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Abstract 

Laminated glass combines glass layers, which provide 

strength and durability, with transparent polymeric 

interlayers, which provide coupling between glass layers 

and prevent glass shards from scattering in case of 

breakage. The main goal of this paper is to present, 

through COMSOL Multiphysics simulations, how the 

mechanical performance (bending stiffness and stress 

distribution) of laminated glass plates is affected by the 

shear stiffness of the interlayer material. The simulation 

results were validated with experimental tests. The 

laminated glass specimens presented a linear elastic 

behaviour until glass breakage, and its mechanical 

performance was affected by the interlayer material 

selection, as well as the load duration and the working 

temperature. 

Introduction 

Laminated glass is a composite laminate with glass layers 

bonded using a polymeric interlayer. It was originally 

used in car windshields to prevent glass shards from 

scattering in case of accidental breakage. In laminated 

glass, broken glass shards remain bonded to the polymeric 

interlayer. Polyvinyl butyral (PVB) was the first 

interlayer material for laminated glass used in car 

windshields, and it is still the most commonly used for 

that application. 

The use of laminated glass later expanded to architecture, 

aiming to design vertical and overhead glazing systems. 

However, there are still no European standards specifying 

the structural design of glass. There is, however, a draft of 

European standard (prEN 16612, 2013). 

Since glass is a brittle material, without capacity to 

deform plastically or redistribute stresses, with an abrupt 

breakage, and highly vulnerable to impacts (Bos, 2009), 

special measures are required to design transparent yet 

safe structural elements. For that reason, stronger and 

stiffer interlayers, such as SentryGlas, were developed in 

order to provide a higher pre-breakage stiffness and 

strength, and post-breakage safety. New types of PVB 

were also developed, with a lower level of plasticiser in 

order to increase its shear stiffness. 

The lamination process allows overlapping several glass 

layers, or even combining glass layers with layers of 

transparent polymers such as polycarbonate or 

poly(methyl methacrylate) (Biolzi et al., 2018). As a 

result, it is possible to obtain thicker elements, with a 

higher impact resistance and safer breakage than using 

monolithic glass. Safer means that it has a higher post-

breakage load-bearing capacity and a more ductile 

breakage. 

The two materials that constitute laminated glass have 

very different mechanical properties: glass is linear elastic 

until breakage (Callister, 1997), whereas the polymeric 

interlayer that connects glass layers is non-linear and 

viscoelastic (López-Aenlle et al., 2019), which means that 

its mechanical properties depend on the degree of strain, 

the load duration, and the working temperature (Figure 1).  

(a) 

(b) 

(c) 

 

Figure 1: Mechanical properties of PVB Clear, PVB ES, 

and SentryGlas: (a) stress-strain curves, and shear 

modulus (b) at different load durations and (c) at 

different temperatures, extracted from the manufacturer 

brochure (Kuraray Europe GmbH, 2018). 
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As a result, the mechanical properties of interlayer 

materials depend on the strain level, the load duration, and 

the working temperature. 

Andreozzi et al. (2014) and Pelayo et al. (2017) performed 

a dynamic mechanical analysis on specimens made of 

laminated glass (torsion test) and interlayer film without 

glass (tensile test) respectively. The study at different 

temperatures and strain rates allowed to obtain the 

viscoelastic properties of polymeric interlayers. The 

values obtained were implemented in numerical models, 

which were validated experimentally with a three-point 

bending test on laminated glass panels.  

The contribution of standard PVB for structural 

applications, both pre- and post-glass breakage, is 

negligible under certain loading conditions and working 

temperatures. Some national building codes, such as the 

German code DIN 18008 (2010), neglect by default the 

contribution of the interlayer. However, several studies 

demonstrate that the mechanical response of laminated 

glass, both before and after glass breakage, is influenced 

by the mechanical properties of the interlayer (Galuppi 

and Royer-Carfagni, 2012; Serafinavičius et al., 2013; 

Andreozzi et al., 2014; Pelayo et al., 2017). 

According to Hopper (1973), the degree of coupling 

between glass layers depends on the shear stiffness of the 

interlayer. The capacity of the interlayer material to 

provide shear connection between glass layers is time- 

and temperature-dependant, but simplified methods are 

commonly used in architecture by considering a constant 

interlayer shear stiffness, corresponding to the most 

unfavourable value. An assumption in this paper was that, 

in structural applications for architectural purposes, the 

interlayer material works in the linear elastic range, even 

though it is a non-linear material (Andreozzi et al., 2014). 

This paper aims to study the contribution of the interlayer 

in laminated glass panels under a combination of bending 

moments and shear forces. Laminated glass panels with 

three different commercial interlayer materials are 

subjected to a three-point bending test in order to compare 

them to each other and to the two theoretical extremes: 

monolithic limit, when there is total transfer of shear 

stresses between glass layers without shear displacement, 

and layered limit, when there is no transfer of shear 

stresses between glass layers (Figure 2). 

Two models (2D linear and 3D linear) were created using 

COMSOL Multiphysics. Compared to the non-linear 

viscoelastic models found in the literature (Andreozzi et 

al., 2014; Pelayo et al., 2017), these two models require 

less information to define the materials and have lower 

computational complexity. Linear models will only be 

valid if the experimental results validate the assumption 

of the interlayers working within the linear elastic range. 

The parameters considered relevant to study the structural 

behaviour of laminated glass panels are the bending 

stiffness and maximum load-bearing capacity. In terms of 

post-glass breakage safety, it is important to see whether 

the broken glass fragments remain bonded to the 

interlayer or not, and if the broken laminated glass panel 

falls from the supports or remains in place. 

 

(a) Monolithic 

 

(b) Laminated 

 

(c) Layered 

Figure 2: Laminated glass as a midterm between the 

layered and the monolithic limits. 

Methodology 

Experimental test 

The three-point bending test detailed in Figure 3 was 

carried out experimentally (Figure 4). The main goal was 

to compare the results obtained from experimental tests 

and simulation. 

In the three-point bending test set-up, a laminated glass 

panel with two layers of heat-strengthened glass of 6 mm 

thickness each was placed horizontally on a metallic 

bench, simply supported at both ends. A linear 

downwards load was applied at the midpoint between 

supports. A rubber film was placed between glass and 

steel, in order to prevent direct contact between these two 

materials, because it could cause stress peaks and 

premature failure of glass. The lower support moved 

upwards at a rate of 2 mm/min, whereas the upper support 

did not move. Breakage of both glass layers marked the 

end of the experimental test. The tests were carried out at 

a temperature of 23±1 ºC and a relative humidity of 

40±1%. 

 

Figure 3: Schematic overview of the three-point bending 

test setup. 

 

Figure 4: Experimental three-point bending test set-up. 

 

Width: 360 mm 
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The displacement of the mobile lower supports was 

constant, with a speed of 2 mm/min until breakage of both 

glass layers. This may allow seeing if the interlayer 

material performs within the linear elastic range, unlike 

steady-state experiments, which generally do not provide 

information about material breakage or plastic 

deformation. 

COMSOL models 

Two numerical models, created using the Structural 

Mechanics module of COMSOL Multiphysics, simulate 

the three-point bending test. First, a 2D linear model with 

a free triangular mesh, and second a 3D linear model with 

a free tetrahedral mesh (Figure 5). Both models are 

simplified by using symmetry at the midpoint and 

antisymmetry at the lateral support (Figure 6). A 

downwards load was applied at the midspan. 

 

Figure 5: 2D (a) and 3D (b) COMSOL model to 

simulate the three-point bending test. 

 

Figure 6: Symmetry at the middle axis and antisymmetry 

at one side to create a simplified simulation model. 

There is a perfect bond at the interface between glass and 

interlayer. In fact, there is continuity in the mesh between 

materials, and they share nodes at the contact surface. The 

material properties implemented were density, Young 

modulus, and Poisson ratio (Table 1). 

Table 1: Material properties implemented in the 

COMSOL Multiphysics simulation models. 

Material Density Young 

modulus 

Poisson 

ratio 

Glass 2400 kg/m3 70·109 Pa 0.2 

Interlayer 1000 kg/m3 Variable 0.48 

Results and discussion 

Contribution of the interlayer 

In order to determine the contribution of the interlayer, a 

load of 1 kN was applied in 2D linear models. Different 

values of interlayer stiffness were implemented, and the 

results obtained are the ones presented in Figure 7. 

 

Figure 7: Maximum stress and maximum displacement 

on a laminated glass panel depending on the stiffness of 

the interlayer. Applied load: 1 kN. 

Based on these results, the shear stiffness of the interlayer, 

which was proportional to the Young modulus, had a 

direct effect on the bending stiffness and maximum load 

of a laminated glass element when the two glass layers 

were unbroken: the higher the shear stiffness of the 

interlayer, the higher the bending stiffness and the lower 

the maximum stress of the laminated glass plate. The 

higher and lower values of stress and bending stiffness of 

laminated glass had an asymptotic tendency to the 

monolithic and the layered limits respectively. 

 

(a)  

 

(b)  
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The three-point bending test specimens are subjected to a 

combination of bending moments, which cause normal 

stresses, and shearing forces, which cause tangential 

stresses (Figure 8). The tensile stress (σx) caused by 

simple bending (Mz) is the one displayed in Eq. 1, and the 

shear stress (τ) caused by simple shear strain (T) is the one 

displayed in Eq. 2., where Wz is the section modulus, Q is 

the static moment, I is the moment of inertia, and b is the 

width of the section. 

 

Figure 8: Three-point bending test: shearing forces, 

bending moments and vertical deformation. 

 σx = Mz / Wz (1) 

 τ = T · Q / ( T · b ) (2) 

According to the experimental results and the COMSOL 

simulations, laminated glass specimens with SentryGlas 

and PVB ES were closer to the monolithic limit, and 

specimens with PVB Clear were closer to the layered 

limit. The model allowed to see how the normal and the 

tangential stresses in laminated glass panels were affected 

by the shear stiffness of the interlayer (Figure 9). 

The explanation to that influence of the interlayer on the 

cohesiveness of the laminated glass plate could be that, 

when the unbroken laminated glass panel was deformed, 

the interlayer material experienced angular distortion (γ) 

due to shear stresses (τ) between glass layers (Figure 10). 

The Hooke’s law (Eq. 3) states that, in the linear elastic 

region of a material, the angular distortion equals the 

shear stress multiplied by the shear modulus (G), which is 

proportional to the Young modulus (E) and the Poisson’s 

ratio (ν) (Eq. 4). 

 𝜏 = G · 𝛾 (3) 

 G = E / ( 2 · ( 1 + ν ) ) (4) 

 

 

Normal stress 

   

Monolithic Laminated Layered 

Tangential stress 

   

Monolithic Laminated Layered 

Figure 9: Stress distribution on layered, monolithic, and 

laminated glass. 

 

Figure 10: Shear stress at the interlayer of a laminated 

glass panel under bending load.  

Experimental validation of the simulation model 

Figure 11 shows the results of the experimental three-

point bending tests. The experimental results confirmed 

that, for unbroken specimens, the shear stiffness of the 

interlayer affected the bending stiffness and maximum 

stress of laminated glass plates. Specimens with PVB ES 

and SentryGlas, which were stiffer than PVB Clear, had a 

higher bending stiffness and reached a higher load before 

breakage. 

The fact that the specimens presented a linear behaviour 

until breakage, even though the interlayer materials were 

non-linear, confirm the initial assumption that the 

interlayer material worked within the linear elastic range. 

The experimental study lacks steady-state tests and tests 

at different temperature, which would be necessary in 

order to fully define the viscoelastic behaviour of the 

interlayer materials (Pelayo et al. 2017). However, with 

the obtained results at 23 ºC and the shear modulus of the 

interlayer from Figure 1, it is possible to use the 

simulation to obtain the expected results at different 

temperatures. 
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Figure 11: Experimental results of the three-point 

bending test on laminated glass panels. 

Breakage mode and post-breakage behaviour 

Information of the breakage mode and the post-breakage 

behaviour was obtained mainly from the experimental 

tests. Failure started in the middle region of the bottom 

glass layer due to excessive tensile stress at the lower 

surface (Figure 9).  

All specimens presented a linear behaviour until there was 

an abrupt drop of the load-bearing capacity when the 

bottom glass layer cracked due to excessive tensile stress. 

With only the top glass layer unbroken, the specimen 

presented a linear behaviour again, until the failure of the 

upper layer led to a second load drop and the total collapse 

of the structural element (Figure 12Error! Reference 

source not found.).  

 

Figure 12: Breakage stages of laminated glass elements 

under flexural load. 

Once the bottom glass layer broke, the interlayer held the 

broken glass shards in place, but no longer transferred 

shear loads between glass panels. As a consequence, the 

mechanical contribution of the interlayer became 

negligible. This can be seen in Figure 11, because the 

bending stiffness and maximum load of the second linear 

region has the same slope for all three interlayer materials. 

No adhesion loss was observed during the testing, and as 

a consequence, all broken glass shards remained bonded 

to the interlayer. The specimens with both glass layers 

broken and PVB Clear interlayer fell from the support, 

because the interlayer was unable to resist the weight of 

the broken glass layers, whereas specimens with 

SentryGlas and PVB ES remained in place, with a small 

but non-negligible load-bearing capacity. 

Comparison between the 2D and the 3D COMSOL 

models 

The computational complexity of the 3D simulations was 

higher, because the meshes of 3D solids have more nodes 

and tetrahedral elements instead of triangular. Despite 

that, both models were rather simple in terms of geometry 

and material properties. 

The values of bending stiffness provided by the 3D model 

were slightly higher than the ones provided by the 2D 

model, but the differences were always below 2% (Figure 

13). With respect to maximum stress, the differences were 

slightly higher (around 5%), being the values of the 3D 

model above the ones of the 2D model (Figure 14). These 

differences are however rather small, taken into account 

that in structural calculation there are always safety 

coefficients, such as the reduction factors for material 

strength and the magnification factor for applied actions. 

 

Figure 13: Bending stiffness values obtained from the 

2D model and the 3D model. 

 

Figure 14: Maximum stress values obtained from the 2D 

model and the 3D model. 
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Given the similarity in the results and the fact that the 3D 

model had a higher computational complexity, a 2D 

model may be the best option to simulate the scenario here 

considered. However, more complex models, in terms of 

load and boundary conditions, tend to be harder to 

simplify from 3D models to 2D models. 

Conclusions 

This paper studies the influence of the interlayer material, 

the load duration, and the working temperature on the 

mechanical behaviour of laminated glass plates under 

flexural loading in a tree-point bending test. To do so, 2D 

and 3D models are created using COMSOL Multiphysics, 

and the results are validated experimentally.  

In the experimental tests, three different interlayer 

materials were used: PVB Clear, PVB ES, and 

SentryGlas. These materials are non-linear and 

viscoelastic. SentryGlas had the highest shear stiffness, 

and PVB Clear the lowest. The shear stiffness of PVB ES 

was similar to SentryGlas at low temperatures and with 

short duration loadings, but approached PVB Clear when 

performing above room temperature or under long-term 

loading. 

An initial assumption was made that the interlayer 

material worked in the linear elastic range, and it was later 

verified experimentally. As a consequence, it was valid to 

define all materials as linear elastic in the COMSOL 

Multiphysics simulations. 

The shear stiffness of the interlayer material affected both 

the bending stiffness and the maximum stress of 

laminated glass plates. As a consequence, since the load 

duration and the working temperature affected the shear 

stiffness of the interlayer materials, it may affect the 

mechanical performance of laminated glass plates as well. 

Breakage of the specimens started at the bottom layer near 

the central region, where the load was applied and the 

bending moment was the highest. Glass breakage led to 

an instantaneous decrease of the load-bearing capacity. 

After breakage of the bottom layer, the polymeric 

interlayer held the broken shards in place, but its 

mechanical contribution became negligible. 

After breakage of both the top and the bottom layer, 

specimens with PVB ES and SentryGlas remained in 

place, whereas specimens with PVB Clear fell from the 

supports as the interlayer was unable to support the weight 

of the broken glass layers. There was no adhesion loss 

between glass and interlayer in the whole test.  

The abrupt brittle failure of glass and the small post-

breakage strength indicate that this design is not optimal 

for structural applications (e.g. roofs, staircases, and 

floors). That problem could be solved by adding a 

sacrificial layer or using a statically indeterminate design 

(e.g. midpoint support or rigid restraints at both ends). 

The influence of the interlayer was observed on the 

maximum deflection, stress distribution, and maximum 

tensile stress, which is the main cause of glass failure. 

After breakage of the lower glass layer, the interlayer held 

the broken shards in place, but its mechanical contribution 

became negligible. 

The results of 2D and 3D models were similar, but the 

computational complexity of 3D models was higher. 

However, the simplification from 3D to 2D models may 

not be possible to represent more complex geometries or 

boundary conditions. 

The experimental tests here presented, performed at 

constant temperature and constant deflection rate, do not 

fully define the viscoelastic behaviour of the interlayer 

material. However, there are manufacturer datasheets 

(Kuraray Europe GmbH, 2108) and research papers 

(Pelayo et al. 2017) providing information of the 

interlayer stiffness for different temperatures and load 

duration values. Such information can be implemented in 

the simulation model previously presented in order to 

predict the mechanical behaviour of laminated glass 

plates for said interlayer materials, temperatures, and load 

duration values. 
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