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Abstract

The results of an experimental and numerical investigation on the mechanical response of undamaged
and damaged 2-ply Laminated Glass (LG) plates with different interlayers are presented in the paper.
Three different interlayers, polyvinyl butyral (PVB), SentryGlas (SG) and Saflex DG41 (DG41)
characterized by different rheological properties and fully tempered glass plates were considered.
Simply supported plates under out of plane loads were tested in three different configurations:
configuration 0, undamaged; configuration I, partially damaged, with a broken ply below (bottom
ply) and configuration Il, partially damaged, with a broken ply above (top ply). In the three
configurations the top ply is always subjected to compression while the bottom one is in tension. The
main aspects and the different response of each configuration were discussed and compared.
Experimental results highlighted the influence of the interlayer properties on both the pre- and post-
breakage behavior. Moreover, numerical models were developed to reproduce the experimental
results. For the post-breakage response two different strategies were developed: a) the equivalent
temperature variation and b) elastic-brittle constitutive law. Differences and advantages associated
with both solutions are discussed. Finally, extensive parametric numerical analyses are proposed to
underline the influence on the mechanical response of different parameters: i) plate geometry (size
effect); ii) interlayer thickness; iii) glass thickness; iv) additional glass ply (3-ply LG plate). It is
underlined that the size effect plays an important role on the mechanical response of LG plates and
it should be always considered in the design. The numerical findings were used to define a critical
length from which the plates behave as monolithic, independently of the stiffness of the interlayer.
Keywords: Laminated glass plates, post-breakage behavior, different interlayers, parametric

analyses, size effect, numerical modelling



1.Introduction

As a consequence of the technological progress and the advancement in the field of materials science,
contemporary architectural transparency is today a reality of considerable importance. Glass plates,
subjected to out-of-plane loading are often employed for floors, roofs, balustrades or fagades [1]. Due
to the intrinsic brittleness of glass, the design of structural elements needs special requirements to
realize robustness and reduce the risk of catastrophic collapse. Consequently, the glass that has
relevance in the construction industry is often of a safe type; in particular laminated glass (LG) is
selected, which is a composite obtained by two or more glass layers bonded together by polymeric
film. The interlayer in the undamaged phase generates shear stress between two connected layers of
glass, whereas, in the post-glass breakage range, the polymer confers cohesion to the composite,
preventing a catastrophic collapse (Fig. 1). The overall mechanical response of a LG sheet is strongly
affected by the temperature and duration of the applied load, as well as delamination phenomena that
may occur between the interlayer and glass. Thus, the design of structural and non-structural glass

elements should consider both the pre- and post-breakage phase [2].

Figure 1. Fractured laminated tempered glass.



However, there is a lack of systematic experimental studies that give a relative certainty on the actual
structural response, so it is necessary to conduct tests in the framework of the design-by-testing rule
[3]. The response in the post failure range is also affected by the bridging between adjacent glass
pieces that is made possible by the polymer [4]. Therefore, stiffness of the interlayer and debonding
of the glass-interlayer interface are factors that influence the post-breakage response [5-8].
Commonly used polymeric films for glass lamination are: Polyvinyl Butyral (PVB) [9,10],
SentryGlas (SG) [11], and Ethylene Vinyl Acetate (EVA) [12]. PVB necessitates the supplement of
softeners that provide plasticity and toughness. SG is an ionoplast polymer principally created with
ethylene/methacrylic acid copolymers with metal salts in modest quantities. In comparison to the
PVB, SG exhibits elevated stiffness even at very small strains. The properties of EVA may vary from
partial crystalline and thermoplastic to amorphous and rubber-like, but an increased quantity of vinyl
acetate improves both strength and stiffness capacity. DG41, commercially known as Eastman Saflex
DG41 (www.saflex.com), is a toughened PVB. Unlike PVB, it shows significant stiffness even at

very small strains, which is the field of interest for structural applications.

In this paper, the post-breakage response of 2-ply simply supported LG plates under out-of-plane
loading was investigated through experiments at different damage arrangements. The considered
plates were made by 2-ply tempered (T) glass and three different interlayer films: PVB, DG41, or
SG. Three different configurations were considered: i) configuration 0, undamaged laminated glass
plates (UDLG); ii) configuration I, partially damaged laminated glass (PDLG) with the broken ply
below (bottom ply); iii) configuration I, PDLG with the broken ply above (top ply). In the UDLG
configuration, the load was increased until the collapse of the bottom glass ply. Then, in the other
two different PDLG configurations the global failure was reached. In particular, the influence of the
interlayers on the pre- and post-failure phase is illustrated and discussed. It should be remarked that,
in the three configurations, the top ply is always subjected to compression while the bottom one is in

tension. The experimental findings were modeled and compared with finite element (FE) analyses.



In particular, the post-breakage behavior was simulated using two different strategies: the use of an
equivalent temperature and the implementation of an elastic-brittle constitutive law. Finally,
parametric analyses were developed to study the influence of different parameters on the LG plates
response, such as: i) size effect; ii) thickness of the glass and interlayer; iii) additional ply of glass (3-
ply LG plate). The parametric studies were used to define a critical length from which the considered
plates behave as monolithic, independently of the interlayer material. The present paper brings
additional important information for the design of LG plates with different interlayers. It is underlined
the importance of the post-failure response of the glass elements which is directly connected to

interlayer and glass types [13].

2. Interlayers characterization

A strong background on the characteristics of the interlayers is of paramount importance to
understand clearly the overall response of LG plates [14]. The short-term tensile mechanical
properties of a material are generally the reference and most important properties considered to
characterize the material itself.

To perform uniaxial tensile tests, dog-bone shaped specimens were obtained from a sheet of interlayer
as required in [15]. During the tests the strain was measured taking as a reference two points located
at a predefined distance. Tests were executed in a room with controlled humidity and temperature
and different constant displacement rate were selected: i) 5 mm/min; ii) 50 mm/min; iii) 500 mm/min.
Engineering stresses and strains are depicted in Fig. 2. The failure was always observed in a section
within the narrow area, never in the grips nor in the interface with clamps. The maximum tensile
value was associated with very high strains which generally did not governs the design of laminated
glass elements. Furthermore, the response of the three interlayer was completely different to one
another. DG41 and SG are characterized by an initial high stiffness whit an important decrement after

a local maximum point (which for other traditional materials is general indicate as a yielding point).



On the contrary PVB showed an increasing stiffness with the increase of the strains, without any

abrupt change in the slope of the curve.
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Figure 2. Engineering stress- stain diagrams for DG41, PVB and SG

To identify the elastic modulus the current standard, suggest the use of the so-called chord slope
method [16]: two points should be identified in the initial part of the stress-stain graphs which are
assumed as the elastic part of the non-linear response. These points are identified with A and B and
are relative to the 0.05% and 0.25% of the strain, respectively. In particular the elastic modulus of the

interlayer (E:) can be evaluated with the equation:

Ei = B4 (1)

EB—EA



For the sake of clarity, the estimation of E; for the three tested materials, with displacement rate equal
to 5 mm/min, is depicted in Fig. 3. The solid black line represents the evaluation of E: in according
to the chord slope method. It can be noted that only with the SG the black line is quite representative
of the initial behavior of the material. PVB and DG41 exhibit a very stiff response, in the 0.05-0.25%
strain range, qualitatively similar to the one associated with the SG. However, this response cannot
be considered as representative of the material elastic behavior, being immediately followed by a
great stiffness reduction. Therefore, to evaluate properly the elastic response of PVB and DG41, the
elastic modulus was estimated exactly after the very stiff initial peak, shifting points A and B to 0.5%

and 2.5% strain, respectively (dashed black line in Fig. 3).
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Figure 3. Evaluation of the Elastic modulus of the interlayers (displacement rate 5mm/min).

The results, obtained as a median value between three nominally equal specimens, were reported in

Tab. 1 for all the considered displacement ratios.



Table 1. Median elastic modulus, E:, of the considered interlayers [MPa].

displacement rate SG DG41 PVB
5 mm/min 430 52 2.02

50 mm/min 435 163 2.67
500 mm/min 1060 168 4.48

It is confirmed that, for all the considered test velocities, PVB showed a greater flexibility with respect
the other two materials. It can be remarked that, for the simulation of experimental tests on LG plates
with static or quasi-static loads, like the ones presented in the following sections, the first two rows
of Tab. 1 should be considered; otherwise, when impact loads are applied, the third row is the most
representative. As expected, for all the three materials the modulus is greatly lower than the one

associated with the glass.

The producers (SG, www.kuraray.com; DG41, www.saflex.com; PVB, www.dupont.com) suggested

a value of the Poisson ratio, v, equal to v=0.47 for all the interlayers.

Finally, to proceed with a comprehensive characterization of a polymer it is required to know the
response of a material over a long period of time. Because long-term experiments can be troublesome
and very expensive a simplified method can be determined for the use of this data in the design, based
on short tests with different temperature. Since the equal effect of time and temperature, experimental
data at different temperatures can be superposed on data taken at a specified reference temperature
by shifting different curves one at a time and consecutively along the log t axis about the reference
temperature. This time—temperature superposition procedure has the consequence of generating a
single curve of shear modulus values (G) expanding over long periods of log t at the reference
temperature. The final assembled curve is defined as the master curve. Following the time-shift
procedure with the Prony series for viscoelastic models together with the Williams-Landel-Ferry
coefficients for time-temperature superposition [17], it is possible to obtain the master curves depicted
in Fig. 4, in which in the vertical axis is reported the modulus G in MPa. The master curves confirm

how the stiffness of all tested materials decreases over time, but at dissimilar rates. The interlayer SG



showed a behavior which is less affected by load duration and temperature changes. The load duration

tends to reduce the differences between the DG41 and PVB.
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Figure 4. Master curves DG41, PVB and SG.
The obtained results are in agreement with the technical sheets offered by the producers of the

materials: SG, www.kuraray.com; DG41, www.saflex.com; PVB, www.dupont.com.
3. Test setup and specimens description

Experimental tests were performed on simply supported LG plates. The specimens were characterized
by 2-ply tempered (T) glass with an intermediate polymeric film. The scope of the tests was to monitor
the post-failure behavior, starting from the undamaged cases (UDLG) down through the partially
damaged ones (PDLG). As reported in Fig. 5, simply support plates were tested with a specimen

length equal to 1000 mm x 1100mm. Geometrical similar plates were tested also in cantilever



configuration under a distributed load on its free end [18]. The specimens were manufactured by

different interlayer material: PVB, DG41, and SG.

Both ends of the plates were simply supported on steel rollers located along a steel beam, close to the
glass end, that hampered vertical displacements but permitted the rotation. An incremental load was
applied in the middle of the plate by means of a Hydraulic jack connected to a longitudinal steel beam
which was directly in contact with the upper surface of the plates. Vertical displacements were
monitored continuously by means of two linear variable displacement transducer (LVTD) sensors

located in the middle-section, at left and right ends of the plate.
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Figure 5. The considered test setup.



In Tab. 2 all the tested plates are reported together with the thickness of the glass plies and of the
interlayer.

Table 2. Considered specimen for tests.

specimen name Layer A Layer B
8TPVB TG —8mm PVB 1.52mm
8TDG TG —8mm DG41 1.52mm
8TSG TG —8mm SG 0.89mm
10TSG TG —10mm SG 0.89mm

The thickness of 8mm (or 10mm) for the glass plies is to be intended as the commercial thickness.
The actual thickness was evaluated with a calibre, repeating the measure on more than ten different
points, showing a difference between the actual and the nominal value less than 5%. Different

configurations were tested (Fig. 5):

e configuration 0 (UDLG): vertical load was increased until the collapse of the bottom glass
ply;

e configuration | (bottom PDLG): PDLG specimens were tested with the damaged glass ply
located at the bottom. In this damaged configuration the load was increased until the global
collapse;

e configuration Il (top PDLG): PDLG specimens were tested with the damaged glass ply located

at the top. In this damaged configuration the load was increased until the global collapse.

As discussed in the following, the mechanical response of LG plates varies significantly, depending
on which ply fails first: if the ply on top fails first (simulated in configuration II), an increasing load
induces compressive effects among fragments and reduces the amplitude of cracks. Vice-versa, if the
bottom ply fails (simulated in configuration 1), the increasing vertical load increases the distance

between fragments.
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3.1. Results for configuration 0, UDLG

The behavior of UDLG specimens was approximately linear and strictly depended on the elastic
modulus (and thickness) of the glass and of the interlayer. Results associated with the experimental
tests on UDGL, are reported in Tab. 3, in terms of load value which generated cracks in the bottom
ply, Fo and the associate displacement (i.e. displacement at the ultimate limit state, durs). Moreover,
the residual deformation (res. def.) obtained after the completely load removal is reported, together

with the slope of the force-displacement response.

Table 3. Results obtained on UDLG specimens.

specimen Fo duLs res. def. slope
name [KN] [mm] [mm]
8TPVB 20.0 49.2 6.6 0.40
8TDG 27.5 25.7 6.9 1.08
8TSG 34.3 34.5 6.9 0.99
10TSG 48.5 24.6 6.5 1.97

A direct comparison can be made between PVB and DG41 interlayer by comparing 8TPVB with
8TDG. Due to its higher stiffness 8TDG reached a failure load 1.4 times greater and to an almost 3
times greater stiffness. Moreover, the influence of glass thickness on the pre-breakage response can
be appreciated by comparing 8TSG with 10TSG specimens. As expected, since the glass thickness
was 1.25 times higher, 10TSG was 2 times more rigid and 1.5 more strength than the 8TSG. LG plates
made by SG and DG41 have similar response: the higher thickness of the DG41 interlayer compensate

the quite lower elastic modulus.

After the breakage of the bottom ply the load suddenly decreased and when it was completely
removed, a permanent deformation of the plates was always registered independently of the interlayer
type and glass thickness. This peculiar aspect will be discussed in detail in the following section 4.2.
The broken bottom glass ply in configuration 0, is reported in Fig. 6 for the 8TDG and 8TPVB
specimens. A zoom on the crack to appreciate the dimension of the fragments is also proposed. As

expected, tempered glass ply broke into a great number of small pieces (Fig. 6) uniformly distributed
11



along the ply itself. In all the tested specimens, the first crack was always detected along the middle

line (below the load beam), in different positions.

Figure 6. Picture of a damaged bottom ply glass for: a) 8TDG and b) 8TPVB specimen

Among the different methods proposed in literature to predict the pre-breakage behavior (see e.g. [19-
21]) the so-called Enhanced Effective Thickness (EET) approach was selected, which is the one
suggested also in [2]. Starting from the definition of the number of layers, type of interlayer, geometry
of the specimen and the boundary conditions, equivalent thickness were estimated. In particular, the

considered cases should be assumed equivalent to a simply supported beam with a concentrated load

12



in the middle. The equivalent thickness, hw, used to calculate the maximum displacement in the

middle is strictly depended on the non-dimensional factor 7, and is equal to:

-~ 1

! (I=n) n=
1 + i 1

Eh J

int abs

N N N | it Zabs
Dm+12) (hdd Dk} G T,
i=1 i=1 i=1 .

int

with (2a,b)

where hj is the thickness of i-th glass ply having a young modulus equal to E; hint is the thickness of
the internal polymer with a shear modulus equal to Gint; A* is the geometric area; Jun and Japs are the
second moment of area related to the monolithic and layered limit, respectively. Finally, ¥ is a
coefficient which directly depends on the boundary conditions of the considered case and is reported
in ref. [2]. Gint; is directly related to the elastic modulus of the interlayer, Et, discussed in the previous

section 2. By looking to eg. (2b) it can be remarked that when Gint=c0 (monolithic limit) terms 7 is

equal to 1, on the contrary if Gint=0 (layered limit) terms 7 becomes 0.

On the other hand, the equivalent thickness used to calculate the maximum stresses on the outer faces

of the glass plies, hi- can be estimated with :

(2c)

In Tab. 4 a comparison between experimental (dutsex) and theoretical (duLst) maximum

displacements is reported together with the maximum tension expected on the bottom glass ply, ot.

Table 4. Results obtained on UDLG specimens.

specimen Fo duLs,ex hw duLsith duLs,ex/ o
name [kN] [mm] [mm] [mm] dutsth [MPa]
8TPVB 20.0 49.2 12.0 51.9 5% 185
8TDG 275 25.7 16.8 25.8 1% 170
8TSG 34.3 34.5 16.4 34.8 1% 200
10TSG 48.5 24.6 20.4 25.5 4% 195
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Note that for all the cases, the differences are always lower than 5% showing a more than good

agreement with experimental results and the ones obtained from the EET method. Moreover, the

value of the maximum tension ot results quite similar for all the considered specimens, demonstrating

that a similar tempering process were performed on all the tested glass plies.

3.2. Results for PDLG

3.2.1 Configuration |

In configuration 0, when the bottom ply broke the load suddenly decreased but the LG plates still had

a residual load carrying capacity, producing the configuration I. A lateral view of the damaged ply in

this configuration | is reported in Fig. 7. Furthermore, the complete force-displacement curves are

sketched in Fig. 8.

Figure 7. Lateral view of configuration I, broken bottom ply.
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Figure 8. Experimental response in configuration 0 and |I.
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The global stiffness of the LG plates with the bottom ply cracked is greatly reduced with respect to
the UDLG case. From an engineering standpoint, the first breakage of the bottom ply could be
intended as an ultimate limit state (ULS) while when both plies crack, a collapse limit state (CLS) is
identified. Plates with PVB always showed a limited capacity between ULS and CLS identifying a
low post-breakage capacity. On the contrary plates with DG41 and SG showed a huge deformability
capacity before the CLS. In the same Fig. 8, with the dashed black line is reported the force-
displacement response of a monolithic plate made by only one glass ply (8mm or 10mm of thickness).
It can be noted that for all the specimens, the slope of the post-breakage branches is never coincident
with the dashed ones. In fact, despite the bottom ply is completely cracked still gives a non-zero
contribution on the global stiffness. This contribution is the so-called tension stiffening and mainly
depends on two factors: i) dimensions of the fragments. The experimental evidence confirms that the
greater are the fragments and the stiffer is the plate; ii) stiffness of the interlayer. Stiffer is the
interlayer and sligthly higher is the slope of the post-breakage branch. Finally, in Tab. 5 the results
associated with configuration | are reported in term of collapse limit state load, F, and the associated
vertical displacement (dcvs). Moreover, the dcis, /duLs ratio is presented which indicate the post-
breakage capacity of the plate. The global failure load F, ranges from 3.2 to 5.2 times lower than the

load registered in the UDGL at the failure of the bottom glass ply, Fo.

Table 5. Results obtained on PDLG specimens.

UDLG PDLG, Crack on bottom ply
specimen name Fo [KN] duLs [mm] Fi [KN] dersy [mm] | deis/ducs
8TPVB 20.0 49.2 6.15 59.2 1.2
8TDG 27.5 25.7 6.05 515 2.1
8TSG 34.3 34.5 6.59 56.1 1.7
10TSG 48.5 24.6 14.3 55.5 2.2
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3.2.2 Configuration 11

Configuration 11 (Fig. 9) is obtained by flipping the deformed shape obtained after the tests on
configuration 0. For this reason, in this configuration the plate had a curvature opposite to the load
direction. In Fig. 10 a direct comparison between the response in term of force-displacement graph
of the considered specimens is depicted. Due to the deformed shape, an initial load was needed to
flatten the LG plates. All the specimens were characterized by an initial non-linear behavior, due to
the transition phase in which the glass fragments tend to fill the internal gap generated after the

fracture. Once this gap is filled the behavior of the PDLG became quite linear until the final collapse.

Figure 9. Lateral view of configuration Il, top broken ply.
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Figure 10. Comparison between the results on PDLG specimens with top ply damaged.
8TSG specimen had a problem with the instrumentation and for this reason its behavior is not
represented. The response associated with PVB plate is more linear than the other cases and reach a

greater global displacement. The initial load needed to flatten the plates is greater in the case of rigid
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interlayers with respect the PVB one. In Tab. 6 the failure load of PDLG specimens with top ply glass
damaged, Fy, it is directly compared with the one that characterize the failure of the bottom ply glass
in UDLG, Fo. Stiffer is the layer and closer is Fy to Fo. The failure load of the PVB case in
configuration 1l is 1.5 lower than the undamaged one, on the contrary when DG41 and SG is
considered the plates reached a similar failure load in undamaged and damaged configurations.
Independently of the interlayer stiffness PDLG plates showed a good deformability in the post-

breakage phase, dcis,ii, being always the global displacement close to the one showed in configuration

0, duLs.
Table 6. Results obtained on PDLG specimens.
UDLG PDLG, Crack on top ply

specimen name Fo [KN] duLs [mm] Fin [kN] deis,n [mm] Fo/Fi
8TPVB 20.0 49.2 13.18 34.6 1.51
8TDG 275 25.7 24.68 24.7 1.11
8TSG 34.3 34.5 * * *
10TSG 48.5 24.6 46.02 28.1 1.06

* instrument error

3.2.3 Comparison

As a final summary between the results of the three tested configurations, Fig. 11 can be considered,
in which the slope, i.e. the initial linear response of the force-displacement curve is depicted.

25
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20 . W confie. IT
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L 1m

STPVB 8TDG41 §TSG 10TSG

Figure 11. Comparison in terms of slope between all the considered specimens.
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The three considered configurations are characterized by a remarkably different response. The PDLG
specimens always present a lower stiffness than the UDLG ones. In particular, the decrement of
stiffness for the PDLG with upper damage specimens is up to 57% (8 TSG) with a mean value of 27%.
On the contrary if PDLG with lower damage specimens are considered the decrement of stiffness

ranges from 3 to 5 times the one of UDLG.

Finally, as a general view of the final failure, the global collapse of the 8TPVB LG plate, is sketched
in Fig. 12. Despite at this stage the LG plate had no more carrying capacity and both plies were
completely broke, the glass fragments remained glue to the interlayer without scatter all around,

confirming the efficiency of the lamination processes.

Figure 12. Global failure of the 8TPVB specimen in configuration II.

4. Numerical modelling

Experimental tests were simulated by means the use of ABAQUS, which is a well-known commercial
finite element (FE) software. In particular, to reduce the computational time, only a planar mesh in
simply support conditions, with a concentrated force in the middle, was considered (Fig. 13). Element

CPS with 8 nodes was used, for a total of 473000 elements with a maximum size of 0.5x0.5mm.

18



Simulating the simply support condition, vertical displacements (uy) were hampered in both ends

while horizontal the displacement (ux) was fixed only on one end.

Plane model - 473000 CPSSR elements (mesh 0.5x0.5mm)

=0 - i . =0
uy =10 increasing vertical load uy =

Figure 13. View of the planar finite element model.
4.1 UDLG models

For the model calibration in undamaged condition, a linear analysis was performed. The obtained
numerical results are compared with the experimental one in Fig. 14. Since linear analyses were
conducted on this stage, the glass and the interlayers were considered as linear material: the elastic
modulus of the interlayers were assumed as the ones reported in Tab. 1, second row. The analyses
were manually interrupted when the experimental failure loads, Fo, were reached. At this level the
obtained displacements were compared with the experimental results to understand the accuracy of

the models.
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N +««= numerical
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Figure 14. Comparison between numerical and experimental results obtained on UDLG
specimens.
It can be noted the good agreement, in term of global stiffness, between numerical and experimental

responses. From the numerical models it should be interesting to carrying out normal and tangential
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stresses at the most stressed section of the plate. In particular, by referring to the ultimate point of the

force-displacement curve, a direct comparison can be made between model with stiff and flexible

interlayers (DG41 and PVB). In Figs. 15 and 16 normal (c or S11) and tangential (t or S12) stress

distribution is proposed for 8TPVB and 8TDG specimens, respectively.
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Figure 15. Normal stresses distribution on undamaged 8TDG and 8TPVB specimens (mid-section).
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Figure 16. Tangential stresses distribution on undamaged 8TDG and 8TPVB specimens (quarter).
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It is confirmed that, for the considered length and boundary conditions, the plates with PVB interlayer
behaves close to the layered response, otherwise DG41 is stiff enough to guarantee a monolithic
behavior. The values of the normal stresses are in agreement with the ones estimated with the EET

method and discussed in Tab. 4.

4.2 PDLG models in configuration |

The post-breakage response of specimens in configuration I, was simulated by using two different
techniques: i) introducing an equivalent variation of temperature and ii) using of a suitably calibrated
elasto-brittle constitutive law (Hillerborg model). Another possible technique could be the deletion,
of some portions of the mesh from the broken ply, simulating isolated fragments. The latter strategy
is not herein discussed but will be used to introduce the stresses distribution after the breakage in

section 4.2.3.

4.2.1. Equivalent Temperature

For undamaged tempered glass, compressive and tensile force, due to the tempering process, are in
equilibrium: the outer surface of glass is plane and each portion exchanges equal and opposite actions
with all neighboring ones. During the loading phase the linear stress distribution, which is generating
through the plies, is added to the initial state of stress. The cracks start as soon as the outer
compressive stresses are absorbed and overcome from the tensile one. Due to the elastic behavior of
glass, when the glass fails, fragments release part of the stored mechanical energy by expanding at
the edges, releasing compressive stresses, and contracting in the central part, releasing tensile stresses
(Fig. 17). The number and the size of the glass fragments (Fig. 18) directly depended on the thermal
tempering process (and hence on the initial state of stress) [22,23]. With an interlayer having good
adhesion, which can keep fragments from scattering (as the SG one), the fractured glass ply tends to
expand in its own plane. In the tested specimens this expansion was bounded by constraints,

generating a residual out-of-plane deformation of the plates (Fig. 19).
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post-failure -

Figure 17. Tempered glass ply: a) residual stresses and b) deformation after breakage.
The displacements, u, generating between the fragments could be conventionally estimated with the

equation:

u(z) =% [1 - (%)2] s @)

where oct is the maximum tensile normal stress which can be reached in the glass, E is the Young
modulus, s is half-length of the characteristic fragment. The eigenstrain, &, due to the fragmentation

of the tempered glass can be estimated from the knowledge of both the specimen size and the average

value of the fragments and hence of the number of the fragments, n.

Figure 18. Zoom on a cracked ply.
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It should be remarked that, the precise estimation of the characteristic length of the fragments is a
complex problem, which should be based on a refined statistical evaluation of the fracture pattern
[23]. The total expansion can be numerically replicated by a suitably calibrated equivalent thermal

load AT (Fig. 19) uniformly distributed along the thickness of the glass ply:

e=nf-u(g)=AT-ag (4)

I OA K KA A A XX KA A A XA
N AT, SR SIRIRRES

PAV AV AV ATAVAN PAVATAVAT N

Figure 19. Temperature change to simulate an equivalent eigenstrain: a) free expansion b) flexure
due to a restrained expansion.

In eq. 4) with ag is indicated the thermal expansion coefficient of glass which is conventionally
assumed equal to 9 10° °CL. This equivalent temperature produces an initial deformation of the
considered models. Together with the AT, the Young modulus of the broken ply was decreased, Eg),
according to previous study [4]. The equivalent thermal distribution permits to predict the effects of
shear and normal stresses transferred through interlayers from the broken ply to the undamaged one.
The combination of thermal expansion and the presence of the broken ply produces a more flexible
plate with respect to the initial undamaged one. The stiffer is the interlayer and the slightly lower is
the ply expansion i.e. lower AT. Results obtained from the described procedure, are reported in Tab.
7 where the experimental data (Fi and dcis,) are reported together with the AT value, the reduced

Young modulus and the displacement reached by using the proposed procedure dar.

Table 7. Results obtained from the equivalent temperature (AT) procedure, configuration 1.

PDLG, Crack on bottom ply
specimen Fi [kN] dcis [mm] AT [°C] | Egi[MPa] | dat[mm]
8TPVB 6.15 59.2 278 12.93 58.9
8TDG 6.05 51.5 210 24.77 48.8
8TSG 6.59 56.1 212 25.67 53.2
10TSG 14.3 55.5 198 33.12 50.7
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It can be noted the good agreement between numerical and experimental findings, differences are
lower than 10%. The procedure can be easily implemented and replicated on LG plates having
different boundary conditions, length or number of plies. The time of analysis is quite limited because

all the materials were assumed as linear.

4.2.2. Hillerborg constitutive law

The Hillerborg model is a suitably constitutive law implemented inside ABAQUS software which
can account for the elastic-brittle behavior via the use of the Brittle-Cracking material option [24].
This model was originally developed for concrete and fragile materials (1976) and has been then used
also for glass in a quite recent study [25]. In the software, its use is permitted only in the explicit
module and for this reason the analyses were conducted under displacements control. Crack starts
when the maximum principal stress reaches a specified tensile strength of the glass, i.e. the detection
of the crack is based on the Rankine fracture criterion. When the criterion was met, the first crack is
formed. The crack surface is normal to the direction of the maximum tensile principal stress. The
width of the crack will increase until the work of the element reaches the inserted fracture energy.
Moreover, during the crack also the shear stiffness, drop to zero in the crack plane at a prefixed
opening displacement. Subsequent cracks could take place depending on the redistribution of the
stresses on the glass layers. Cracking cannot be repristinated: once a crack occurs it remain for the
duration of the analysis. On the other hand, crack closing and reopening is allowed. Since for the
fracture energy the displacement at tensile failure cannot not be smaller than the displacement at crack
initiation, there is an allowable element length Le max for which the fracture energy can be represented
correctly. The material, Hillerborg model, as implemented in ABAQUS, depends considerably on the
element size, therefore it is always necessary to find the optimal compromise between the mesh
dimension and the convergency of the results. When the element length is too big, the dissipation by
damage is in general overestimated. As an example of the obtained results, Fig. 20 can be considered
in which the 8TDG specimen is reported. The numerical deformed shape is sketched for different
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displacement value (d) of the central section. It can be noted that at 27mm the maximum tensile stress
was reached and the first breakage take place. The non-convergency of the analysis was reached at
48mm, when multiple cracks take place. In this model the interlayer material was implemented using

exactly the non-linear material response depicted in Fig. 2.

d=10mm: linear phase

e ——————— e ——

d=20mm: linear phase

w

d=27mm: maximum tensile stress on bottom ply

W

first crack

d=48mm: failure

T ———

multiple cracks

Figure 20. Results associated with Hillerborg constitutive law.

In Tab. 8 the results associated with configuration | are reported in term of collapse limit state load,
Fon and the associated vertical displacement (duLsH). Since the analysis was under displacements
control the force Fon is given by the reactions on the supported points. After reached the first
breakage, the analyses continued to run until the final non-convergency at displacement dcLs,H. This

value could be compared with the experimental failure displacement (dcis,).

Table 8. Results obtained with the Hilleborg model, configuration 1.

Experimental Hilleborg model
Spﬁ;:;e” Fo[kN] | ducs [mm] | deisi[mm] | For [KN] | duisw [mm] | deisn [mm]
8TPVB 20.0 49.2 59.2 22 50 65
8TDG 275 25.7 51.5 29 27 48
8TSG 34.3 345 56.1 33 37 55
10TSG 485 24.6 55.5 49 27 52
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The proposed method predicts accurately the first breakage of the LG plates in both term of force and
maximum displacement. The post-breakage behavior is quite close with differences lower than 10%.
If compared to the equivalent temperature method previously discussed, this kind of analysis is more
precise but requires a greater amount of time from the computational standpoint. As previously
discussed, the results obtained with this technique depends greatly on the mesh, on the setting of the

crack opening parameters and on the elements type.
4.2.3. Stress distribution after breakage

After the crack opening the normal stresses drop to zero and the stresses are redistributed on the top
layer. As an example, Fig. 21 shows the normal stress distribution on the 8TDG specimen after the

first crack was opening.

~——linear phase
——post-breakage

6

4

2

0

-200 -150 -100 -50 0 50 100 150 200
G[MPa]

Figure 21. Normal stresses after the breakage on 8TDG.

As discussed, the breakage of the bottom glass ply cannot be numerically simulated just completely
delete from the model the broken ply. In fact, the presence of fragments on the bottom layer and the
stiffness of interlayer tends to stiffen the plate. The stresses can be still transfer between fragments

and the interlayer depending on the stiffness of the interlayer itself. To demonstrate this effect a
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simple model has been developed in which the fragments on the bottom ply have been directly
modelled as small piece connected on the top to the interlayer. Looking into Fig. 22, from a simple
linear analysis, it can be noted that if DG41 interlayer is considered the normal stresses are clearly
visible passing from fragments to the polymeric material; otherwise, when PVB is implemented

negligible stress transfer is present on the model.

8TDG 8TPVB

glass ply

region

glass
fragments ! -

Figure 22. Stress volume stiffening the interlayer.

This effect represents a tension stiffening which contribute for rigid interlayer to stiff the LG also

after the partial or total breakage of the glass ply.

4.3 PDLG models in configuration 11

In configuration 1 the initial deformation is opposite to the load direction (Fig. 9) and the broken ply
IS in compression. An analytic model is proposed in Fig. 23a: at the beginning of the test (Stage 1),
the top ply is cracked, and stresses can distribute only on the bottom ply. When the closest fragments
touch each other, starting from the outer top face, a compression resultant is generated on the top ply,
which became able to transfer normal stresses (Stage 2). Increasing the load, fragments on top are
quite completely in touch and plate starts to behave close to the UDLG one (Stage 3). Finally, collapse
is reached when tensile stresses cannot be carried on the bottom plate, similarly to what detected on

UDLG (Stage 4).
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Figure 23. Configuration Il for 8TDG: a) different stages and b) force-displacement response.

The global response of 8TDG case is sketched in Fig. 23b. It can be noted that the curve is non-linear:
the initial part of the curve can be simulated by using a reduced Young Modulus (Eg, in section 4.2.1)
applied to the broken ply, while the final part of the curve has the slope close to the one which

characterize the UDLG response. To reach the final failure load the same Hillerborg model previously
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introduced was applied. The obtained results are reported in Tab. 9 in terms of experimental, F;, and
the numerical, Fi 1, failure loads. The failure load of bottom ply in UDLG case, Fo, with the associated
displacement, duLs are reported too. It can be remarked that this modelling technique brings to non-

negligible differences, up to 1.6 for PVB specimen.

Table 9. Numerical results obtained for configuration II.

Experimental Numerical

Spﬁg:{ge” Fo[KN] | dus[mm] | Fu[kN] | Fun[kN]
8TPVB 20.0 49.2 13.18 22.4
8TDG 275 25.7 24.68 29.7
8TSG 34.3 34.5 * 37.4
10TSG 48.5 24.6 46.02 46.2

5. Parametric analyses

Starting from the previous ABAQUS undamaged models, parametric analyses have been developed
to underline the influence of different geometric parameters on the global response of LG plates,

which are of paramount importance in the structural design.
5.1 Size effect

The dimensions of the plate and the boundary conditions play an important role in the definition of
the degree of coupling between the glass layers, as demonstrated with theoretical models in previous
works [26]. To investigate the influence of this effect (called size effect), different values of the plate
length (from 550mm to 6600mm) were considered. The range of variation was applied separately in

the simply supported direction (Fig. 24a) and along the free ends (Fig. 24b).

| L -2
il ((f y s
- - =z
= — 7
a) b)

Figure 24. Variation of distance for numerical analyses: a) supported direction b) free direction
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Linear analyses were performed on 8TPVB and 8TDG plates monitoring the middle displacement.

The ratio between the displacement obtained, at a prefixed load value, on the 8TDG (dpg) and the

one obtained with 8TPVB (dpve) is plotted in Fig. 25 for the considered cases.

It can be noted that, when the supports moves away from one another (Figs. 24a-25a), the influence

of interlayer stifness on the vertical displacement decrease, i.e. doc/ dpvg ratio became closer to one.

On the contrary, when the lenght change in the other direction, i.e. the supports maintain the same

distance (Figs. 24b-25b), the ratio remain quite costant.
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Figure 25. Size effect and definition of the critical length (vertical red dashed line).

The discussed result, confirmed also by a previous theoretical study [27], permits to identify a critical

lenght (vertical dashed red line in Fig. 25). Starting from the critical length the plate behave as
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monolitich indipendently of the interlaayer stiffness, therefore is not economical convient use stiff
interlayer.

Looking into internal stresses (Fig. 26), it is confirmed that starting from the critical length no
differences in the response of LG plates can be observed. In Fig. 26 normal and tangential stresses
taken from the middle section of plates with length 500mm and 4400mm are reported. When the plate
has a length of 4400 the behavior is monolithic and the use of different interlayer does not influence

the degree of coupling of glass plies.
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Figure 26. Comparison between numerical normal and tangential stresses in the mid-section.

The above mentioned behaviour should be always considered during the design phase of a glass
structural element, cosidering that the cost of LG plates made by DG41 interlayer is about 3 times the

ones made by PVB.

5.2 influence of interlayer thickness
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Since the interlayer thickness affect the cost of the laminated plate, also this parameter was
investigated. The considered interlayer thicknesses were 0.38, 0.76 and 1.52mm, according to the
most used commercial products. As in the previous cases, 2-ply plates with 8mm tempered glass were
taken into account, with the distance between the supports equal to 0.5m and 5.5m. PVB and DG41
interlayer were considered. Also, for these cases the linear analyses were performed monitoring the
vertical displacement in the middle section. The ratio between the displacement obtained with each

thickness over the one associated with the lowest (di/do.3s) is plotted in Fig. 27.

1.4
di/doss
1.3
1.2 DG - 550
DG - 5500
1.1 PVB - 550
PVB - 5500
1
0.9
0.3 interlayer thickness
0.38 0.76 [mm] 1.14 1.52

Figure 27. Interlayer thickness influence on the global response.

Considering the small specimen with PVB, increasing the interlayer thickness, the degree of coupling
decrease, i.e. the global deflection increase. On the contrary, when the length is 5.5m the greater is
the thickness of the interlayer, the lower is the value of the maximum displacement. For the stiff
interlayer the trend is always the same independently of the specimen length, i.e. increasing the

interlayer thickness, the overall stiffness increase too.

5.3 Influence of glass thickness

Starting from 8TDG and 8TPVB specimens (interlayer thickness equal to 1.52mm) the glass
thickness was increased to 10 and 12mm. In Fig. 28 is reported the ratio between vertical displacement

measured in the middle of 8TDG over the one associated with 8TPVB plates (dpoc/drvB). It can be
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noted that, for the considered boundary conditions, the critical length is not dependent on the glass
thickness.

1 I
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|
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|
|
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550 1100 2200 3300 4400 5500 6600

[mm]
Figure 28. Glass thickness influence on the the definition of the critical length (vertical red dashed

line).
5.4 The effect of additional layers

Finally, an additional layer of glass and polymeric film, was considered, generating 3-ply LG plates.
The thickness of glass was 8mm and the interlayers were 1.52mm thick. Also, for these cases DG41
and PVB types were compared. In Fig. 29 the ratio between vertical displacement measured in the

middle of the DG41 over the one on PVB plates (dpc/dpvg) is reported.
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Figure 29. Size effect in 3-ply LG plates and definition of the critical length (vertical red dashed
line).
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The value of the critical length in the 3-ply case increases with respect the 2-ply case, i.e. an additional

layer of glass increases the influence of the interlayer stiffness on the overall response.

Finally, according to previous experimental results [27], also for 3-ply case the post-breakage
response is greatly depended on which ply of glass breaks first, as showed in the force-displacement
graph plotted in Fig. 30. By comparing the global response to the undamaged one (red line in figure)
when the bottom ply broke the stiffness reduction is 40% respect to the undamaged ones. In addition,
if the central ply broke together with the bottom one, the residual global stiffness is almost 6% of the
undamaged one. Otherwise, if only the central ply is broken the response is very close to the
undamaged one. Lastly, with the breakage of the central ply together with the top one, the stiffness is
almost 45% of the initial one. These results underline that due to the great non-linearity on the post-
breakage behavior of LG plates, the superimposition of the effects cannot be used. The global
response cannot be simulated considering only the final configuration, but it is important also to

consider the intermediated stage, considering in which order the glass plies fails.
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Figure 30. Experimental response of 3-ply LG plate with different damage path.
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It can be noted that, in Fig. 30, only four failure scenarios were presented; to cover all the possible
post-failure configurations for the 3-ply LG, it should be carried out a more extensive experimental

campaign or it should be used a statistical/theoretical approach as discussed in ref. [28].
6. Concluding remarks

In the paper, the post-failure response of 2-ply LG plates was investigated through experimental tests
and numerical models at different damage levels. Fully tempered glass with different ply thickness
(10 and 8 mm) and different interlayers (PVB, DG41 and SG) were considered. Experimental tests
were executed on simply supported LG plates loaded in the middle cross-section. Firstly, the
influence of different interlayers on the stiffness of undamaged plates (configuration 0) was
discussed. In this configuration the load was increased until the collapse of the bottom glass ply.
Then, two additional configurations were tested: configuration | with the broken ply on the bottom
and configuration 11 with the broken ply on the top. The LG response in configuration I is influenced
by two factors: i) dimensions of the fragments in the broken ply and ii) stiffness of the interlayer.
Considering the contribution of these two factors, plates with DG41 and SG showed a greater post-
breakage capacity with respect the ones with PVB. From a structural standpoint, the use of a rigid
interlayer permits hence to guarantee a safer post-failure response of the plates, which is a parameter
of a paramount importance in the design. Focussing attention on configuration Il, with the broken
glass ply located on the top, the response changes completely with respect to the previous case. In
this case the broken ply is in compression and the forces generated ensure a good response to the
plates, which reached high failure loads and displacements, close to the ones registered on the
undamaged specimens. It is important to underline that the beahvior of the plates is strictly depended

on the boundary conditions.

The experimental results were then simulated by means the use of ABAQUS software. In particular,
the undamaged behavior was simulated via simplified linear models, which permit to capture

accurately the response. Otherwise, for the simulation of post-breakage response, more complex
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modelling strategies were followed. Configuration | was simulated by means two different models:

a) the equivalent temperature method, which was a linear analysis with an equivalent thermal uniform

distribution used to simulate the expansion of the glass ply after the breakage; b) the use of an elasto-

brittle constitutive law. The discussed techniques, once properly calibrated, were able to match the

experimental results.

Finally, parametric analyses were presented to show the influence on the global response of:

i)

i)

Plate geometry (size effect). Plates with different dimensions were investigated, having
the length from 550mm to 6600mm. Numerical findings were used to define a critical
length from which the plates behave as monolithic, independently of the stiffness of the
interlayer. The critical length could be used in the design phase, in order to reduce the
costs of LG elements.

Interlayer thickness. Three thicknesses (0.38, 0.76 and 1.52mm) were considered,
analysing two different interlayer types. When a rigid interlayer (DG41) was used, the
global stiffness increase with the increasing of the interlayer thickness. On the contrary,
when PVB interlayer was used, the global behavior was strictly dependent on the plate
length. When a small plate is considered, the increase of the interlayer thickness generated
a more flexible plate; otherwise, for a long plate, the behavior of the plate become the
same as the one with DGA41.

Glass thickness. Three thicknesses (8, 10 and 12mm) were considered. The trend of the
global response remains the same, i.e. the size effect was not directly influenced by the
glass thickness.

Additional glass ply (3-ply LG plate). An additional glass ply and interlayer was added
forming the 3-ply LG plate. The critical length shifts, i.e. the monolithic behavior can be

reached with greater length with respect to the 2-ply LG plates.
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Finally, it can be remarked that a European Technical Working Group (TWG) is currently working
on the develop of a new Eurocode entirely devoted to the glass as structural material. In view of this,
the present paper brings additional useful and important information for the design of LG plates with
different interlayer types. The correct definition of a critical length in the design phase can be of

paramount importance, in view of an economical evaluation of the structural solution made by glass.
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