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Abstract: In the last decades, the use of structural glass has increased exponentially. The reliability
of brittle structural glass elements is considerably improved if laminated glass elements are chosen
because, in this case, a redistribution of internal forces is permitted once a limited breakage occurs.
Thus, instead of monolithic glass, composite materials consisting of two or more glass plies bonded
together using a polymeric film as an interlayer are used. In the event of glass failure, because of
the chemical bond between the different materials, the adhesion to the interlayer prevents glass
fragments from scattering. To design structural elements, the definition of the mechanical features of
the interlayer is necessary. However, several standards and techniques can be applied, considering
the characterization of either the interlayer itself or the laminated glass. The paper reviews the main
existing methods and focuses on the standard suggested by the CEN/TS 19100:2021, analyzing in
detail the effect of the different parameters involved. A numerical model is presented to account for
the effect of the stress level, glass, and interlayer thickness. Although the standard leaves a certain
degree of freedom in choosing those parameters, in some cases the results can differ.
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1. Introduction

Over the past decades, the demand for complex transparent architecture considerably
increased due to the aesthetic requirements and the improvement of the safety level owing
to the increased knowledge of the mechanical properties of the materials [1]. Structural
glass is a composite material obtained through the process of lamination by joining, at high
pressure and temperature, glass plies and polymer films. Laminated glass (LG) combines
the high stiffness, compressive strength, and environmental durability of the glass with the
ability of the interlayer to bond the glass plies. LG has been proven to be a valuable solution
to fulfill the fail-safe approach according to the requirements of standards and codes [2–5].
Indeed, the interlayer of LG has the ability to retain glass shards in case of failure reducing
the risk of injury, and depending on the type of glass/interlayer, a noticeable post-failure
strength can be achieved [6,7].

The design of structural elements is challenging and involves several problems [8,9]
related to the structural response of the composite material “laminated glass”. The experi-
mental evidence can be the basis of theoretical validations to define constitutive bonds to
be used in a model calibration on the base of simple relaxation tests on laminated glass
specimens [10,11].

Owing to the spread of glass structures and non-structural elements [7–16], many new
interlayer materials have been developed and patented to improve the overall behavior,
since the interlayer properties affect the performances at different limit states and under
different temperature and load duration.
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Starting from the first polyvinyl butyral (PVB) interlayer (which is currently still the
most popular) [17–19], new formulations such as ethylene vinyl acetate (EVA), SentryGlas
(SG), and a plasticized PVB (known as DG41) have been developed.

The mechanical properties of the interlayers have been improved over the years both
in terms of stiffness and long-term properties at different temperatures. Indeed, these
polymers are viscoelastic materials characterized by a relatively low stiffness which is
strongly affected by the service temperature and by the load duration [1,18–20]. These
properties strongly affect the behavior of the LG, which can behave as a monolithic element
or as a layered element, in case of lack of collaboration between glass plies. Therefore, the
definition of the interlayer properties is of primary concern to assess the displacement at
the serviceability state, the resistance at the ultimate limit state, and the residual capacity at
the collapse limit state.

However, the experimental assessment of the mechanical properties is not straight-
forward because it requires the evaluation of the constitutive law of the interlayer, which,
in principle, should be evaluated on the pure material. However, the lamination process
(at high temperatures and pressure) alters the properties of the material itself; therefore,
the properties of the interlayer must be evaluated under its conditions of use (in laminated
glass). Therefore, several test procedures have been developed over the years considering
either only the interlayer or the LG [21]. At the standard level, the most dated documents
refer to interlayer tests (ASTM D638 [22] and ISO 6721-1 [23]), while recently the standard
EN16613:2019 [24] has been adopted at the European level and presents three different test
methods to be adopted depending on the type of the interlayer.

The ASTM D638 [22] and the ISO 6721-1 [23] are standards developed for plas-
tics, and thus do not account for the lamination process. Due to this reason, several
researchers [25–39] have proposed different test methods to assess the mechanical proper-
ties of the interlayer in the laminated glass. However, these different procedures are still at
the research level and have not been standardized.

The paper summarizes the main test methods proposed in the literature, discussing
the advantages and disadvantages of each procedure, as well as considering the stress
distribution generated by the test configuration. The procedure proposed by Serafinav-
ičius et al. [30] and by Valarinho et al. [31] has been adopted by the European standard EN
16613:2019 [24]; nevertheless, it does not include strict prescriptions on the test’s parameters.

Therefore, after a brief review of the available experimental methods for evaluating
the mechanical properties of plastic interlayers, since the EN 16613:2019 [24] is proposed by
the new design document CEN/TS 19100:2021 [2–4], the paper focuses on the procedure
presented in that standard and analyzes the effect of the main parameters (interlayer and
glass thickness and load level) on the evaluation of the shear modulus. Based on the
obtained results, some suggestions to properly assess the mechanical properties of glass
interlayers are presented. These outcomes will be useful for the designers to properly assess
the laminated glass mechanical response at the serviceability and ultimate limit state.

2. Test Methods for LG Interlayers Characterization

Over the last years, many procedures have been developed and they can be classified
in different ways, namely based on:

(i) Type of specimen: only interlayer or laminated glass;
(ii) Type of load: static or dynamic;
(iii) Type of stress: tension or shear;
(iv) Duration of load: instantaneous or creep behavior;
(v) Temperature effects: test conducted at different temperatures or at ambient temperature.

Although the characteristics of the interlayer itself are very important (e.g., evaluated
according to ISO 6721-1), the process of lamination at high pressure/temperature could
change the mechanical properties of the material [21,25]. For this reason, to evaluate the
shear modulus, which is the most important parameter to assess the structural behavior of
LG, laminated specimens should be preferred. In addition, for design purposes, both creep
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and temperature effects are crucial. Therefore, designers need the shear modulus under
different conditions (e.g., wind gust load, snow load).

The main test procedures available in the literature are summarized in Table 1, on the
basis of the above-mentioned classifications.

Table 1. Summary of test methods to determine the mechanical properties of interlayers.

Test Specimen
(I/LG)

Load
(S/D)

Stress
(T/S)

Duration
(I/C)

Temperature
(A or M)

Uniaxial tensile test [20,28]
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Table 1. Cont.

Test Specimen
(I/LG)

Load
(S/D)

Stress
(T/S)

Duration
(I/C)

Temperature
(A or M)
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More details about the tests listed in Table 1 are discussed, considering the numerical
simulation to show the state of stress in the interlayers in each case. In all cases, the float
glass and PVB were adopted. The float glass was modeled using an eight-node linear brick,
incompatible elements (C3D8I), and an eight-node three-dimensional cohesive element
(COH3D8) was adopted to model the viscoelastic behavior of PVB. The adopted values
of the mechanical properties of the glass and interlayer are reported in Section 3.2.1. It
should be noted that ABAQUS/Explicit was used for the analysis of the case of the uniaxial
tensile test and dynamic torsion tests due to the fact that in such tests, displacement (or
angle) control was adopted and it is much easier to use ABAQUS/Explicit to define quasi-
static condition or dynamic condition by changing the applying time, and static/linear
perturbation was adopted to analyze the modal tests. ABAQUS/Standard was applied in
other cases.

The numerical simulation was conducted to show the stress distribution in the inter-
layer under the diverse test setups. The different stress fields obtained were illustrated
accordingly to show: (i) the normal stress (tensile) for tensile tests (Sections 2.1 and 2.2);
(ii) the Von Mises stress to describe the stress distribution of specimens under torsion,
because the interlayer was under a complex stress state (not uniaxial state or under pure
shear dominated state); (iii) the shear stress in other cases, because the shear stress is the
fundamental component in these cases.

2.1. Uniaxial Tensile Tests of Interlayers

The uniaxial tensile test is a simple method in which a dog-bone specimen of the
interlayer is subjected to direct tension according to ASTM D638 [22]. Three different
displacement rates were adopted in the simulation: (1) 5 (2) 50 (3) 500 mm/min. It
evaluates Young’s modulus, and the shear modulus is calculated by assuming a value
of the Poisson’s ratio. However, it does not consider the effect of delayed deformation
and of the temperature. An example of the stress distribution is shown in Figure 1a,
where the specimen was designed following existing literature [20], and the thickness of
the specimen was 1.52 mm. The shell element (S4R) was selected to model the behavior
of interlayers under tension. The specimen was fixed at one end and loaded under the
constant displacement rate of 5 mm/min (with the strain rate of 1.7 × 10−3 s−1) at the other
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end in this study. The load can be obtained and the stress can be derived by dividing the
load by the area of the cross-section. The results show that, in the elastic range, the stress
distribution is homogeneous in the gauge length (Figure 1a). The uniaxial tensile test is the
most widely applied test method to characterize the stress-strain relationship of interlayers
under tension.
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In addition, the influence of strain rates (10−3 to 102 s−1) and temperature (−40 to
80 °C) on the tensile behavior of interlayers are also studied [44].
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2.2. Through-Cracked Tensile Tests

The simulation of the through-cracked tensile was carried out according to the geome-
tries of the specimens and loading procedures adopted by Chen et al. [29]. The specimens
were 200 mm in length, 50 mm in width, with a configuration of two 5 mm float glass
sandwiching one 1.52 mm thick PVB interlayer. The pre-cracking process of the specimen
was made in the middle of the specimen before the tests. The specimen was fixed at one
end and quasi-static loaded 300 N under uniaxial tension at the other end. The shear stress
can be obtained by the applied load divided by the shear area. The results show that there
is concentrated stress at the pre-crack region in the interlayers because there is a decrease of
stiffness at that cross-section (Figure 1b). It should be noted that delamination was observed
in such test, which would make it more difficult to define the strain in the interlayer.

2.3. Four-Point Creep Bending

The four-point creep bending was conducted following the procedures illustrated
in Section 3.1. The laminated glass plate was manufactured by two 8mm-thick floating
glass and 0.76 mm-thick interlayer, with the length of 1100 mm and the width of 360 mm.
The tests were conducted under a total applied force of 1150 N with simply-supported
boundary condition for 24 h at the temperature of 20 ◦C. The time history can be obtained
and the shear modulus can be derived according to EN 16613:2019 [24]. The stress analysis
suggests that the stress distribution is not homogeneous in the interlayer, with the stress
gradually increasing from the mid-span to the support (Figure 1c).

2.4. Single-Lap Shear Tests

The single-lap shear test was simulated according to the dimensions of the specimen
and loading procedures adopted by Hana [32,33]. The specimen was made of two 10 mm-
thick float glass bonded by 0.76 mm-thick PVB interlayer, with the shear area of 50 × 50 mm.
During the test, the lower glass ply was fixed with the clamp and the load was applied
on the upper glass ply, while a couple of equivalent opposite static loads of 5000 N was
applied to the upper and lower plies during the simulation (as shown the corresponding
case in Table 1). The shear stress can be obtained by dividing the applied load by the
shear area. The results show the homogeneous stress distribution in the interlayer, with
the variation within 5% (Figure 1d). However, the specimen was under a couple of forces,
acting in opposite directions, which would lead to the interlayer not only under shear
but also bending moment, although the moment was limited due to the short lever arm.
Overall, the relationship between shear stress and shear strain can be obtained, and the
initial secant shear modulus can also be determined.

2.5. Double-Lap Shear Test

The double-lap specimen [34,35] was made of 10 mm-thick float glass plies bonded by
1.52 mm-thick PVB interlayers. The specimens were loaded with a couple of equivalent
opposite static loads of 20 kN on the side surface of the middle glass plies (as shown
the corresponding case in Table 1). The shear stress can be obtained by dividing the
applied load by the shear area. The results show the homogeneous stress distribution in
the interlayer, with a variation of 2% (Figure 1e).

2.6. Compression Shear Tests

The compression shear tests were conducted with the LG specimens, which consisted
of two 6 mm-thick glass plies and one 0.76 mm-thick PVB interlayer. Considering both
the upper and lower surfaces of the specimen was fixed by the test setup (as shown the
corresponding case in Table 1), the constrain ‘tie’ was adopted to characterize the behavior
of surfaces between the specimen and the test setup. A total force of 2.5 kN was applied
vertically at the top of the test setup, which would transfer to shear forces into the specimens.
And the shear stress can be obtained by dividing the applied load by the shear area. The
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simulation results show the homogeneous stress distribution in the interlayer, with the
variation within 1% (Figure 1f).

2.7. Creep Tests

The simulation of the creep tests was carried out according to the previous litera-
ture [27]. The specimens were made of 10 mm-thick glass plies bonded by 1.52 mm-thick
PVB interlayers, with the shear area of 100 × 100 mm in each side. The creep load of 5 kN
was applied horizontally at the center of the middle glass ply to reproduce an average shear
stress of 0.25 N/mm2, while the other sides of the other two outer glass plies were fixed (as
shown the corresponding case in Table 1). The time history of deformation was captured.
The simulation results show the homogeneous stress distribution in the interlayer, with a
variation of 9% (Figure 1g). Furthermore, the shear modulus at a given temperature can
be derived based on Prony series [11], and this can be generalized to a wider time range
through time–temperature superposition principle (TTSP) [11,45].

2.8. Stress Relaxation Tests

The simulation of the stress relaxation tests was carried out referring to [37]. The
specimens were made of 10 mm-thick glass plies bonded by 1.52 mm-thick PVB interlayers,
with a shear area of 100 × 100 mm on each side. The load of 25 kN was applied horizontally
at the center of the middle glass ply to reproduce the shear stress of around 1.25 N/mm2,
while the other sides of the other two outer glass plies were fixed. The time history of the
load was captured. The simulation results show the homogeneous stress distribution in the
interlayer, with a variation of 2% (Figure 1h). Through such tests, the master curves can be
built to evaluate the long-term mechanical behavior of interlayers.

2.9. Modal Tests

The specimen was designed according to the geometry adopted in the previous
literature [38]. The laminated glass beam has a length of 1000 mm, and a width of 100 mm,
which consists of two 6 mm-thick float glass coupling with 0.76 mm-thick interlayer. The
natural frequency analysis of the beam was carried out under the free-free boundary
condition, and the natural frequency of such specimens was obtained. The simulation
results indicate that the stress is distributed as the propagation of the wave, which shows a
non-homogeneous distribution (Figure 1i).

2.10. Dynamic Torsion Tests

The dynamic torsion tests were simulated according to the specimens and test proce-
dures adopted by Andreozzi et al. [39]. The cylinder specimen was made of two 8 mm-thick
glass panes bonded by 1.52 mm-thick PVB interlayers. The angular velocity of 0.1 rad/s was
applied on one side of the specimen while the other side was fixed during the simulation.
Dynamic tests that could measure the viscoelastic properties for times of the order of 10−4

are usually conducted on polymeric material. In this case, significant uncertainties might
affect the experimental characterization because the bonding process of the glass plies to
the polymeric interlayers changes the mechanical properties of the original polymer.

In any case, dynamic tests on LG beams at very high frequencies are not feasible
because the forces of inertia would give results that can be difficult to interpret.

The simulation shows the stress is not homogeneous, with the stress distribution
increasing from the center to the surrounding (Figure 1j).

Overall, the advantages and the disadvantages of the test methods shown in Table 1
have been summarized in Table 2, considering the feasibility, the stress distribution, and
the time-dependent behavior of interlayers.
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Table 2. Advantage and disadvantage of each test method.

Test Advantage Disadvantage

Uniaxial tensile test
Standard test

Low cost
Uniform stress distribution

Not laminated glass
No long-term behavior

Through-cracked tensile test Laminated glass
No long-term behavior

Boundary conditions affect the
stress distribution

Four-point creep bending test
Standard test

Long-term behavior
Laminated glass

Non-homogeneous stress distribution
Affected by geometrical features

Single-lap shear test Laminated glass No long-term behavior
Normal and shear stresses in the interlayer

Double-lap shear test Laminated glass
Uniform shear stress distribution

No long-term behavior
Non-standard setup

Compression shear test
Standard setup

Laminated glass
Low cost

Normal and shear stresses in the interlayer

Creep test
Laminated glass

Uniform shear stress
Long-term behavior

Non-standard setup and specimen

Stress relaxation test
Laminated glass

Uniform shear stress
Long-term behavior

Non-standard setup

Modal test Laminated glass
Dynamic response

No long-term behavior
Non-homogeneous stress distribution

Non-standard test

Dynamic torsion test Laminated glass
Dynamic response

Non-standard test
Non-homogeneous stress distribution

Dynamic mechanical thermal analysis Laminated glass Non-standard test

In addition to the test methods mentioned above to characterize the mechanical prop-
erties of interlayers, V-notched shear tests [46], and tensile shear tests on small cylindrical
button-shaped specimens [47] were also adopted to study the shear modulus of inter-
layers and other factors which would influence the mechanical behavior of interlayers,
e.g., humidity [48] and aging conditions [35], were also investigated.

Overall, the test methods listed above can be classified into three categories: (i) quasi-
static test [20,26–36], which does not consider the time-dependent behavior; (ii) long-
term tests [27,37], which investigates the influence of time on the mechanical behavior of
interlayers. (iii) characterizing the behavior of interlayers in frequency domain, which is
dependent on the responses of specimens under a sinusoidal load. A generalized Maxwell
model [43], and Prony series [11] are adopted to define the viscoelastic behavior at a given
temperature, and TTSP is applied to widen the time domain in the last two cases.

3. Evaluation of Interlayer Properties According to EN 16613:2019

The recent document CEN/TS 19100:2021 [2–4] is a great step towards the common
application of structural glass. This technical document suggests assessing, the properties
of the interlayer according to the EN16613:2019 [24]. The standard prescribes dynamic tests
according to ISO 6721 [23]. For non-isotropic material or for interlayers which cannot be
formed into small pieces four-point creep bending test should be conducted. However, the
test procedure defined in EN16613—Annex A does not define some parameters such as the
glass and the interlayer thickness and the stress to be applied. In particular, the standard
suggests a load level to achieve at least a stress of 10 MPa (without an upper limit) and the
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total thickness of the specimen should be higher than 10 mm (again without a limit and
without distinction between glass and thickness interlayer). To assess the influence of those
parameters, numerical parametric analyses were performed. The numerical model was
validated based on experimental data.

3.1. Experimental Research

Experimental tests were conducted according to EN16613—Annex A [24] under the
four-point bending configuration (Figure 2). The laminated glass plates were manufactured
by two float glass plies (thickness 8 mm) with PVB interlayer (thickness 0.76 mm), with the
size of ls = 1100 mm and b = 360 mm (Figure 2) and total thickness t = 16.76 mm. The
distance between the central lines of supporting rollers was l = 1000 mm, and the distance
between the central lines of upper bending rollers was 200 mm. The tests (3 specimens)
were conducted at a room temperature of 20 ◦C. A dead load (F) of 1150 N was applied
for 24 h, while the midspan displacement was measured with an LVDT, continuously
acquiring with a sampling rate of 50 Hz for the first 20 min and then with a sampling of
5 Hz (Figure 2). Figure 3 shows the time-displacement curve, which was used to validate
the numerical model in Section 3.2.3. According to standard prescription, the response of
the specimen which exhibited the maximum displacement was considered.
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3.2. F.E.M. Modeling

The finite element (FE) software ABAQUS was employed to conduct the numerical
analyses. There are three main aspects to be considered to simulate the creep bending
response of LGs. These are:

(i) Constitutive assumptions of the materials (Section 3.2.1), in particular the viscoelastic
behavior of interlayers;

(ii) The numerical model (finite element type, mesh, boundary conditions, and the load
application (Section 3.2.2);

(iii) Validation of the finite element model established with the experimental results
(Section 3.2.3).

3.2.1. Materials

Glass is an elastic-brittle material for which density (ρG), elastic modulus (EG), strength
( fy), and Poisson’s ratio of glass (v) were assumed as 2.48 g/cm3, 70 GPa, 45 MPa, and
0.23, respectively.

For the interlayer, a viscoelastic constitutive law with formerly derived material
parameters was adopted to characterize the behavior of PVB. The domain of influence (DOI)
method [49] was employed to approximate the Prony Series coefficients and exponents of
PVB, because this method allows fine-tuning a fitting algorithm with a fixed number of
coefficients. And the shear relaxation modulus (gi) and relaxation time (τi) were obtained
through the relationship between the shear modulus (G) and applied time (t), and shown
in Table 3.

Table 3. Prony series of PVB.

τi [s] 123.6 3142.5 37,234.9

gi [MPa] 0.47 0.18 0.11

3.2.2. Finite Element Type, Mesh, Boundary Conditions, and Load Application

The float glass plies were modeled using eight-node linear brick, incompatible ele-
ments (C3D8I). Because of their removed shear locking and much reduced volumetric
locking, linear elements of C3D8I can be subjected to bending. The fine mesh size was
8 mm in the y and z direction, and 20 mm in the x direction (Figure 2), respectively.

An 8-node three-dimensional cohesive element (COH3D8) was selected to model
the behavior of PVB. Considering the glass plies remained in the elastic range during the
whole tests, a finite-thickness adhesive layer model was used, based on a continuum-based
constitutive response. The cohesive element connected two neighboring glass plies and
they matched meshes. As a result, they were connected by sharing nodes.

To improve the calculation efficiency, the boundary conditions and load application
were simplified. The displacement along the three axes was constrained at one bottom
support. At the other support, only the displacement along the z-axis and y-axis was
constrained (Figure 2).

A loading point was defined to apply the load (1150 N). That point was coupled with
the two lines where the upper rollers were located.

3.2.3. Validation of the Finite Element Model

To support the development of appropriate numerical model, detailed experimental
data is needed for validation. The time history of the plate deflection obtained from the
experiment and the numerical model was examined.

Figure 4 shows the time history of deformation of the LGs in the range of 0–86,400 s,
obtained experimentally (magenta line) and numerically (blue line). The deformation of
the specimen increases slowly from 3.04 to 3.65 mm during the whole simulation. The
deformation tends to be constant over 65,000 s. The quantitative comparison in Figure 3
shows a very good correlation (coefficient of determination r2 = 0.90) for the experimental
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and numerical time-deflection histories. Therefore, the numerical model can well describe
the experimental response with time of the tested plates. Based on this numerical model,
an investigation of the influence of the glass thickness, the interlayer thickness, and the
loading scenario on the bending creep behavior was carried out.
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3.3. Parametric Analyses

Three glass thicknesses (5, 8, 10 mm), two interlayer thicknesses (0.76, 1.52 mm), and
three different loading levels (600, 1150, 1800 N) were considered.

Designation of the specimen is given according to the following ID tag, LG-5/8/10-
076/152-060/115/180, where the first two capital letters ‘LG’ indicate the specimens made
by laminated glass, the second serial numbers (5, 8, or 10) indicate the thickness of the glass
ply, the third serial numbers (076, 152) indicate the thickness of the interlayer, and the last
numbers (060, 115, 180) indicate the different load levels.

The numerical analyses allowed the displacements at midspan for each configuration
to be evaluated (Figure 5). The results indicate, as expected, that the displacements decrease
by increasing the glass or by decreasing the load.
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According to the standard procedure, the interlayer shear modulus G can be evaluated
on the basis of the measured displacement at different load duration to allow designers to
assess safety under different actions. Figure 5 shows that the thickness of the interlayer, has
a strong influence on the response in case of sustained load, especially under a large load.
However, a short time this difference is limited. Hence, the displacements at 86,400 s (24 h)
were considered to evaluate the influence of the parameters under investigation. Table 4
reports for each case the deflection, the equivalent monolithic glass thickness (hmono), the
shear transfer coefficient ω, and the shear modulus of the interlayer Gint.
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Table 4. Main results.

Specimen
Glass

Thickness
[mm]

Interlayer
Thickness

[mm]

Load Level
[N]

D86400
[mm]

hmono
[mm]

ω
[–]

Gint
[MPa]

LG5076060

5

0.76

600 7.28 9.5 0.60 1.93

LG5076115 1150 13.36 9.5 0.60 1.92

LG5076180 1800 20.54 9.5 0.60 1.92

LG5152060

1.52

600 8.30 9.1 0.39 1.62

LG5152115 1150 15.23 9.1 0.39 1.61

LG5152180 1800 23.40 9.1 0.39 1.62

LG8076060

8

0.76

600 2.04 14.7 0.59 2.92

LG8076115 1150 3.65 14.7 0.59 2.93

LG8076180 1800 5.56 14.7 0.59 2.92

LG8152060

1.52

600 2.40 13.9 0.39 2.59

LG8152115 1150 4.31 13.9 0.39 2.58

LG8152180 1800 6.57 13.9 0.39 2.56

LG10076060

10

0.76

600 1.13 18.1 0.57 3.39

LG10076115 1150 2.00 18.1 0.57 3.35

LG10076180 1800 3.02 18.1 0.57 3.37

LG10152060

1.52

600 1.36 17.0 0.37 3.01

LG10152115 1150 2.40 17.0 0.37 3.01

LG10152180 1800 3.63 17.0 0.37 3.01

The equivalent monolithic glass thickness is a theoretical thickness of a monolithic
glass that accounts for the deflection under load and is evaluated with the formula [24]:

hmono =
3

√
F
(
2L3

S + L3
B − 3LsL2

B
)

8EGbw
+

60QL4
S

384EGbw
(1)

where:
F is the applied force (600, 1150, or 1800 N),
Q is the self-weight of the LG plate in the form of a line load equal to 0.144 N/m,
b is the width of the beam in the unit of m,
w is the midspan deflection.
The shear transfer coefficient ω is evaluated with the relation:

ω =
h3

mono − ∑k h3
k

12∑k

(
hkh2

m,k

) (2)

where hk, hm,k are the thickness of the glass ply, and the distance between the centroid of
the k-glass ply and the centroid of the LG ply, respectively.

Furthermore, the interlayer shear modulus G can be evaluated by inverting the Wölfel–
Bennison equation [5,50,51] as:

ω =
1

1 + 9.6 hintEIS
GL2

Sh2
m

(3)



Appl. Sci. 2023, 13, 8733 13 of 16

where hint is the interlayer thickness, hm is the distance between the mid-plane of the glass
plies, and IS (moment of inertia per unit length) can be expressed as:

IS = ∑k

(
hkh2

m,k

)
/∑k(hk) (4)

Therefore, the shear modulus (G) can be determined through Equation (3), with the
known parameters, as follows:

G =
9.6ωhintEIS

L2
Sh2

m(1 − ω)
(5)

The results indicate that the stress level (for the considered range) does not influence
the shear modulus, while it increases by increasing the thickness of the glass and by
decreasing the thickness of the interlayer. This tendency is shown in Figure 6, where
the normalized shear modulus (defined as the ratio between the shear modulus and the
reference shear modulus of the specimen LG5076060) is plotted as a function of the thickness
of the glass ply. The glass thickness appears to be the parameter that mostly affects the
results, with an increase up to about 80% of the shear modulus when considering glass ply
of 10 mm instead of 5 mm. The variation related to the interlayer thickness is not negligible
(about 20%) but is limited with respect to the effect of the glass thickness.
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Therefore, these numerical results suggest that the geometry of the specimen can affect
the evaluation of the properties of the interlayer and consequently provide a not always
reliable assessment for use in a prediction of a correct stress field in a laminated glass plate.

4. Conclusions

After a presentation of the methods proposed by standards or different authors,
the paper presents experimental and numerical research on the method suggested by
the European Standard: EN16613—Annex A on the experimental characterization of the
polymeric interlayers used in glass lamination. Test methods adopted from previous
literature to determine the mechanical properties of interlayers were also summarized.
A stress analysis was conducted which demonstrated that some experimental methods
induce a non-uniform stress field in the interlayer. Consequently, an appropriate analysis
of the experimental results is required.

Although the four-point bending test method according to EN16613 does not generate
a uniform stress field, it has great advantage that it is very simple and easy to perform,
it accounts for the long-term behavior, and can be conducted at different temperatures.
However, the analyses have shown that the experimental data seem to be affected by
geometric features (both thickness of the glass and of the interlayer) and/or load level, not
clearly defined in the standard.

Consequently, it is highly recommended to include additional provisions in the stan-
dard EN16613, defining a fixed glass thickness (e.g., 5 mm) and suggesting testing the
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interlayer with the higher thickness as defined by the interlayer producer to obtain the
lower value of the shear modulus.

In addition, the following requirements should be considered to define the mechanical
properties: (i) the shear coupling not the tensile strength of interlayers should be obtained,
(ii) the shear stress should be uniform, (iii) the specimens should be prepared as simple as
possible, (iv) the thermal-state and moisture should be easy to control, (v) the interlayer
should be laminated into the glass plies, (vi) different temperatures should be considered,
(vii) long-term behavior should be obtained.

Overall, the test proposed by EN16613 does not meet all the above-mentioned factors
but could be a good compromise between easiness of execution and reliable results, account-
ing for the outcome of this research which highlights that some geometrical parameters
influence the test results, and thus should be directly defined in the standard.
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