
Structural glass beams with embedded GFRP, CFRP or steel reinforcement
rods: Comparative experimental, analytical and numerical investigations

Chiara Bedona,⁎, Christian Louterb

aUniversity of Trieste, Italy
bDelft University of Technology, the Netherlands

A R T I C L E I N F O

Keywords:
Structural laminated glass (LG) beams
Glass-fibre-reinforced-polymer (GFRP)
Carbon-fibre-reinforced-polymer (CFRP)
Stainless steel
Embedded rods
Experimental tests
Analytical model
Finite element numerical modelling

A B S T R A C T

The use of hybrid and composite solutions for structural applications represents a common approach for the
development of safe design principles. Consolidated examples exist for concrete, steel and masonry structures. As
a general rule, materials are combined so as to obtain an enhanced redundancy, strength and/or (lateral)
stiffness for these systems. In this paper, structural laminated glass (LG) beams including reinforcement rods are
investigated, and special attention is spent on the effect of embedded rod features, consisting of GFRP, CFRP or
stainless steel reinforcement tendons. The examined embedded solution, as shown, can offer a certain benefit to
the bending performance of traditional LG beams, including positive effects on stiffness, resistance and re-
dundancy. The intrinsic properties of rods can otherwise largely affect the overall observations. To this aim,
unpublished experimental tests are first briefly summarised for a set of 1m span LG beams. Support for the
preliminary discussion of the examined design concept is also derived from simple analytical calculations. Finite-
Element (FE) numerical simulations are then presented, reporting on major expected behaviours due to varia-
tions in the geometrical/mechanical features of the rods, with respect to the experiments. A key role in the FE
models is given by the reliable description of mechanical properties and interactions between the structural
components. Comparative results are hence discussed for the post-fracture assessment of beam specimens. As
shown, even a limited presence of reinforcing rods (≈100-to-400 the explored range for the ratio of glass-to-rods
cross-sectional area) can provide ductility and redundancy to the LG beams. Maximum benefits (+30% residual
resistance) are given by ductile steel rods, while positive effects can also be achieved with GFRP and CFRP
tendon rods.

1. Introduction

In contemporary architecture, the use of glass as a structural ma-
terial is ever increasing, especially in facades, where dedicated design
methods are required to assess multiple performance aspects. Most of
the research studies of literature on glass floors and curtains are focused
on thermal and energy performance issues (see for example [1–6], etc.).

Structurally speaking, however, these glass assemblies must offer
appropriate load-bearing performances, especially when extreme de-
sign loads can be expected (i.e [7].). There, large glass panels can be
restrained by glazed beams and fins, with a minimum of metal com-
ponents. The brittleness of glass, consequently, calls for specific atten-
tion to ensure their safety performance, in case of fracture [8,9].

For structural glass beams, in particular, safety concepts have been
developed over the past years, making use of reinforcement tendons
adhesively bonded at the edge of a given glass cross-section. The basic

concept is similar to reinforced concrete, and has been addressed by
several research projects (see for example [10]). An extended overview
of literature efforts is provided in [11], while more recent advances are
presented in [12–14]. Both the design concepts of reinforced and post-
tensioned glass beams have demonstrated their feasibility in several
research and engineering projects.

More in detail, given a reinforced glass beam in bending, the re-
inforcement tendons have a key role in case of glass fracture, because
they are aimed to bridge cracks in the glass components, while carrying
on tensile forces. Together with a compression force in the (un-cracked)
compression zone of the so assembled beam, the fractured glass section
will hence be able to offer a certain residual resistance and ductility. By
pre-tensioning the reinforcement rods, an even more efficient re-
inforcement system could be obtained, by further increasing the initial
fracture strength of glass, and by enhancing its post-cracked perfor-
mance. On the other hand, the input design parameters should be
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properly defined and assessed, so as to avoid the occurrence of possible
undesired effects, such as buckling phenomena (see also Section 4.2).

The current paper extends the studies of literature and focuses on a
specific configuration of reinforced glass beams. Rather than bonding
the reinforcement at the edge of the glass, in particular, the reinforce-
ment rods are embedded in the polymer interlayer, between the in-
dividual glass plies of a laminated glass (LG) section (Fig. 1). Pre-
liminary explorations into such a design concept, see [15–17], have
shown the feasibility and potential of embedded Glass Fibre Reinforced
Polymer (GFRP) rods for traditional LG beams, but further studies are
still required. In [17], in particular, an extended finite element (FE)
analysis was validated towards bending test results and carried out to
explore the effects of GFRP rods’ features (size, type, number, position,
including pre-stress) on the actual bending performance of a given glass
section (1.5 m the beam span, 115mm the section height, 8 mm the
nominal thickness of each glass layer). The current study adds to those
investigations and compares (via unpublished laboratory experiments,
analytical models and FE numerical analyses carried out in accordance
with [17]) the bending performance of LG beam specimens with three
different reinforcement layouts. The reference double LG specimen, in
doing so, consists of 1m long, 10× 100mm glass layers. Special care is
spent for material properties of rods (namely consisting of GFRP, CFRP
or stainless steel rods).

As shown, the general design concept aims to take advantage of the
embedded rods, being expected to act as reinforcement tendons and to
beneficially interact with the adjacent glass panels, through the
polymer foils. As far as minor modifications are considered for the
embedded rods, however, a certain sensitivity of the observed struc-
tural performances is emphasised, being strictly related to the intrinsic
features of the embedded rods, hence resulting in mostly different
overall in-plane bending responses, especially in terms of post-fracture
resistance, ductility and collapse mechanism. Further sensitivity of the
structural observations can then implicitly derive from the glass-to-rods
ratio of resisting cross-sections. In this regard, the original bending
experiments are first described for 1m long reinforced LG beams, giving
evidence of the global effects due to the embedded rods, as well as of
the observed collapse mechanisms. Double LG sections are taken into
account for comparative purposes, based on similarities with past re-
search studies and availability of materials. It is worth mentioning, in
this regard, that real LG sections for design applications are generally
composed, for safety purposes, of a minimum three layers of tempered/
heat strengthened glass, being characterised by significantly higher
tensile resistances, compared to annealed glass sections herein pre-
sented (see for example [9]). Accordingly, the effect and potential of
the embedded rods should be further explored, by accounting for dif-
ferent aspect ratios, dimensions, LG beam compositions, etc. After the
preliminary discussion of these bending experiments, simplified ana-
lytical calculations carried out in accordance with [10] are reported in

the paper, for a first assessment of the test results. Due to the basic
assumptions of the past analytical formulation, as shown, rough com-
parisons can be only carried out, for the geometrical and mechanical
features object of analysis. In any case, a certain correlation with the
full-scale experiments can be observed, hence the collected results
could be used for preliminary design considerations. The major ad-
vantage for the interpretation of the experimental observations is in-
deed derived from FE numerical models, implemented in ABAQUS [18]
with the aim to investigate more in detail the actual structural perfor-
mance of the examined structural typology. As shown, post-fracture
comparative calculations can be derived from reliable material models
and mechanical interactions between the LG beam components.

2. Reference beam specimens and experimental methods

The investigation summarised in this paper follows and extends the
experimental studies briefly reported in [19] (technical report for in-
ternal use only), and is aimed to assess more in detail the structural
performance of LG beams under quasi-static, monotonic, four-point
bending loads, at ambient temperature. To this aim, three beam types
(and three specimens per beam type) were tested.

The reference specimen, see Fig. 2(a), was intended as a glass beam
prototype, aimed at emphasising the effects of a certain amount of
embedded rods, with respect to the resisting section of a traditional,
double LG section. As such, for research purposes, each sample con-
sisted of a two-ply LG assembly, with 10mm×100mm the nominal
cross-sectional dimensions of each annealed (AN) glass plate, and a
SentryGlas® (SG) interlayer to bond them (1.52mm its nominal thick-
ness). The latter, was chosen - in type and thickness – due to analogy
with earlier research studies (see for example [15–17], etc.), as well as
based on the availability of materials for the experimental investiga-
tion. The nominal length of each beam specimens was then set to 1m,
with setup boundaries and loads according to Fig. 2(b). In doing so, a
universal testing machine was used (Zwick 500 kN). Fig. 2(b) shows the
bespoke steel support frame in use, so as to provide both lateral and
vertical restraints to the LG specimens (see also Figs. 6 and 7 for the
physical setup).

Regarding the lateral supports, the steel frame was used to prevent
possible out-of-plane displacements of the specimens, and hence to
avoid possible lateral-torsional buckling phenomena, so as to ensure a
global behaviour of beams in bending with point lateral restraints and
limited buckling length (see [20–22]).

At the time of the experiments, in addition, small aluminium plates
were interposed between each glass beams and the supports (200×
30mm the base dimensions, with 5mm their thickness), to prevent
local stress concentrations due to possible irregularities and misalign-
ments of the specimens in the region of the end supports. Such an as-
sumption, of common use for similar test setup configurations, was
considered to do not affect the actual restraint configuration for the
tested sample, hence to have negligible effects on the collected mea-
surements (see also Section 4).

Given the key role that tendon rods can have on the overall per-
formance of traditional LG systems, especially in their post-fracture
behaviour, most of attention of the experimental study herein discussed
was spent for the effects due to various features for the rods in use (see
Fig. 2(a)). Variations in the specimens’ series, more in detail, included
modifications of the type and cross-sectional size of the embedded rods,
hence resulting in LG beams with three round rods composed of:

- GFRP (φ=2mm their nominal diameter),
- CFRP (φ=1.5mm),
- stainless steel (AISI 304 type, with φ=3mm),

and being embedded within the middle SG foils, in accordance with
Fig. 2(b).

Geometrical and mechanical features of interest for the rods in use,

Fig. 1. Example of double LG beams with embedded GFRP rods [15].
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and the so assembled beam specimens, are summarised in Table 1. In
the table, given the reference mechanical features of AN glass and SG
foils (see [3,24–26]), the key nominal properties of the reinforcements
in use are reported, as derived from technical data sheets of producers
and/or design product standards [27–29].

All the experiments were carried out at ambient conditions (23 °C
the average temperature), with 1mm/min the displacement rate up to

initial fracture, and 5mm/min the imposed displacement rate for the
remainder of each test. The so defined displacement rates were selected
in accordance with earlier investigations ([15], etc.), for comparative
purposes, and were kept equal for the full set of specimens.

Globally, the total duration of each experiment was in the order of
30–45min. In such a time interval, the vertical displacement at the mid-
span section of each specimens was continuously monitored, both in the

Fig. 2. (a) GFRP, CFRP and steel rods in use, with (b) nominal cross-section (exploded view) of the reference beam specimen [15], and (c) test setup (front view). All
the dimensions are given in mm.

Table 1
Nominal geometrical and mechanical properties of rods in use for the experimental tests, in accordance with producer datasheets and design standards [27–29].

GFRP CFRP STEEL

Rod diameter [mm] ϕ 2 1.5 3
Rod area [mm2] Arod 3.14 1.77 7.07
Number of rods – nrod 3 3 3
Total area [mm2] Arod,tot 9.42 5.30 21.21
Glass-to-rods A-ratio – RA ≈ 212 ≈ 377 ≈ 94
Volume fraction [%] vrod 63 60 n.a.
Fibre filaments type – – E-glass S-glass n.a.
Tensile strength [MPa] frod,y = frod,u= 3400* frod,y = frod,u= 2500* frod,y = 260

frod,y = frod,u= 1607** frod,y = frod,u= 1500** frod,u= 850
Elongation at rupture [%] εrod,u 3.6 1.5 10
Modulus of elasticity [GPa] Erod 40 140 210
Elastic bending stiffness EI-ratio – REI 1.005 1.002 1.030
Density [kg/m3] ρrod 2600 1770 7850
Rods weight [kg] Wrod 0.025 0.009 0.166
W-ratio – RW 1.005 1.005 1.033

Key: *= virgin value; **= effective value (in use for calculations); n.a.= not available y= yielding; u= ultimate value at rupture.
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form of testing machine displacement measurements and LG beams
deformations, via a set of linear transducers. Given such a double
measurement of deflections, however, the post-processing phase of all
the test results summarised in Section 5.1 generally emphasised -
especially in terms of post-fracture stage, being of primary interest for
the current research study - mostly coincident machine/transducer
measurements for the examined specimens (2% their average scatter).

Worth of interest is that, due to different mechanical behaviours of
GFRP, CFRP and stainless steel (STEEL, in the following sections) ten-
dons, the experimental investigation herein summarised allowed to
assess the effects of different embedment types on the overall perfor-
mance of structural LG beam prototypes, including useful considera-
tions on the elastic and post-fracture stages. The presence of relatively
short beams (1m span), in any case, still does not allow to generalise
the collected data and observations towards the full development of the
design concept, and additional studies are required for large spans, or
different geometrical configurations (i.e., number of glass layers, aspect
ratio of the LG section, etc.) and mechanical properties (i.e., type of
glass and interlayer).

From a qualitative point of view, given the same LG section con-
figuration and dimensions, the introduction of embedded rods with
different diameter and material properties first modifies the cross-sec-
tional features of the so-assembled LG-reinforced beams. The RA ratio of
Table 1, in this regard, is used to indicate the resisting cross-sectional
area of glass (Aglass= 2×10mm×100mm), compared to the total
cross-sectional area of rods (Arods). As far as different materials are
accounted for the embedded tendons, moreover, some variations can be
expected also in terms of total weight of the beam specimens, as well
astotal bending stiffness, being emphasised in Table 1 via the RW and
REI ratios, respectively. Both the RW and REI ratios, in particular, are
used to denote the increase of weight and expected (elastic) in-plane
bending stiffness for the three different series of reinforced beams,
compared to the un-reinforced, reference LG specimen.

As shown in Table 1 for the investigated beams, the limited number
of embedded rods is not expected to markedly affect their overall
weight and stiffness (i.e., with REI ratios close to the unit). Conse-
quently, mostly identical elastic responses can be reasonably associated
to all the beam specimens. Conversely, their post-fracture response is
largely dependent on the mechanical features of the rods in use, whose
resistance and collapse mechanism directly affect the global bending
performance of the tested LG specimens.

3. Simplified analytical modelling

Preliminary analytical calculations, as known, can be useful espe-
cially for the design of consolidated structural typologies and can offer
reliable estimations, within certain assumptions and limitations.

The simplified calculations reported in this paper are carried out in
accordance with the formulations originally presented in [10], where
an analytical model was first proposed - in analogy with reinforced
concrete theory - to predict the structural performances of LG beams
with a stainless steel reinforcement, adhesively bonded at the bottom
edge of glass layers. Similar analytical formulations have been pre-
sented for glass beams in the literature, focusing on specific structural
typologies (see [30–33], etc.).

Based on [10] and adapting the original model to account for
multiple embedded rods, in particular, the effective flexural stiffness
EIcomposite of a given LG reinforced glass beam is herein conventionally
estimated by considering separately its un-cracked (“A”), cracked (“B”)
and ultimate (“C”) stages (see Fig. 3). In the un-cracked stage, the glass
section and the reinforcing rods respond linear-elastically, and the
maximum resistance of the full beam is detected as F1. When the tensile
strength of glass is first reached - due to an in-plane bending load ac-
cording to Fig. 2(c) - the first set of tensile cracks appear in the lower
part of glass panels. At this stage (“B” in Fig. 3), the overall load car-
rying mechanism is basically associated to a compressive force in glass

and a tensile force in the embedded rods, that first manifest their
structural contribution for the so assembled LG beam. The reinforced
beam is in fact expected to sustain a maximum resistance up to F2> F1,
depending on the reinforcement mechanical features and capacity. Fi-
nally, see stage “C” in Fig. 3, the rods are expected to collapse or start
yielding, depending on their intrinsic mechanical features. The ultimate
failure of the beam occurs - ideally for a maximum load F3> F2 - either
when the tensile strength of rods or the compressive strength of glass is
reached first.

For the LG specimens herein discussed, a characteristic tensile
bending resistance of glass ft of 45MPa [23] was taken into account for
comparative calculations, with input mechanical features of rods listed
in Table 1. In terms of compressive resistance of glass fc, a conventional
value of 450MPa was taken into account (i.e., that is 10 times the
tensile resistance), despite the high variability and uncertainty on such
a strength parameter. While design standards for glass suggest a re-
sistance in compression 1000MPa (see for example [24]), such a
nominal value can be affected by several aspects. Experimental studies
of literature, in this regard, resulted in average compressive strength
values for AN glass in the order of 490MPa [34]. Such a strength value
further decreases in the case of solid glass bricks, i.e. in the order of
≈100–120MPa (see for example [35,36], etc.).

Actually, the presence of multiple embedded rods was analytically
accounted in the form of a single, equivalent tendon (with cross-sec-
tional area given by the sum of three separate rods, see Table 1).

For the modelling approach proposed in [10] and herein adapted to
LG-embedded sections, moreover, the structural bending response of
the reinforced beams is predicted by assuming that the following hy-
potheses are valid:

- glass is characterised by a perfectly linear-elastic response
- the reinforcement has a linear-elastic or an ideal elasto-plastic be-
haviour, in the case of GFRP/CFRP or STEEL specimens, respectively
(material properties reported in Table 1);

- the reinforcement is rigidly connected to the glass layers, hence the
flexibility of SG foils is fully disregarded and a coupled mechanical
interaction is accounted at the glass-to-rods interface;

- plane sections remain plane after bending (Navier-Bernoulli as-
sumptions);

- strains in the glass plates and in the rods are distributed according to
the reference analytical model recalled in Fig. 3(b).

Given the geometrical and mechanical features of Fig. 2 and
Table 1, the mid-span vertical displacement u of a simply supported
reinforced LG beam under four-point bending (i.e., the reference test
setup of Fig. 2(c)) can be hence expressed as:

= −u
P a

EI
L a

0.5
24

(3 4 ),setup

composite
setup
2

setup
2

(1)

where:

asetup represents the distance between the load introduction and the
beam end support (see Fig. 2(c)),
Lsetup is the distance between the beam end supports (see Fig. 2(c)),
P= F/2 is the applied vertical load, and
EIcomposite is the flexural stiffness of the so assembled, reinforced
beam.

Such an EIcomposite value must be separately calculated for the “A” to
“C” stages respectively, so to account for the progressive damage pro-
pagation in the given components.

Specifically, in the uncracked stage (“A”), the flexural stiffness of
the LG assembly is given by:
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where:

i represents the considered component (glass or reinforcement) in
the cross section
n is the total number of structural components in the cross section
(n=2, in this case),

zi defines the distance between the axis of the i-component and the
neutral axis of the

composite beam section,

Ai is the cross-sectional area of the i-component,
Ei the modulus of elasticity of the i-component,
Iy,i is the moment of inertia of the i-component.

Fig. 3. (a) Typical force-displacement response and (b) stress distribution in the beam components, as discussed in [10] for glass beams with steel hollow re-
inforcements. Pictures reproduced from [37], with permission from Elsevier Ltd, Copyright © license n. 4378160384347 (June 2018).
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As far as the tensile strength of glass is exceeded (“B”), the stiffness
of the beam decreases, since the residual bending capacity of the
composite section is provided by a compressive force in glass (i.e. the
compressed top edge, for the examined loading condition) and a tensile
force in the bottom reinforcement.

In particular:

= − ⎛
⎝

− ⎞
⎠

EI d x A E d x( ) ( )( )
3

,composite B B rod,tot rod
B

(3)

with

xB the height of the compressed zone at stage “B”, given by:

⎜ ⎟ ⎜ ⎟ ⎜ ⎟= −⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠
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⎝

⎞
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x
A E
b E

d
A E
b E

A E
b E

2 ,B
rod,tot rod

glass glass

rod,tot rod

glass glass

rod,tot rod

glass glass

2

(4)

d the distance between the top of the cross-section and the axis of the
(equivalent) reinforcement member,

Arod,tot the total cross-sectional area of the reinforcement,
bglass the total thickness of glass section,

whereas Erod and Eglass are the reinforcement and the glass moduli of
elasticity, respectively.

According to Eqs. (3) and (4), it is clear that the analytical esti-
mations are directly related to the input geometrical and mechanical
properties of glass and reinforcement components, including the tensile
(ft) and compressive (fc) resistances of glass.

For the final stage (“C”), the tensile cracks in glass are expected to
propagate also in the compressed top edge of the beam. In this latter
case, the flexural stiffness of the reinforced cracked section is given by:

=
⎛
⎝

− ⎞
⎠EI

b E Pa d

A f
( )

9 (0.5 )

2
,

Pa
A f

y
composite C

glass glass setup
0.5 2

rod,tot rod,

y

setup

rod,tot rod,

(5)

with frod,y the yielding tensile resistance of the reinforcement.
It is important to notice, at this stage, that since the analytical model

accounts for an ideal elasto-plastic response for the reinforcement rods
(i.e., as in the case of stainless steel rods), the calculations for GFRP and
CFRP specimens were carried out by assuming that the beam collapse is
achieved at the end of stage “B”, i.e. corresponding with a tensile brittle
failure of GFRP and CFRP rods.

4. Finite element numerical modelling

4.1. Modelling approach

The exploratory FE investigation was carried out by taking into
account the nominal geometrical and mechanical features of the ex-
perimental beam specimens schematised in Fig. 2, including parametric

studies and variations in the configuration of the embedment compo-
nents, for comparative purposes. In doing so, all the numerical analyses
were carried out in ABAQUS, so as to explore the elastic and post-
fracture performance of various beam specimens. Major efforts for the
parametric FE analyses were derived from earlier research studies,
where computationally efficient numerical models have been presented
to explore the load bearing capacity of structural glass beams with
several reinforcement types.

In this study, the three beam specimens typologies were separately
investigated, by means of dedicated FE models. Given the same basic
assumptions for the typical model assembly, as well as for the loading
protocol and for the material properties, major variations in the set of
FE simulations were mostly represented by the features of the rods,
according to the geometrical and mechanical data summarised in
Table 1. Basically, half specimen was described in each one of these FE
models, by taking into account the longitudinal plane of symmetry of
the experimental beams (see Fig. 4), with appropriate nodal boundary
conditions. The full test setup of Fig. 2(c) was then also reproduced in
the form of equivalent nodal restraints for all the FE components.

In accordance with [17], a combination of 3-node and 4-node
monolithic shell elements (S3R and S4R type of ABAQUS library) was
used for the description of both the 10mm thick glass panels. Nominal
dimensions and thicknesses were accounted for all the FE components.
8-node solid brick elements were indeed used for the description of the
SG foils (C3D8R type), so as to physically host the embedded reinfor-
cing tendons. For the rods, finally, beam elements (B31 type) were
used, with nominal cross-sectional properties given in Table 1 and
Fig. 2(a). Both the mesh pattern and size were properly optimised,
based also on past literature efforts, so that reliable predictions on the
qualitative crack propagation in glass could be obtained. Given the test
setup of Fig. 2, special care was focused on the possible tensile fracture
of glass in the bottom region of beams. As such, the edge size of mesh
elements, as well as for their aspect ratio, was selected on the base of
preliminary sensitivity studies, so that the computational efficiency of
the typical FE assembly could be preserved. More in detail, the average
mesh size of mesh was refined especially in the beam region subjected
to tensile stresses (with 2mm the average length of shell and solid
elements), and increased up to 15mm for the top/lateral beam regions
mainly subjected to compression stresses. The so assembled reference
FE model consisted in 6000 elements and 33,000 degrees of freedom.

The numerical description of structural interaction between all the
FE model components require then dedicated efforts. Fully rigid, sur-
face distributed “tie” constraints were used at the SG-to-glass interfaces.
Such an assumption is in line with most of the FE literature studies on
LG glass composites (see [37–43], etc.), and provides reliable predic-
tions as far as severe debonding phenomena are not relevant, as in the
case of the experimental investigation herein discussed. Special care for
the FE modelling of mechanical interactions, otherwise, should be spent
to account for possible local effects, especially in the case of complex
glass systems under impact, as well as connections for glass applications
(see [44,45], etc.).

Regarding the SG-to-rods mechanical interaction, the “embedded”
constraint option was used, so that each rod could be physically hosted
by the volume of the surrounding SG layers. The “embedded” con-
straint, conventionally used to model rebar reinforcements within a
solid structural component (see [46–48], etc.), assumes that the hosted
elements can accommodate the deformations of the hosting region, and
no bond-slip phenomena are allowed at their interface. The key as-
sumption of such a FE modelling approach, consequently, is that no
relative deformations can occur for the embedded components, with
respect to the host element. For the examined set of LG beams, the
reliability of the “embedded” constraint was assessed towards past pull-
out test results of literature, carried out for similar solutions. In [16],
more in detail, it was shown that GFRP or CFRP round rods embedded
within SG layers can sustain, at room temperature, maximum tensile
loads in the order of 3.2 kN, before bond-slip phenomena could

Fig. 4. Overview of the typical FE model representative of half beam specimen
(ABAQUS).
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manifest. The post-processing phase of the parametric FE data herein
summarised was hence aimed to check also such a limit condition (see
Section 5).

A set of displacement-controlled simulations was carried out in
ABAQUS/Explicit, in the form of dynamic analyses with quasi-static
increase of imposed vertical displacements. Compared to other solving
techniques, the Explicit approach is highly time consuming, due to
energy balance requirements and mesh size effects (see for example
[37,38,41], etc.). In some studies of literature, in this regard, it was
shown that a sequence of combined Implicit and Explicit steps can
allow to reduce such a typically severe computational cost. This is
particularly advantageous when initial predefined conditions (i.e., pre-
stress, geometrical imperfections, etc.) are considered within the full
loading protocol (see [43], etc.).

The bending test setup of the experiments schematised in Fig. 2,
finally, was taken into account via equivalent nodal boundary condi-
tions. The assigned bending deflections, in particular, were linearly
increased up to a conventional value of 100mm (i.e., 1/10 the total
span of each sample). This ultimate value was defined – for numerical
purposes - as a reference displacement able to ensure the full propa-
gation of damage in all the FE beam components. In doing so, all the
simulation were hence processed by monitoring some key aspects of the
load bearing performance for the given set of beams, such as:

- the evolution of reaction forces in the region of supports,
- the mid-span deflection increase,
- the stress distribution in each beam components, and
- possible damage initiation/propagation (see Section 4.2 for details
on materials).

4.2. Input features

Given the imposed maximum deformation of 100mm, the full post-
fracture performance of the FE models according to Fig. 4 was con-
tinuously monitored, starting from their early bending stage. In doing
so, the ultimate failure configuration of each beam was numerically
detected by accounting for several possible mechanisms that could
occur in the structural components, through the in-plane deformation
of the beams. Careful consideration was spent especially for a combi-
nation of damage effects, namely represented by:

- glass tensile fracture,
- damage in the embedded rods, being associated to a tensile brittle
failure (for the GFRP/CFRP tendons) or a progressive yielding and
rupture (for the STEEL rods),

- a non-linear response of the SG foils, as obtained on the base of
experimental stress-strain input data derived from literature.

Based on the experimental observations briefly discussed in Section
5.1, in addition, possible lateral-torsional buckling phenomena or shear
failure mechanisms of the examined beams were considered to have
limited influence on the in-plane bending numerical results. Such a
conclusion is also supported by the lateral supports schematised in
Fig. 2(c), being able to brace the total span of the tested beams and
hence to increase up to three times their theoretical lateral-torsional
buckling capacity.

In doing so, the possible debonding of the embedded rods from the
hosting SG layers was implicitly monitored - through the full FE study -
by checking the evolution of tensile forces in each rod. The post-pro-
cessing analysis of the collected numerical results, in particular, typi-
cally emphasised maximum forces in the rods in the order of 3 kN,
hence not exceeding the reference pull-out test resistances reported in
[16] and allowing to reasonably disregard any kind of bond-slip effects,
for the explored beams.

Major advantage in capturing the mentioned damage mechanisms
was in fact represented by the implementation of reliable material

mechanical models, for the loading and boundary conditions of interest
in this paper. To this aim, past literature efforts related to FE damage
modelling in LG assemblies and hybrid systems, as well as experimental
performance of small-scale specimens and materials, were taken into
account.

In the case of annealed glass, in particular, the brittle cracking da-
mage model was used. In accordance with the existing material product
standards and past research studies (see for example [37,38], etc.), the
nominal mechanical properties were taken into account (ft = 45MPa,
Eglass = 70 GPa, νglass = 0.23). For FE parametric purposes, such a set of
characteristic resistance and elasticity values were uniformly dis-
tributed in the thickness of all the glass panels. Further strain-rate ef-
fects on the mechanical features of glass were also disregarded, in this
research study. In terms of numerical modelling of structural glass
systems, past literature investigations showed that a random field dis-
tribution of tensile strengths for glass, or the assumption of random
critical strain/resistance values in the tensile regions, sometimes can
allow for a more realistic simulation of crack initiation (see for example
[49–52]). Such a result can be particularly useful when qualitative
crack patterns are compared, or for the assessment of glass systems
under severe impact, where the opening of first cracks severely affects
the overall bending/resistance responses of these systems. Otherwise, it
is also known that minimum variations can be typically perceived in
terms of post-cracked load-bearing performance of glazing assemblies.
In this paper, as the main focus of the investigation was represented by
the post-fracture load-bearing response assessment of LG beams (rather
than a detailed prediction of their initial fracture patterns), such a
random field distribution of material properties was hence reasonably
neglected.

Given the above assumptions, in addition, special care was spent on
the post-processing phase of the FE predictions, due to the lack - within
the used brittle cracking option - of compressive resistance limits, com-
pared to the concrete damaged plasticity option [30] or other damage
constitutive materials. The potential evolution and propagation of
compressive stress peaks in glass was hence continuously monitored,
especially close to the end supports and in the central top region of the
examined beams, according with the test setup of Fig. 2. The reference
damaged configuration in compression was indirectly detected – from
FE estimations - by accounting for a compressive strength of glass equal
to fc= 450MPa. For the post-fracture behaviour in tension, otherwise,
major advantage was taken from damage constitutive laws, where the
material input calibration - including its brittle shear and brittle failure
sub-options - was derived from earlier research applications to glass
beams (with Gf = 3 J/m2 the fracture energy and ulim= 1.33×10−3

mm the failure displacement [37,38], etc.).
For the SentryGlas® adhesive layers, in accordance with [26,45], a

non-linear stress-strain constitutive law was considered to account for
the average time-loading and temperature conditions of the full-scale
experiments (with 20MPa the corresponding yielding stress), where the
equivalent input values of ESG = 120MPa and νSG = 0.49 were con-
sidered for the MOE and the Poisson’ ratio.

Careful consideration was finally spent for the mechanical descrip-
tion of the GFRP, CFRP and stainless steel rods, being expected to re-
present a key influencing parameter for the comparative FE simulations
and the so derived post-fracture observations. In the case of the GFRP
and CFRP rods, their typical tensile brittle elastic constitutive behaviour
was reproduced by means of an equivalent elasto-plastic stress-strain
relationship. In doing so, given the nominal mechanical properties of
materials reported in Table 1, a tensile damage criterion was properly
calibrated in ABAQUS, via the ductile damage material option, so that
the single rod in bending could manifest a pure tensile brittle collapse
when first achieving its ultimate tensile resistance/strain. Due to the
expected tensile brittle performance of the GFRP and CFRP rods in use,
in addition, a null plastic capacity was accounted in the so defined
constitutive laws, with frod,y = frod,u (see Table 1).

This is not the case of the steel rods, where a ductile elasto-plastic
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constitutive law with hardening was implemented, based on the nom-
inal material properties summarised in Table 1.

5. Experimental, analytical and finite element numerical results

5.1. Observations from tests and preliminary analytical calculations

5.1.1. GFRP-reinforced beams
All the tested GFRP-reinforced beams showed a linear-elastic re-

sponse until the first V-shaped crack, that occurred at an average load
of 9.8 kN (± 1.4 kN). A certain dispersion was observed for the GFRP
specimens in terms of initial fracture load of glass, namely comprised
between 8.0 kN (GFRP#2 specimen) and 11.2 kN (GFRP#3 specimen),
corresponding to mid-span beam deflections in the range of 1.5–2mm
(4.30 kN/mm the mean value for the beam elastic stiffness, calculated
as the slope of the force-displacement experimental curves).

The predicted range for initial fracture loads recalls the typical
variability of glass tensile resistance, and is in line with literature
background ([9], etc.).

Worth of interest, see Fig. 5(a), is the post-fracture response of the
same beams, where the benefits of the additional embedded rods are
exploited, compared to traditional LG sections typically characterised
by null plastic capacities (see for example [37,39,43]). According to the
analytical models of Section 3, lack of embedded rods would have in
fact result in a “phase A” brittle elastic response.

While the post-fracture stiffness of the composite specimens mark-
edly decreases, compared to their elastic stage (≈0.19 kN/mm, from
the force-displacement curves of Fig. 5(a)), the beams proved to sustain
loads up to maximum deflections in the range from 15 to 25mm, that is
10 times the initial cracking deflection.

Generally speaking, in this regard, the GFRP beam tests highlighted
promising benefits, even in presence of reinforcement rods with tensile
brittle behaviour. Once the first crack opened in the GFRP specimens,
running up to about 93–95% of the beam height, additional load drops
and further progressive cracks were experimentally observed for all the
specimens, up to collapse. Globally, lack of visible debonding phe-
nomena in the top region of glass in compression proved the efficiency
of a certain bridge effect for the residual resistance of specimens, even
characterised by marked decrease in the post-fracture resistance and
stiffness of the composite specimens. Within the set of GFRP-reinforced
beams experiments, additional time was then required for the inter-
pretation of GFRP#1 test results, being characterised by limited post-
fracture resistance/deformation capacity, compared to the other spe-
cimens (see Fig. 5(a)). Such an experimental outcome - given the ob-
servations of qualitative similar damage mechanisms and in-plane
bending performances for the three GFRP specimens - was justified in

possible manufacturing issues in the GFRP#1 assembly (i.e., initial
imperfections, rod misalignments, lamination, etc.). Despite the limited
amplitude of plastic deformations of the GFRP#1 beam, compared to
the other specimens, a load-deflection trend and residual stiffness for
the cracked section in close correlation with GFRP#2 and GFRP#3
specimens were in fact experimentally estimated. In Fig. 5(a), major
loading drops can be easily detected in the post-fracture stage of the
GFRP#2 and GFRP#3 beams, for vertical deflections in the order of
40mm, being representative of the tensile failure of the bottom GFRP
rods in bending.

5.1.2. CFRP-reinforced beams
Basically, the CFRP beam specimens offered an in-plane bending

performance in close correlation with the GFRP specimens, due to si-
milarity in material properties and nominal size of the embedded rods,
see Fig. 5(b). Similar to the GFRP specimens, the initial glass fracture
was achieved at a mean deflection of 1.96mm (1.84mm and 2.20mm
the limit values), for an average load of 8.6 kN (± 1.2 kN). After the
initial linear-elastic response (4.31 kN/mm the experimentally derived
elastic stiffness of the specimens), a certain dispersion was again ob-
served in the post-fracture performance of the #1-to-#3 CFRP speci-
mens, in terms of force-displacement comparisons, even in presence of a
rather stable post-fracture stiffness for the full set of beams (see
Fig. 5(b)).

The maximum ultimate resistance was recorded for the CFRP#3
specimen (9.1 kN at 28mm of deflection, +5.8% the mean fracture
load), while the CFRP#1 and CFRP#2 specimens attained 7.8 kN and
8 kN respectively, at 15mm and 20mm of deflection. This means that
the CFRP#3 beam sustained the imposed loads up to ≈15 times the
first cracking deflection, before that the residual capacity could reduce
(≈8 and ≈12 the calculated ductility ratios for the CFRP#1 and #2
specimens). Globally, the cracked stiffness of the CFRP-reinforced
beams was calculated in 0.27 kN/mm.

In the specific case of the CFRP#3 beam, however, some possible
local effects could have affected such a positive failure prediction. The
CFRP#3 specimen, in particular, cracked before the other specimens
(7 kN the imposed load at fracture, with 3.8 kN/mm the corresponding
beam stiffness). As also perceived from Fig. 5(b), a partial increase of
the post-fracture stiffness was then observed for the same specimen,
first calculated in 0.15 kN/mm (range of deflections from 5 to 15mm),
and growing up to 0.24 kN/mm (range of deformations from 20 to
28mm). This effect (+60% of stiffness) is counter-intuitive, due to the
progressive damage propagation in the beam components, especially
the glass panels. Otherwise, it could be justified by possible misalign-
ment of the beam specimen within the test setup, including contact and
friction between the glass panels and the steel lateral supports

Fig. 5. Experimental force-displacement measurements for LG beams with embedded rods: (a) GFRP, (b) CFRP and (c) STEEL beam specimens.
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specimen. Unfortunately, however, the available experimental mea-
surements do not allow for further confirmation or elaboration of such a
kind of explanation.

The tensile failure of CFRP rods governed the collapse mechanism of
the beam specimens, even if further major loading drops were also
experimentally detected in the force-displacement curved of Fig. 5(b),
as a possible result of glass cracks or rods failure.

In any case, the CFRP beam specimens showed some potential for
the post-fracture performance enhancement of the traditional LG
beams, as it is possible to perceive from Fig. 5(b) after the first cracking
peaks. Globally, mostly similar collapse configurations were experi-
mentally observed for GFRP and CFRP beam specimens, see Figs. 6 and
7.

5.1.3. STEEL-reinforced beams
Finally, as expected, major benefits due to embedded rods for the

post-fracture beam performance were experimentally observed for the
STEEL series, see Fig. 5(c). For the steel reinforced beams, the initial
glass failure occurred at an average value of 10.4 kN (± 0.5 kN), at a
mean deflection of 2.3mm, followed by a markedly stable post-fracture
bending behaviour, especially with respect to the GFRP and CFRP
specimens.

The elastic stiffness of the STEEL beams (mean value) was experi-
mentally calculated in 4.36 kN/mm, which is in line with the GFRP and
CFRP set of beams and with the design expectations, due to the limited
amount of embedded rods (see also Table 1).

In terms of post-fracture observations, minor loading drops asso-
ciated to the progressive opening of additional cracks in glass proved to
have limited effects on the overall stability of the STEEL specimens,
taking advantage of steel rods. The beam stiffness derived from the
force-displacement experimental measurements resulted in a mean
value of 0.15 kN/mm, in the cracked range comprised between 15 and
25mm, hence still in line with the GFRP and CFRP specimens. Major
effects of STEEL rods were manifested after yielding of reinforcements,
leading to a progressive increase of the sustained load and to large

deformations. All the STEEL specimens reached in fact the maximum
displacement allowed by the test setup (i.e., 100mm, that is ≈45 times
the deflection at first cracking), still carrying on a total load of about
13.0 kN (+25% the initial fracture load). When the tests were stopped,
the compression zone of the glass was damaged but still in place.
However, when the beams were unloaded, local explosive failure of the
glass occurred in their mid-span compressed region, and only the SG
interlayer foils remained in place (see Fig. 8). Such a kind of phe-
nomenon, given a mostly gradual unloading phase for all the experi-
ments, can be reasonably explained in the form of a local instability of
glass fragments, as an effect of a loading magnitude variation for the
cracked beams.

5.1.4. Analytical assessment of test results
A further comparison between the structural response of the three

beam types is collected in Fig. 9 and Table 2, where the load-dis-
placement curves and some major key parameters for their bending
performance (F1, F2 and F3 loading values according to Section 3) are
reported, with the corresponding analytical estimations.

Given the Fi values in Table 2, in particular, from the test data it is
possible to notice that the GFRP, CFRP and STEEL beams can appar-
ently offer a similar maximum resistance at the first glass cracking (avg
(F1)), for all the set of beam specimens. This is also in line with the
elastic stiffness calculations previously derived from Fig. 5, and is
strictly related - even in presence of an intrinsic variability in the actual
tensile resistance of glass [9] - to the limited number of rods, with re-
spect to the LG un-reinforced section (i.e. Table 1).

However, a totally different post-fracture resistance and ductility is
associated to the overall bending performance of the same beams. Such
an effect mostly results from yielding and plastic deformations of the
STEEL reinforcements, which are absent for the CFRP and GFRP beam
specimens, see Fig. 9.

In terms of analytical modelling, it can be noticed that the simplified
calculations according to Section 3 can roughly capture the first
cracking condition for the examined specimens. In addition, the same

Fig. 6. Failure configuration of the GFRP reinforced beams. (a) General view and (b) detail.

Fig. 7. Failure configuration of the CFRP reinforced beams. (a) General view and (b) detail.
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formulation is not able to predict the overall bending performance of
the examined specimens, as a direct effect of its simplified assumptions,
as well as of possible variations in the mechanical properties of the
involved materials, herein assumed in their nominal values according to
Table 1. The major limit of the analytical estimations is given by the
rough description - within the simplified model - of post-cracked con-
tributions that can be typically observed from the corresponding full-
scale experiments, as far as damage in glass progressively occurs in the
form of distributed and/or major cracks. The actual effect is a severe
(even conservative) underestimation of the post-fracture residual re-
sistance and stiffness for the examined assemblies. According to
Table 2, in particular, such an assumption resulted in cracked resistance
scatters in the order of −80% the corresponding F2 test results.

More in detail, the structural response of the GFRP and CFRP series
reported in Fig. 9 and Table 1 are very similar. Minor variations in their
overall response were justified by intrinsic features of embedded rods,
as well as possible scatter in nominal mechanical properties of glass.
After the initial fracture of glass, they both showed residual bending
stiffness and they were able to carry an increasing load which reached
values close to the initial failure one. Due to the higher modulus of
elasticity, the CFRP beams showed a slightly higher stiffness at the
fractured stage. Despite that, these beams also showed more irregular
load - displacement curves, probably due to the smaller bonding area
which seems to have led to a slightly reduced adherence with the SG
interlayer. Although both the glass beam itself and the reinforcement
rods are made of brittle materials, all specimens showed significant
post-fracture redundancy and reached the maximum allowed dis-
placement before complete failure. Nevertheless, the initial failure load
was not exceeded by the cracked beams, which would need higher re-
inforcement rates.

The STEEL beam series showed the best structural response, with a
residual strength that reached up to 132% of the initial failure load. The

post-fracture response of the steel reinforced beams was much stiffer
than the other beam series. This higher stiffness avoided the localised
glass failure experienced by the other specimens. The cracks were in
fact evenly distributed along the length of the beam. This led to smooth
load - displacement curves and, at the yielding stage, the bending
stiffness of the beam gradually decreased without any abrupt drop of
the load. When the maximum vertical displacement at mid-span (about
70mm) was reached, the beams were still carrying a nearly constant
load, close to the maximum value. The overall response of the steel
reinforced beams can thus be regarded as highly redundant and ductile.
This profitable failure behaviour is due to a gradual and evenly dis-
tributed cracking of the glass, which gradually weakens the beam thus
decreasing its bending stiffness.

The initial failure load proved to be always overestimated by the
analytical model. A marked load drop, in particular, follows the initial
glass fracture, due to the rather coarse reduction in the post-fracture
bending stiffness that is assumed by the adopted analytical model, for
the examined composite sections. Such a reduction appeared to be ac-
tually slightly more gradual, probably due to a small contribution of the
SG interlayer. Worth of interest is the stiffness of the fractured beams,
giving evidence of rather close correlation with the analytical predic-
tions, for all the specimens.

For the GFRP and CFRP beam series, the load at which the first
reinforcement failure occurred, was precisely predicted too. After that,
however, the experiments showed significant plastic deformations,
probably due to the bond-slip contribution of the SG foils, which is not
taken into account by the analytical calculations. The maximum post-
fracture load, in addition, was very precisely predicted for the two first
beam series, but at the same time it was significantly underestimated
for the STEEL specimens. Such a result could derive from hardening
effects of steel rods after yielding, which are not taken into account by
the analytical model, where an elastic-perfectly-plastic behaviour was
assumed for them. It is however difficult to say if this is also caused by
inaccurate material parameters, since it was not possible to actually test
the reinforcement rods.

Despite such a series of observations and comparisons, the analy-
tical results can offer some useful outcomes, at least for preliminary
design considerations. It is worth mentioning that the current study
explored the effect of embedded rods on the bending performance of
double LG section prototypes. In this regard, similar benefits are ex-
pected to be achieved for LG beam sections resulting from real design
processes, where – according to design standards and guideline docu-
ments (see for example [9]) – at least three glass layers (and hence two
foils for embedding the reinforcing rods) are used. In all these cases, the
capacity of carrying higher loads than the initial failure load would

Fig. 8. Failure configuration of the STEEL reinforced beams (front view).

Fig. 9. Experimental and analytical results for LG beams with embedded rods. Force-displacement comparisons for (a) GFRP, (b) CFRP and (c) STEEL beam
specimens. Analytical calculations derived from Eq. (1), in accordance with [10].
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allow the safe use of glass beams as structural elements. Thus, the most
important parameter to predict for the design reinforced glass beams -
with safe post-fracture behaviour - is the maximum residual strength.
This parameter was very accurately predicted for the first two beam
series, while it was significantly underestimated for the last (STEEL)
one. This is probably due both to the material parameters that were
chosen and to the assumption of elastic-perfectly-plastic behaviour for
stainless steel, which is not fully reliable for the high strength, AISI type
steel that was adopted at the time of the experiments.

As far as the analytical curves in Fig. 9 are taken into account for
preliminary comparative purposes with test results and initial calcula-
tions only, a rather good agreement can be in any case noticed, given
the simplified assumptions of the analytical model as well as the use of
nominal material properties for glass and rods. More accurate estima-
tions and local investigations require indeed FE numerical modelling
and appropriate material damage assumptions.

5.2. Discussion of finite element numerical results

A further attempt to analyse the bending performance of GFRP,
CFRP or STEEL beams was carried out via more detailed FE simulations.

In doing so, the reliability of FE input features and assumptions was
preliminary assessed, to ensure their correctness. In Fig. 10, for ex-
ample, the effects of end supports are emphasised, in terms of de-
formations (Fig. 10(a)) and distribution of local stresses in glass

(Fig. 10(b)). The FE model agrees with Fig. 4 and includes - additionally
- the small aluminium plates, that at the time of the experiments were
interposed between the LG specimens and the test setup (see Figs. 6–8).
There, a view cut (300mm from the beam lateral edge) is proposed. The
aluminium plate is accounted in the form 3D brick elements (70 GPa
and 0.23 the MOE and Poisson’ ratio respectively), while a surface-to-
surface contact interaction is used at the LG beam-to-plate interface. In
this manner, possible sliding (μ=0.3 the friction coefficient) and se-
paration of the LG beam, with respect to the aluminium plates, can be
taken into account during the bending deformation. Compared to
Fig. 10 (where the contour plots are selected at an imposed vertical
displacement of 1.5 mm), the use of ideal nodal restraints proved to
have minor effects (0.38% the calculated scatter).

As far as the full force-displacement response of the beams is con-
sidered, see Fig. 11, a rather close correlation between the proposed FE
models and the corresponding test measurements was generally ob-
served.

For the three beam types, in particular, the FE modelling further
emphasised that the actual bending response is characterised by the key
phases summarised in Fig. 3(a), namely including (i) the elastic stage,
(ii) the first cracking phase and (iii) the final collapse.

At the same time, a clear distinction between the post-fracture
performance of the same beams was highlighted. Worth of interest,
compared to traditional, un-reinforced LG beams (where null ductility
can be offered by cracked glass, see for example [10,37,39,43]), is that

Table 2
Key performance parameters for LG beams with GFRP, CFRP or STEEL rods, as experimentally and analytically calculated, with evidence of average (‘Avg’) and
standard deviation (‘StD’) values.

GFRP CFRP STEEL

F1 F2 F3 F3/F1 F1 F2 F3 F3/F1 F1 F2 F3 F3/F1
[kN] [kN] [kN] – [kN] [kN] [kN] – [kN] [kN] [kN] –

Test #1 10.2 3.1 7.4 0.7 10.0 3.5 7.8 0.8 10.3 6.9 13.6 1.3
#2 8.0 2.6 8.2 1.0 8.9 3.0 8.0 0.9 11.2 6.8 13.7 1.2
#3 11.2 2.8 7.2 0.6 7.0 2.9 9.1 1.3 9.9 6.4 12.3 1.3
Avg 9.8 2.8 7.6 0.8 8.6 3.1 8.3 1.0 10.4 6.7 13.2 1.3
StD 1.4 0.2 0.4 0.2 1.2 0.2 0.6 0.2 0.5 0.2 0.6 0
Analytical 11.6 0.2 7.6 0.7 11.6 0.4 6.6 0.6 11.9 1.8 9.1 0.8
Δ 18.4 −92.8 0 −12.5 34.9 −87.1 −20.5 −40.0 14.4 −73.1 −21.1 −38.5

Δ=100× (yAnalytical-yTest)/yTest, with F1, F2, F3 corresponding to stages “A”, “B”, “C” of Fig. 3.

Fig. 10. FE assessment of model restraints on the predicted (a) displacements (values in m) and stresses (values in Pa) in glass (ABAQUS, scale factor = 3).
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in any case the embedded rods can offer marked benefits, in terms of
residual resistance and maximum deformations in the post-fracture
stage, hence resulting in a marked improvement of redundancy and
ductility.

Actually, from the numerical and experimental data collected in
Fig. 11, it is possible to notice that FE models tend to partly over-
estimate the elastic stiffness of specimens (up to +10% the scatter with
the corresponding experimental values), for all the beam typologies.
This scatter, as also in accordance with earlier comparative applications
of the FE method to structural glass beams, can be explained by possible
local deformations of the experimental 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. An
additional reason for such a kind of scatter can be represented by
possible production tolerances, especially in terms of glass thickness,
that could result in± 2% variations from the nominal value (and hence
in± 2% scatter for the predicted FE responses).

In terms of initial fracture load F1, in addition, it can be seen that the
assumption of a nominal value for the tensile resistance of glass gen-
erally provides close correlation with experimental average values for
F1, for all the beam types.

Rather interesting correlation was then generally noticed between
FE simulations and reference test results, in terms of global bending
performance up to collapse of the specimens. Loading drops reported in

Fig. 11. Numerical (ABAQUS) and experimental results for LG beams with embedded rods. Force-displacement comparisons for (a) GFRP, (b) CFRP and (c) STEEL-
reinforced beam specimens.
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Fig. 11, in particular, were found to derive from progressive glass
cracking, as in the case of the experiments.

Through the post-fracture stage of the simulation process, the actual
resistance depends on the limited residual glass section, but takes major
advantage from the embedded rods acting as tensile tendons for the
fractured beams. As a consequence, the FE specimens of Fig. 11 are able
to sustain additional loads as far as the rods themselves do not collapse
due to tensile loads. Beside the lack of additional small scale tests on
single components, to further calibrate the input material properties for
GFRP, CFRP and STEEL rods, it can be noticed in Fig. 11 that the use of
nominal material properties for the rods generally proved to estimate
with rather interesting accuracy the ultimate configuration of the cor-
responding experimental specimens, hence suggesting a further exten-
sion of the same FE numerical study, aiming to investigate more in
detail the potential and actual performance of the examined structural
typology. Major scatter was observed especially for the GFRP beams,
where the FE models underestimated the ultimate configuration for the
experimental specimens.

Besides the mostly different overall bending performance of the

examined beam types, the FE simulations also emphasised a specific
(even qualitative) crack scenario for the same specimens, as a function
of the mechanical features of the embedded rods. In Fig. 12, selected
vectorial patterns of principal stresses in glass are proposed for the
CFRP and STEEL beams, as a function of the mid-span vertical deflec-
tion. As shown, the stress distribution in glass gives a clear evidence of
the propagation of cracks in the glass panels, having a typical V-shape
with close correlation with the experimental observations. By com-
paring the CFRP and STEEL damaged configurations, in addition, a
totally different evolution of cracks can be perceived, with the CFRP
beam being affected by a limited number of major fractures, while a
large number of minor cracks can be noticed for the STEEL beam.

The opening and propagation of cracks also reflects on the evolution
of maximum stresses in the other beam components. In Fig. 13, a
comparative example is proposed in terms of (a) compressive stresses at
the top edge of glass and (b) tensile stresses in the lower tendon (mid-
span section), as a function of the beam deflection. The attention is
focused on the first 15 mm of deflection, where the transition from the
elastic to the cracked stage can be observed. Stress drops are measured

Fig. 12. Numerical results for LG beams with embedded rods. Cracks in glass, as a function of the vertical deflection. (a) CFRP and (b) STEEL beam specimens
(ABAQUS).
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in the glass plates (see Fig. 13(a)), and are mostly associated to the
opening of cracks at their bottom edge. Maximum values up to
250–300MPa were globally measured, even for large beam deforma-
tions. More pronounced effects of progressive cracks can be noticed also
in terms of stress evolution in rods, see Fig. 3(b), in the form of non-
linear trend for the collected plots. Worth of interest is the qualitative
observation that higher stresses are first achieved in the CFRP tendon,
i.e. for the beam type offering the minimum post-cracked ductility,
compared to GFRP and STEEL samples. Additional research, however, is
still required for the design concept herein presented.

6. Conclusions

In this paper, the structural performance of composite laminated
glass (LG) beams with embedded reinforcement rods was investigated.
Compared to traditional, un-reinforced LG beams, careful consideration
was spent on different solutions for the embedded rods in use, being
laminated within the typical resisting LG section, and namely consisting
of GFRP, CFRP or stainless steel (STEEL) tendons. The attention was
focused especially on the post-fracture performance of the so assembled
beams, including original laboratory experiments, preliminary analy-
tical calculations and refined finite element (FE) numerical simulations.

Compared to un-reinforced LG beams, typically associated to tensile
brittle performances and null plastic capacities (i.e., as a direct effect of
glass intrinsic features), the examined embedded solutions proved to
offer positive effects in terms of post-fracture residual stiffness, re-
sistance and redundancy.

In particular, from the selected outcomes of discussed experiments,
it was shown that the concept of embedded reinforcement is feasible,
and should be further investigated for design purposes. Even in

presence of limited sections for the rods (≈100–400 the explored range
of glass-to-rod cross-sectional ratios), the beam specimens proved to
offer significant residual load-bearing capacity. In addition, post-frac-
ture deflections at least equal to 10 times the first cracking deformation
of the same beams were experimentally predicted, for beam specimens
with typically brittle GFRP and CFRP rods. Such a ductility increase was
maximised (with experimental post-fracture deformations up to 45
times the first cracking deformation) for the STEEL specimens. The
analysis of relatively short beams (1m their span), however, actually
suggests the need of additional studies on different geometrical con-
figurations, so as to allow generalising the collected data and the well
promising observations.

In terms of analytical calculations, the collected predictions for the
post-fracture performance of the examined reinforced LG beams gave
evidence of certain limits, being strictly related to the basic assumptions
of the formulation, hence requiring further modelling efforts and en-
hancements (i.e., at the material constitutive law side), so as to account
for even complex and more realistic damage phenomena in the cracked
stage.

The FE numerical investigation, finally, generally resulted in rather
accurate predictions for all the examined beam typologies, highlighting
a rather good correlation with the test results and further enforcing the
presence of a mostly different bending performance for the examined
LG beams, as far as even minor modifications are implemented in terms
of embedded rods (i.e., mechanical features and geometry). Such a
close correlation with the experiments was found to result from the
reliable numerical modelling of the beam components, as well as their
reciprocal mechanical interaction, as a part of composite assemblies. In
this regard, given the well promising in-plane bending performance of
the selected beam configurations, further studies will be carried out on

Fig. 13. Numerical comparisons for GFRP, CFRP and STEEL beam specimens: (a) compressive stress at the top edge of glass and (b) tensile stress in the lower rod
(mid-span section), as a function of the vertical deflection (ABAQUS).
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the same design concept, including variations in geometrical and me-
chanical features, as well as in the reference loading and boundary
conditions.
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