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Abstract: This paper presents a numerical study about teurfhl behaviour of rectangular
composite glass-GFRP beams, comprising annealed gitad GFRP pultruded profiles bonded with
two different adhesives: (soft) polyurethane atiff{gpoxy. The main objectives of this study were
(i) to fully characterize the non-linear behaviofiglass using the smeared crack approach; arto (ii)
assess the applicability of different options todiate adhesively bonded glass-GFRP joints. An
extensive parametric study was developed to evalinat influence of five parameters on the glass
post-cracking non-linear behaviour: (i) glass fuaetenergy(:, (ii) crack band widthh, (iii) glass
tensile strengthy;, (iv) shape of the tension-softening diagram, @)chear retention factg, The
wide range of the joints’ shear stiffness was satad by either (i) assuming a perfect bond between
glass and GFRP.€., neglecting the presence of the adhesive), orefplicitly considering the
adhesive, by means of usingifiiplane stress elements, or.fiinterface elements. For the beams
analysed in this paper, the following material mofbe glass provided a good agreement with
experimental result$; in the range of 3 to 300 N/rh,equal to the square root of the finite element
areafq: = 50 MPa, linear softening diagram aheccording to a power law. It was also shown that
the hypothesis of perfect bond at the GFRP-glassfates allows for an accurate simulation of pint
with high levels of interaction (epoxy), while dadated interface elements are needed for joints wit

low level of interaction (polyurethane).

Keywords: Glass-GFRP composite beams; numerical analysisad crack approach; adhesively

bonded joints; interface elements; parametric study
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1. Introduction

Over the last decades the structural use of glassbcome one of the most interesting topics in
construction industry and civil engineering resbafallowing the architectural trend of pursuingneao
creative and transparent building envelopes. Assalt;, besides the common use in glazed facades,
glass has assumed more important structural rfoles)stance in floors, ceilings, beams or columns.
However, due to the brittle nature of glass andhilgh scatter of its strength it is necessary topad
special structural safety measures.

For beam applications, one of the methods thabbas put forward to overcome glass brittleness is
the use of hybrid glass systems (also referredst@cmposite or reinforced systems [1,2]): the
underlying principle is based on reinforced corgrethere a brittle and relative weak material in
tension (glass) is combined with other structuratemals, generally stronger in tension, in oraer t
enhance the pre- and post-cracking performancendst of the hybrid concepts [1,2], it has been
experimentally shown that composite or reinforcledg beams provide significant improvements in
terms of post-cracking resistance and ductilitygdieg to less brittle failure mechanisms compaoed t
all-glass beams.

In spite of such achievements, composite glasesysare not yet being used on a regular basis in
industrial applications. Among other reasons, thidue to the lack of reliable analysis and design
tools'. Because geometrical shapes and material (glasgpmses can be rather complex, finite
element (FE) models are useful tools to assissthestural design of composite glass members. In
this respect, the main challenge relies on thétald accurately model (i) the fracture behaviobir
glass, a brittle material, often causing numeriostabilities, and (ii) the interaction betweensgla
and the reinforcing materials.

This paper presents a numerical study about theirtd behaviour of composite beams made of

annealed glass panes and GFRP pultruded laminafes. a short literature review about the

1 The recent Italian guidelines [29] and the rediitish and European guidance for structural gf26s30] do
not provide information about the analysis andglesif reinforced or composite glass beams.
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numerical modelling of composite glass beams (8ec®), the paper first summarizes an
experimental campaign about the pre- and post-trgdkexural behaviour of rectangular glass-
GFRP composite beams bonded with two different sisthe (Section 3): (soft) polyurethane and
(stiff) epoxy. The campaign included also tensilsts on double-lap joints performed to characterize
the interface constitutive law for both adhesivEise second part of the paper (Sections 4 and 5)
describes the numerical models developed to sientitet flexural behaviour of the aforementioned
beams. Two-dimensional (2D) FE models were develafsing the FEMIX software [3] in order to
simulate and analyse the linear (prior to glasakage) and post-cracking flexural behaviour of the
glass-GFRP composite beams. A multi-fixed smearadkcmodel was used to simulate the non-
linear material behaviour of glass. The objectifetre numerical study was two-fold: (i) the
definition of the parameters that describe the liveear material response of glass, and (ii) the
evaluation of different options to simulate adhebivbonded interfaces. Experimental and numerical
results are compared in terms of initial stiffnesacking load, post-cracking stiffness, crackqratt

and progressive failure of the glass-GFRP compbsitens.

2. Literature review

For now, only a few studies addressed the numegicallation of hybrid glass systems. The existing
ones can be divided according to the approach addptsimulate the (quasi-) brittle glass material:
() the “kill element” approach (KEA); (ii) the sraged crack approach (SCA), and (iii) the discrete
crack approach (DCA).

The “kill element” approach was applied Blgaardet al [4] and Louter and Nielsen [9] using a
commercial FE-package (with the addition of usdirgutines) and tested on two (2D) and three
dimensional (3D) FE models of reinforced glassndtais steel beams with SentryGfafs,7]. The

different models were tested with several meshitlesswith constant and random glass tensile

2 SentryGla& was used both as interlayer and as structuralsaggs].
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strengths and with different interlayer shear séffs values. The models were able to correctly
reproduce the overall loags deflection behaviour of the composite glass bedrhe 2D models
accurately reproduced the crack pattern. Howekier3D models were not able to simulate precisely
the three-dimensional process of cracking, as sragke predicted to occur uniformly across the
whole cross-section thickness instead of beingowantygl distributed. Despite the good results and the
simplicity of its principles, this approach doed arist in the most popular commercial FE packages
and hence it needs to be developed and added ks use

The SCA has been used for decades to numericallgaace the cracked stage of reinforced concrete
and other quasi-brittle materials. According to &stzand Oh [8], two main assumptidase made

in this numerical approach: (i) the damaged arelisisibuted along a specific crack band widt)y (
and (ii) the constitutive law of the material irrtlamage area is characterized by a tension-safteni
diagram, which, together with the fracture ener@y),(are considered material properties and
important input data. Regarding tke of glass, experimentally determined in [9—-11],amerage
value of 3 N/m is commonly accepted [6,12,13]. Tihian extremely low value when compared with
other quasi-brittlematerials €.g.it is around 30 times lower than that of concfé#g15]) to which
SCA have been applied. The SCA approach also esjs@veral other parameters, including the type
of tension-softening diagram, the shear retentiatolr f) and the number of possible cracks that can
arise in each single integration point [16].

Louter [6] and Bedon and Louter [13] used the S@Antimerically simulate the behaviour of
reinforced glass-stainless steel beams. Using 2D3&8nmodels, the authors performed parametric

studies to assess the effectsGaf mesh size, mesh geometgy,shear stiffness of the SentryGlas

3 The fracture energy criterion and the existenca sdftening branch are also assumed by DCA.

4 Applying the SCA to glass requires the assumptianthe stable fracture of glass [9-11] is equinato the
quasi-brittle behaviour of concrete. In true, glas&nown to be a homogeneous brittle material tirdy
presents stable fractures (or softening, in anatogyoncrete) under very specific situations [9pribver, it
should be noted that the stable fracture of glais in the linear elastic fracture mechanics fieldhereas
concrete softening of lab-size specimens falls p@stdepends on the relationship between thelcsiae and
the size of the adjacent fractured zone) on thelimear fracture mechanics field [31]. Other terhae been
used to describe the stable fracture of glasg, (n Haldimanet al. [12] framed it in the “quasi-brittle linear
elastic fracture mechanics”).
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and reinforcement ratio in the overall flexural &eiour of the reinforced beams and in their crack
pattern type and propagation [6,13]. It was shdwai®: (ranging from 3 N/m to 8 N/m), mesh size
(square finite elements with 5 and 10 mm of sizeafdotal span of 1500 and 3200 mug)with
constant values or power laws) or the shear stiffraf the interlayer (varying from 240 MPa to
20 GPa) have minor influence on the overall flekbehaviour of the aforementioned beams (only
crack pattern differences were noticeable). In sjgjum, the mesh geometry (and the reinforcement
ratio) proved to have significant influence on tliebal behaviour of the beams and on their crack
pattern. Notwithstanding the good match betweenenigal and experimental results, on the one
hand Louter [5] used a numerical strategy to oveealass brittleness (“saw-tooth” reduction
diagrams) that is far from being universally aceepton the other hand, Bedon and Louter’s [12]
models were computationally very demanding.

The discrete crack approach (DCA) was successipipfied by Neteet al. [17] to model the flexural
behaviour of glass-GFRP composite beams. A par&nseidy was developed to assess the ability of the
DCA to represent glass cracking taking into accdhoetinfluence of the mesh size and glass tensile
strength ). It was proved that using DCA both mesh size fgnkave minor influence on the global
behaviour of the numerical models of the compdmtams. The major disadvantage of the DCA is its low
popularity compared to the SCA and the fact thiatribt available in most commercial FE packages.
The extreme brittleness of glags,, the very low value o6, causes numerical problems like snap-
back instabilities or convergence difficulties. Toglly, these problems are overcome by either (i)
applying numerical tools or strategies that helglel® to convergee(g.the above-mentioned “saw-
tooth” reduction diagrams), (ii) non-iterative meds [17], (iii) or by developing heavy
computational models in terms of mesh density [kB$pite of the above mentioned limitations, none
of the numerical studies reviewed above in whigh SCA or the DCA were used has assessed the
possibility or the effects of adopting fracture igyies higher than the reference value for glassiifiorced

or composite glass beams (the maxin&msed in those numerical models was 8 N/m [6,13]).

Furthermore, in the aforementioned studies only typms of hybrid systems were simulated: (i)
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glass-stainless steel (bonded with Sentry&|aand (ii) glass-GFRP composite beams (bonded with
epoxy adhesives). Therefore, with the single exoepmif the work of Netat al. [17], none of the
works have applied smeared crack models in comibimatith interface laws to numerically simulate
the behaviour of the bonded interfaces in whichidewange of adhesives (with different mechanical
properties) can be used. Note that the two typeadbésives that have been studied in [16] were
considered stiff enough to neglect the potentigpsige at the interfaces. The effect of using softe

adhesives, although object of experimental stUydi®4.9], was never numerically investigated.

3. Summary of experimental results

This section presents a summary of the experimeatapaign developed in order to assess (i) the
shear behaviour of glass-GFRP adhesively bondadsjoand (ii) the flexural behaviour of glass-
GFRP composite beams. More detailed informatiorubome of the experimental tests abridged

here is available in [17-19].

3.1 Structural concept

The rectangular composite beams (Fig. 1) were mohdanealed glass panes (cross section of 100 x
12 mn¥), reinforced at the bottom edge with a rectangGBRP pultruded profile (cross section of
8 x 12 mm). The two materials were joined with a 2 mm thiimknd layer, made of two different
adhesives: (i) a low Young's modulus polyurethadkesive Sikaflex 265and (ii) a high modulus

epoxy adhesivesikadur 31-cf
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Fig. 1 - Cross section of the glass-GFRP compbsitens and experimental setup.

3.2 Materials

Annealed glass panes (12 mm thick) with polishegeedvere used in the tests. The main mechanical
properties of glass available in literature weresitered. A detailed description of those propglitie
presented in section 4.3.1.

The GFRP profiles used to strengthen the glass $@are made of an isophthalic polyester matrix
reinforced with alternating layers of E-glass r@&rand mats. Tensile tests according to ISO 527-1,4
[20,21] indicated an average Young's modulus ofc32a and ultimate strength of 350 MPa (in the
longitudinal direction) [19].

The mechanical properties of tB&kaflex 265andSikadur 31-cfadhesives (hereafter referred to as
SFlexandSDur) used to bond glass to the GFRP profiles arediistelable 1. The former is a gap-
filing adhesive (with similarities to rubber) apdesents low elasticity modulugd}, together with
relatively high apparent ultimate streds)(and ultimate tensile elongatiomy), The latter is a
structural epoxy adhesive with negligible densityilters and it is characterized by relatively hig
Young's modulus and tensile strength, and low w@tenstrain. The adhesives were characterized in
[17] according to their applicable standards, ISO22] (SFley and ISO 527-1,2 [20,2350u)).

The Poisson’s ratios were determined using a digitage correlation system, with tigFlex
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presenting a higlvsrex= 0.45, whereas for tigDuradhesive pspur = 0.25.

Table 1 — Tensile mechanical properties of the sifke E,, fauandep) and summary of results from double-
lap joint testsK, Fmax dmaxand failure mode).

Adhesive Tensile tests Double-lap joint tests
Ea [MPa] fat[MPa] & [%0] K [kN/mm] F max [KN] dmax[mMm]  Failure mode
Sikaflex 265 3.08+7% 8.13+12% 317+15% 2.16+11% 13.%%2 8.37 +23% adhesive
. stock-break
Sikadur 31-cf 4257 +16% 11.7+22% 0.21+42% 85.0+3% 30.3%1 0.46+12% (glass)

3.3 Tests on double lap joints

In order to characterize the behaviour of adhegivehded joints between glass and GFRP, double-lap

joint specimens were prepared and tested in teriBl@nspecimens geometry, test setup and procedure

is described in detail in Valarintes al.[19,24]. Some complementary tests are also indlbaow.

The joints comprised two inner GFRP laminates (D>mn?) and two outer glass panes (12 x 50

mn?), bonded with a 2 mm thicRFlexor SDuradhesive layer. Both adherends presented a lefigth

350 mm and the overlap length was set to 100 mga 2a). The complementary campaign consisted

of five new joint specimens made of b&@klexand SDur adhesives (hereafter referred tolds

SFlex-# and DL-SDur-# respectively, where # refers to the specimen mumbThe strain

development along one of the bonded GFRP surfaassweasured using 10 strain gauges (Fig. 2-

b). Specimens were loaded under displacement dattacspeed of 0.017 mm/s (total displacement).

The applied load and the relative displacement éetwbonded extremities of both overlap zones

were measured during the tests. The tests wereucteat an average temperature of 19°C and

relative humidity of 59%.
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Fig. 2 - Geometry of the double lap joints (a),ipos of the strain gauges (b) and (c) tensile sestip and failure mode
of DL-SFlexspecimens.

Fig. 3 depicts the loads. relative displacement curves Bf-SFlexand DL-SDur specimens. Table 1
presents a comparison of the average results edtinthe different specimens, in terms of ingti#fness
(K), maximum loadRmay) and corresponding maximum relative displacentiaf) @nd failure mode.

As reported in previous tests [18,19,24], the b&havof DL-SFlexjoints was not fully consistent.
On the one handpecimen®L-SFlex-1,4presented an initial linear behaviour, with logstdfness
only at the brink of collapse. On the other hapkcimen®L-SFlex-2,3,%xhibited a shorter linear
branch and an earlier loss of stiffness that legrémnature failure (Fig. Fig. 3-a). Accordinglyeth
ultimate loads exhibited relatively high scattemeTstiffness loss was due to the debonding in éne o
the glass-adhesive interfaces, which ultimatelysedtthe failure of all joints (Fig. 2-c). The seatt
of results may have been caused by the high vigcogithe adhesive, which affected the manual

process used to manufacture the specimens.
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Fig. 3 — Results of double-lap joint tests: laadrelative displacement for specimens$&jexand (b)SDur.

DL-SDurspecimens exhibited practically linear behaviqutaifailure, without significant stiffness
changes during loading (Fig. 3-b). The slight lokstiffness prior to failure was coincident witiet
appearance of the first cracks on glass at thdagpveegion. After this point, all specimens weii# st
able to carry additional load up to their ultim&éure, which occurred due to the breakage of one
of the glass panes. TKeFmaxanddmnaxvalueswere in line with the corresponding adhesive meiciah
properties. Comparing with th_-SFlexjoints, by avoiding the premature failure of ofi¢he bonded
interfaces, much higher stiffness40 times) and higher strength was observed iDth&Durjoints.

The axial strain distributions, reflecting the shetaess transfer between the joined componentg, we
also coherent with the stiffness of the adhesikas @): the distribution was roughly uniform fdret

softest adhesive and non-uniform with high coneeiatns at the extremities for the stiffest one.
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Fig. 4 - Experimental (dots) and numerical (lin@sial strains (a) at 5.0 kN f@L-SFlex2 and (b) at 20 kN fabL-
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SDur-4

3.4 Four-point bending tests

Four-point bending tests were performed to asses8dxural behaviour of rectangular glass-GFRP
composite beams, bonded with the two previouslytineaed adhesives. The beams were 1.5 m long,
with a span of 1.4 m and a shear span of 0.465ign {[= The rectangular beams were transversally
restrained with two pairs of metal guides symmathycpositioned throughout the span. Beams were
loaded under indirect displacement control, appligch Walter+Bai hydraulic system that allows
controlling the pressure transmitted to the ja@gtaring possible load drops and recoveries if the
beams experience quasi-static damage. Hence,gplackement speed was indirectly controlled, as a
result of the pressure applied on the jack anddbponse (flexural stiffness) of the beam. Theesfor
the displacement speed ranged from 0.95 mm/min .52 Inm/min prior to cracking and,
subsequently, from 1.70 mm/min to 3.21 mm/min. &pplied load and the mid-span displacement
were measured at average speeds of 5 Hz. The@RRB/ interaction ensured by the adhesives was
assessed measuring the longitudinal strains by snafagix strain gauges bonded along the mid-span
section height (Fig. 1) and in both interfaces ggladhesive and adhesive/GFRP). All beams were
tested at an average temperature of 24°C andveslatimidity of 60%.

Fig. 5 presents the load mid-span deflection curves of the composite beamsled with th&Flexand
SDuradhesives (hereafter referred t&RaSFlexandR-SDur respectively). Both type of beams presented
a similar behaviour, which can be divided in twagsss: the first stage is characterized by a liekeatic
behaviour until the appearance of the first craaiass; in the second stage, a progressive |atiffiogss

was visible either due to the development of alsiglass crackR-SFlexbeams, Fig. 6-a), or due to the
increase of the number of cracks towards the stpfdiSDurbeamsFig. 6:b). The ultimate failure of
each beam occurred when the extensive crack pageched the compressive zone of the glass web,
precluding the mobilization of the binary betwebka GFRP reinforcement and the glass compression

zone. The intrinsic scatter of glass strength wastad by the different cracking loads attaingtiértests;

11
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however, such scatter had only slight influenc¢heroverall flexural behaviour of the compositerbga
namely in the post-cracked stage.

Besides the crack pattern, the two adhesives peduitifferent performance before and after glass
breakage. Due to the low Young's modutfiSFlexadhesiveR-SFlexbeams were unable to achieve
the full level of interaction between glass and GFRhich resulted in lower initial stiffness and
cracking load; however, its higher energy redisiiitn capacity allowed-SFlexbeams to present
significant post-cracking ductility levels (raticctwveen the displacement at the moment of the
appearance of the first crack and the displaceiefaiilure), although under residual post-cracking
resistance. On the other hand, ReSDurbeams presented higher values of initial stiffnasd

cracking load and were able to recover the tottlrstrength during the post-cracking stage.

a) 8 —— R-Flex-1 b) 8 ——R-SDur-1
74 R-Flex-2 7 R-SDur-2
6- 6

— 5 _ 5
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Fig. 5 - Loadvs.mid-span deflection curves and composite actiofaR-SFlexand (b)R-SDurbeams.

Fig. 6 - Experimental crack pattern of R)SFlexand (b)R-SDurbeams.

12



Valarinho, L.; Sena-Cruz, J.; Correia, J.R.; Branco, F.A. (2017) “Numerical simulation of the flexural behaviour
of composite glass-GFRP beams using smeared crack models.” Composites Part B, 110: 336—-350.

Table 2 summarizes the main results obtained fnenfléxural tests on the composite glass-GFRP beams
in terms of initial stiffness (uncracked stagejc&ing load, maximum load (onR-SDurbeams attained
loads equal to the cracking load), post-crackirgnsth (ratio between the maximum load at the esck

stage and the cracking load) and post-crackinglithuct

Table 2 - Summary of the 4-point bending testsmnposite glass-GFRP beams.

Geometry - Adhesive R-SFlex R-SDur
Average test speed (prior to/after cracking) [mmjmil.05/1.70 1.52/1.85
Initial stiffness [KN/mm] 1.44 1.67
Cracking load [KN] 3.70 5.87
Maximum load [kN] 3.70 5.92
Post-cracking strength [%] 52 93
Ductility index [%6] 659 404

4. Description of the numerical models

4.1 Initial considerations

The numerical models aimed at simulating the flakresponses of the composite glass-GFRP beams
described above, namely the pre- and post-cradkéiaviour of the beams made with the two
different adhesives.

The first step of the simulations required the ectrdefinition of the glass non-linear material
characteristics according to the SCA. To deschibenbn-linear tensile softening behaviour of giass
extensive parametric study was developed in omlassess the influence of the following parameters
(Table 3): (i) tensile strength of glagg, (i) mode-I fracture energy:, (i) crack band widthh, (iv)
shape of the tension-softening diagram, and (\§ tfshear retention factor lag, For simplicity, at

this stage the parametric studies on glass-GFRPasite beams were performed on models assuming

perfect bond at the interfaces.

Table 3 - Numerical options tested for the desiaipof the glass non-linear behaviour.

Parameter studied Tested range
Mode | fracture energyszs [N/m] 3; 30; 188% 300; 3000
Crack band widthiy [mm] Aciement™ 1.0; 0.1

13
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Glass strengttfy [MPa] 45; 50*; 55
Shape of tension-softening diagram Linear*; BitineExponential
Shear retention factof, 1x105% 1x10% 0.99; p=1; p=2% p=3

*Default value considered when evaluating the éffe€ the other parameteiSNLMMG c.f. section 3.3.1).
# This value is 5% higher than the threshold defibgthe software (to avoid snap-back instabilities)

The second step of the simulation focused on theerigal modelling of the adhesively bonded joints
of the composite beams. For that three differerdetsoof the beams’ joints were tested: (i) Bezfect
Bond(PB) model, where perfect bond between glass and Gi®Rassumed, neglecting the physical
existence of the adhesive; (ii) tRdane Stress ElementBSE model, in which the adhesives were
explicitly simulated using plane stress elemenggtieer with the hypothesis of perfect bond at the
glass/adhesive and adhesive/GFRP interfacesd (iii) the Interface Element$lE) model, where
interface elements were used to simulate the seffeftboth the adhesive and the interfaces
(glass/adhesive and adhesive/GFRP). The paranieaedefine the mechanical properties of the joints
in the last two models were obtained using twaeddht approaches. On one hand, the joints d?8ie
models were simulated using the information resriefrom the adhesives’ characterization tests. On
the other hand, the parameters that define tharliard non-linear constitutive laws of the bonded
interfaces, namely the ones that define the stedsviour of the interface elements for the twoedéht
adhesives, were parametrized through inverse Figsémaf the double-lap jointf section 4.2.1).

Table 4 summarizes all the models developed asasdheir assumptions and applicability.

Table 4 - Summary of tHeE models developed for the composite beams adhgdiesided joints.

Beam model Assumptions* Applicability
No elements used to simulated the adhesive joint
Perfect bond between glass and GFRP is assume
Joint simulated by plane stress adhesive elements
Plane stress elemenR3B y p R-SDur R-SFlex
Perfect bond at all interfaces
Joint simulated using interface elements
Interface elementsK) . . . . R-SFlex, R-SDur
Coupled adhesive and interfaces simulation

*Glass was always simulated as a non-linear materia

Perfect bondH®B) Dur

5 TheDL-SFlexspecimens failure mode reported in the doublgdan tests ¢f. Table 1) was neglected, thus
the model does not account for adhesive failureeaod
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4.2 Geometry, boundary conditions and type of elements

4.2.1 Double-lap joints

The double-lap joints were modelled as a planestpeoblem. Due to their double symmetry, only

1/4 of the double lap joint specimens was simulaié@ geometry, mesh, boundary conditions and
load configuration are shown in Fig. 7. Both glasd GFRP materials were simulated using 8-node
Serendipity plane stress elements with 2 x 2 Ghagendre integration scheme. The adhesive layer
that connects the GFRP and glass was simulateehloglé zero thickness interface elements with 3-
points Gauss-Lobatto integration rule. The thickne$ the adhesive layer was reproduced by

positioning both adherends at a distance of 2.0witithe interface elements in between.

GFRP Profile Interface elements

Tension
5 1.2

N

Glass  [mm]

‘ 330

Fig. 7 - Mesh and boundary conditions of the doddypejoints numerical models.

4.2.2 Composite beams

The rectangular composite beams were numericatlyulaied taking into account symmetry
considerations and considering their real geomd@tngrefore, only half span of the composite beam
was modelled. Both the glass pane and the GFRPm@ment were modelled by means of 8-node
Serendipity plane stress elements with 2 x 2 Ghagendre integration scheme (plane stress analysis)
For the adhesive joints the three different apgnieaanentioned above were studied. Fig. 8 depicts
the geometrical differences of each approach, dsas/the overall geometry of the numerical models
of the composite beams, their boundary condititwasj configuration and mesh size adoptdthe
depth of the adhesive joints of all models, simadaither with plane stress elements or with iaterf

elements (6-node zero thickness interface elerheitls 3 points Gauss-Lobatto integration rule),

6 A mesh sensitivity analysis was performed in prielary studies developed with linear elastic malsrithose
studies showed that 8-node Serendipity elemenitsanitesh of 10 x 10 nfrgive sufficiently accurate simulations.
7 Constitutive laws presented in section 4.3.3.
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was equal to the glass web thickness. The maximumber of elements was 975 B8 models,
1200 onPSEmodels and 1050 on thie models; in all cases, the mesh density was mugérlthan

the ones adopted in [13,25] for beams with compargéometry and length.

GFRP E/2
Glass Reinforcement "\\ f’
mm ! = .
(mm] / / Mesh size: 10+ 10 A
1l
i |
100 |
|
g
8 |
4'" ‘L _c P ~ 4|, 4|4
50 470 - 37 5 "y 230
PB PSE IE
I ‘ g Nojount '7 7‘{ Plane stress '7 ¥ 74{ Interface
o == | - =y L. . - -y
\‘ ‘ / representation i T elements i i | elements

Fig. 8 - Mesh, boundary conditions and joint praigsrof the beams numerical models.

4.3 Constitutive models of materials and interfaces

The hybrid glass system comprises three differesterials. In section 3.2 the main mechanical
properties experimentally determined were preseritbid section presents detailed information on
how each material was numerically simulated, nartfedyconstitutive models used to represent the
fracture of glass, as well as all the joint projgsrtand constitutive laws adopted to simulate the

mechanical behaviour of beams bonded with diffeagifitesives.

4.3.1 Glass

For simulating the linear elastic behaviour of glakie recommendations of ti@&uideline for
European Structural Design of Glass Compong2$ were followed, for which annealed glass has
a Young's modulusHy) of approximately 70 GPa, a Poisson’s ratio o0B@Ad a tensile strengthy {

ranging from 30 to 80 MPa

8 f,.is a mechanical property of glass known to be deéget on a variety of factors, such as size oftiexjs
micro cracks, surface side, panel size, stresstilision or load duration. Depending on these fesctmd under
a relatively low stress rate, crack growth developsmall existing flaws, increasing their size attanately
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In the models of the double-lap jointd.(section 4.2.1), glass was simulated as lineatigléar both
compression and tension, using the aforementioragmkies. No failure criterion was considered. For
the composite glass-GFRP beam maodels, glass watasith as linear elastic in compression and in
tension prior to cracking; after cracking, non-indoehaviour was considered with cracking being
simulated according to the SCA (non-linear fractaexhanics). Furthermore, an extensive numerical
assessment, summarized in Table 3, was performeddar to calibrate five important parameters
required for the definition of the above non-lineaaterial model of glass. In the next paragraphs a
detailed description of the assumptions made farh eparameter is provided. The following
nomenclature (5 labels) was consideré&l—h —f,: — shape of tension-softening diagrafi -A single
parameter was changed at a time (all the otheraineah with its default value), with the exceptidn o
models withGy lower than 188 N/f whereh was also changed, in order to achieve Bwalues
(ahead in this section). The default propertiethefglass non-linear material (hereafter referoedst
Standard Non-linear Material Model for GlassSNLMMQ are highlighted in Table 3. The calibrated
glass non-linear model was then used orPtBEandIE models.

As a result of the two main assumptions made irfSQA (mentioned in Section 2), the crack normal
stress is determined by a tension-strain constéuiw (usually named tension-softening diagram)
defined by thdy;, Gi andh. The first two parameters (as well as the shapgbetension-softening
diagram) are considered material properties anthii@ne is inherent to the SCA. Traditionally, fo
computational reasons, two additional assumptiors rmade in the SCA: (i) computational
instabilities and convergence issuegy(snap-back instabilities) should be avoided, apdr{esh
objectivity should be preferably assured. The dpeqk instability is avoided by ensuring a maximum
value ofh (Eqg. (1-a)), which is dependent of the maximurndimensional slopebj of the softening

branch in the tension-softening diagra@, fy: andEy [8,16]. The mesh objectivity is ensured by

causing the collapse of glass elements. Some studiecate that strength may vary from 30 MPa tdvB2a
due to those factors [32,33].
9 Corresponding to the minimu@ to avoid snap-back instabilities, as discussetimsection.
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simply assuming a relationship betwdeand mesh sizee(g, h equal to the square rote of the finite
elements’ area [8]). In summary, the classical micak approach to guarantee stability and
convergence in smeared crack models involves dingdheh (and not any of the other parameters,
which are assumed to be constant material propgrtighich is mesh-dependent. Therefore,
according to Eq. (1-a), there is a maximum valule thiat can be used in order to simulate a specific
material or, in other words, the FE mesh sizerisally dependent on the simulated material and its
properties. In brittle materials like glass, whiplesents very lows;, that assumption requires the use
of highly discretised models, with all the disadiesyes involved.

G E 2 .h-b
h < fZ 2 Gfminzfg't
fg,t'b ' Eq

(1-a,b)

The above mentioned numerical approach was orlgidalveloped for concrete in softening. Since
its applicability to glass fracture was not yet poahensively assessed, in this paper the influehce
all parameters in Eq. (1) (with the exceptioregf was investigated considering the following two
criteria: (i) the mesh size was kept as 10 x 1¢namd (ii) the snap-back instability was avoided by
assuming & value higher than the minimum required by Eq. Ylvhich results from a direct
manipulation of Eq. (1-a). The main objective wasatsess the effects of using models with less
discretized meshes and, consequently, higBewalues, which, although not fully accurately
representing the fracture properties of glass, @dag much less time consuming and would face
much less convergence issues

The influence ofG; on thePB model was assessed by testing a wide rang&: dfom 3 N/m (the
reference value reported in the literature) to 38080 (Table 3). The tested values were lower, highe
and equal to the minimum energy required when asgue 10 x 10 mmmesh size and equal to

the square root of the FEs’ at®a

101n true, the value d& considered was 5% higher than the value yieldefidoy1-b) due to convergence issues.
Models with a mesh of 10x10 ndrand different parameter combinations have repgastdwn convergence
issues after the appearance of the first crack @ premature crack stage. Therefore,Ghan was slightly
increased from 178.57 N/m to 188.04 N/m.
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The complete range of test€dwas defined by assuming two different hypotheeeh:f(i) for G >
Gimin, Mesh objectivity was kept, this \/Aiemen: =10 mm; (ii) forGr < Gimin, the mesh objectivity
was neglected arfdwas equal to 1.0 mm and 0.1 mm, resultin@iwalues of 30 N/m and 3 N/m,
respectively. The analysis of the effecthafn the numerical response of the composite beaasss w
included in the discussion about the influenceadture energyi.€. section 5.2.1.1), since the main
goal of changindyr was to achieve the glass fracture energy mentiongu literature.

In this study, the following three differefyt values were considered: 45 MPa, 50 MPa and 55 MPa.
The main objective was to assess the possibleeinfe of the cracking load (as experimentally
observed) on the behaviour of the numerical modgilsce theG:min Of the numerical models is
dependent on the material’s tensile strength (Edp)), two approaches were adopted:Gi)was
assumed equal to the minimum required for dgctonsidered (changing from model to model), or
(i) Gr was considered constant and equal to the minimaquired by the model with the highest
Gt min (model ‘Gt min — v/ Agiement — 55 — Linear — 27).

The non-linear material behaviour of glass was yeea using three different tension-softening
diagrams (Fig. 9): (i) théinear diagram that corresponds to a linear softening diramvhich
minimizesG; (b = 0.5); (ii) theBilinear diagram that aims at representing a higher enegg/ih the
beginning of the softening branch, which is a gassieature of brittle materials with a semi-stable
fracture [9] b = 0.9); and (iii) theCornelisserdiagram [27], a negative exponential softening law
that presents a smooth energy degradation, prayatirantages in terms of convergerze (.37).
The last two diagrams have the disadvantage ofptieg a higher maximum slope, which also
affects theG: min value needed for the simulations (Eq. (1-b)). €f@e, the models required higher
Gr values, more precisely, the models with Biknear and Cornelissiendiagram were simulated

with a fracture energy value of 321 N/m and 487 N&spectively.
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Fig. 9 — Tension-softening diagrams simulated fasg non-linear material.

The non-linear material model used allows the eatadu of the shear retention factor in two

distinct ways [28]: (i) a constant value, and &ipon-constant value defined by Eq. (2),

cr

B=(1——yp @

cc"n,ult

wherep is a parameter that can assume the values @ir B, 2nd:;;” ande;)’,;, are the crack normal strain
and the ultimate crack normal strain, respectivehe PB models of the beams were tested for constant
values ofs = 0.000014 = 0.01,4 =0.1,5 = 0.99 and all the possible power laws availgbte {,2,3).

In what concerns crack triggering and initiationthe multi-fixed smeared crack model used, a new
crack is initiated when the maximum principal strés a specific integration point exceeds the
uniaxial tensile strength and the angle betweeritteetion of the existing cracks and the direction
of the maximum principal stress exceeds the valaegpoedefined threshold angle [16]. In this study,

the threshold angle was assumed constant andtedd@land a maximum of 2 cracks per integration

point was allowed to arise.

432 GFRP

In the models of the double-lap joints and thegl@s&RP composite beams, GFRP was modelled as

linear elastic, for both tension and compressioogording to the mechanical properties

experimentally determined and presented in se&i#n

4.3.3 Adhesives and interfaces

PB models,.e. models that assume perfect bond at the interfacegnly valid for connections that
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present high levels of interaction. Therefore his study, it was assumed that this hypothesisavas
good approximation for joints bonded with tBBuradhesived. Fig. 5-b). For beams that presented
low levels of interaction-SFlexbeams) this approximation could not be accourdedrd different
models were tested.

In thePSEmodels the adhesives were modelled as linear @ld$té Young's modulus and Poisson’s
ratio of each adhesive were defined based on ewpats ¢f. section 3.2). Despite its higher
simplicity, these models did not account for anppage at the interfaces nor for any potential
influence of the adhesives’ viscoelasticity. Thiglains why they were not able to accurately
represent the interface behaviour reported onDheéSFlex experiments, where debonding at the
interfaces took place.

On the other hand, when using interface elemertisge/ constitutive laws can be linear or non-linear
with/without softening), both the mechanical prdjge of the adhesive and the adhesion
characteristics at the interfaces can be considématielE models, two different constitutive laws
were used in the interface elements accordingdaatthesive simulated with the main purpose of
replicating the initial experimental stiffness dfet double-lap joints. In théE-SDur models
(developed to simulate thR-SDurbeams) a linear elastic law characterized by thenal and
tangential stiffnesse&f andK; respectively) was simulated. In ke SFlexmodels (for thé&r-SFlex
adhesive), a non-linear bond stress-slip relatias adopted, defined by the linear elastic normal
stiffnessK, and by Eqg. (3), where, and & are, respectively, the maximum shear stress amd th
corresponding maximum slip, amdando’ are the parameters that define the shape of theapd

post-peak curves, respectively [16]:

o= {Tm (i)a ifs< sy

s\
Um< ) ifs> sy,

Sm

(3)

Kn could not be calibrated, neither with the dateéeegd from the shear tests nor with the data from

the beams’ flexural tests. Therefore, based on-8ena [16],K, was taken as 2&N/m® to avoid
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any influence on the shear behaviour of the interfelements. Table 5 presents the properties of the

interface elements used to model each type of adgigdonded specimens.

Table 5 — Properties of the interface elementsidensd for the two adhesives.

Adhesive Kn [N/m?] Kt [N/m?] sm[mm] = [MPa] al-]
Sikaflex 265 10 N.A. 4.20 1.70 0.90
Sikadur31-cf 106 200 N.A. N.A. N.A.

*N.A. = not applicable

4.4 Type of analysis

In the models of the double-lap joints, load wagliad under displacement control at the end of the
glass adherend. Two different failure criteria waeeto control the numerical simulations: (i) fioe
SFlex adhesive the simulation was stopped when the maxiraxperimental displacement was
attained’, whereas (i) for th&Duradhesives simulations were performed until thesstin the glass
adherends reached the 30 MPa in pure tension @xemam axial stress that was estimated to have
occurred in the experiments).

In the beam tests, load was applied at one sirajté pt the top edge of the glass pane, according t
the experimental setup, and the numerical analyassalso undertaken under displacement control.
The analysis was stopped when the maximum expetahdisplacement was attaineR-GFlex

models) or when the initial strength was recovérRBlandR-SDurmodels).

5. Results and discussion

5.1 Double-lap joints
The loadvs relative displacement curves obtained from thenemical models are plotted and
compared with the experimental data in Figcf3gection 3.3). It can be seen that, even folthe

SFlex specimens, whose behaviour was slightly non-linéhe constitutive models adopted

11 Despite the visual reports of an adhesive faibirine DL-SFlexjoints, the debonding was only observed on
a slight branch of the joint’ loags. relative displacement curves. The (double) redooglaf the specimens as
well as the test setup and test measurement equtpaict not allow to fully record the debonding pbas
Therefore, debonding was not included in the nucaérnodels of the double-lap joints.
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reproduced accurately the initial slope of the expents. Moreover, using interface elements with
higher tangential stiffness led to a steeper indistribution of axial strains. In opposition, @er
tangential stiffness caused a more linear distiobubf axial strains along the overlap length.

Fig. 4 shows the numerical results in terms oflesti@ins along the overlap length of the specimens
and the respective comparison with the experimeesaillts. As for the loags relative displacement
curves, in spite of the relatively high scattereaperimental data, a general good agreement was
obtained between measured strains and numericaltg,eproviding further validation to the FE
models and, in particular, to the parameters usaihtulate the constitutive relations of the bonded

interfaces.

5.2 Composite beams

5.2.1 Effect of non-linear glass material options

5.2.1.1 Fracture energy

Fig. 10 compares the experimental leadmid-span deflection responses to numerical cusbégined
considering differentG; values. The results show that all models properproduced the overall
experimental behaviour of the glass composite beaitisthe exception of the model wi@ = 3000
N/m. The overall numerical behaviour was similarthe experimental observations, presenting an
initial linear response (initial flexural stiffnes$ 1.57 kN/mm) followed by a post-cracking stagéhw

progressive loss of stiffness.
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Fig. 10 - Effect ofGr on the loadss. mid-span displacement curvesRy{SDurbeams.

With the exception of model “3000,/A c1emen: — 50 — Linear — 27, all the numerical models pristic
the crack load initiation (equal to 5.0 kN) for t@respondent experimental load. After this pa@iatin

the experiments, a sudden load decay was obsétgegver, a large difference can be observed between
the numerical and experimental deflections atdpecific point. That difference is attributed te flact
that the data acquisition speedq Hz) was not fast enough to capture such sudubehdrop in the
experiments. The post-cracking stage was veryaitmitween models and minor differences were found.
In true, if the displacement path would be kept, nabdels (with the exception of model with
Gr = 3000 N/m) would yield the same post-crackingoese. This result seems to indicate that adding
GFRP reinforcement to glass beams allows usindptivedy wide range ofs: values (3 to 300 N/m),
considerably higher than the reference value regantthe literature, with no significant loss cégision.

Fig. 11 presents the effect@fon the crack pattern of the beams obtained fordifferent deflection
valueg? As for the flexural behaviour, all models shoveedequivalent behaviour, with an overall
good agreement with the corresponding experimenisrvationsdf. Fig. 6-b). In addition, in all

models the oblique cracks developing at the GFRRity along the shear span could be perfectly

12 The behaviour of the model with: = 3000 N/m was not considered in this comparison duthé¢ poor
compliance with the experimental loasl deflection results.
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traced in the experimental prototype. During thstfmvacking stage, the existing cracks are always

“fully opened” (cracks in purple),e. mode | fracture energy is fully exhausted in thoseks.
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Fig. 11 - Effect ofGr on the composite beam’s crack pattern.
Crack legend: fully-open (purple).

Finally, all models were able to recapture thaahgtrength, which was set as the stopping cateri
in the models. At this point, no substantial diéfieces were detected between the different numerical
models in terms of deformed shapes, stress ditiilsiand crack patterns (Fig. 12). This resultgon
more, sustains that during the post-cracking stiag&FRP reinforcement was the main component

governing the beam’s behaviour, and hence a faltyiate definition o€; was not a critical factor.
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Fig. 12 - Numerical results of modebfimin—+/Aeiement — 50 — Linear — 2” in terms of (a) stress disttitw, (b) crack
pattern and (c) deformed shape.
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Crack legend: closed (green), and fully-open (m)cpl

5.2.1.2 Tensile strength

Fig. 13 presents a comparison between the expetairgamd numerical loads. mid-span deflection
curves ofR-SDurbeams, by considerinfg; of 45 MPa, 50 MPa and 55 MPa. It can be seen that
changing thefy: did not affect the overall qualitative behaviodrtilee beams for both modelling
approaches considerédcf. section 4.3.1). Aside from the expected differsrmethe cracking loads
and initial load drop, all models were able to kdkeir integrity and restore the beams’ initial
strength. In addition, the post-cracking procels, frogressive loss of stiffness and the residual
strength were similar among the different beams.

In what concerns crack pattern, minor differencesevfound between the models wigh= 45 MPa
andfy: = 50 MPa (Fig. 14). However, the model wigh= 55 MPa was unable to simulate multiple
cracks with high vertical development and, for ghhialue of displacement, a significant reductibn o
the number of shear cracks was visible. Thislim@with the general behaviour that would be exgeéc

from a material with a higher tensile strength.
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Fig. 13 — Effect ofg, on the loadss. mid-span deflection curves, considering (a) apgtdg and (b) approach 2.

13 Approach 1 assumes: = Gy min of each model; Approach 2 assumes an un@tia all models, equivalent
to the Gt min of model withfy = 55 MPa.
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5.2.1.3 Tension-softening diagram

Fig. 15 shows the comparison between the experahftexural behaviour of thR-SDurbeams and
the numerical behaviour obtained for the threeeddifit tension-softening diagrams simulated. It can
be seen that the bilinear shape is the one thatsbeslates the observed experimental behaviour.
The other two constitutive laws clearly overestiadkthe post-cracking flexural performance and did
not exhibit a progressive loss of stiffness afterinitial load drop: for a displacement of 10 ntheg
residual strength in those models was higher tharnitial strength and around 42% higher than the
experimental residual strength measureR-i8Dur-2beam specimen. These differences can also be
observed in the crack pattern. Indeed, apart flmBilinear diagram, none of the other two models
tested was able to replicate shear cracks towdrelsstipports, thus being unable to present a
progressive loss of stiffness (Fig. 16). Althougdihler fracture energies had to be used Bitimear
andCornelissiendiagrams (respectively 1.7 and 2.6 times highenpared to the Linear one), the
differences highlighted above are attributed ess@nto the change of the shape of the different
tension-softening diagram; indeed, for thieear diagram, no significant changes in the numerical

results were obtained when the fracture energyim@eased up to 2.6 times the default value.
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Fig. 16 - Effect of the tension-softening diagrémase on the crack pattern.
Crack legend: opening (blue), closed (green), neie(red) and fully-open (purple).

The reported differences may be related with thpeeted fracture behaviour of glass, which is closer
to the Linear (brittle materials with semi-stable fractures) glaam than to theBilinear or
Cornelissien The first diagram is the only one capable of dpéexhausting the total low fracture
energy of glass, presenting a low ultimate crackmab strain, which is a central criterion for
simulating highly quasi-brittle materials, evenféaturing a semi-stable fracture. The other two
diagrams seem to have the disadvantage of retamuingal stresses for higher crack normal strains,

not accurately representing the physical behavibgtass.
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5.2.1.4 Shear retention factor

Fig. 17 shows the influence of the shear retenfdmtor on the numerical flexural response of the
glass-GFRP compositeeams. For low constant values @f< 0.00001), the flexural behaviour
presented good agreement with the experimental ddtareas for high constant valuesthe
numerical models overestimated the residual stherdtis result, together with the fact that during
glass propagation most of the cracks are “fullyrdpshows that glass cracks are either characterize
by low values off3 or by high shear stiffness degradation oncefdhis attained. Therefore, high
constant values ¢f do not correctly simulate the experiments andyewsely, low constant values
seem to be a good approximation. Models with namstantg values,i.e. dependent on the current
and ultimate crack normal strains, predicted therall experimental response with fairly good
accuracy, since they replicated high initial sheagradation. Minimum differences were found
between the model witf= 0.00001 or power law degradations uging 1, 2 and 3. These results

are in agreement with the study of Bedon and Ldui&}.

a) g b)
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Fig. 17 - Effect of (a) constant and (b) variafflen the loads/s. mid-span deflection.

Similar conclusions can be drawn when analysingcthek pattern (Fig. 18).e. low constant values
of Byielded crack patterns with shear cracks as wdtlagizontal cracks on the upper part of the cross-
section (tensile area), whereas for higher valfigiluese two types of cracks were not yielded, despit

a noticeable development of vertical cracks tow#indssupports. The best correlations were obtained
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using a non-constant value @fnamely by taking = 2 f. Fig. 14 andy = 50 MPa).
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A - X
B=0.1 f=0.99
PAN - AN
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\\\M

D
P>

Gfmm — NAetemeni— 50 — Linear @

Fig. 18 — Effect of3 on the composite beam crack patteis (L3.75 mm).
Crack legend: closed (green), and fully-open (@)cpl

5.2.2 Effect of adhesive’s properties

The previous sections addressed the implementafian non-linear model to simulate the fracture

behaviour of glass. Several parameters were caibia order to guarantee a stable and convergent

model, capable of reproducing the fracture proseske glass-GFRP composite beams with perfect bond

After selecting the glass material mdielhe next step was to explicitly adopt a constitukaw for the

adhesive joints aiming at the simulation of the posite glass beams bonded with an arbitrary adhesiv

Fig. 19-a and -b compare the experimental flexteaponses with the numerical results obtained

from thePB (not applicable t&R-SFlexobeams)PSEandIE models.

14 SGNLMMassumes 10x10 n#irGs = Gtmin, N = 1/ Agiement» fox = 50 MPa, linear tension-softening diagram,
andg = (1 -1 y2,

C
En,u.lt
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Fig. 19 — Experimental and numerical flexural bébarvof (a)R-SFlexand (b)R-SDurbeams assuming: (i) no adhesive
layer, (ii) plane stress elements, or (iii) intedalements to represent the adhesive layer.

Fig. 19-a shows that theSE models underestimated the flexural stiffness of Rhi8Flexbeams
(26.5% lower than measured). This relative diffeeemay be due to the experimental difficulty in
accurately estimating the material properties of Wery flexible and viscoelastic adhesive. Indeed,
properties considered in this study were obtaimedhftensile tests, when the adhesive is subjected
mostly to shear in the beam tests.

On the other hand, with the interface elemetEsiodel), the numerical response of the glass
composite beams bonded with t8€lexadhesive was reproduced with much higher accuiracy
terms of (i) initial stiffness (only 3.5% higherath measured) and (ii) load reduction after the
appearance of the first crack. In this regard, aestioned, the differences to test data shall stem f
the experimental measuring system, which was un@bleapture with sufficient accuracy the
complete path of the load drop.

In terms of crack pattern slight differences weyenid between the models used to simulateRthe
SFlexbeams response. Indeed, the numerical introducfidime adhesively bonded interface led to
the appearance of a significantly lower numberratks in both models when compared to Rie
model. However, only theSEmodel succeeded in accurately simulating the ilpedicrack pattern

of theR-SFlexbeams, which was characterized by the appearamtcdevelopment of a single crack

under the load application section (Fig. 20). Thealopment of the crack pattern in fRReSFlex-IE
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model was localized but restricted to three cragtad of only one.

PSE IE
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= (- i
= | i
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8=10.0mm 6=10.0 mm
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§=15.5mm 8 =15.5mm
AN = AN :
SNLMMG

Fig. 20 - Crack pattern é&@-SFlexoeams wheRSEor IE models were adopted to represent the adhesive laye
Crack legend: closed (green), and fully-open (m)cpl

Regarding th&k-SDurbeams, Fig. 19-b shows that tREEmodels accurately estimated the initial
stiffness of the composite beams and their crackiad. However, the post-cracking stage was not
fully accurately captured; indeed, the models seided to simulate a progressive loss of stiffneds an
successive load drops, but yielded higher residtraingth than the beams tested with the same
cracking load. The models exhibited a shorterahibad drop, which affected the entire simulation,
overestimating residual strength since the appearafthe first crack. As for tHeRSEmodels, it was
expected that the introduction of interface elemennulating the adhesive layer would not impair
the good accuracy already achieved with FfB2and PSE numerical models. However, Fig. 19-b
shows that théE models were able to accurately simulate the Iditiaar elastic stiffness, but were
not so successful in capturing the second staffleests, as well as its progressive decrease dthiang
crack propagation in the glass pane. Comparingthek pattern oR-SDur-PBmodel with that of
R-SDur-IEmode| it is noticeable that some precision was lost (Rif)): for a displacement of
17.2 mm, the numerical models were unable to ptdsarzontal cracks or obliqgue shear cracks
towards the supports. This may be due to the Bitrifimitations of the double-lap shear tests

performed DL-SDur specimens) in retrieving the complete response ttaf glassDur

32



Valarinho, L.; Sena-Cruz, J.; Correia, J.R.; Branco, F.A. (2017) “Numerical simulation of the flexural behaviour
of composite glass-GFRP beams using smeared crack models.” Composites Part B, 110: 336—-350.

adhesive/GFRP bonded interfaces of the compositmfenamely in representing the cracked stage

of their flexural response

PSE IE
8 =3.40 mm 5 =3.40 mm
¥ b
= KT
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Fig. 21 - Crack pattern &®-SDurbeams wittPSE(left) andIE (right) models representing the adhesive layer.
Crack legend: closed (green), and fully-open (@)cpl

6. Conclusions

This paper presented a numerical study about telaement of plane FE models able to simulate the
flexural behaviour of rectangular glass-GFRP coritpdeams with two main objectives: (i) to calilrat

a standard non-linear material model for glassrdaougto the smeared crack approach (SCA); antb(ii)
assess a suitable method to reproduce adhesivadigthgoints of glass-GFRP composite beams.

The numerical models developed show that the S@Mlis to reproduce glass fracture in composite
beams and that the introduction of calibrated fater elements enhances the numerical models with
bonded joints comprising soft adhesives.

The correct use of a standard model for glasgiires the definition of several parameters. The
numerical results that best fitted the experimengsponse were obtained when the following

parameters were adopted: (i) tensile strength oMb@&; (i) fracture energyQG;) equal to the

15 Alternative experiments could involve single ldy@ar tests (to avoid “structural” redundancy), coespive
loads (to prevent premature glass failure) and tenadlly cracked glass adherends to assess the rcfuef
cracks in the stress transfer at the bonded itesta
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minimum value necessary to avoid snap-back indtgbévailable under a linear tension-softening
diagram and combined with a quadratic shear retefgictor law; (iii) crack band width equal to the
square root of the finite elements’ area (assurmegh objectivity); (iv) threshold angle of 30° the
development of new cracks; and (v) maximum numbéro cracks per element.

It was shown that it is possible to simulate gfessture considering a high€ than the experimental
value of 3 N/m. Indeed, the overall flexural beloavi of the glass-GFRP composite beams,
characterized by a linear elastic pre-crackingestagl a brittle post-cracking stage, was succagsful
reproduced usin@x in the range 3 N/m to 300 N/m. Therefore, it sedmsit is possible to simulate
glass-GFRP composite beams without using highlhcrdized meshes, thus requiring less
computation time and allowing the use of more pcataind stable numerical models.

For the range considered in this study, changiagythss strength did not affect the overall behavio
of the composite beams, but retrieved differentlkiray loads, in line with the experimental
observations (prone to glass scatter). Regardiadgethsion-softening diagram, the models showed
that a better correlation is found when a lineapgh(the one that minimiz€s) is used. Finally, the
study on the shear retention factor proved thatamrstant values are suitable for the shear stress
transfer after cracking.

Regarding the effect of using different adhesiveBdnd GFRP to glass, the accuracy of the different
numerical approaches depended on the adhesivakat 3the joints bonded with ti&-lexadhesive
presented low levels of interaction (considerabfmpage), which resulted in lower flexural stiffises
and global strength, but enhanced post-crackintilituf28]. The most accurate numerical predicton
of the aforementioned behaviour were obtained byuksiting the adhesive joint using interface
elements with the following constitutive law: exgotial shear lawa(= 0.90), with peak point at a
slippage o6, = 4.20 andy,= 1.70 MPa and with normal stiffnesskaf= 10 kN/m®. On the other hand,
the composite beams bonded with®i@uradhesive presented high levels of interaction néthligible

slip at the interfaces. Therefore, for these bednesmost accurate models were those in which the

adhesive was not represented and perfect bond éeylass and GFRP was considered.
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