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Abstract

Modern design codes, such as the new Eurocode on the design of structural glass components,
consider the prediction of the post-failure behavior of these elements of paramount importance for a
proper and safe design. In this view, an experimental investigation is presented in the paper, on the
mechanical response of undamaged and damaged 2-ply Laminated Glass (LG) under quasi-static
loads, with different interlayers, namely polyvinyl butyral (PVB), SentryGlas (SG) and a plasticized
version of PVB, Saflex DG41 (DG41). Firstly, undamaged specimens (UDLG) were tested in simply
supported configuration (configuration 0) with a vertical load in the middle increased up to the
failure of the bottom glass ply. damaged LG specimens (PDLG) were then tested into two different
configurations: configuration I, with broken ply below (bottom ply) and configuration 11, with broken
ply above (top ply). All the presented tests were performed under displacement control. For both
configurations, the interlayers influence on the post-breakage behavior was discussed. It is
underlined that the global response of the two configurations was completely different: configuration
I, which was characterized by a deformed shape opposite to the load direction, showed a good
residual stiffness and reached high failure loads. On the contrary, in configuration I, the response
was characterized by a low stiffness and load carrying capacity. In addition, also the influence of
different glass types was discussed, focusing attention on tempered and toughened glass. The results
showed that the contribution of the fractured layer cannot be disregarded in the evaluation of the
global stiffness of a PDLG and its contribution is strictly related to the interlayer and glass
typologies.
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1.Introduction

The use of glass as a structural material came to prominence in the early 1990s due to the increasing
demand for complex transparent architecture and continuing improvements to the manufacturing and
refining processes [1, 2]. Glass possesses interesting properties such as high material stiffness,
significant compressive strength, and considerable environmental durability, but it can fracture by
overloading or defects that may cause unexpected breakage [3, 4]. The fail-safe approach in the design
of structural members, adopted by Standards and Codes [5, 6], requires that a member preserves a
residual load-carrying capacity even in the case of fracture, i.e. if the glass is partially or totally
fragmented, adequate stiffness and strength are needed to maintain resistance under permanent and a
certain amount of variable loads. This demand prevents the use of monolithic glass as a structural
material, whereas laminated glass (LG), a composite made of glass plies bonded together by
polymeric interlayers, can be used for structural purposes. In this case, when the laminated glass
breaks, the shards remain held together by the polymer film, thus reducing the risk of injury. In
addition, the assembly maintains a certain consistency and avoids catastrophic collapse, thus ensuring
adequate residual load carrying capacity (Fig. 1). Glass has a Young modulus (E) that varies between
68 and 74 GPa, while at about 20 °C, typical interlayer materials have a modulus that is two to five
orders of magnitude lower [3, 7-9]

| ‘Figure 1. Fractured laminated tempered glass in Italy.

Properties of the polymeric interlayer are important in the undamaged glass phase because the
coupling of the glass layers depends upon the shear stiffness of the interlayer [10-12]. Suitable
consideration of the shear coupling offered by the interlayer is critical to obtain an economical design.
Furthermore, the interlayer properties influence the post-breakage response because the effective
stiffness of a damaged LG element is affected by the stiffness of the interlayer and by the adhesion
of the glass shards with the polymer [13-20]. Generally, the bigger the fragments, the higher is the
stiffness of the damaged LG element. For example, large fragments characterize the failure of
annealed and toughened glass [3]. Nonetheless, tempered glass, produced by processing annealed
float glass by heating and subsequently quenching to introduce beneficial residual stresses in the
glass, is often used for LG structural elements [1, 2, 7]. This glass is prestressed with a compressive
stress state near the surface, balanced by tensile stresses in the center [3]. However, the use of
tempered glass plies may not be beneficial, as the smaller size of fragments after failure can affect
residual structural strength. During the loading phase, the linear stress distribution, which is generated
through the plies, is added to the initial state of stress, as shown in Fig. 2. The cracks start as soon as
the outer compressive stresses are absorbed and overcome the inner tensile strength. 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. A graphical interpretation of this phenomenon, on a small scale, is shown in Fig. 2.
With an interlayer having good adhesion, which can keep fragments from scattering, the observed
macroscopic behavior of the fractured glass ply tends to expand in its own plane. In literature,
numerical analyses were conducted with the aim to demonstrate the influence of the fragments’ size
on the post-failure behavior of glass [21]. The size of the fragments is directly connected to the
tempering processes.

B Lo
com pression tension
| 5 < |
| —ry P | —y pury |
4 =9
pre-failure ‘ —|— = —— —|— ‘ tg
. =
| — | — /é — | — —|— |
| contact |

post-failure |

stress
1'elease/ tempered glass

B Li fragments

Figure 2. Tempered glass ply: a) residual stresses and b) deformation after breakage [16].

The most widely used polymeric films for glass lamination are polyvinyl butyral (PVB), ethylene
vinyl acetate (EVA), SentryGlas (SG), and DG41, a recently introduced modified version of PVB.
Pure PVB needs the supplement of softeners that provide plasticity and toughness. Properties of EVA
vary from partial crystalline and thermoplastic to amorphous and rubber-like, but an increased amount
of vinyl acetate improves strength and ultimate elongation. SG is an ionoplast polymer primarily
made of ethylene/methacrylic acid copolymers with small amounts of metal salts. Compared to PVB,
SG exhibits both higher stiffness and strength. All of the aforementioned interlayers are known to
have temperature-dependent properties [8, 9]. A number of related theoretical and experimental
studies have investigated the mechanical response of LG elements, including lamination combined
with added reinforcement [22, 23]. The LG response is always between two ideal limits known as the
layered limit (free sliding of glass plies) and the monolithic limit (the different plies behave as a

unique ply).

In the paper, the post-breakage response of 2-ply LG plates, considering three different interlayers
(SG, www.kuraray.com; DG41, www.saflex.com; PVB, www.dupont.com), is investigated through
experimental testing at different damage configurations. Tests were conducted at room temperature.
First, the influence of different interlayers on the stiffness of undamaged LG plates is discussed and
experimental results are compared with theoretical relations [5, 10]. In this configuration (hamed
configuration 0), the load was increased until collapse of the bottom glass ply, which is the one with
the higher tensile stresses on the outer face. Then two different damaged configurations were tested:
configuration I, with the broken ply on the bottom, and configuration II, with the broken ply on the
top. The experimental findings are discussed with particular attention to the influence of different
interlayers on the post-failure response. Finally, the influence of two different glass types, tempered
and toughened, on the overall response is highlighted.



2. Tensile tests on interlayers

As previously introduced, the mechanical behavior of the interlayers plays a role of primary
importance on the overall response of LG plates. For this reason, a background on the interlayers
characteristics is presented next. For the characterization of the selected interlayers, tensile tests were
performed. There are several standards concerning short-term tensile testing and they all endeavour
to measure several individual characteristics, which correlate to the strength and deformation of a
material. According to [24, 25], uniaxial tensile tests were performed on dog-bone shaped specimens
obtained from an interlayer sheet [26], which main dimensions are presented in Fig. 3. The average
strain was measured between two points which were at a known distance on the undeformed
specimens (distance s in Fig. 3). Specimens were fixed on both ends to the testing machine. A manual
die-cutter was used to provide nine identical specimens from each interlayer sheets. Once extracted,
specimens were checked for scratches and imperfections.
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Figure 3. Dimensions of the dog-bone specimen (s = 25 mm)

Tests were executed in a room with controlled temperature and humidity. Testing velocity (i.e. speed
of the relative movement of the claws) was selected matching designations of ASTM [24] standard.
According to ASTM 638 [24, section 7.1], five specimens for each sample were tested, which is the
minimum recommended value. In particular three different velocities were assumed for each
specimen:

e 5 mm/min;
e 50 mm/min;
e 500 mm/min.

For the theoretical/numerical simulation of experimental tests on LG plates with static or quasi-static
loads, the results associated with the first two velocities should be considered; otherwise, when impact
loads are applied, the third one gives the most representative response of the material. Another
important parameter to be considered is the acquisition frequency which is directly proportional to
the sample dimensions and test velocity.

Fig. 4a) shows a photographic sequence of the tensile test on a PVB specimen: the remarkable
elongation capacity and necking due to Poisson effect is evident through the first pictures, while in
the last one the final rupture is presented. On the other end, in Fig. 4b two different phases of the test
on a DG41 specimen are reported, highlighting the different shape of the specimen before and after
the test. It can be noted a clear residual deformation due to a plasticization of the material, which was
not encountered on PVB specimens. Moreover, Fig 4c shows the stress-strain response of the five
normally equal specimens for the DG41 interlayer, with different velocity: for high velocity values
(black and grey colours) the specimens give a quite similar response while, for low velocities, at high
strain values, some differences were observed.
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Figure 4. Detail of tensile tests on: a) PVB; b) DG41 specimen with the associated stress-strain
curves (c).

Engineering stresses (evaluated with reference to undeformed cross-sections) were assessed as a
function of the imposed displacement, and the results are shown in Fig. 5 as the average value of the
tests on the different specimens. Furthermore, Fig. 5 shows also a zoom of the initial response.
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Figure 5. Stress- strain curves for interlayer DG41, PVB and SG.



The failure was always observed in a section within the narrow area, never in the grips nor in the
interface with clamps. Influence of the strain rate, i.e. tests velocity, is more relevant for DG41 and
PVB interlayers, while SG results more stable. The maximum tensile value was associated with very
high strains which generally did not governs the design of laminated glass elements. A high initial
stiffness characterizes the response of DG41 and SG with a decrement after a local maximum point
(yielding point). On the other hand, PVB showed an increasing stiffness with the increase of the
strains. Moreover, SG showed a visible necking in the narrow area not encountered in the other
specimens.

The elastic moduli were evaluated by following the so-called chord slope method [25]: two points
were identified in the initial part of the stress- strain graphs which represents the elastic part of the
response. The two points should be identified as 0.05% and 0.25% of the strain. However, considering
Fig 5, it can be noted that for all the specimens, the very initial behavior is not representative of the
elastic response: the stress-strain curves start always with a very stiff part and then a sudden change
in slope happen. For this reason, the elastic moduli were evaluated by considering 0.5% and 2.5% of
the strain for all the specimens and displacement rates, obtaining the values reported in Tab. 1. The
values reported in Tab. 1 are the average values obtained from the five tests conducted for each
interlayer and for each displacement rate. The reported values are consistent with the recent literature
[8, 9, 16]

Table 1. Average Young modulus 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

PVB showed a low value of the elastic modulus, in comparison with the other two materials. For all
the three materials the modulus is greatly lower than the one associated with the glass. Finally, the
producers (SG, www.kuraray.com; DG41, www.saflex.com; PVB, www.dupont.com) suggested a
value of the Poisson ratio, v, equal to 0.47 for all the interlayers.

3. Test setup

Experimental tests were performed considering simply supported LG plates, characterized by
different glass thickness and interlayer type. The specimens were characterized by 2-ply of tempered
(T type) or toughened glass (I type) with an intermediate polymeric film. The scope of the tests was
to monitor the post-failure behavior of the LG specimens, starting from the undamaged cases (UDLG)
down through the partially damaged ones (PDLG). As reported in Figs. 6 and 7, simply supported
plates were tested with a specimen total length equal to 1000 mm x 1100mm. The specimens were
composed by different interlayer material: PVB, DG41, and SG. The mechanical behavior of the three
considered interlayers is discussed in section 2.

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 LG. Vertical displacements was monitored
continuously by means of two linear variable displacement transformers (LVVTDs) located in the left
and right ends of the plate. Quasi-static tests were performed under displacement control to capture
the post-failure branch. As discussed in refs. [27, 28] dynamic and static tests could bring to different
post-failure response.
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Figure 6. Different views of the test setup: a) global view, b) zoom on the load beam and c) the
considered configurations (dimensions in mm).

In Tab. 2 all the considered 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 L [mm]
8TPVB TG - 8mm PVB 1.52mm 1050
8TDG TG —8mm DG41 1.52mm 1050
8TSG TG - 8mm SG 0.89mm 1050
8ISG IG —8mm SG 1.52mm 1050
8IPVB IG - 8mm PVB 1.52mm 1050




The thickness of 8 mm for the glass plies is to be intended as the commercial thickness. The actual
thickness was evaluated with a caliper repeating the measure on more than 10 different points: results
ranged between 7.3 mm and 7.8 mm. No significant differences in the glass or interlayer thickness
were observed between specimens of each series. The careful measurement of the real ply thickness
is of paramount importance, as discussed in [29], which can influence the static and buckling response
of the structural glass elements. As sketched in Fig. 6, different configurations were tested:

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

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 till 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 till the global collapse.

As discussed in the following, the mechanical response of PDLG vary 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, resulting in a more flexible plate.

4. Results for configuration 0, UDLG

The response of Undamaged LG specimens is presented in this section. Main results are reported in
Tab. 3, in terms of load value which generated cracks in the bottom ply, F; and the associate
displacement (i.e. displacement at the ultimate limit state, duLs). Moreover, the residual deformation
is reported too. As expected, the response was linear and strictly depended on the elastic modulus
(and thickness) of the glass and of the interlayer. Nominally equal UDLG specimens showed almost
equal stiffnesses in the pre-peak range and post peak range and slightly different maximum loads
which depend on the position of the critical defects where the fracturing phenomenon originated.

Table 3. Experimental results obtained on UDLG.

specimen Fi ducs res. def.
name [KN] [mm] [mm]
8TPVB 20.0 49.2 6.6
8TDG 27.5 25.7 6.9
8TSG 34.3 34.5 6.9
8ISG 14.7 13.5 2.2
8IPVB 9.4 19.6 1.9

A direct comparison of the response of UDLG specimens is also proposed in Fig. 7. It can be
concluded that:

e LG specimens with same interlayer type (and thickness) but with different glass types, have
approximatively the same elastic behavior, i.e. same slope of the force-displacement curve.
The specimens made by toughened glass (I-type) reached lower breakage load;

e the influence of the interlayer thickness on the UDLG behavior can be appreciated by
comparing 8TSG with the 81SG case. Increasing SG thickness, the stiffness of the LG plates



increases too. This phenomenon can be observed only by using stiffer interlayer, like the SG
one, because otherwise the increase of the interlayer thickness would lead to a decrease of
global rigidity. This behavior is also confirmed by comparing 8TDG and 8TSG specimens;

e direct comparison can be made between PVB and DG41 interlayer by comparing 8TPVB with
8TDG. The higher stiffness of DG41 interlayer led to a failure load 1.4 times greater and to a
slope which is almost 3 times greater;

e upper and bottom dashed black lines represent the theoretical upper and the lower bonds of
LG plates behavior: if the interlayer is sufficiently stiff the behavior of the plate is equivalent
to a unique monolithic glass plate; otherwise, if the film is too deformable is not able to avoid
the relative sliding of the glass plies (layered response). It is confirmed that plates with PVB
behave close to the layered limit while the other plates are close to the monolithic limit.
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Figure 7. Comparison between the results obtained on UDLG specimens

The pre-breakage behavior presented in Fig. 7, can be predicted by using the well-known Enhanced
Effective Thickness (EET) method [5,10]. Starting from the definition of the number of layers, type
of interlayer, geometry of the specimen and the boundary conditions, equivalent thickness were
estimated that were used in the determination of displacements and/or normal stresses. In particular,
the considered cases should be assumed equivalent as a simply supported beam with a concentrated
load in the middle. Therefore, the maximum bending moment (M,,,,,) and displacement (6,,,4,) are
defined as:

FL FL3
Mgy = T; Omax = KE} (1a1b)

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:
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where h; 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 Jans 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. [6]. Based on eq. (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. For the considered specimens, Gint
is the value obtained directly from the elastic modulus reported in Table 1, second row (tests at a
displacement rate of 50 mm/min). These values were selected to minimize the differences between
experimental evidence and numerical predictions. It should be observed that the most justified value
of Young modulus was the one evaluated with the lowest displacement rate (tests at a displacement
rate of 5 mm/min) but, in this case, the predictions differ significantly from the experimental
evidence.

On the other hand, the equivalent thickness used to calculate the maximum stresses on the outer faces
of the glass plies, hi o, and on the interface between glass and polymer, AinTi.0, are:
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In Tab. 4 a comparison between experimental (duisex) and theoretical (duLswm) maximum
displacement evaluated at load F), are reported.

Table 4. Experimental vs. theoretical results, UDLG specimens.

specimen Fi duLs,ex hw duts th duLs,ex/
name [kN] [mm] [mm] [mm] duLs.th
8TPVB 20.0 49.2 12.0 51.9 5%
8TDG 27.5 25.7 16.8 25.8 1%
8TSG 34.3 34.5 16.4 34.8 1%
8ISG 14.7 13.5 17.1 13.5 1%
8IPVB 9.4 19.6 12.0 21.4 9%

It can be observed that for all the cases, the differences are always lower than 10% showing a more
than good agreement with experimental results and the ones obtained from the EET method.
Considering the failure load, Fi, the theoretical normal stresses along the thickness of the plates are
reported in Fig. 8 obtained by using the equivalent thickness evaluated according to egs. 3. The
distribution inside the interlayer is not reported.
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The normal stresses distribution confirms once again that specimens with PVB as interlayer behave
close to a layered plates while with the stiffer interlayer the behavior became monolithic. The
maximum stress located on the outer face in the bottom glass of the tempered glass (178 MPa) is
almost 2 times greater than the one in toughened glass (87 MPa).

Focusing attention on shear stresses (Fig. 9), when a stiff interlayer is considered the distribution in
the glass plies is the typical parabolic one, which is generally associated to monolithic cross-sections.
On the contrary, when PVB interlayer is considered, shear stresses follow two separate parables
which became almost zero close to the interlayer.
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Figure 9. Shear stresses distribution in the considered specimens.

After the breakage of the bottom ply the load suddenly decreased and when it was completely
removed a permanent deformation of the plate is always registered. Low values of residual
deformation were registered with toughened glass specimens with respect to the tempered ones.

In Fig. 10, a view of a damaged ply of glass after the breakage, reached in configuration 0, is reported
for the specimen 8TPVB. A zoom on the initial propagation of the crack from the loaded zone is
proposed. As a comparison of the influence of the tempering process on the crack path, in Fig. 11 the
damaged ply of glass for 8IPVB specimen is reported too. As expected, tempered glass ply breaks
into a great number of small pieces (Fig. 10) while the non-tempered one (Fig. 11) was characterized
by small pieces around the collapse zone which became greater and greater moving away from the
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middle region. It should be remarked that the glass failure origin was always located in the central
part of the plates revealing that the glass ply edges were adequately grinded and polished.
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Figure 11. Damaged bottom ply glass for 81PVB specimen.
Fig. 12. shows once again the non-negligible differences in the characteristic dimensions of the
fragments between the two glass typologies (which was generally lower than 5mm in the tempered
ones).

, ) o L .
Figure 12. Characteristic dimension of the fragments for a)8TPVB and b) 8IPVB specimens

12



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

[30].
5. Results for PDLG
5.1 Discussion on configuration I, damage in the bottom ply

In configuration 0, when the bottom ply fails the load suddenly decreased but the LG plates still had
a residual load carrying capacity. The failure of the glass ply can be also observed visually by looking
the growth of the crack pattern, which generate also a non-negligible noise. In this configuration,
herein named configuration I, the plates appeared like the one reported in Fig. 13.

Figure 13. Lateral view of configuration I: broken ply on the bottom.

The complete force-displacement curve with the load increased until the total collapse is reported in
Fig. 14.
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Figure 14. Specimens behavior on configuration 0 and I.

The LG stiffness with the bottom ply cracked was 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. Independently
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of the type of glass (T or I) plates with PVB always showed a limited capacity between ULS and CLS
identifying a low reliability. On the contrary plates with DG41 and SG showed a great deformability
capacity before the CLS. In the same Fig. 14, with the dashed black line is reported the theoretical
force-displacement response of a plate consisting of only one, 8mm, glass ply. It can be noted that
for all the specimens, the slope of the post-breakage branch is never coincident with the dashed one.
In fact, despite the bottom ply being completely cracked it still gives a non-negligible contribution
on the global stiffness. This contribution is the so-called tension stiffening and mainly depends on
two factors:

i) dimensions of the fragments. Post-breakage branch of specimens made by toughened glass is
always stiffer than the ones made by tempered glass which is characterized by small fragments
distributed on all the glass layers. The experimental evidence confirmed that the greater are the
fragments, the stiffer is the plate in the post-breakage branch;

i) stiffness of the interlayer. The stiffer is the interlayer, greater is the rigidity of the post-breakage
branch.

The influence of both contributions can be directly appreciated in Tab. 5, where the results associated
with configuration | are reported, in term of collapse limit state load, Fii. and the associated vertical
displacement (dcis). The post-breakage capacity of the specimens is highlighted by the dcis /duLs
ratio presented in Tab. 5: the higher is this ratio and the bigger is the post-breakage branch.

Table 5. Experimental results, configuration I.

UDLG PDLG, Crack on bottom ply
specimen name Fi [KN] duLs [mm] Fia [KN] dcLs [mm] decLs/duLs
8TPVB 20.0 49.2 6.15 59.2 1.2
8TDG 27.5 25.7 6.05 51.5 2.1
8TSG 34.3 34.5 6.59 56.1 1.7
8I1SG 14.7 13.5 6.72 54.3 4.0
8IPVB 94 19.6 4.85 38.1 2.0

The aforementioned contributions give an increasing of the post-failure global stiffness underlining
that for the simulation of a PDLG plates also the contribution of broken plies should be always
accounted for. An interesting comparison is proposed in Tab. 6. The displacements obtained on a
single layer configuration, dip, (theoretically evaluated [10] using the static scheme of equation 1) are
compared with the experimental ones of Tab. 5, by means the dcis /d1p ratio. It is confirmed once
again that dcLs /d1p ratio is never equal to one and its biggest value is associated with 8ISG specimen.

Table 6. Influence of the broken ply on the global stiffness.

7 _| PDLG Single ply
specimen name Fia [KN] dcis [mm] dip [mm] devs /dip
8TPVB 6.15 59.2 63.1 1.06
8TDG 6.05 515 62.0 1.21
8TSG 6.59 56.1 63.7 1.13
8ISG 6.72 54.3 68.9 1.35
8IPVB 4.85 38.1 49.7 1.28
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It should be also remarked that, the tension-stiffening contribution could be suitably evaluated also
by means the use of vibrational experimental testing, as discussed in ref. [27].

Finally, a simple analytic model is proposed for 8TSG specimen in Fig. 15, starting from the UDLG
case till the global collapse. As reported in Fig. 8 normal stresses distribution is close to the typical
ones of monolithic plates.
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Figure 15. Stress distribution in different phases for configuration 1.

In Stage 1 the resistance is given by the equilibrium to the rotation offered by the two plies of glass
having thickness hg, since the contribution of the interlayer (with thickness hint) is quite small. The
bending moment capacity is hence directly related to the required tensile stress (ogy1t) to be exceeded
for the breakage of the bottom ply. In the Stage 2, the bottom glass ply will no longer contribute to
the resistance (hg,break) and bending normal stresses will be distributed only on the top ply and on the
interlayer. Consequently, the bending moment resistance of Stage 2 is always lower than the one
observed in the Stage 1. When the tensile resistance of top ply is reached, at the end of Stage 2, cracks
propagate inside the thickness, starting from an existing defect on the glass surface (Stage 3). The
interlayer initially prevents the crack propagation with tensile reaction (oint). In Stage 3 and 4 only
tensile contribution is given by the interlayer, and higher is the rigidity of the interlayer and greater
is its contribution to the global resistance, balanced from the compression stresses on the top glass
(oy,c). After the global collapse no more loads can be carried (Fig. 16).

Figure 16. Global failure of 8TPVB specimen after tests in configuration I.
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5.2 Discussion on configuration I, damage in the upper ply

Configuration Il was obtained by flipping the deformed shape obtained after test on configuration 0.
For this reason, in this configuration the plate had a curvature opposite to the load direction, as showed
in Fig. 17.

Figure 17. Lateral view of the initial deformation in configuration II.

In Fig. 18 a direct comparison between the response of the considered specimens is reported. Due to
the initial deformed shape, an initial load is needed to flatten the LG plate and hence brings to nil
deformations. The toughened specimens were characterized by a lower initial deformation than the
tempered ones. All the specimens are 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.

-
23 §TDG

15

10

inftial deformation

load nedded to flatten the plates

d
-10 -5 0 5 10 15 20 25 30 [mm] 35

Figure 18. Comparison between the results on PDLG specimens with top ply damaged.
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To clarify the behavior, a simplified analytic scheme is proposed in Fig. 19, for 8TSG specimen.

ntial part of
d d ol fragments in
STAGE 1 amagea pi STAGE 2 contact
damaged damaged -—
glass glass 4 /
interlayer interlayer
glass lass
g _!_/
STAGE 3 Fragments in STAGE 4
damaged / damaged
glass glass
interlayer interlayer
crack of
glass / damaged bottom ply
— glass

Figure 19. Different phases in configuration II.

At the beginning of the test (Stage 1) the top ply was cracked, and stresses can distribute only on the
bottom plate. When the closest fragments touch each other, starting from the outer top face, a
compression resultant (Stage 2) is generated. In Stage 3 the fragments are quite completely in touch
and the plate starts to behave close to the UDLG one, in configuration 0. Finally, collapse is reached
(Stage 4) when tensile stresses cannot be carried on the bottom plate. It may be observed that, since
the stiffness of the interlayer is several orders of magnitude lower than that of glass, the stiffness of
the LG plate with both the glass plies broken is significantly much lower than that observed in the
initial and post failure phases.The plate was not able to withstand the applied load and a sudden failure
occured. The final deformed shape after the collapse is showed in Fig. 20 which is close to the one
depicted in previous Fig. 16. Therefore, the consequences of the loss of stiffness and strength after
glass fracture must be correctly studied when a structural or non-structural element has to be designed
to carrying dead loads (e.g. roofs or floors).

Figure 20. Global failure of 8TPVB specimen after tests in configuration II.
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In Tab. 7 the failure load of PDLG specimens with top ply glass damaged, Fip, it can be directly
compared with the one that characterize the failure of the bottom ply glass, Fi. The stiffer is the layer
and the closer is the Fup to Fi. Moreover, for toughened glass Fii, can become slightly greater than
Fi due to the combinations of two effects: the larger dimensions of glass fragments which interact

with one another in compression, and the presence of reverse curvature before the loading phase.

Table 7. Experimental results, configuration I1.

UDLG PDLG, Crack on top ply
specimen name Fi [kN] duLs [mm] Fub [KN] dcrs [mm] Fi/Fup
8TPVB 20.0 49.2 13.18 34.6 151
8TDG 27.5 25.7 24.68 24.7 1.11
8TSG 34.3 34.5 * * *
8I1SG 14.7 13.5 19.28 11.9 0.80
8IPVB 9.4 19.6 11.14 14.9 0.85

*results not available

Both plates with PVB and DG41 showed a good deformability in the post-breakage phase, in fact
they reached global displacements close to those observed in configuration 0.

5.3 Comparison between the three configurations

As discussed in the previous chapter, the three considered configurations were characterized by a
remarkably different response. A direct comparison between them is represented in Figs. 21 and 22
in terms of the slope of the force-displacement curve and the failure load F, respectively.

1.2

slope — _ O config. 0

[kllﬁIénml] _ config. I
' W config. IT

0.8

0.6 =

0.4

0.0

STPVB 8TDG 8TSG 8ISG SIPVB
Figure 21. Comparison between slope of the force-displacement response of the considered
specimens.
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The PDLG specimens always presented a lower stiffness than the UDLG ones. In particular, the
decrement of stiffness for the PDLG with upper damage specimens ranges from 10% (8IPVB) up to
57% (8TSG) with a mean value of 27%. On the contrary if PDLG with lower damage specimens were
considered the decrement of stiffness ranges from 3 times (8TPVB) to 8.5 times (81SG) the UDLG.

[ config. 0
30 config. I
— B confie II
20 —
10 I
|:| H
8TPVE 8TDG 8TSG SISG SIFVE

Figure 22. Comparison between failure loads of the considered specimens.

The failure load of PDLG specimens with bottom ply damaged was always lower than the one which
caused the first breakage on undamaged LG plates, up to 5 times. On the contrary when the damage
was on the top ply, the load is close or slightly higher than the undamaged ones.

6 Concluding remarks

In the paper, the post-failure response of 2-ply LG plates is investigated through experimental tests
at different damage levels. Different interlayers (PVB, DG41 and SG) and glass types (toughened
and tempered) were considered. Quasi-static experimental tests were conducted on simply supported
plates loaded along the middle cross-section, under displacement control. Firstly, the influence of
different interlayers on the stiffness of undamaged plates was discussed. In this configuration (named
configuration 0) the load was increased up to the failure of the bottom ply due to tensile stresses on
the outer face. Specimens with a stiffer interlayer (DG41 and SG) behaved close to monolithic plates,
instead LG plates with PVB showed a response like the layered one. The use of different glass types
(i.e., toughened and tempered) did not affect the initial linear response but different failure loads were
detected: the failure load associated with tempered LG plates were up to 2 times greater than the one
of toughened plates. Furthermore, experimental results were compared with theoretical relations
(EET method) reported in literature and into the future Eurocode prCEN/TS 19100:2020, showing a
more than good agreement between theoretical relations and experimental evidence.

Additional two damaged configurations were tested: configuration | with a broken ply on the bottom
and configuration Il with a broken ply on the top. The experimental evidence associated with these
two configurations were presented and discussed. The LG response in configuration | was influenced
by two factors: i) dimensions of the fragments in the broken ply (glass type) and ii) stiffness of the
interlayer. To consider the post-failure capacity of the specimens, the ratio between maximum
displacement at ultimate and at collapse limit state (dccs / ducs) is introduced. The specimen which
showed the biggest post-breakage branch (i.e. biggest dcis / duLs ratio) was the one which combined
the use of non-tempered glass with the stiffer interlayer (81SG specimen). Considering only the
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contribution of the stiffness of the interlayer, LG plates with DG41 and SG showed a significantly
greater dcis / dus ratio with respect the ones with PVB. The use of a stiff interlayer allows hence to
guarantee a safer post-failure response of the LG plates, which is a parameter of a paramount
importance in the structural design. The response of configuration Il (broke ply on top) was
completely different with respect to previous case. The broken glass in configuration | was subjected
to tensile forces while in configuration Il was subjected to compression. For this reason, the failure
load in configuration Il was up to 5 times greater than the one in configuration | and it was close to
the one detected in undamaged configuration (configuration 0). Also in this case, toughened plates
reached greater value of the failure load respect to the tempered ones. Furthermore, comparing the
initial slope of the force-displacement response, if the undamaged configuration is taken as the
reference point, configuration I lead to a significant reduction of the stiffness, up to 8 times, while in
configuration Il the reduction was lower, up to 1.5 times. For both configurations, the contribution of
the broken ply should be always considered to estimate the post-failure response of a LG plate.It is
also crucial for a reliability analysis to design LG plates understanding where the damage take place
first.

Toughened glass and stiff interlayer, for the considered dimensions of the specimens guarantee a safer
post-failure response of the 2-ply LG plates, giving to the plates an extra ductility before the global
collapse. Finally, it should be remarked that the presented results are strictly depended on the
geometric size, boundary conditions and type of load, being the response of LG plates greatly
influenced by the well-known size effects. It should be also interesting to investigate the response of
LG plates with additional ply of glass.
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