regions, despite being more evidetieirmogging, and always local embedment
in the compression side was observed in the hogegigign.

For the EBR series, the failure always occurredi&yonding of FRP. Local embedment in the
compression region was only observed in the EBRpé@imen.

Figure 6. Typical failure modes: (a) REF, (b) NS\ ahd (c) EBR_20.

5 CONCLUSIONS

This work explores the potentialities of using F&BYystems for the flexural strengthening of
continuous glulam slab strips, in terms of incregghe load carrying capacity, deformability
and the bending moment redistribution capacity.

The NSM and EBR strengthening systems were desigmgaovide an increase of 20% and

40% of load carrying capacity of the reference sldte aimed increase of the ultimate load was
attained in the slabs strengthened according tdeBRR technique, and did not occur in the

NSM strengthened slabs.

However, the NSM strengthening technique has ise@asignificantly the deformational
capacity of these statically indeterminate struadtgystems, leading to a moment redistribution



that attained 25% in the slab strengthened withhibbest percentage of FRP. In both slabs
strengthened according to the EBR technique theenbnedistribution was 9%.

Due to the intensive cracking process before thmure of the FRP systems in the NSM
flexurally strengthened slabs, a pronounced noatifieanch between the applied load and the
deflection occurred before the ultimate deflectidierefore this technique has provided a
significant increase in terms of deflection capadn fact, the two span unstrengthened glulam
slab strips (reference slabs) presented an almestrirelationship between the applied load and
the deflection up to failure, with a quite britfealure mode, which deformational response was
similar to the one registered in the slabs streamggld according to the EBR technique.
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