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ARTICLE INFO ABSTRACT

The bending performance of laminated glass (LG) beams with Glass-Fibre-Reinforced-Polymer (GFRP)-em-
bedded rods is numerically assessed in this paper, based on earlier experimental investigations.

Compared to existing literature efforts related to reinforced glass beams — typically including external steel or
FRP tendons and/or reinforcement sections adhesively bonded to glass edges in tension — careful consideration is
given to the still rather innovative concept of traditional LG beams that contain pultruded GFRP rods embedded
within the interlayer foils. Taking advantage of past experimental results and preliminary Finite Element (FE)
outcomes for hybrid glass beams, the quasi-static bending performance at room temperature of several geo-
metrical configurations of LG beams with GFRP-embedded rods is compared. These geometrical configurations
include variations in number, size and position of rods. The effects and possible benefits due to initial pre-
stressing forces for the GFRP rods are also investigated. As shown for some selected configurations only, GFRP-
embedded rods can provide active contribution to traditional LG beams, both in terms of post-cracked resistance
and ductility. At the same time, given a reference geometry, a certain level of initial pre-stress can further exploit
the potential of the same GFRP rods, acting as pre-tensioned tendons thereby enhancing the initial fracture
strength. Several aspects should be properly taken into account to assess and optimize the overall performance of
these systems, however, since both their elastic and post-cracked performance are highly sensitive to various
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mechanical and geometrical input parameters.

1. Introduction and design concept

The application of glass as a structural material in contemporary
architecture is ever increasing. However, due to the brittleness of glass,
its application as a structural material requires specific attention with
respect to its safety performance. To this aim, over the past years, re-
search efforts have focused on a specific safety concept for structural
glass beams in which reinforcement tendons are added to the beam
configuration.

Structural glass beams are already widely used in design projects for
roofs and floors, as well as vertical fins and stiffeners for facades and
pavilions.

Generally, in such applications, the reinforcement tendons are ad-
hesively bonded at the tensile zone of the structural glass and are in-
tended to carry the tensile force in the event of glass fracture. As a
result, they provide a significant post-fracture load-carrying capacity
even when extensive glass fracture occurs (see for example [1-9]). The
concept of reinforced glass beam has been investigated for a wide range
of reinforcement materials and beam geometries. An extensive

overview is provided in [10]. Other effective solutions include also
external pre-stressed tendons [11].

More recently, research efforts are expanding towards post-ten-
sioned glass beams. Rather than adding ‘passive’ reinforcement tendons
to a given structural glass beam, the tendons are now activated through
a pre-tensioning action, thereby inflicting a beneficial compressive pre-
stress on the glass beams. Due to this compressive pre-stress, the initial
fracture strength of the annealed glass beam — which is governed by its
limited tensile strength — is enhanced, while the post-tensioning ten-
dons still guarantee a significant post-fracture load-carrying reserve
(see for example [12-14]). An overview of recent research activities in
the field of post-tensioned glass beams is included in [10], while
comparative Finite-Element (FE) numerical investigations on glass
beams with unbonded steel or adhesively bonded, post-tensioned steel
or CFRP tendons are presented in [15], [16] and [17] respectively.

The current paper adds to the investigations into reinforced and
post-tensioned glass beams. Compared to most of related existing stu-
dies, however, instead of adding reinforcement tendons at the outer
perimeter of a given structural glass beam sections, the actual research

* Corresponding author at: Department of Engineering and Architecture, University of Trieste, Piazzale Europa 1, 34127 Trieste, Italy.

E-mail address: chiara.bedon@dia.units.it (C. Bedon).

http://dx.doi.org/10.1016/j.compstruct.2017.10.027

Received 14 July 2017; Received in revised form 17 September 2017; Accepted 10 October 2017

Available online 16 October 2017
0263-8223/ © 2017 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/02638223
https://www.elsevier.com/locate/compstruct
http://dx.doi.org/10.1016/j.compstruct.2017.10.027
http://dx.doi.org/10.1016/j.compstruct.2017.10.027
mailto:chiara.bedon@dia.units.it
http://dx.doi.org/10.1016/j.compstruct.2017.10.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2017.10.027&domain=pdf

C. Bedon, C. Louter

investigation aims to integrate reinforcement tendons within the web of
the beams. This goal is achieved by embedding Glass-Fibre-Reinforced-
Polymer (GFRP) tendons in the interlayer of glass sections. More spe-
cifically, small pultruded GFRP rods are intended to be laminated by
means of polymer interlayers between the individual glass plies of a
given laminated glass (LG) unit, using a regular autoclave lamination
process. The GFRP rods act as reinforcement tendons and all their in-
teraction with the adjacent glass panels is provided through the
polymer interlayer foils. GFRP is selected because of its high tensile
strength which is, despite its brittle response, expected to enhance the
post-fracture strength of structural glass beams as compared to more
common reinforcement materials for glass beams such as stainless steel
or timber. Additionally, GFRP has a translucent appearance, thereby
minimizing the visual impact on the glass beam as opposed to other
opaque reinforcement materials.

The structural validity of the explored design concept has already
been demonstrated experimentally in [18]. There, through four-point
bending experiments carried out on 1.5m long, LG beams with em-
bedded GFRP rods, it was shown that such beams are able to reach
significant post-fracture loads, well beyond the initial fracture load.
However, apart from those past experiments, the design concept has to
date not been further explored. The current paper, in this context, takes
the existing bending experiments as a basis for a more extended FE
parametric study, aiming to investigate more in detail the actual
structural performance of the examined structural typology. In doing
so, careful consideration is given in ABAQUS [19] to a series of geo-
metrical aspects, including size, number and position of rods. In addi-
tion, the paper investigates the structural effects deriving from possible
pre-tensioning of the same embedded GFRP rods, such as done in the
post-tensioned glass beam concept, thereby targeting for an enhanced
initial fracture strength and an improved post-fractures performance.
As shown, however, the overall performance depends on a multitude of
aspects, which should be properly combined in order to maximize the
benefits of the explored design concept.

2. Summary of past experimental tests

The full FE investigation proposed in this paper is carried out on the
basis of past experimental studies presented in [18].

There, all the beam specimens, with a nominal length of 1.5m,
consisted of a double-layer LG section, with 8 mm X 115 mm the size of
each glass panel and a bonding SentryGlas® (SG) interlayer [20]. Two
different beam typologies were tested, by changing the type, number
and size of pultruded GFRP rods, including beam specimens with 3 flat
embedded rods (S-glass filaments within an epoxy matrix resin), as well
as 5 round rods (E-glass filaments within a polyester matrix), both
embedded in a SentryGlas® (SG) interlayer and positioned in ac-
cordance with Fig. 1(a) and (b).

Within the typical beam specimen, the SG foil was composed of 3
sheets, for a total nominal thickness up to =3.9 mm (1.52 mm for ex-
ternal layers, plus 0.8mm for the middle one) and =4.5mm
(1.52mm X 3) for beam specimens with flat or round rods respectively.
During the assembly stage, the middle SG sheet was properly cut, to
host the GFRP rods, so that the same rods could be kept in their correct
position during the lamination process.

For both beam types, 2 specimens were tested in accordance with
the test setup provided in Fig. 1(c). All the experiments were carried out
under laboratory conditions, with 23 °C the average temperature. The
specimens were loaded until first cracking by imposing a displacement
rate of Imm/min. For the post-cracked stage only, the imposed de-
flection rate was increased stepwise to 2 and 5 mm/min, up to collapse
of the specimens. In doing so, the applied vertical load and the corre-
sponding mid-span deflection were continuously monitored.

In Table 1, additional geometrical and mechanical properties are
given for the flat or round GFRP rod types, in accordance with
[18,20,21]. Based on the nominal cross-section of glass given in
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Fig. 1(a) and (b), moreover, for comparative purposes Table 1 also re-
ports the calculated non-dimensional R4 values for both the beam types,
being representative of the ratio between the total cross-sectional area
of glass (Agqas =2 X 8 X 115 = 1840 mm?) and the total cross-sec-
tional surface Ayoq ¢ Of rods (i.e. A,,q multiplied by the number of rods
nrod)-

3. Finite Element numerical study
3.1. Assembly, mesh and interactions

Based on Section 2, the full FE investigation was carried out in this
research study on several geometrical configurations of LG beams re-
inforced with GFRP-embedded rods. Beside the specific geometrical
features of the two typologies of beam specimens described in
Fig. 1(a) and (b), the same general FE assumptions were taken into
account when describing, assembling and calibrating the so called ‘MF-
n3’ (‘M’ = model, ‘F’ = flat rods, with n,,q = 3) and ‘MR-n5’ (round
rods, n,,q = 5) models.

Basically, due to symmetry, half specimen only was described in
these FE models, by taking into account the longitudinal plane of
symmetry of the examined specimens (see Fig. 2). Aiming to ensure the
computational efficiency and accuracy of numerical simulations, opti-
mized FE models were developed. In them, a combination of 3-node
and 4-node monolithic shell elements (S3R and S4R type of ABAQUS
library [19]) was in fact used for the description of each glass panel. 8-
node solid brick elements were taken into account for the SG foils only
(C3DS8R type [19]), so that they could physically host the GFRP ten-
dons. For the latter components, beam elements (B31 type [19]) were
finally used, with nominal cross-sectional properties provided in
Table 1, and positioned in accordance with Fig. 1(a) and (b).

Mesh pattern and size was chosen so that reliable predictions on
crack propagation in glass could be obtained, for the examined loading
configuration. As such, the reference size of mesh elements was refined
in the beam region subjected to tensile stresses (with 2mm the average
edge length of shell and solid elements), but increased up to a max-
imum of 15mm for the beam region mainly subjected to compression
stresses due to bending. The final assembly hence consisted of a set of
6000 elements and 33,000 degrees of freedom.

A key role was then assigned to mechanical constraints, in order to
ensure an appropriate structural interaction between all the FE model
components. At the glass-to-SG interface, a surface distributed “tie”
constraint was used, so to avoid possible relative displacements and
rotations between all the interested mesh nodes [19]. The “embedded”
constraint option was then defined for each one of the GFRP rods, so
that they could be physically hosted by the surrounding SG layer [19].

Due to symmetry of the FE model, appropriate boundary conditions
were finally considered, along the mid symmetry axis of the beam, as
well as to account for the bending test protocol of the specimens.

3.2. Materials

The mechanical characterization of materials models was based on
past literature projects (see for example [15-17]) and technical data-
sheets (i.e. [21,22]). Constitutive laws and damage models for glass, SG
and GFRP, in particular, were selected to optimize the accuracy of FE
predictions for the bending performance of the examined beam typol-
ogies, under monotonic static loading and ambient temperature.

In the case of float annealed glass, the concrete damaged plasticity
(‘CDP’) material model was used [19]. In accordance with material
product standards [23], the nominal characteristic tensile strength
ox = 45 MPa was taken into account, with reference nominal values
also for modulus of elasticity (Egqs = 70GPa) and Poisson ratio
(Vgiass = 0.23). In terms of compressive resistance, a conventional value
o = 1000 MPa [23,24] was indeed considered, as also in accordance
with the numerical investigation proposed in [15].
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Fig. 1. Reference cross-section (exploded and assembled) for the beams experimentally investigated in [18], with evidence of geometrical features of specimens with (a) flat and (b) round

GFRP-embedded rods, and (c) test setup (front view). Nominal dimensions given in mm.

The CDP damage model (see the ABAQUS Theory Manual for an
extended theoretical background [19]), describes the inelastic com-
pressive and tensile behaviours of a given brittle material in the form of
a multi-hardening plasticity and a scalar isotropic damaged elasticity
characteristic curves (see Fig. 3). In this research study, the main post-
cracked input parameters were defined in accordance with earlier re-
search contributions as well as literature references (see also [15] for
the CDP calibration considered in the current study), so to account for
the brittle behaviour of glass. In doing so, to avoid additional numerical
instabilities for the post-cracked stage predictions, the physical deletion
of cracked shell elements from the mesh pattern was then fully dis-
regarded. As such, failed glass elements with almost null residual
stiffness and strength were not removed from the 3D assembly. In terms
of post-processing of the obtained FE data, a direct effect of this mod-
elling assumption was the lack of visual cracks in glass shell elements.

The first occurrence of tensile damage as well as the propagation of
cracks in the LG beam up to collapse, consequently, was in any case
continuously monitored in the form of damage energy evolution and
distribution of stresses in the glass elements.

For SentryGlas®, based on the purpose of the current FE investiga-
tions, an equivalent, linear elastic mechanical behaviour was taken into
account. Possible viscoelastic effects, in this sense were fully neglected
on the overall performance of the examined specimens. The equivalent
elastic stiffness of SG foils (Esg = 120 MPa) was calibrated on the base
of the average duration of the experiments (=30-45min) and past
literature projects (see for example [6,25,26]).

In the case of GFRP rods, their brittle elastic constitutive behaviour
in tension was reproduced by means of an equivalent elasto-plastic
stress-strain relationship. A tensile damage criterion was also properly
calibrated, via the ‘ductile damage’ material option available in
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Table 1
Geometrical and mechanical properties of GFRP rods, depending on the beam type
[18,21,22].

Flat rods Round rods

Rod size [mm] - 0.8x6 ¢ 2 (diameter)
Rod area [mm?]  Aeq 4.8 3.1
Number of rods - Nyoq 3 5
Total area [mm®]  Arqr  23.04 15.5
Glass-to-GFRP ratio - I: =130 =120
Volume fraction [%] Vrod 60-65 63
Glass fibre filaments type - - S-glass E-glass
Tensile strength (virgin [MPa]  Opoqv 4600 3400

nominal)
Tensile strength (nominal) [MPa]  Oyoq 2760-2990 2142
Modulus of elasticity [MPa]  E,oq 83000-90000 73000

ABAQUS, so that the single rod in bending could manifest a fully brittle
collapse mechanism when first achieving the ultimate tensile re-
sistance/strain. To this aim, the elastic modulus, ultimate resistance
and failure strain were derived from technical data-sheets of the pro-
ducer (see Table 1).

3.3. Loading

Displacement-controlled simulations were carried out in ABAQUS/
Explicit [19], in the form of dynamic analyses with quasi-static increase
of imposed vertical displacements.

Based on the assumed mechanical models for materials, as well as
on the test setup provided in Fig. 1(c), the assigned bending deflections
were gradually increased on both the reference FE models re-
presentative of experimental specimens with flat or round rods. Ac-
cordingly, the evolution of reaction forces, mid-span deflection, as well
as stress distribution and damage initiation and propagation in the
various beam components was continuously monitored. In doing so, the
maximum imposed displacement was set up to 100mm, being re-
presentative of =1/15 the total span. The ultimate failure configura-
tion for each beam — being dependent on possible collapse mechanisms
occurring in glass (i.e. tensile cracking and/or crushing phenomena), in

Beam support

Mid-span control point
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the GFRP rods (tensile brittle failure) or in the SG foils (yielding and
tearing) — was hence predicted for them.

3.4. Preliminary FE analyses and discussion of results

The so assembled MF-n3 and MF-n5 models were first used to run
preliminary numerical analyses on the reference experimental beams,
so to compare the numerical predictions with full-scale bending test
results derived from [18].

The so obtained data are collected in Table 2 — in the form of key
values for measured loads and displacements — as well as in Fig. 4 for
the full load vs. mid-span deflection response. Basically, as also ex-
perimentally observed at the time of the past research project [18], the
examined beam typology proved to offer well promising structural
performances, compared to the same geometry with a traditional LG
section only. The latter aspect is also emphasized in Table 2, where the
first cracking configuration (i.e. (F;, u;) values) and the ultimate, post-
cracked performance parameters (i.e. (Fpqy, Uy Values) are compared
for the past experimental test specimens, the corresponding FE models
(MF-n3, MR-n5), as well as a further FE model representative of the
same beam geometry and loading setup, but deprived of the GFRP rods
(i.e. ‘no rods’ columns in Table 2). There, F,,, denotes the post-fracture
peak value sustained by the beams, while u,;, represents the ultimate
mid-span deflection at collapse.

As far as the full load-displacement response of the same beams is
also considered for comparative purposes, in place of selected load/
deflection values collected in Table 2, it is possible to perceive a rather
close correlation between the proposed FE models and the corre-
sponding test measurements, see Fig. 4.

For both beam types, in particular, the actual bending response is
namely characterized by three specific phases, including (i) the elastic
stage, (ii) the first cracking phase and (iii) collapse. Initially (i), the
elastic stiffness is predominantly given by the glass panes, due to neg-
ligible in-plane flexural contribution of SG foils as well as limited
stiffness of GFRP rods, compared to glass. For the same reason, it can be
noticed from Table 2 that the ‘no rods’ FE model is mainly characterized
by a linear elastic response, in which first cracking mostly coincides
with GFRP-reinforced specimens.

Lateral bracing

SG foil (solid)

Glass panel

ASSEMBLY DETAIL (shell)

GFRP rod (beam)

Beam support

Fig. 2. Overview of the typical FE model representative of half beam specimen, with assembly detail (mesh pattern hidden) referred to beams with round rods (MR-n5, ABAQUS [19]).
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Fig. 3. Mechanical constitutive laws for the CDP model representative of (a) tension and (b) compression behaviours (ABAQUS [19]). Input parameters derived from [15].

Table 2

Experimental results for specimens with flat and round rods, in accordance with [18], and corresponding FE predictions (ABAQUS [19]). R = 100 X Fpax/F1, Ry = 100 X uy/u;,

Apg = 100 X (Vg — VrEST)/VTEST-

Flat rods (F-n3) Round rods (R-n5) No rods
Fy [kN]  u; [mm]  Fpge [KN]  wy [mm]  Rp [%] R, [%] F; [kN]  u; [mm]  Fpae KNl wy [mm]  Rp [%] R, [%] F; [kN]  u; [mm]
EXP  Avg. 5.5 2.9 11.6 81.5 210 2810 6.8 33 7.8 51.6 115 1563 - -
St. Dev. 0.5 0.5 0.5 4.2 - - 1.5 0.8 0.1 3.9 - - - -
FE 5.7 2.3 12.9 77.8 226 3382 6.5 2.3 9.1 60.6 140 2634 5.6 2.3
Agg [%] 3.6 -20.6 11.2 -4.5 - - 4.4 -30.3 16.6 17.4 - - - -

The major effect of GFRP-embedded rods, in this regard, lies in the
marked benefit the LG beams can achieve, in terms of residual re-
sistance and maximum deformations in the post-cracked stage, hence
resulting in a marked improvement of redundancy and ductility, com-
pared to traditional LG beams.

Actually, from the numerical and experimental data collected in
Table 2 and Fig. 4, it is possible to notice that FE models tend to
overestimate the elastic stiffness of specimens (=1.89kN/mm and
~2.06 kN/mm the average test value for beam specimens with flat and
round rods respectively), up to =30% the experimental value for both
beams typologies. This scatter, as also in accordance with earlier
comparative applications for structural glass beams (see for example
[15-17]1) can be explained by possible local deformations of the ex-
perimental setup, being the latter values actually included in the
measured vertical deflection of the specimens control point but not
accounted by the corresponding FE models.

In terms of first cracking load Fj, in addition, it can be seen from
Table 2 and Fig. 4 that for the specimens with flat rods but especially in
the case of the specimens with round rods, the assumption of a nominal
value for the tensile resistance of glass generally provides close corre-
lation with experimental average values of first fracture loads for both
beam typologies. In any case, the high scatter in the actual glass
strength (up to 30% the usual range of variation from nominal values,
see also [27]) can lead also to partial discrepancy between test results
and corresponding FE predictions. This is the case of round rod speci-
mens, where marked variations were observed in terms of first cracking
load for the two specimens (see especially the ‘EXP R-n5-#2’ plot in
Fig. 4(b)), as well as for the corresponding FE model.

In any case, rather interesting correlation was generally noticed
between FE simulations and reference test results, in terms of global
bending performance up to collapse of the specimens. Collapse me-
chanism, in particular, was typically associated to wide propagation of
tensile cracks in glass, with progressive decrease of the post-cracked
stiffness for both the beam typologies (see also [18]). Cracks opening

and propagation can be also perceived in Fig. 4 in the form of pro-
gressive drops for the measured load-deflection curves, with rather
appreciable correspondence between experimental and FE data.
Through stage (ii) of the simulation process, the actual post-cracked
resistance mainly depends on the residual glass section, but takes ad-
vantage from the GFRP rods acting as tensile tendons for the damaged
beams. As a consequence, the specimens are able to sustain additional
loads as far as the GFRP rods themselves lie in the elastic range. Also in
this case, from Fig. 4(a) and (b), it is possible to notice — beside the lack
of additional small scale tests on single components, to further calibrate
the input material properties — that both the MF-n3 and MR-n5 FE
models including nominal tensile resistance of GFRP rods proved to
estimate with rather interesting accuracy the ultimate configuration of
the corresponding experimental specimens, hence suggesting a further
extension of the same FE numerical study, aiming to investigate more in
detail the potential and actual performance of the examined structural

typology.

4. Extended FE parametric study and discussion

Based on FE methods and preliminary outcomes presented in
Section 3, a further extended parametric investigation was carried out
on the same beam typology, so that major effects of some input para-
meters (i.e. number and position of GFRP rods, for a given glass beam
geometry) could be analysed.

At a following stage of the parametric study, see Section 4.2, the
benefits of possible pre-stressing forces for the GFRP rods were also
investigated, in order to further optimize the overall structural perfor-
mance of such beams.

4.1. Effect of GFRP rods number, section, position

Given the MF-n3 and MR-n5 geometrical properties summarized in
Fig. 1 and Table 1, as well as the FE methodology described in Section
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Fig. 4. Experimental [18] and numerical (ABAQUS [19]) load-displacement response of beam specimens with (a) flat or (b) round GFRP rods, in accordance with Fig. 1.

Table 3
Geometrical properties of selected FE models for parametric analyses on LG beams with
GFRP rods.

Reference models Round rods Bottom tendon

MF-n3 MR-n5 MR-n3 MR-n7 MR-n10 M-Bot
Arod mm? 4.8 3.1 3.1 3.1 3.1 15.5
Noa - 3 5 3 7 10 1
Arodor  mm?>  23.1 15.5 9.3 217 31 15.5
Ra - 130 120 200 85 60 120

3, additional configurations were numerically investigated for the same
glass beams. Basically, the total number n,,4 and/or the total section
Arod o of GFRP rods — hence their position along the section height —
was first modified, compared to the MF-n3 and MR-n5 systems. Selected
cases are summarized in Table 3 and Fig. 5, with evidence of corre-
sponding pattern for the GFRP rods.

For comparative purposes only, a further reinforcement configura-
tion was also considered, as labeled in Table 3 and Fig. 5 by ‘M-Bot’
model (‘Bot’ = bottom tendon). In the latter case, in particular, the
same total section A4 Of the MR-n5 test specimen was used (i.e.
R4 = 120), but the GFRP reinforcement was assumed to consist of a
single tendon only, with full solid cross-section, and to lie along the
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tensile edge of the glass beam (see Table 3 and Fig. 5).

As shown in Fig. 6(a), given their almost comparable amount of
GFRP rods (i.e. R4 coefficient for the MF-n3 and MR-n5 reference
beams), no marked variations were noticed in the overall bending
performance of the corresponding FE models, despite the different
number of rods (n,,gs = 3 and 5 for them, respectively). Rather close
correlation between the MF-n3 and MR-n5 plots can be noticed also in
terms of post-cracked stiffness, being this latter parameter mainly de-
pendent on the bending stiffness of GFRP rods rather than on the re-
sidual (almost negligible) contribution of severely cracked glass panels.

As a result, further parametric investigations were mainly focused
on the effects due to variation in the total amount Ao ¢ 0f GFRP rods
on the actual bending performance of the examined glass beams, as also
in accordance with Table 3.

Globally, a rather stable flexural performance was observed by
changing n,q.

Fig. 6(b) compares the bending performance of the MR-n3, MR-n5
and MR-nl0 cases, being the intermediate MR-n7 curve omitted for
clarity of presentation, with evidence of the first 30mm of measured
mid-span deflection. As shown, due to the examined bending loading
configuration, the increase of GFRP-embedded rods number for the
reference MR-n5 specimen does not modify the overall flexural re-
sponse of the analysed beams (i.e. plots give for MR-n7 and MR-n10
beams). Partial post-cracked stiffness and resistance decrease can be
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Fig. 5. Schematic cross-section of beams with different number and/or amount of GFRP rods, in accordance with Table 3 (nominal dimensions given in mm).
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Fig. 6. Numerical load-displacement response (ABAQUS [19]) of beam specimens with different geometrical configurations and/or total amount for the GFRP rods, in accordance with

Table 3.

noticed for the MR-n3 beam only (R4 = 200), compared to the MR-n5
model. In any case, for all of the MR-n3, MR-n5, MR-n7 and MR-n10
beams, first cracks was observed to occur at =2.3mm of deflection,
with =6.5kN the corresponding load fracture load. After 30 mm of
mid-span deflection, the glass panes were noticed to be mostly frac-
tured, even with all the GFRP rods still in the elastic range, with
maximum stresses in the order of =1450 MPa for the bottom rods only
subjected to maximum bending effects. Worth of interest in Fig. 6(b) is
the post-cracked contribution of rods for the MR-n3 beam, where - even
in presence of a limited amount of GFRP total section for tendons (i.e.
R4 = 200) - the GFRP embedded reinforcement can still offer a rather
stable behaviour to the almost cracked glass panels.

In this regard, Fig. 7(a)-to-(d) present a typical (qualitative) pro-
pagation of cracks in glass, with evidence of tensile distributions at
different mid-span deflections (5, 10, 20 and 30 mm), as observed for
the reference MR-n5 model. There, cracks in glass can be perceived to
locate and propagate thanks to concentration and distribution of

stresses.

The performed FE simulations highlighted, for example, that addi-
tional GFRP rods in the top region of the beam (i.e. MR-n7 or MR-n10)
would not provide any kind of global structural effort for the cracked
glass panes, compared to the reference MR-n5 configuration, neither in
terms of post-cracked stiffness (as also highlighted in Fig. 6(b)) nor in
terms of crack propagation (i.e. Fig. 7(a)-to-(d)). However, major
benefits can be expected for the explored beam configurations espe-
cially under cyclic loading conditions, hence suggesting the suitability
and feasibility of an optimized FRP-embedded rod reinforcement, as
well as the need of further investigations inclusive of various loading
conditions.

A rather different performance was indeed observed for the M-Bot
system, in which some benefits due to the application of a bottom, full
solid GFRP section at the tensile edge of glass panes can maximize the
bending performance of the examined beams, for the investigated
loading condition. While the first cracking load is mostly comparable to
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Fig. 7. Numerical distribution of principal stresses in glass, for different mid-span deflections (vectorial representation, front view). Results collected for (a)-(d) MR-n5 beam or (e) M-Bot

beam (ABAQUS [19]). Arrows indicate crack initiation points.

the MR-n5 solution as well as the other beams with GFRP-embedded
rods in general, from Fig. 6(b) it is in fact possible to perceive that
maximum efforts due to the bottom tensile tendon can be achieved in
terms of post-cracked stiffness for the fractured assembly, due to more
favorable position of the tensile GFRP tendon. However, see Fig. 7(e),
given a reference deflection of 30 mm, qualitatively larger cracks can be
also observed in the glass panes of the M-Bot system, compared to
beams with GFRP-embedded rods (i.e. Fig. 7(d)), hence giving further
evidence of the key performance aspects and difference between the
two beam typologies.

4.2. Effect of pre-tensioned GFRP rods

4.2.1. General modelling assumptions

At a second stage of the FE parametric study, the effects and po-
tential benefits of additional pre-stressing forces in GFRP rods were
investigated. In doing so, some of the geometrical configurations dis-
cussed in Section 3.1 and Table 3 were further analysed, including the
effects of various levels for the initial force P, imposed in the rods. In
accordance with Section 3.1 and Fig. 1(c), in addition, the same
boundary conditions and symmetry assumptions were accounted for the
examined beams, through the FE modelling phase. The actual result of
lateral bracings in accordance with the experimental setup, for ex-
ample, is the prevention of possible lateral-torsional buckling phe-
nomena in such beams, hence the latter issue should be separately as-
sessed and properly prevented. While standardized design methods are
in fact available in the literature for simple glass structural elements
under various loading and boundary conditions (i.e. [28]), the actual
lateral-torsional buckling response and resistance of similar hybrid
beams should be properly assessed, including the effects due to con-
tinuous lateral supports and interacting structural elements as a part of
full assemblies they belong [29-31].

As also shown in [16,17], as well as in agreement with the me-
chanical performance of reinforced concrete members, as far as an
optimal level of pre-stress is imposed to tendons for a given beam
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geometry, important benefits can be achieved in its overall structural
performance. This is true especially in the case of glass and hybrid glass
systems, due to the intrinsic tensile brittleness of material, as well as to
the mostly limited thickness of glass panes composing a LG section.

As a general rule for the FE study inclusive of pre-stressing effects,
compared to Section 3, few key variations were preliminary im-
plemented in the typical FE numerical model, so that the pre-stressing
stage and its effects on the fully composite assembly could be properly
described and taken into account, in the form of an initial stress state
for the subsequent bending analysis.

The typical simulation consisted in fact, as also in accordance with
[16,17] and Fig. 8, in a combination of three subsequent steps carried
out both in ABAQUS/Standard and ABAQUS/Explicit [19], and namely
represented by (I) pre-stressing of the GFRP rods alone; (II) release of
the GFRP rods + adhesive bonding phase; (III) bending test on the
composite beam. First, step (I), the post-tensioning phase was numeri-
cally reproduced in the form of a static incremental analysis. At this
stage, the average experimental value of the imposed pre-stressing force
P, was assigned to the steel tendon only, by means of an imposed
equivalent initial stress opo.

Given an initial force value P, for the single rod with A,,q cross-
section, in particular, the non-dimensional parameter Rp, parameter
was defined as:

B 1
Amd Orod

®

with A,,q and 0,4 given in Tables 1 and 3.

During step (I), no mechanical interaction was considered between
the GFRP rods and the glass beam. Once attained the desired level of
initial pre-stress in the GFRP rods alone, the release & laminating stage
was reproduced in the form of a second static incremental step (phase
(ID). At this stage, the ‘embedded’ constraint early described was im-
posed at the interface between the GFRP rods and the SG layer, so that
the middle interlayer could physically host the tendons. In addition,
further rigid restraints (nodal tie option) were imposed between each
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Fig. 9. Typical effects of initial pre-stressing forces in terms of stress distribution in the glass panes, overall view with detail close to the beam ends (ABAQUS [19]). Example referred to

the MR-n5 beam, with Rpp = 0.50 (front view, with stress values given in Pa).

GFRP rods end and the adjacent glass edges, so to account — after the
release of pre-stressed rods — the presence of small metal gaskets able to
keep rods themselves in their position, hence to provide a certain (even
local) structural interaction between GFRP rods and glass panels. The
primary aim and consequence of these latter FE assumptions is in fact
that the GFRP rods, once released, could exhibit their beneficial effects
in the form of an imposed upward bending for the glass beam (Mo, in
Fig. 8), with a corresponding bi-triangular distribution of initial stresses
in the glass layers. Due to fixed end restraints for the GFRP rods, such a
kind of effect is ensured also in presence of relatively weak interlayers.
On the other hand, the occurrence of additional stress peaks in the glass

(i.e. Fig. 9 and related comments) should be properly checked.

Finally (phase (III)), the four-point bending test simulation was
carried out on the so assembled GFRP reinforced composite system (see
also Section 3).

As a key aspect of performed FE simulation, careful consideration
was paid for the evolution of maximum stresses in all the assembly
components, during the full simulations and phases I-to-III. As far as the
GFRP rods subjected to an initial pre-stressing force P, and then re-
leased are expected to mainly manifest in the form of an upward
bending deformation for the examined full composite beams, further
peaks of stresses are also expected close to the end edges of glass panes,



C. Bedon, C. Louter

Table 4

Composite Structures 184 (2018) 650-661

FE parametric analysis of glass beams with GFRP-embedded rods, including pre-stressing force. Rg = 100 X Fyay/F1, Ry = 100 X uy/uy. (*) stress values referred to mid-span section.

Pre-stress effects only (*)

Bending performance

Rpo Up+ 0c,0 0o

F; L8] Finax Uyie R

u
FE Model Eq. (1) [mm] [MPa] [MPa] [kN] [mm] [kN] [mm] [%] [%]
MR-n3 - 0 0 0 6.5 2.3 7.7 55.7 118 2422
0.25 0.29 —-7.08 1.87 7.2 2.6 8.4 48.7 117 1873
0.5 0.58 -14.16 3.78 8.4 3.1 8.1 17.8 96 574
0.75 0.88 —21.25 5.59 9.7 3.6 7.8 15.2 81 157
MR-n5 - 0 0 0 6.5 2.3 9.1 60.6 140 2634
0.25 0.36 -9.88 1.34 7.6 2.8 11.9 58.7 157 2097
0.5 0.73 -19.76 2.64 9.3 3.5 11.4 40.5 122 1157
0.75 1.09 —29.64 4.11 10.5 3.8 11.4 13.4 109 352
MR-n10 - 0 0 0 6.5 2.3 9.1 60.9 140 2636
0.25 0.07 -9.21 -7.28 7.7 2.8 12.1 58.8 157 2100
0.5 0.14 —18.60 —14.57 8.9 3.2 12.9 38.6 144 1206
0.75 0.21 —27.89 —21.86 10.2 3.7 13.9 26.8 136 724

i.e. where the GFRP rods are restrained and local effects can occur.

In this regard, Fig. 9 gives evidence of the typical distribution of
stresses in glass at the end of phase II. There, the initial stresses due to
P, are proposed for the MR-n5 beam, with Rpy = 0.5. As far as the
geometry and configuration of GFRP rods modifies and the imposed P,
also changes in magnitude, it is clear that crushing phenomena at the
glass pane edges should be properly monitored and prevented, in order
to maximize the benefits of the same pre-stressed rods. At the same
time, it is also clear that the optimal configuration for pre-stressed
GFRP rods should account for a combination of multiple aspects, in-
cluding the glass-to-GFRP ratio, the Rpy, amount of pre-stress, compared
to the fracture stress of rods, as well as the basic mechanical properties
of glass panes.

4.2.2. Parametric study and discussion

Aiming to explore the feasibility and potential of GFRP-embedded
reinforcing rods, including pre-stressing forces of various magnitudes,
Table 4 summarizes the major outcomes of the parametric FE study,
highlighting for each model the load-deflection configurations asso-
ciated to first cracking and collapse. Based also on Section 4.1, for
clarity of presentation, the MR-n7 configuration was omitted from
Table 4 (i.e. being intermediate to MR-n5 and MR-n10, with almost
identical bending performance), giving evidence to initial force level

160

- @ - MR-n10
—8— MR-n5
—e— MR-n3

0.25 0.75

RPO

(2)

effects on the other embedded models only. In Fig. 10, to this aim,
further non-dimensional comparisons are proposed, being re-
presentative of the post-cracked performance of the examined beams,
while Fig. 11 presents additional comparative plots, as numerically
derived in the form of load at the support — mid-span deflection curves.

Globally, important effects were generally noticed for the examined
configurations, by imposing a certain value of pre-stress in rods.

In Table 4, pre-stressing effects are emphasized — given a beam
geometry and a Rpp level, in the form of maximum uplift uy ., as well as
compressive 0. and tensile 0, stresses in glass due to P, only (i.e.
Fig. 8). As a general rule, in this regard, a mostly linear proportionality
was observed between the Rpy values and the corresponding stress ef-
fects in glass panes, at the end of Phase II. As a result, a proportional
increase of elastic performances and first cracking configuration (i.e. F;
and u; in Table 4) was generally noticed for all the beam configura-
tions, as a function of the imposed pre-stressing value P,,.

Worth of interest, in this regard, is the pre-stressing configuration of
the MR-n10 beam, where the presence of rather uniform distribution of
GFRP rods on the total height of the LG section mostly vanishes the
expected effects of the same reinforcement rods, as well as of additional
pre-stressing loads. This effect can be noticed in Table 4 and
Fig. 10(a) and (b), especially for null/low pre-stressing levels (Rpp = 0
and 0.25), where coinciding RF and Ru values were obtained for MR-n5

3000

<
2500

0.25
Reo

(b)

Fig. 10. Effects of pre-stressing forces on the post-cracked performance of examined beams, as numerically obtained in terms of (a) resistance and (b) deflection non-dimensional rations

(ABAQUS [19]).
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Fig. 11. Numerical (ABAQUS) load-displacement response of beam specimens with different amount of GFRP rods and initial pre-stress, in accordance with Table 4. (a) MR-n5
configuration, by changing Rpy and (b) comparison of various rod geometries, with Rpy = 0.75.

and MR-n10 beams.

As also in accordance with this latter observation, different effects
were in fact observed for the same selected beams in the post-cracked
stage, see Table 4 and Figs. 10 or 11.

In Fig. 11(a), for example, the MR-n5 beam response is shown by
changing the amount of P, i.e. by assuming a Rp, ratio equal respec-
tively to 0, 0.25, 0.50 and 0.75. Basically, by increasing the Rp, value,
the enhanced bending performance of beam specimens up to first
cracking configuration is associated to opposite effects for the post-
cracked stage. As a consequence of the same Rpy value, the GFRP rods
are in fact lead to premature failure and their overall benefit for the
laminated glass section vanishes. The latter aspect is also further em-
phasized in Table 4 in the form of Rr and R, values, with decreasing
values for higher Rpg levels. Given the MR-n5 configurations compared
in Fig. 11(a), in this sense, the optimal Rp, value for the examined
geometry was found to lie in the range of 0.25-0.50.

As far as the amount and distribution of GFRP rods modifies, see
MR-n5 and MR-n10 plots in Fig. 11(b), the presence of initial pre-
stressing forces (Rpp = 0.75, for selected curves) can be still associated
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to minimum variations in the overall bending performance of the ex-
amined beams. In the case of the MR-n10 beam with increased number
of rods, in addition, higher ductility was noticed compared to the MR-
n5 system. This latter aspect can be justified by the activation of ad-
ditional rods in the post-cracked stage only (i.e. enhanced residual re-
sistance for cracked glass panes, as far as the top GFRP rods do not fail
in tension), as well as due to the almost uniform initial compressive
state for the glass panes as an effect of P, (see initial stress values in
Table 4).

At the same time, in Fig. 11(b) it’s possible to observe that de-
creasing the number of rods (i.e. MR-n3 curve) and imposing the same
level of pre-stressing load P, would have mostly negative effects on the
actual performance of the beam. While the first cracking configuration
is in fact comparable to the MR-n5 one, this is not the case of post-
cracked behaviour, being the MR-n3 beam performance typically as-
sociated to limited ultimate deflections, reduced post-cracked stiffness
and an overall premature collapse.
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5. Conclusions

In this paper, the feasibility and potential of a novel concept, con-
sisting in structural glass beams reinforced with GFRP-embedded rods,
has been investigated by means of computationally efficient Finite
Element numerical models.

Taking advantage of past experimental studies, as well as on earlier
numerical modelling assumptions and outcomes, the actual bending
performance of different geometrical configurations has been explored,
including variations in number, size and position of GFRP rods. In ad-
dition, possible benefits due to initial-pre-stressing forces imposed in
the same rods have been also investigated.

As shown, rather stable and well promising behaviour was generally
observed for the studied beams, even in presence of GFRP reinforcing
tendons with limited size only, compared to the traditional laminated
glass section. Major benefits were found to be emphasized especially in
the post-cracked stage, where the embedded GFRP rods can provide
residual stiffness and resistance, hence marked increase of ductility and
redundancy, to mostly damaged glass components.

At the same time, the FE simulations partly summarized and dis-
cussed in the paper, proved the marked benefits deriving from addi-
tional pre-stressing forces for the same rods. Also in the latter case,
however, the level of pre-stressing loads should be properly assessed, in
order to avoid the occurrence of local damage phenomena in the beams
components as well as to result in premature and fragile collapse for the
same beams. In order to maximize the benefits of such concept towards
the full development of safe design solutions and recommendations, in
conclusion, a multitude of geometrical and mechanical aspects should
be properly taking into account. It is expected, in this context, that
discussed parametric investigations could provide useful background
for the refinement of the explored design concept.

At the same time, it is also expected to further extend the actual
study by assessing other intrinsic aspects, such as possible lateral-tor-
sional buckling phenomena of the same beams, as well as their per-
formance under extreme loads.
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