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A B S T R A C T   

This paper presents an analytical model, developed for laminated glass subjected to a low-velocity impact. It has 
the ability to capture glass cracks as well as large non-linear deformations. It is based mathematically on the first- 
order deformation concept, which considers the effect of membrane and transverse shear as well as bending. This 
theory uses damage mechanics to capture the glass cracking. For this purpose, several experiments have been 
carried out based on PVB laminated glass. The history of acceleration, transverse central displacement and ve
locity estimated over time is in a favourable relationship with the experimental information. In terms of lami
nated glass, non-dimensional coefficients have been suggested that regulate both the first peak contact force and 
the maximum transverse displacement. Laminated glass consists of several layers of soda-lime glass sheets bound 
together by intermediate layers of polyvinyl butyral (or PVB). Cracking of the glass layer is the main cause of 
laminated glass damage under both low and high-speed impacts. The main objective of the present article is to 
conduct experimental studies and numerical analyses of the glass ply cracking mechanism as part of the 
development of new strength parameters for PVB laminated glass. The non-linear characteristics of PVB are 
described using the Mooney-Rivlin constitutive model. The present article proves that it is possible to precisely 
model a wall made of VSG (Verbund Sicherheits Glas) laminated glass reinforced with a vinyl interlayer of 
appropriate thickness, and further, that such walls can constitute an element absorbing the impact energy of 
vehicles with specific parameters such as a passenger car, buses, and HGVs (Heavy Goods Vehicle). Based on the 
results of our study, new parameters were elaborated to determine the properties of PVB laminated glass exposed 
to vehicle impact. These new parameters were verified qualitatively by comparing the simulation results with 
experimental observations. We also assessed the strength of a wall of adequate thickness made of laminated glass 
at the ground floor level of a building exposed to a high-risk terrorist attack. The developed analytical model 
allows for a quick and reliable assessment during the initial design of safety glass, where a full-scale FE analysis is 
often too time-consuming.   

1. Introduction 

The current state of knowledge of the protection and safety of people 
and buildings exposed to terrorist threats is currently being overlooked 
in the standards for designing public buildings and infrastructure. 
Analysis of the available data proves that terrorist at-tacks cannot be 
fully prevented. However, their effects can be minimized by appropri
ately designing passive protection system elements, by creating walls 
made of laminated glass. 

Our analysis of the subject literature revealed that currently there are 
no guidelines and procedures that would allow for the design of structural 

glass elements working as walls. Of all the currently used construction 
materials, such as: concrete, steel, wood, glass strength, as well as its 
behaviour under load conditions, it is the least researched. One of the at
tempts to organize knowledge about the properties and mechanical per
formance of glass was the preparation and development of the European 
Standard EN 572, Glass in building (2004). Nevertheless, a more detailed 
analysis of the said document reveals that it mainly concerns glass elements 
working as slabs in the facades of buildings, which are stressed only with 
their own weight and wind loads. Structural elements of glass are destroyed 
rapidly and do not demonstrate any plastic deformation, which is why glass 
is the most difficult and unpredictable structural. 

* Corresponding author. 
E-mail addresses: karol.grebowski@pg.edu.pl (K. Grębowski), monika.zielinska@pg.edu.pl (M. Zielińska).  
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Laminated glass is a simple composite structure with wide applica
tions in construction. It is considered to be a safe glass because it has a 
good energy absorption capacity and, in case of breakage, most of the 
glass fragments remain bound by the intermediate layer of PVB. This 
significantly reduces the risk of injury caused by projected glass shards. 

Soda-lime glass is the brittle component of laminated glass. The film, 
on the other hand, is a hyperelastic rubber-like material. Glass and film 
are bonded by an adhesive bond, which is influenced by many factors 
such as the washing process during production or the moisture content 
of the vinyl interlayer. In practice, glass and the vinyl inter-layer are not 
fully interconnected. High adhesion laminated glass promotes the 
bonding of fragments of cracking glass, which in turn results in its low 
resilience [1,2]. In the production process of laminated glass, the rela
tionship between resilience and adhesion is optimized. The combined 
properties of glass brittleness, non-linearity of the vinyl inter-layer, and 
adhesive bonding make the mechanism of cracking of laminated glass as 
a result of impact damage far more complicated than in the case of 
monolithic glass. 

In recent years, there were tests of the mechanical properties of 
laminated glass carried out using theoretical analyses [2–8], experi
mental methods [2,9–15], as well as numerical simulations 
[2,10,18–43]. First of all, Xu [14–17] experimentally investigated the 
be-haviour of glass layer cracking in a laminated glass panel. Response 
of cracked laminated glass have been described by Galuppi [44], Mur
alidhar [45], Biolzi [41] and Galuppi [46]. Numerical models for both 
undamaged and broken laminated glass have been described by Ivanov 
[47], Baraldi [48] and Freddi [49]. The polymers’ viscoelasticity 
strongly influences the laminated glass response [50–52], in particular 
under blast loadings [53]. Also the stiffness of the rear structure strongly 
influences the response of laminated glass plates under blast and impact 
loads [54–66]. In the case of numerical simulations, modelling of 
cracking of glass layers was carried out using the element deletion 
method available in the LS-DYNA [10] and ABAQUS software suites 
[19–24], as well as the damage continuum method [27,28], the com
bined DE discrete elements and FE finite elements method [29–32] and 
the XFEM extended finite element method [33]. Chen [34] simulated the 
propagation of cracks in laminated glass under the impact of dynamic 
load in the form of a weight impact, in which they applied an external 
cohesion model [2]. The phenomenon of anisotropy, in which the me
chanical properties of the material are different in different directions, 
also plays a very significant role in laminated glass. Generally speaking, 
the mechanical properties of anisotropic materials are not symmetrical 
with respect to any of their planes or axes. Voyiadjis [67] developed the 
gradient damage theory for anisotropic damage for impact problems. In 
addition Voyiadjis [67] extended the gradient theories to rate- 
dependent plasticity or damage. Lu [68] presented the role of covar
iant constitutive description of anisotropic non-linear elasticity in which 
the necessary conditions for covariance of anisotropic strain energy 
functions and alternative representations of the stress response were 
derived. Additionally, Sumelka [69] presented the plate anisotropy 
induced by plastic strain evolution and rate-dependence influenced by 
impact loads. Safaei [70] presented an evolutionary anisotropic model 
for sheet metals based on the non-associated flow rule whereby they 
proposed a phenomenological approach to describe the evolution of 
anisotropy in the uniaxial deformation path using sets of parameters 
associated with various equivalent plastic strain levels. A numerical 
implementation of an anisotropic constitutive model is presented in 
Manzari [71]. The presented numerical simulations are compared with 
the field measurements. The drawbacks of using an isotropic elasto
plastic model are also demonstrated. 

It should be kept in mind that applying different numerical methods 
for laminated glass results in the possibility of using different modelling 
techniques. Researchers usually use combinations of shell elements with 
membrane elements to model laminated glass [2,10,23,24]. The glass is 
discretized as shell elements, while the vinyl interlayer deformation is 

described using membrane elements. The connection between these 
elements is made using a contact algorithm or a shared node approach. 
Larcher [10] created a model of a laminated shell element for laminated 
glass with extended destruction criteria, as well as a model using brick 
elements. They then compared the results of the analyses with the results 
of the fuzzy model proposed by Timmel [21]. In the case of the com
bined DE/FE method, the vinyl interlayer is discretized into brick finite 
elements, because it is sensitive to large deformations. However, one 
should be cognizant that all or at least some part of the glass in which the 
crack is to be formed must be discretized into discrete elements [29–32]. 
In these models, adhesion is modelled by combining discrete elements in 
glass with finite elements in the vinyl interlayer. Therefore, the algo
rithm of contact between the glass and the vinyl interlayer can be 
divided into two groups: the penalty-based models and the shared-node 
model. The penalty-based models are based on relative shifts be-tween 
glass and vinyl interlayer by imposing penalty forces. However, in the 
shared-node models, there are no relative shifts between the layers 
forming the laminated glass [2]. 

In the present article, we will focus on the experimental and nu
merical examination of the cracking of glass layers, because cracks and 
scratches constitute the main pattern of damage in laminated glass 
[24,27]. During the study of cracking prediction, an external cohesion 
model was applied, which is capable of eliminating the numerical 
problem of artificial susceptibility, which occurs in the intrinsic cohesive 
models [34]. In addition, a model of laminated glass was proposed, in 
which brick elements and an intrinsic cohesive formulation were 
applied. The brick elements were selected instead of the shell elements 
because during the research we focused on modelling the crack propa
gation de-pending on the thickness of the glass. The subject literature 
proves that the properties of PVB vinyl interlayer affect the mechanical 
properties of laminated glass subjected to a load in form of an explosion 
or impact with a vehicle [2,26,35]. In designing such structures, one 
needs to remember that the destruction of glass occurs momentarily 
with no plastic deformation. What follows is glass is recognized as one of 
the most difficult and unpredictable construction materials to work 
with. That is why the new technical specifications CEN / TS 19100: 2021 
“Design of glass structures” were created in 2021. CEN / TS 19100 is 
intended to pave the way for Eurocode of Structural Glass in the tran
sition period [57]. 

The research carried out in the present article and the results ob
tained are innovative. Based on experimental and numerical research, 
new parameters were developed to determine the properties of lami
nated glass consisting of VSG laminated glass reinforced with PVB in
terlayers exposed to vehicle impact. We also assessed the strength of the 
laminated glass wall (taking into account the new material parameters) 
with an appropriate thickness at ground floor level in a building with a 
high degree of terrorist threat in terms of vehicle impact. 

2. Methodology 

2.1. Laminated glass model 

In the present work, in order to simulate the cracking of the glass 
layer, a three-dimensional modified Camacho-Ortiz model was applied, 
taking into account behaviours that depend on the path [34]. The 
cracking condition of the cohesive model is based on stress, which is 
equivalent to the fact that the cohesive element is placed adaptively on a 
common surface between two elements, when the acting traction force 
Te is greater than the cohesive strength σmax: 

Te ≥ σmax (1) 

The task of this model is to implement an independent parameter κ to 
specify the ratio that occurs between the normal crack energy ψ t and the 
tangential crack energy ψn, resulting in the dissipation of the crack en
ergy, which depends on the following path: 
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κ =
ψt

ψn
(2) 

The effective opening displacement Δeff can be defined as: 

Δeff =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
η2

κ2Δ2
t + 〈Δn〉

2

√

(3) 

then the Δt =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Δ2
t1 + Δ2

t2

√

; Δn is the component of normal displace

ment, and Δ2
t1& Δ2

t2 determines the tangential components of the 
displacement; whereas η is used in the case of the Camacho-Ortiz model 
to present the result of the mixed mode; and the operator 〈•〉 is expressed 
as follows: 

〈x〉 =
{

x, x ≥ 0
0, x < 0 (4) 

A coherent traction force vector T is then determined using the 
following formula: 

T =
σmax

Δeff (max)

(

1 −
Δeff

δc

)(
η2

κ2Δt +Δnn
)

(5) 

where Δeff(max) denotes the maximum displacement in history; σmax 

expresses cohesion strength; δc represents the critical displacement of 
the opening; n is a normal unit outside; Δt = Δ + Δnn, and Δ defines the 
displacement vector. 

Therefore, it is possible for the tangent and normal resultant cohesive 
force, Tn and Tt to be determined using the following method: 

Tn = σmax

(

1 −
Δeff

δc

)
Δn

Δeff (max)
Tt =

η2

κ2σmax

(

1 −
Δeff

δc

)
Δt

Δeff (max)
(6) 

Two aspects should be considered in order to correctly model the 
finite elements for laminated glass. First, we need to correctly select the 
type of element, and secondly, we need to correctly perform the adhe
sion model. Shell elements are popular in glass modelling because they 
have a small number of elements, which in turn affects the possibility of 
using less computing power. However, such a solution renders it 
impossible to examine the impact of cracking depending on the 

thickness of the glass [2,10,23,24]. Therefore, in order to check the 
cracking mechanism during the tests, taking into account the thickness 
of the glass, brick elements are used, which additionally allowed for 
more accurate results. Such elements were also adopted in the present 
work [2,18–21]. However, it should be borne in mind that the use of 
brick elements may cause serious deviations in the mesh. Such a situa
tion can be remedied by the use of the adaptive remeshing method [37]. 

In relation to the modelling of the connection between glass and 
vinyl interlayer, two types of numerical algorithms can be found in the 
subject literature, i.e., the penalty-based approaches and the shared- 
node algorithm [24,29]. However, in the present work, we adopted an 
intrinsic cohesive formulation, as an alternative thereto [35]. Fig. 1 
presents a two-dimensional beam of laminated glass during its 
destruction. In this figure, it can be seen that under the influence of 
transverse load, the crack in the outer glass propagates from the border 
between the outer glass and the vinyl interlayer [2,12]. It should be 
noted that the use of the shared-node algorithm does not allow for an 
accurate representation of the imperfect adhesion between the glass and 
the vinyl interlayer. As the crack propagates in the top layer of glass it 
can be reduced during the load increment (Fig. 1a). When it comes to the 
penalty-based algorithm, adhesion strength can be adjusted by changing 
the value of the penalty stiffness [2]. 

In the work from the intrinsic cohesive models, an improved Xu- 
Needleman model [61] was applied to model the adhesion between 
the layer of glass and the vinyl interlayer, as accurately as possible. In 
this model, the normal cohesive forces Tn and the tangential cohesive 
forces Tt can be calculated as follows: 

Tn =
ψn

δn

(
Δn

δn

)

exp
(

−
Δn(max)

δn

)

exp −
Δ2

t(max)

δ2
t

Tt = 2
ψt

δt

(
Δt

δt

)(

1+
Δn(max)

δn

)

exp
(

−
Δn(max)

δn

)

exp −
Δ2

t(max)

δ2
t

Where
ψn

σn(max)exp(1)
and δt =

ψt

σt(max)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2 exp(1)

√

(7) 

where ψn – the normal fracture energy, ψ t – the tangential fracture 
energy, σn(max) – the normal cohesive strength, σt(max) – the tangential 

Fig. 1. Three kinds of numerical approaches for the modelling of the adhesion between glass and PVB [2].  
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cohesive strength, δn – the normal critical opening displacement, δt – the 
tangential critical opening displacement, Δn – the normal displacement 
components and Δt – the tangential displacement components. 

Parameters Δn(max) and Δt(max) correspond to the maximum stretch
ing and shear displacements over time. On the other hand, σn(max) and 
σt(max) are the maximum normal and tangential stresses in pure tensile 
and shear traction-separation curves. 

2.2. Contact algorithm 

The article applies an efficient global and brick local contact algo
rithm for the simulation of cracks, as developed by Chen et al. [34]. 
When it comes to the global contact algorithm, it includes both regular 
and adaptive search. Regular searching is carried out by using a linear 
contact algorithm called LC-GriD [39]. During the propagation of 
external cracks, new bonds are created adaptively through adaptive 
insertions of cohesive elements. Therefore, an adaptive search algorithm 
was applied to effectively and continuously update newly formed con
tacts. The local contact algorithm generates node-surface and edge-edge 
contacts [2,40]. 

After the crack penetration occurs in the local contact algorithm, the 
contact is automatically forced to counteract the penetration. Normal 
contact force f n is determined with the use of the penalty function 
method: 

f n = k • g⋅ns (8) 

where g is the penetration depth. Furthermore ns denotes the unit 
normal vector, and k is the stiffness coefficient. 

The Coulomb model was applied to calculate the frictional force: 

f t = − μ • f n • nt (9) 

where f n is the magnitude of the normal force. The variable μ is the 
Coulomb friction coefficient, and nt denotes the unit tangent vector [2]. 

2.3. The constitutive model of vinyl interlayer 

The non-linear characteristics of the vinyl interlayer were described 
using the constitutive Mooney-Rivlin model [21]. 

The deformation gradient F can be adopted as: 

F = 1+
∂u
∂X

(10) 

where 1 is the identity tensor. On the other hand, u is the displace
ment vector and X the reference position vector. 

Due to the fact that the vinyl interlayer is a virtually incompressible 
hyperelastic material, 

to be able to use low-order elements, the F-bar method is applied for 
its analysis [41]. This method releases volumetric locking. The modified 
deformation gradient F̃ is then defined to alleviate the limitations of 
non-compressibility: 

F̃ =

[
det(F0)

det(F)

]1
3

F (11) 

where F0 is the current deformation gradient located at the centre of 
gravity of the element. The above definition enables us to counteract 
volumetric blocking because it indicates that the F̃ determinant is con
stant for the element and is equal to the determinant of the deformation 

gradient in the middle of the element, i.e.,det
(

F̃
)

= det(F0). 

The Cauchy-Green strain relief tensor C is defined by the following 
formula:C = F̃

t
F̃. 

The Mooney-Rivlin model is applied, and the corresponding defor
mation energy function is described by input constants A and B [42]: 

W(I1, I2, I3) = A(I1 − 3)+B(I2 − 3)+D
(

1
I2

3
− 1
)

+E(I3 − 1)2 (12) 

where I1 = tr(C), I2 =
[
I2
1 − tr

(
C2) ]/2 & I3 − det(C) are the invariants 

of deformation; forcing the reduction of non-compressibility. Whereas 
the constants D & E can be defined as: 

D =
1
2

A+BandE =
A(5ν − 2) + B(11ν − 5)

2(1 − 2ν) (13) 

where ν is Poisson’s ratio. It should be noted that if we differentiate 
the function of deformation energy in relation to the proper Cauchy- 
Green deformation tensor C the second Piola-Kirchhoff stress tensor S 
will adopt the form of: 

S = 2
∂W
∂C

= 2
∂W
∂I1

1+ 2
∂W
∂I2

(I11 − C)+ 2
∂W
∂I3

I3C− 1 (14) 

The Cauchy stress tensor Tc is coupled to the second Piola-Kirchhoff 
stress tensor S by: 

Tc =
1
J
F̃SF̃

T
where J = det

(
F̃
)

is the relative volume [2]. (15)  

2.4. New generalised damage model of vinyl interlayer 

Damage was included in the model of vinyl interlayer using a new 
generalised damage model: MAGD. MAGD was implemented to add 
anisotropic damage to already existing material models. Therefore, 
standard LS-DYNA materials (*MAT_…) can now be supplemented by a 
new keyword *MAT_ADD_GENERALIZED_DAMAGE. This enables an 
arbitrary definition of the damage tensor, a wide selection of several 
history variables, different possibilities to define a damage strain coor
dinate system and separate treatment of damage evolution for each 
history variable. Damage is often non-isotropic due to microcracking 
more or less perpendicular to the largest positive principal stress. 
Another cause is associated to the very anisotropic nature of the material 
which leads to stronger or weaker directions when it comes to softening 
and failure. In order to account for this kind of “anisotropic damage” we 
suggest introducing fourth order damage-effect tensor M: 

σ = M− 1 : σ̃ (16) 

Many different concepts exist for the definition of that tensor, but in 
general it should have a structure (i.e., arrangement of zero and non- 
zero entries) similar to common constitutive tensors relating stress and 
strain tensors. The general framework of MAGD offers a good deal of 
flexibility in defining this damage tensor or better “damage matrix” 
since Voigt notation will be used. The fourth-order damage-effect tensor 
M− 1 of equation (16) becomes a 6x6 matrix in Voigt notation and will be 
renamed D here. With the assumption of orthotropy (two orthogonal 
planes of material property symmetry), it contains up to 12 non-zero 
components Dij to describe the relation between nominal (damaged) 
stresses σij and effective (undamaged) stresses σ̃ij: 

⎡

⎢
⎢
⎢
⎢
⎢
⎣

σ11

σ22

σ33

σ12

σ23

σ31

⎤

⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

D11

D21

D31

0
0

0

D12

D22

D32

0
0

0

D13

D23

D33

0
0

0

0

0
0

D44

0

0

0

0
0

0
D55

0

0

0
0

0
0

D66

⎤

⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

σ̃11

σ̃22

σ̃33

σ̃12

σ̃23

σ̃31

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(17) 

Now, each of the damage tensor components Dij is a function of up to 
three damage variables D1, D2, and D3: 

Dij = f (D1,D2,D3) (18) 
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An assumption is used in MAGD based on the effective plastic strain 
rate ε̇p

eff (which is available for all plasticity based models) and the total 
strain rate tensor ε̇ (also always available) to obtain the plastic strain 
rate tensor ε̇p: 

ε̇p
=

ε̇p
eff

ε̇eff

[

ε̇ − ε̇vol

3
δ
]

(19) 

After the selection of the damage tensor setup and the definition of 
history variables, the evolution laws for the damage variables have to be 
specified. The idea of MAGD is that each of the NHIS damage variables 
can be defined independently using the GISSMO parameters and equa
tions. This means that, for each damage variable, the following evolu
tion law applies: 

Ḋn = DMGEXPn • D

(

1− 1
DMGEXPn

)

n •
˙HISn

εf ,n
(20) 

where ˙HISn is the time derivative of the history variable, εf ,n is the 
“failure strain“, and DMGEXPn is an input parameter. In GISSMO, a 
nonlinear stress coupling term is used incorporating a critical damage 
value DCRITn and a fading exponent FADEXPn. The same approach is 
adopted here for each damage variable separately, i.e., the damage 
variable is internally replaced by this expression: 

Dn→
(

Dn − DCRITn

1 − DCRITn

)FADEXPn

(21)  

3. Validation of the parameters of VSG laminated glass with PVB 
interlayer 

3.1. Experimental setup 

Validation of the VSG glass and vinyl interlayer parameters was 
carried out on the basis of both experiments and numerical analyses. For 
the tests, we used laminated glass panels, which were then subjected to a 
low-velocity dynamic impact load. 

The experimental setup consisted of a square steel frame to which 
individual samples of glass panels were attached. In order to obtain 
constant boundary conditions, the samples were clamped around their 
circumference using 24 bolts (6 bolts on each side). The geometrical 
model is presented in Fig. 2. 

The panels were in the shape of a square measuring 1000 × 1000 
mm. For the experiments, a 2.28 mm thick PVB interlayer was used. It 
was also reinforced at the production stage. The thickness of a single 
interlayer is composed of six individual 0.38 mm thick films bonded 
with each other (6x0.38 mm = 2.28 mm), so that it has a greater 
strength. The glass panel was made of VSG tempered glass instead, 
which is why its strength was greater than the strength of a float glass 
panel. The low-velocity impact was achieved using a steel sphere. The 
sphere had a radius of 85 mm and a weight of 4.96 kg. We used the 
BiA500 launcher to launch the sphere in the direction of the sample, 

allowing the sphere to reach an impact speed of 10 m/s at the centre of 
the panel. The speed value was read using a pair of laser speed meters. 
Experimental and numerical tests were carried out for a total of 20 
samples with individual layer thicknesses adopted in accordance with 
Table 1. 

NAC MemreCam GX-5 high-speed cameras were used to record the 
course of the tests. Three-dimensional sensors were also installed to 
measure displacement, velocity, and acceleration over time. During the 
experimental research, measurements of stresses, deformations, dis
placements, degradation at compression, and tensile and impact force 
were also carried out. 

After conducting the tests in the laboratory, numerical tests were 
carried out for an identical experimental set. 

3.2. Numerical simulation 

Numerical simulations were performed using the LS-DYNA suite, 
which is an advanced tool used to analyze fast-changing phenomena as a 
function of time. Numerical calculations were performed using the 
Explicite procedure. The FE model was formed of 8 nodal cubic elements 
of reduced integration with a linear function of the C3D8R shape. We 
select brick elements instead of shell elements for glass in order to model 
the crack propagations through the glass thickness. PVB film is dis
cretized into brick finite elements because it is prone to large defor
mation. The advantages of brick elements over tetrahedral elements are 
primarily higher accuracy. The size of the FEM mesh was 1 mm in the ×, 
y, and z directions, respectively. The convergence criterion assumed for 
defining the best mesh discretization was adopted based on displace
ment at point. The grid size was considered correct when the difference 
in the displacement results, at the point between the two grid pitch sizes, 
was approx. 2%. In the sample all degrees of freedom at the boundaries 
are fixed. The numerical model contained 1 686 600 brick elements. The 
material MAT_32-LAMINATED_GLASS and MAT_112- FINITE_
ELASTIC_STRAIN_PLASTICITY had been assigned to the FE model. It 
was assumed that the sphere is of rigid material and the glass is non- 
linearly elastic. The energy release rates of glass are 10 N/m for mode 
I and 50 N/m for modes II and III [33]. The PVB was modelled using the 
Mooney-Rivlin constitutive model, and the corresponding constants are 
A = 1.6 MPa and B = 0.06 MPa [21]. The parameters of the intrinsic 
cohesive model for the modelling of the adhesion are ψn = ψt = 100N/

m and δn = δt = 0.001mm [43]. 
Strain-rate sensitivity (SRS) of flow stress is an important parameter 

for the deformation mechanism of materials. Strain rate sensitivity was 
taken into account in the Mooney-Rivlin model. The Mooney-Rivlin 

Fig. 2. Layout of laminated glass to impact of a rigid spherical projectile.  

Table 1 
Thickness of the respective layers of laminated glass panels.  

Test 
no. 

Interlayer 
material 

Thickness (mm) hglass + hPVB +

… + hPVB + hglass 

Impact velocity 
(m/s) 

1 PVB 20 + 2.28 + 20 + 2.28 + 20  10.00  
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model is able to correctly describe the behaviour of the PVB material in 
case of significant deformations and deformation speeds of from 100 to 
5000 s− 1. The strain rates range from 100 to 5000 s− 1 are able to cover 
the range of strain rates of PVB material in the impact damage process of 
laminated glass walls at the speeds of 120 km/h and below. 

High computing power was required to perform these calculations. 
Therefore, the TRITON supercomputer available in CI TASK at the 
Gdansk University of Technology in Poland was used for numerical 
simulations. It is currently the fastest computer in Poland and the 12th 
fastest worldwide. 

Based on the obtained results, strength parameters describing the 
material of VSG laminated glass reinforced with PVB film spacers were 
developed, including: mass density (RO), Young’s modulus for glass 
(EG), Poisson’s ratio for glass (PRG), yield stress for glass (SYG), plastic 
hardening for glass (ETG), plastic strain at failure for glass (EFG), 
Young’s modulus for polymer (EP), Poisson’s ratio for polymer (PRP), 
yield stress for polymer (SYP), plastic hardening for polymer (ETP), and 
plastic strain at failure for polymer (EFP).The results obtained during 

experimental and numerical research were compared and presented in 
Figs. 3 and 4. 

3.3. Results 

The prediction of damage to the laminated glass panel discovered 
during experimental research is analogous to the damage that occurred 
during numerical analyses. The resulting scratches and cracks of the 
glass coincide, with an accuracy of 1 mm. 

In Fig. 4, we presented the results in the form of graphs elaborated on 
the basis of interpolation of the values of the results obtained during the 
20 repetitions of the sample tests with Test no. 1. 

We proved that it is possible to effectively and efficiently validate the 
parameters of the model of PVB interlayers reinforced VSG glass. The 
results acquired during experimental research and numerical calcula
tions coincide at virtually every point in time, and the maximum dif
ference between the resulting values is less than 3.2%. The maximum 
glass tension σglass amounted to approx. 120 MPa with a deformation 

Fig. 3. Comparison of the results of (a) experimental setup and (b) numerical simulation for the sample with Test no. 1.  

Fig. 4. Comparison of the results of experimental tests and numerical simulations based on the interpolation of the values of the results for 20 repetitions of sample 
destruction for Test no. 1. 
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εglass of approx. 0.0004, for which the compression degradation variable 
DAMAGEC and the tensile degradation variable was 1.000. However, 
the maximum PVB stresses σPVB amounted to approx. 38 MPa with a 
deformation εPVB of approx. 2.4, for which the compression degradation 
variable DAMAGEC and the tensile degradation variable were 0.250. 

On the basis of the obtained results of experimental research and 
numerical analyses, new parameters of laminated glass were developed, 
which may constitute an input.mat file for MAT_32-LAMINATED_GLASS 
and MAT_112FINITE_ELASTIC_STRAIN_PLASTICITY implemented in 
the material database in the LS-DYNA suite in accordance with Table 2. 
The measurements are from the point located in the middle of the model 
sample. 

A table is additionally included, with the remaining parameters to be 
entered into the material library in LS-DYNA software, in the form of 
diagrams of stresses σglass to deformations εglass, stresses σPVB to de
formations εPVB, the DAMAGEC variable of compressive degradation to 
deformations εglass, the DAMAGET variable of tensile degradation to 
deformations εglass, the DAMAGEC variable of compressive degradation 
to deformations εPVB, the DAMAGET variable of tensile degradation to 
deformations εPVB. Young’s modulus and the Poisson ratio were deter
mined using a Zwick/Roell Z250 universal testing machine. 

3.4. Analytical model 

This section presents the development of an analytical model that 
allows for a reliable prediction of velocities, displacements and accel
eration, associated with the damage and deformation of fully clamped 
rectangular laminated glass subjected to a low-velocity impact. The 
model considers the structural strength resulting from bending, mem
brane and transverse shear, as well as the propagation of bending waves 
that change their position in the laminated glass. In addition, it was 
found that, due to these waves, an elastic response of the glass to low- 
velocity impact by rigid impactors took place. A damage criterion was 
used to predict crack initiation in glass panels. The individual assump
tions referring to the deformation and the material reaction will be 
explained in detail. 

3.4.1. Model approach considering the material geometry and properties 
Fig. shows a piece of laminated glass schematically. It was con

structed of two glass layers, glued to a composite interlayer. It was fully 
clamped along its four edges. The glass layers and the composite inter
layer feature the same overall length: 2a and width 2b, where a ≥ b. The 
thickness of the outer (impacted) layer, the interlayer and the inner 
layer (non-impacted) is respectively ho, hc and hi. The centre of the 
laminated glass is impacted by a spherical impactor (mass Mp, radius Rp, 
initial velocity vp) perpendicularly to the outer glass layer. 

The impactor is considered rigid when compared to laminated glass. 
When it comes to the impact of relatively large impactors: 
2Rp > ho +hc +hi on laminated glass with a medium to small thickness- 
to-width ratio 0.01 < (ha +hc +hi)/b < 0.15, it is worth using a 
thin-layer assumption that neglects local dents. The symmetry 
of the load reflection and the geometry is given in two longitudinal 

planes along 
(

x = 0, − hc
2 − ho ≤ z ≤ hc

2 + hi

)
, as well as 

(
y = 0, − hc

2 −

ho ≤ z ≤ hc
2 + hi

)
, which makes it necessary to model only the bullet and 

one-fourth of the laminated glass. When it comes to a low-velocity 
impact: less than 9vp m/s, it should be considered that the occurrence 
of a deformation without cracking is possible on the composite inter
layer [62]. It is also assumed that the bond that occurs between the glass 
layer and the interlayer is sufficiently strong, so that a delamination may 
not occur during the entire reaction. 

When the properties of the glass layer are linear and elastic, the 
properties of the composite interlayer (e.g. PVB) can be viscoelastic and 
highly deformation dependent [64.5]. However, when a low-velocity 

impact occurs, the stresses of the composite interlayer are not signifi
cant as opposed to its bursting stresses, and the stresses are much lower 
than in the glass layer, which results from much higher outer material 
rigidity [62,63]. 

We assume that the deformation of a quarter of laminated glass 
consists of three phases – see Fig. 5 – according to the location of the 
bending wave and in positive directions x and y: (1) phase one (0 < t ≤
t1) – when the bending wave is initiated at the point of impact but 
propagates towards the boundary (velocity ξ and η̇) in the positive di
rection x and y: (2) phase two (t1 < t ≤ t2) – bending wave in the posi
tive direction y totals (η(t) = b) and remains stationary at the boundary 
(η̇(t) = 0), then the bending wave in the positive direction x still moves 
in the direction of x = a (i.e. ξ < a); (3) third phase (t2 < t ≤ t3) – when 
the bending wave in the positive direction, x touches the edge (ξ(t) = a 
and ξ̇(t) = 0). For reasons of simplification, it is assumed that the 
bending wave, in the direction of y, reaches the boundary each time y =

b, which ensues before the boundary in the direction of x, because b < a. 
In each of the three phases, the acceptable transverse displacement 

area, as well as the shear deformation profiles for one-fourth of lami
nated glass 0 ≤ x ≤ ξ(t) and 0 ≤ y ≤ η(t), can be written down as follows 

W(x, y, t) = w0(t)

[

1 −
2x2

ξ(t)2 +
x3

ξ(t)3

][

1 −
2y2

η(t)2 +
y3

η(t)3

]

(22) 

and 

γ0
xz(x, y, t) = γxz0(t)sin

[
πx

2ξ(t)

]

cos
[ πy
2η(t)

]
(23)  

γ0
yz(x, y, t) = γyz0(t)cos

[
πx

2ξ(t)

]

sin
[ πy
2η(t)

]
(24) 

where five degrees of freedom are considered: shear displacements 
γxz0(t) and γyz0(t), transverse central displacement w0(t), the bending 
wave location in the direction x – ξ(t), but also y - η(t), which is called the 
Lagrange equation of the second kind. In the case of the outer area 
− ξ(t) ≤ x ≤ ξ(t) and − η(t) ≤ y ≤ η(t) (the grey area in Fig. 5), lami
nated glass is deemed straight: therefore W(x, y, t) = γ0

xz(x, y, t) =
γ0

yz(x, y, t) = 0. It should be noted that in the case of equations (16–18) – 
ξ(t) and η(t), they will become a and b at the moment when the bending 
wave reaches the boundary, in the directions of x and y respectively. 

According to Equation (16), the velocity, the transverse central 
displacement and the acceleration at random time t are expressed as 

w0(t) = W(0, 0, t)v0(t) = Ẇ(0, 0, t)a0(t) = Ẅ(0, 0, t) (25) 

In each of the three phases, an enforcement of the velocity, 
displacement and acceleration convergence conditions takes place at the 
point of contact 

(
x = 0, y = 0, z = − hc

2 − h0
)

between the outer glass 
layer and the impactor, i.e. 

wp(t) = w0(t)ẇp(t) = v0(t)ẅp(t) = a0(t) (26) 

then the subscript “p” refers to the impactor. 

3.4.2. Structural behaviour of individual layers 
This section describes the constitutive equations for the resultant of 

the membrane shear force, the moment and the transverse shear force 
relative to the stresses of the k-th plane, i.e. k = 1,2,3, which refer to the 
outer, intermediate composite and inner glass layers, respectively. We 
make use of the first-order shear deformation theory of plates (the so- 
called Mindlin plate theory), which is based on the von Karman defor
mation relations, where the transverse perpendiculars will no longer be 
perpendicular to the central surface when it comes to a deformation. The 
linear constitutive relations existing between the stress and the defor
mation for the k-th surface of a three-layer laminate can be written as 
follows [64] 
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Table 2 
New parameters for VSG glass reinforced with PVB interlayers.  

RO EG PRG SYG ETG EFG EP PRP SYP ETP EFP 

Mass 
density 

Young’s modulus 
for glass 

Poisson’s ratio 
for glass 

Yield stress 
for glass 

Plastic hardening 
for glass 

Plastic strain at 
failure for glass 

Young’s modulus 
for polymer 

Poisson’s ratio for 
polymer 

Yield stress for 
polymer 

Plastic hardening for 
polymer 

Plastic strain at failure 
for polymer 

kg/m3 GPa – MPa GPa – GPa – MPa MPa – 
2500 100 0.227 120 60 0.0004 0.253 0.435 38 3.26 2.4 

ƐƐglass [_] σglass [MPa] DAMAGEC[-] DAMAGET [-] ƐƐPVB[-] σPVB [MPa] DAMAGEC [-] DAMAGET [-] 
0.0 0 0 0 0.0 0 0 0 
0.5 × 10− 4 32 0.21 0.23 0.3 14 0.10 0.09 
0.75 × 10− 4 48 0.32 0.31 0.45 17 0.14 0.11 
1.0 × 10− 4 67 0.39 0.41 0.6 21 0.15 0.14 
1.25 × 10− 4 82 0.44 0.47 0.65 27 0.18 0.17 
1.5 × 10− 4 90 0.53 0.53 0.9 30 0.20 0.18 
1.75 × 10− 4 102 0.58 0.62 1.05 32 0.21 0.19 
2.0 × 10− 4 112 0.64 0.70 1.2 35 0.22 0.20 
2.25 × 10− 4 120 0.70 0.75 1.35 37 0.23 0.21 
2.5 × 10− 4 116 0.76 0.79 1.5 36 0.24 0.22 
2.75 × 10− 4 112 0.82 0.81 1.65 34 0.245 0.23 
3.0 × 10− 4 108 0.85 0.88 1.8 33 0.247 0.24 
3.25 × 10− 4 95 0.89 0.91 1.95 32 0.248 0.245 
3.5 × 10− 4 76 0.93 0.95 2.1 31 0.25 0.25 
3.75 × 10− 4 41 0.98 0.98 2.4 24 0.249 0.25  
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⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

σxx

σyy

σyz

σxz

σxy

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(k)

=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Q11

Q12

0
0

0

Q12

Q22

0
0

0

0
0

Q44

0

0

0
0
0

Q44

0

0
0
0
0

Q66

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(k)

=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∊xx

∊yy

γyz

γxz

γxy

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(27) 

then σ(k)
ij are stress components; Q(k)

ij the surface rigidity reduction 

due to the load; Q(k)
66 = E(k)/2(1+v(k)), Q(k)

11 = E(k)/2
(
1 − v2

(k)

)
, Q(k)

12 =

v(k)Q(k)
11 ,Q

(k)
44 = Q(k)

11 , Q(k)
22 = Q(k)

11 ; E(k) expresses the Young’s modulus and 
v(k) is the Poisson ratio. 

The deformation components take the following form 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∊xx

∊yy

γyz

γxz

γxy

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∊0
xx

∊0
yy

γ0
yz

γ0
xz

γ0
xy

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

+ z

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∊1
xx

∊1
yy

0
0

γ1
xy

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(28) 

where 
(
∊0

xx, ∊0
yy, γ0

xy

)
are the membrane deformations, on the basis of 

which the permissible displacement field function is created (see 
Equation (22), 

∊0
xx =

1
2

[
∂W(x, y, t)

∂x

]2

∊0
yy =

1
2

[
∂W(x, y, t)

∂y

]2

γ0
xy =

∂W(x, y, t)
∂x

∂W(x, y, t)
∂y

(29) 

and 
(
∊1

xx,∊1
yy, γ1

xy

)
are the bending deformations, also called curva

tures, expressed as 

∊1
xx =

∂θx(x, y, t)
∂x

∊1
yy =

∂θy(x, y, t)
∂y

γ1
xy =

∂θx(x, y, t)
∂y

∂θy(x, y, t)
∂x

(30) 

then the rotations of the transverse normal around the axis y and x 
reach accordingly 

θx(x, y, t) = γxz(x, y, t) −
∂W(x, y, t)

∂x
θy(x, y, t) = γyz(x, y, t) −

∂W(x, y, t)
∂y

(31) 

Whilst in the case of the k-th layer the resulting forces were described 
as 
⎧
⎨

⎩

Nxx
Nyy
Nxy

⎫
⎬

⎭

(k)

=

∫ zk+1

zk

⎧
⎨

⎩

σxx
σyy
σxy

⎫
⎬

⎭

(k)

dz

⎧
⎨

⎩

Mxx
Myy
Mxy

⎫
⎬

⎭

(k)

=

∫ zk+1

zk

⎧
⎨

⎩

σxx
σyy
σxy

⎫
⎬

⎭

(k)

zdz
{

Qx
Qy

}(k)

=

∫ zk+1

zk

{
σxz
σyz

}(k)

dz.

(32) 

Substituting the equations (27) as well as 28 into Equation (32) and 
rearranging lead to constitutive equations relating the resultant of the 

Fig. 5. Sequence of deformation phases, related to the behaviour of clamped laminated glass impacted by a rigid impactor: (a) phase one, (b) phase two, and (c) 
phase three. f(t) and g(t) are the position of the bending wave in the × and y directions, respectively. It is important that there was no deformation in the grey zone. 

K. Grębowski and M. Zielińska                                                                                                                                                                                                              

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Engineering Structures 292 (2023) 116494

10

membrane shear force, the transverse shear force and the moment of the 
stresses of the k-th plane 

⎧
⎨

⎩

Nxx
Nyy
Nxy

⎫
⎬

⎭

(k)

=

⎧
⎨

⎩

A11 A12 0
A12 A11 0
0 0 A66

⎫
⎬

⎭

(k)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∊0
xx

∊0
yy

γ0
xy

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

⎧
⎨

⎩

Mxx
Myy
Mxy

⎫
⎬

⎭

(k)

=

⎧
⎨

⎩

D11 D12 0
D12 D11 0
0 0 D66

⎫
⎬

⎭

(k)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∊1
xx

∊1
yy

γ1
xy

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

{
Qx
Qy

}(k)

= K
1 − v(k)

2

{
A11 0
0 A11

}(k)
{

γ0
xz

γ0
yz

}

(33) 

then K determines the shear correction factor; it is worth noting that 
in Mindlin plate theory K = 5/6 for rectangular cross-sections; A(k)

ij and 

D(k)
ij are the flexural and tensile rigidity specified in terms of plane ri

gidity Q(k)
ij as 

(
Aij,Dij

)(k)
=

∫ zk+1

zk

Q(k)
ij
(
1, z2)dz. (34)  

3.4.3. Damage criterion 
In this experiment, a crack or damage causes the glass to completely 

loose its load-bearing capacity. When damage occurs or all stress com
ponents drop to zero, a crack appears. Two forms of cracks exist: radial 
and circular cracks. Several experimental studies covered crack propa
gation behaviour in laminated glass [15,17,33,62,65,66]. It was then 
concluded that radial cracks always occurred prior to circular cracks, 
due to the fact that the stress from the frame is greater than radial stress 
[33]. Radial cracks tend to occur in a specific sequence. They occur first 
on the inner glass layer and then on the outer one. First, they can be 
observed at the point at which the laminated glass is impacted, and then 
it comes to crack propagation on its planes, which takes place at 
different speeds. As a rule, a crack spreads on the inner glass layer slower 
than on the outer one [17,65]. The final morphologies of radial cracks 
(on both sides) practically overlap each other [17]. 

In order to predict that a crack will occur, it is necessary to know the 
stress distribution in both the outer and inner glass layers. It was found 
that the main stress is greatest near the middle of the inner layer, i.e. x =

0,y = 0,z = hi + hc/2. Then, we assume that once this condition is met, 
a large-scale crack of the glass layers occurs within 0 ≤ x ≤ ξ and 0 ≤

y ≤ η 

D =
σ(3)

11 (x = 0, y = 0, z = hc + hi/2)
σt

= 1 (35) 

where D is the state variable that increases monotonically with the 
principal stress that takes place in the middle of the inner glass layer, 
and 

σ(3)
11

⎛

⎜
⎜
⎝≜

(
σ(3)

xx + σ(3)
yy

)

2
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

σ(3)
xx + σ(3)

yy

)2
+ (σ(3)

xy )
2

4

√
√
√
√

⎞

⎟
⎟
⎠ (36) 

where σt is the maximum tensile stress. For the purpose of the study 
carried out, it was assumed that σt = 200MPa. It is also important that D 
= 1 results in a complete loss of the load bearing capacity, i.e. Q(1)

ij = 0;

Q(3)
ij = 0. 

This simplification affects the results in two ways: (1) The model 
assumes that glass with nonzero deformation cracks when the damage 
criterion is met, which leads to an excessive prediction of the loss of 
membrane structural, shear and flexural strength during the crack 
propagation on the glass planes. This ultimately leads to an over
estimation of the maximum central displacement. Additionally, (2) a 

sudden decrease in the rigidity resulting from a reduction in the layer 
stress would result in a rapid regression of the compressive force or 
acceleration of both the laminated glass and the impactor. It was found 
that the crack pattern was predominantly distributed in the central 
sector of glass, in which the deformation occurred. Whilst the glass was 
not damaged where it abuts the boundary, due to slight displacements, 
its effect on the structural strength is small. On this basis, it is worth 
simplifying the damage process in the current analytical model, which 
was justified by the full conformity of the analytical prediction with the 
experimental results (this will be demonstrated in Section 3.4.5). 

3.4.4. Equations of motion 
The total kinetic energy of one-fourth of the laminated glass and the 

impactor at each possible time t can take the form 

T =
1
2

m
∫ b

0

∫ a

0
W2(x, y, t)dxdy+

1
8
Mpw2

p(t) (37) 

then, m
(
≜ρgh0 +ρchc +ρghi

)
is the mass per unit of the laminated glass 

layer. The elastic deformation energy of one-fourth of the k-th laminate 
can be expressed as the total of the deformation energy, which is asso
ciated with the membrane, bending and shear 

Π(k) = Π(k)
b +Π(k)

m +Π(k)
s

=
1
2

∫ b

0

∫ a

0

[
M(k)

xx ∊
1
xx +M(k)

yy ∊
1
yy +M(k)

xy γ1
xy

]
dzdxdy+

1
2

∫ b

0

×

∫ a

0

[
N(k)

xx ∊
0
xx +N(k)

yy ∊
0
yy +N(k)

xy γ0
xy

]
dzdxdy+

1
2

∫ b

0

×

∫ a

0

[
Q(k)

x γ0
xz +Q(k)

y γ0
yz

]
dzdxdy. (38) 

Since the Lagrangian of the quarter of the laminated glass is 

L = T +
∑3

k=1
Π(k) (39) 

the governing differential equations w0(t), ξ(t), η(t), γxz0(t), γyz0(t) are 
obtained by substituting the equations (37)-(39) into the general 
Lagrange equation of the second kind 

d
dt

(
∂L
∂ẇ0

)

+
∂L
∂w0

= 0,
d
dt

(
∂L
∂ξ̇0

)

+
∂L
∂ξ

= 0,
d
dt

(
∂L
∂η̇0

)

+
∂L
∂η

= 0,
d
dt

⎛

⎝ ∂L
∂γ̇xz0

⎞

⎠+
∂L
∂γxz0

= 0,
d
dt

⎛

⎜
⎝

∂L
∂γ̇yz0

⎞

⎟
⎠+

∂L
∂γyz0

= 0. (40) 

These ordinary differential equations (ODEs) are solved numerically 
with the aid of the fourth-order Runge-Kutta method, using the 
following initial conditions: 

w0(t = 0) = 1x10− 5mẇ0(t = 0) = 0ξ(t = 0) = 0.45aξ̇(t = 0) = 0η(t = 0)

= 0.45bη̇(t = 0) = 0
(41) 

It is worth noting that it is necessary to use nonzero initial values for 
w0(t = 0) ξ(t = 0) and η(t = 0) to avoid acceleration singularities in the 
case of the first numerical iteration. For reasons of simplification, it is 
worth assuming proportions a/b between the initial positions of the 
bending wave in the directions x and y, that is ξ(t = 0)/ /η(t = 0) = a/b. 
Initially, a sensitivity analysis was performed to determine the impact of 
other values w0(t = 0), ξ(t = 0) and η(t = 0) on the structural reaction 
result. It became apparent that a small enough value of the central 
displacement was an indispensable condition for the replication w0 = 0 
to occur, and therefore w0(t = 0) = 1x10− 5m was assumed. For 
achieving a reasonable agreement with the experimental results in terms 
of the acceleration values in time (particularly the first peak at which an 
instantaneous cracking starts to occur), it is necessary that ξ(t = 0) and 
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η(t = 0) are large enough. The situation in which the bending wave 
emanates in the vicinity of the point of impact may not occur. Then ξ(t 
= 0)/a = η(t = 0)/b = 0.45 are used throughout the entire experiment; 
they were obtained by means of calibration against the current experi
mental results. 

3.4.5. Comparison of experimental results vs. Numerical model vs. 
Analytical model 

After correct validation of the parameters of laminated glass, further 
tests were carried out for different amounts of individual layers of VSG 
and PVB interlayers. The main purpose of the research was to check the 
impact of the thickness and the number of individual layers of laminated 
glass on its strength. These tests were also used to verify the new pa
rameters of MAT_32-LAMINATED_GLASS and MAT_112- 
FINITE_ELASTIC_STRAIN_PLASTICITY depending on the different con
figurations of the layers of glass and PVB interlayers. Additional 
experimental tests were carried out for a total of 40 additional samples, 
i.e., 20 samples for Test no. 2 and 20 samples for Test no. 3, in accor
dance with Table 3. They were then compared with the results of nu
merical simulations performed for an identical test set. 

Experimental research and numerical analyses for Test no. 2 and Test 
no. 3 were carried out in the same way as for Test no. 1. 

In Fig. 6, we present displacement, acceleration, and velocity graphs, 
developed on the basis of the interpolation of the values of the results 
obtained during the conducted 20 repetitions of the tests for each of the 
Test no. 1, Test no. 2, and Test no. 3. 

On the basis of the comparison of experiments, numerical simula
tions and analytical model, it was proved that the obtained results 
coincide at each time point with an accuracy of up to 3.7%. Laminated 
glass with 5 layers of VSG glass and 4 PVB spacers demonstrated the 
highest strength, and its maximum displacement was 30 mm for the 
experimental test and 31 mm for numerical analysis. In turn, the lowest 
strength was recorded for laminated glass with 3 VSG glass layers and 2 
PVB spacers, with 79 mm – for experi-mental test and 80 mm for nu
merical analysis, respectively. The obtained results are in line with our 
predictions and correspond to trends occurring in the scientific 
literature. 

Therefore, we were able to confirm that the elaborated parameters 
for laminated glass are correct. The prediction of destruction and 
cracking of laminated glass obtained during experimental tests corre
sponds to the destruction found during numerical analyses. 

3.4.6. Maximum structural response 
The maximum impact response of the structure is very important for 

the safety of the laminated glass structure, e.g. the maximum transverse 
central displacement and the first peak compression force on the first 
glass layer. We observe that the non-dimensional maximum transverse 
central displacement and the non-dimensional first peak contact force 
indicated by 

w0 = max⏟⏞⏞⏟
0⩽t<∞

[w0(t)/H(≜ho + hc + hi) ] (42) 

and 

F0 =
Mpa0

(
t = tf

)

Mpg
=

a0(t = tf )

g
(43) 

can be expressed as a function of the following non-dimensional 
impact velocities, respectively 

λ1 =

(
a
hc

)1/4
(

MpV2
p

EcH3

)1/3

(44) 

and 

λ2 =
H
b

(
EcV4

p

Mpg3

)1/3

(45) 

which were derived from the well-known Buckingham theorem. 
Fig. 7a and 7b prove that the parameters of the non-dimensional 
response (w0, F0) and non-dimensional impact velocities (λ1, λ2) allow 
us to draw a single analytical curve throughout all experimental results 
for each PVB interlayer material over the entire configuration range of 
thickness and impact velocity. In addition, for each interlayer material, 
the predicted w0 and F0 increase in proportion to the corresponding non- 
dimensional impact velocities. Thus, thin laminated glass with a thin 
interlayer (i.e. a high value of λ1) tends to induce a significant transverse 
central deformation, while the opposite (i.e. a high value of λ2) leads to a 
significant first peak contact force. 

4. Crash tests of a standard vehicle impact into a wall of 
laminated glass 

4.1. Experimental setup 

In the subsequent stage of our research we verified the parameters of 
VSG glass with vinyl PVB interlayers obtained during validation. The 
main purpose of the tests was to check the reliability of the obtained 
strength parameters of the laminated glass loaded with an impacting 
vehicle. 

The essence of verification is to transform the mathematical model 
into a physical model that maps the behaviour of the actual material 
precisely, effectively, and realistically. During the next approximation 
verification (using model parameters), the output data is matched to the 
input data. In other words, the first unregulated numerical model is used 
to solve a relatively simple problem with a known result obtained during 
experiments. Knowing the result “in advance”, it is possible to assess and 
compare whether the result of the analysis using the model is consistent 
with it, i.e., whether the verification was successful (and we can initiate 
the application of the model) or there are discrepancies – when another 
approach is required using a different configuration of model 
parameters. 

The verification procedure consisted of successive iterative simula
tions, the purpose of which is to determine the size of the parameters to 
be verified, so that the output data obtained during the simulation in the 
LS-DYNA suite are as consistent, as possible with the input data obtained 
based on laboratory tests. Verification of parameters determining the 
properties of laminated glass MAT_32-LAMINATED_GLASS and 
MAT_112-FINITE_ELASTIC_STRAIN_PLA- STICITY included the calibra
tion of parameters obtained in Table 2, which were obtained during the 
validation of VSG glass and PVB interlayers parameters. 

In order to carry out the crash tests used to verify the parameters, an 
original test bench was constructed in the laboratory of the Gdansk 
University of Technology. The diagram of the test bench for crash tests is 
presented in Fig. 8. 

The test bench was constructed in four stages. The first stage 
involved the construction of a vehicle parking platform. The platform 
was set at a height of 5 m and was made as a pole steel structure on 
which steel beams were supported. The individual elements of the 
structure had an H-shaped cross-section. A steel plate was attached to 

Table 3 
Thickness of the respective layers of laminated glass panels.  

Test 
no. 

Interlayer 
material 

Thickness (mm)hglass + hPVB +

… + hPVB + hglass 

Impact 
velocity (m/s) 

1 PVB 20 + 2.28 + 20 + 2.28 + 20  10.00 
2 PVB 15 + 2.28 + 15 + 2.28 + 15 +

2.28 + 15  
10.00 

3 PVB 12 + 2.28 + 12 + 2.28 + 12 +
2.28 + 12 + 2.28 + 12  

10.00  
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Fig. 6. Comparison of the results of experimental tests and numerical analyses based on the interpolation of the values of the results for: 20 samples from (a) Test 
no.1, 20 samples from (b) Test no. 2, and 20 samples from (c) Test no. 3. 

Fig. 7. Analytical predictions, numerical analysis and experimental results of non-dimensional (a) maximum transverse central displacement and (b) maximum 
contact force. 

Fig. 8. Diagram of the test bench for conducting crash tests.  
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the support beams. The entire structure was strengthened with sec
ondary elements. Around the plat-form, safety barriers were erected at a 
height of min. 1 m. On one side, a ladder with protective shielding was 
constructed in order to allow access to the platform. The platform also 
included guides on where the vehicle was placed. An electric winch was 
installed at the rear wall of the vehicle parking platform, whose task was 
to pull the vehicle back onto the platform after the crash test. 

In the second stage, we constructed a ramp, which enables the 
vehicle to gather speed. The structure of the ramp was also supported 
with steel columns with an H-shaped cross-section. The highest pole will 
be at the parking platform of the vehicle, while the subsequent poles had 
a decreasing height towards the other end of the ramp. The main support 
beams with an H-shaped cross-section, on which guides enabling a 
controlled passage of the vehicle were mounted, were supported on the 
poles. The supporting beams of the ramp were concentrated with sec
ondary elements in order to maintain the overall stability of the struc
ture. The total length of the ramp was 20 m, while the longitudinal slope 
was over 30%. In addition, in order to secure the passage on the highest 
poles, there were protections installed to prevent the vehicle from falling 
from a high height (Figs. 9a and 10. 

The third stage of construction was the execution of a collision and 
measurement stand located at the end of the ramp. In order to fix the 
wall sample of laminated glass, a rigid steel frame with a width of 1500 
mm and a height of 1800 mm was made. The steel frame consisted of U- 
shaped profiles. The samples were inserted in the profiles and then 
reinforced with the use of special screw-in clamps covered with rubber 
caps. The steel frame was secured at the rear against displacement using 
heavy concrete blocks. At the crash-test and measurement station, a 
location was prepared to enable the safe placement of the device used to 

perform and record measurements, sensors, and a dedicated computer. 
Additionally, a high-speed video camera was installed to record the 
entire course of the crash test. 

The final, fourth stage involved the construction of a test vehicle. The 
vehicle, with an average mass of a loaded car of approx. 2000 kg, and the 
average width of an actual car, which was some 1.8 m. The bumper of 
the test vehicle was a replaceable element, which allowed for the 
installation of bumpers of different widths. This allowed us to achieve an 
appropriate impact area, dedicated to different sample widths. The 
vehicle was made entirely of steel as a two-axle, four-wheel vehicle. The 
mass of the vehicle could be increased by adding an additional load on 
the plate mounted in the middle (Fig. 9b). 

Experiments were carried out for a total of 20 samples in accordance 
with Table 4. The test vehicle reached a speed of 10 m/s at the moment 
of impact against the sample. During the experiments, measurements of 
stresses, deformations, displacements, degradation at compression, and 
tensile and impact force were performed. These data were collected by 
sensors placed on the tested wall. In addition, the speed and vehicle 
delay were also recorded, as well as a high-speed video camera crash test 
recording was performed. 

Fig. 9. View of (a) the crash test bench and (b) the test vehicle.  

Fig. 10. Comparison of the results of (a) experimental tests and (b) numerical tests for the sample with Test no. 1.  

Table 4 
Thickness of the respective layers of laminated glass and speed of the test 
vehicle.  

Test 
no. 

Interlayer 
material 

Thickness (mm)hglass þ hPVB þ

… þ hPVB þ hglass 

Impact velocity 
(m/s) 

1 PVB 20 + 2.28 + 20 + 2.28 + 20  10.00  
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The conducted experimental research formed the basis for the 
preparation of the numerical model. 

4.2. Numerical simulation 

Numerical modelling of the impact of the test vehicle against the wall 
of laminated glass, taking into account the strength criterion of cracking, 
was performed in a software suite for the study of fast-changing phe
nomena called the LS-DYNA. We constructed an identical test bench 
including the same vehicle, with an accuracy close to 1:1 in relation to 
the experimental test, in the said suite. The update of the FEM model was 
performed on the basis of the results of laboratory tests for an identically 
executed model of walls made of VSG laminated glass reinforced with 
vinyl interlayers. The measurement points were a reflection of the places 
where the results from the experiment were read. 

The material MAT_32-LAMINATED_GLASS and MAT_112- 
FINITE_ELASTIC_STRAIN_PLASTICITY was assigned to the FE model of 
the laminated GLASS sample. The energy release rates of glass are 10 N/ 
m for mode I and 50 N/m for modes II and III [33]. The PVB was 
modelled using the Mooney-Rivlin constitutive model with the corre
sponding constants A = 1.6 MPa and B = 0.06 MPa [21]. The parameters 
of the intrinsic cohesive model for the modelling of the adhesion are 
ψn = ψ t = 100N/m and δn = δt = 0.001mm [43]. 

Strain-rate sensitivity (SRS) of flow stress is an important parameter 
for the deformation mechanism of materials. Strain rate sensitivity was 
taken into account in the Mooney-Rivlin model. The Mooney-Rivlin 
model is able to correctly describe the behaviour of the PVB material 
in case of significant deformations and deformation speeds of from 100 
to 5000 s− 1. The strain rates range from 100 to 5000 s− 1 are able to cover 
the range of strain rates of PVB material in the impact damage process of 
laminated glass walls at the speeds of 120 km/h and below. 

Numerical calculations were performed using the Explicite proced
ure. Due to the small step of integrating the equations of motion over 
time, as well as the ES mesh wall adopted for modelling, with a small 
size consisting of 8 nodal cubic brick elements of reduced integration 

with a linear function of the C3D8R shape, performing the calculations 
necessitated high computing power. We select brick elements instead of 
shell elements for glass in order to model the crack propagations through 
the glass thickness. PVB film is discretized into brick finite elements 
because it is prone to large deformation. The advantages of brick ele
ments over tetrahedral elements are primarily higher accuracy. The size 
of the FEM mesh was 1 mm in the ×, y, and z directions, respectively. 
The convergence criterion assumed for defining the best mesh dis
cretization was adopted based on displacement at point. The grid size 
was considered correct when the difference in the displacement results, 
at the point between the two grid pitch sizes, was approx. 2%. The nu
merical model contained 2 954 679 brick elements. We used the Triton 
supercomputer available in CI TASK at the Gdansk University of Tech
nology to perform the numerical calculations. 

The results obtained during experimental and numerical research 
were compared and presented in Fig. 8. 

4.3. Results 

Based on the obtained results, we found that the damage to the 
laminated glass panel caused during experiments was identical to the 
damage that was obtained during numerical simulations. After 
comparing the resulting scratches and cracks of the glass, we proved that 
they overlap with an accuracy of 1.2 mm. 

In Fig. 11, we presented the results in the form of graphs elaborated 
on the basis of interpolation of the values of the results obtained during 
the 20 repetitions of the sample from Table 4. 

We proved that it is possible to effectively and efficiently verify the 
parameters of the model of PVB interlayers reinforced VSG glass. The 
results acquired during experimental research and numerical calculations 
coincide at virtually every point in time, and the maximum difference 
between the resulting values is less than 2.9%. The maximum glass ten
sion σglass amounted to approx. 116 MPa with a deformation εglass of 
approx. 0.00039, for which the compression degradation variable 
DAMAGEC and the tensile degradation variable was 1.000. However, the 

Fig. 11. Comparison of the results of experimental tests and numerical simulations based on the interpolation of the values of the results for 20 repetitions of sample 
destruction for Test no.1 – Table 4. 
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maximum PVB stresses σPVB amounted to approx. 36 MPa with a defor
mation εPVB of approx. 2.30, for which the compression degradation 
variable DAMAGEC and the tensile degradation variable were 0.270. 

Therefore, we were able to confirm that the elaborated parameters 
for laminated glass are correct. The prediction of destruction and 
cracking of laminated glass obtained during experimental tests corre
sponds to the destruction found during numerical analyses. 

Based on the obtained results, the parameters of laminated glass 
were calibrated to constitute an input file for MAT_32- 
LAMINATED_GLASS and MAT_112-FINITE_ELASTIC_STRAIN_PLASTI 
CITY implemented in the material database in the LS-DYNA suite in 
accordance with Table 2. 

4.4. Influence of temperature on a laminated glass wall 

After correct verification of the parameters of laminated glass, 
further tests were carried out for different amounts of individual layers 
of VSG and PVB interlayers. The wall adopted for the experiment had the 
shape of a rectangle with a width of 1500 mm and a height of 1800 mm, 
and its was also assigned parameters in accordance with Table 5. The 
total thickness was 60 mm. In order to assess the impact of the thickness 
of individual layers of glass and the film interlayers separating them, on 
the strength of the wall, we performed crash tests for 3 types of walls 
(Fig. 12). 

The first (#1) of them was made as a wall consisting of 3 layers of 
laminated glass with a thickness of one layer equal to 20 mm + 2 film 
interlayers with a thickness of 2.28 mm each. 

The second (#2) wall had 4 layers of glass with a thickness of one 
layer of 15 mm + 3 film interlayers with a thickness of 2.28 mm each. 

The third (#3) wall was made of 5 layers of glass with a thickness of 
12 mm each + 4 film interlayers with a thickness of 2.28 mm each. The 
thickness of the film interlayers was not counted towards the total wall 
thickness. 

Experimental research and numerical analyses for Test no. 2 and Test 
no. 3 were carried out in the same way as Test no. 1 from Table 4. 

The tests were carried out in various atmospheric conditions. Ther
mal effects were included using the sequential coupling implemented in 
the code using COUPLED THERMAL-ELECTRICAL and THERMAL_
EXPANSION. In Fig. 13 we present graphs of displacement as a function 
of time developed on the basis of the interpolation of the values of the 
results obtained during the 20 repeated tests carried out at 25 ◦C 
(summer), 20 tests at 0 ◦C (neutral), and 20 tests at − 25 ◦C (winter) for 
each corresponding test, Test no. 1, Test no. 2, and Test no. 3, 
respectively. 

On the basis of the comparison of experiments and numerical sim
ulations, it was found that the obtained results coincide at each time 
point with an accuracy of up to 2.8%. 

The laminated glass with 5 layers of VSG glass and 4 PVB interlayers 
demonstrated the highest strength, and its maximum displacement was 

210 mm (25 ◦C), 145 mm (0 ◦C), and 78 mm (-25 ◦C) – for the experi
mental test and 208 mm (25 ◦C), 144 mm (0 ◦C), and 79 mm (-25 ◦C) – 
for the numerical analysis. The lowest strength was demonstrated by the 
laminated glass with 3 layers of VSG glass and 2 PVB interlayers, with 
respectively 123 mm (25 ◦C), 82 mm (0 ◦C), and 39 mm (-25 ◦C) – for the 
experimental test and 125 mm (25 ◦C), 80 mm (0 ◦C), and 38 mm 
(-25 ◦C) – for the numerical analysis. 

PVB is a viscoelastic material. A viscoelastic material is one whose 
physical properties depend on the temperature and duration of the load. 
At room temperature, PVB is a soft material and only an elongation 
greater than the limit value causes its destruction. At low temperatures 
(below 0 ◦C) and under short-term loads, PVB interlayers are able to 
transfer full shear stresses between the layers of glass. However, at high 
temperatures and long-term loads, these properties are reduced. 

5. Crash tests of a real car impact into a wall of laminated glass 

5.1. Experimental and numerical simulation setup 

During the last stage of the research, after correct validation and 
verification of the parameters of VSG glass reinforced with PVB in
terlayers, experimental and numerical tests of the impact of a typical 
passenger car against a wall constituting the passive protection system 
of the building were carried out (Fig. 14). 

The tests were carried out on the basis of the newly obtained pa
rameters for laminated glass. We used a Toyota passenger car for crash 
tests for the experiment and numerical simulations. The car was com
plete, i.e., it had all the elements of the chassis and body, as well as 
complete equipment including the engine. The vehicle was operational. 
The numerical model of the car was entirely made in the LS-DYNA suite 
and corresponded to the construction of the car, which was used during 
the experiment with the accuracy of modelling the details equal to 1:1. 

Experimental tests and numerical simulations of the impact of a 
motor vehicle were carried out for different thicknesses of glass layers 
and different numbers of PVB interlayers in accordance with Table 5. 

The task was divided into 3 stages:  

• #A: performing tests for a wall with a thickness of 60 mm: 3 layers of 
laminated glass with a thickness of 20 mm each + 2 PVB interlayers 
with a thickness of 2.28 mm each – repeated for: 10 samples at an 
impact speed vmax = 50 km/h, 10 samples at impact speed vmax = 75 
km/h, and 10 samples at impact speed vmax = 100 km/h  

• #B: performing tests for a wall with a thickness of 60 mm: 4 layers of 
laminated glass with a thickness of 15 mm each + 3 PVB interlayers 
with a thickness of 2.28 mm each – repeated for: 10 samples at an 
impact speed vmax = 50 km/h, 10 samples at impact speed vmax = 75 
km/h, and 10 samples at impact speed vmax = 100 km/h  

• #C: performing tests for a wall with a thickness of 60 mm: 5 layers of 
laminated glass with a thickness of 12 mm each + 4 PVB interlayers 

Table 5 
Parameters of samples used in crash tests.  

No Study type Wall 
model 

Wall dimensions (width 
£ height 

Wall 
thickness 

Glass layers 
thickness 

Foil spacers layers 
thickness 

V 
vehicle 

Vehicle impact 
angle 

No. [-] Sketch [mm] [mm] [mm] [mm] [km/h] [o] 
#A CRASH TEST- expirmental- 

numerical 
2200X3000 60 3 × 20 2 × 2,28 50 0 

75 0 
100 0 

#B 2200X3000 60 4 x15 3 × 2,28 50 0 
75 0 
100 0 

#C 2200X3000 60 5 × 12 4 × 2,28 50 0 
75 0 
100 0  
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Fig. 12. Thickness of individual layers of laminated glass panels.  

Fig. 13. Comparison of the results of experimental tests and numerical analyses based on the interpolation of the values of the results for: 20 samples from (a) Test 
no.1, 20 samples from (b) Test no. 2, and 20 samples from (c) Test no. 3. 

Fig. 14. An example of using a laminated glass wall that is a passive building protection system – visualization. (author’s own project).  
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with a thickness of 2.28 mm each – repeated for: 10 samples at an 
impact speed vmax = 50 km/h, 10 samples at impact speed vmax = 75 
km/h, and 10 samples at impact speed vmax = 100 km/h 

The vehicle impact angle was set to 0◦, i.e., the car impacted in a 
direction perpendicular to the laminated glass wall. 

During the tests, it was very important to take into account the 
impact of the fastening frame and the assembly substructure on the 
amount of dissipated energy generated during the impact. In the 
experimental tests the laminated glass wall has been fixed on four edges 
using a U-shaped welded steel structure. The sample was clamped on the 
left and right edges using 18 bolts (9 bolts on left side, 9 bolts on right 
side). The top and bottom edges was clamped using 22 (11 bolts on each 
side). Whereas during the numerical simulation the laminated glass wall 
has been fixed on four edges using fixed boundary conditions (Fig. 15). 
The laminated glass wall had to be restrained on all sides, to prevent the 
car from driving inside with it. 

The material MAT_32-LAMINATED_GLASS and MAT_112- 
FINITE_ELASTIC_STRAIN_PLASTICITY was used for the FE model of 
the laminated glass wall, to which the parameters from Table 2 were 
assigned. The energy release rates of glass are 10 N/m for mode I and 50 
N/m for modes II and III [33]. The PVB was modelled using the Mooney- 
Rivlin constitutive model with the corresponding constants A = 1.6 MPa 
and B = 0.06 MPa [21]. The parameters of the intrinsic cohesive model 
for the modelling of the adhesion are ψn = ψ t = 100N/m and δn = δt =

0.001mm [43]. Strain-rate sensitivity (SRS) of flow stress is an important 
parameter for the deformation mechanism of materials. Strain rate 
sensitivity was taken into account in the Mooney-Rivlin model. The 
Mooney-Rivlin model is able to correctly describe the behaviour of the 
PVB material in case of significant deformations and deformation speeds 
of from 100 to 5000 s− 1. The strain rates range from 100 to 5000 s− 1 are 
able to cover the range of strain rates of PVB material in the impact 
damage process of laminated glass walls at the speeds of 120 km/h and 
below.The FE model was formed of 8 nodal cubic elements of reduced 

integration with a linear function of the C3D8R shape. We select brick 
elements instead of shell elements for glass in order to model the crack 
propagations through the glass thickness. PVB film is discretized into 
brick finite elements because it is prone to large deformation. The ad
vantages of brick elements over tetrahedral elements are primarily 
higher accuracy. The size of the FEM mesh was 1 mm in the ×, y, and z 
directions, respectively. The convergence criterion assumed for defining 
the best mesh discretization was adopted based on displacement at 
point. The grid size was considered correct when the difference in the 
displacement results at the point between the two grid pitch sizes was 
approx. 2%. The numerical model contained 3 467 900 brick elements. 

Numerical calculations necessitated high computing power due to 
the very accurate FEM numerical model of the car, the small size of the 
ES mesh for the wall made of laminated glass with PVB interlayers, as 
well as the need to adopt a very small step of integration over time. 
Therefore, the final numerical simulations of the crash tests were carried 
out on the Tryton high-power supercomputer (HPSC) available at the 
Gdansk University of Technology laboratory. 

5.2. Results 

In Fig. 16 we present the results obtained during the experimental 
research recorded by the installed high-speed video camera, which 
recorded the entire course of the crash test. 

In Fig. 17 we present the results obtained during numerical simula
tions of the crash test. The key of stress maps was unified for all views of 
the moment of impact at a given point in time. The reason for this was to 
enable an illustrative analysis of the progressive prediction of cracking 
and destruction of the laminated glass wall. 

The prediction of damage to the laminated glass wall for samples #A, 
#B and #C obtained during the crash test is analogous to both experi
ments and numerical simulations. The scratches and cracks of the glass 
that resulted from the impact with the car coincide, with an accuracy of 
4 mm, between the experiment and the FEM model. 

Fig. 15. Boundary conditions: (a) experimental tests, (b) numerical analysis.  

Fig. 16. Experimental studies of damage to laminated glass walls (sample #C) under the influence of car impact at a speed of 100 km/h: (a) view at 12 ms, (b) view 
at 10 ms, (c) view at 8 ms, (d) view at 6 ms, (e) view at 4 ms, (f) view at 2 ms. 
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In Fig. 18, time displacement graphs developed on the basis of 
interpolation of the values of the results obtained during 30 repetitions 
of tests for sample #A at impact speeds of vmax = 50 km/h (10 repeti
tions), 75 km/h (10 repetitions), and 100 km/h (10 repetitions), 30 
repetitions of tests for sample #B at impact speeds vmax = 50 km/h (10 
repetitions), 75 km/h (10 repetitions), and 100 km/h (10 repetitions), 
and 30 repetitions of tests for sample #C at impact speeds vmax = 50 km/ 
h (10 repetitions), 75 km/h (10 repetitions), and 100 km/h (3 repeti
tions) were provided. 

On the basis of the comparison of experiments and numerical sim
ulations, it was found that the obtained results coincide at each time 
point with an accuracy of up to 2.5%. 

The strength of the VSG laminated glass wall with PVB interlayers 
was estimated de-pending on the thickness of the glass layers and the 
number of PVB interlayers. It was proven that the laminated glass wall 
with 3 layers of glass with a thickness of one layer equal to 20 mm + 2 
PVB interlayers with a thickness of 2.28 mm had the lowest load-bearing 
capacity, as expected. At 100 km/h and 75 km/h, the wall was 
completely destroyed and the car penetrated it. The maximum 

displacement exceeded 400 mm. It was only at a speed of 50 km/h that 
the car was stopped by the wall of constructed laminated glass, and the 
maximum displacement reached the value of 300 mm. The wall of 
laminated glass with 4 layers of glass with a thickness of one layer equal 
to 15 mm + 3 PVB interlayers with a thickness of 2.28 mm was 
destroyed at a speed of 100 km/h, for which the maximum displacement 
exceeded 350 mm, while at speeds of 75 km/h and 50 km/h, the car was 
stopped by the wall structure reaching the maximum displacement value 
of 300 mm and 245 mm, respectively. The highest strength was observed 
for the laminated glass wall with 5 layers of glass with a thickness of one 
layer equal to 12 mm + 4 PVB interlayers with a thickness of 2.28 mm, 
which met the conditions of load-bearing capacity for the car impacting 
at speeds of 50 km/h – with maximum displacement value of 75 mm, 75 
km/h – maximum displacement value of 125 mm, and 100 km/h – 
maximum displacement value of 160 mm. 

Considering the above results, it was discovered that the addition of 
another PVB interlayer increased the load-bearing capacity of the 
laminated glass wall. It was also noted that the use of a minimum of 4 
PVB interlayers with a thickness of 2.28 mm of PVB spacers results in a 

Fig. 17. Numerical simulations of damage to laminated glass walls (sample #C) under the influence of car impact at a speed of 100 km/h: (a) view at 11 ms, (b) view 
at 9 ms, (c) view at 7 ms, (d) view at 6 ms, (e) view at 4 ms, (f) view at 2 ms. 

Fig. 18. Comparison of the results of experiments and numerical tests of the destruction of the VSG wall with PVB interlayers: (a) sample #A, (b) sample #B, (c) 
sample #C. 
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disproportionately greater increase in load-bearing capacity than in the 
case of the use of 3 interlayers or less. However, one should be aware 
that adding interlayers is also associated with the addition of an addi
tional layer of glass, which in turn causes a rapid increase in the weight 
of the entire wall. Economic and technical considerations should also be 
taken into account when designing laminated glass walls. The higher the 
weight of the wall, the more expensive the transport and installation, 
and also the larger steel fastenings to which the glass panes of the wall 
are mounted. 

6. Conclusions 

We developed an analytical model intended for the prediction of 
damage and deformation of fully clamped rectangular-shaped laminated 
glass when subjected to high-velocity impact. Additionally, this was 
verified by us. The model considers the bending wave propagation and 
significant deformations as well as the effects of the transversal and 
membrane shear and bending. Large-scale cracks on the glass planes 
were formed, based on the stress damage assumption. The analytical 
model was validated by confronting its estimates with the experimental 
data. It was found that there was a good correlation between the wide 
impact velocity amplitude and the PVB laminated glass thickness 
configuration. The use of a more rigid interlayer material was proven to 
result in an increased contact force as well as a lower transversal 
displacement in the laminated glass interlayer. For regulating the first 
peak contact force as well as the non-dimensional maximum transverse 
central displacement during the impact response, two groups of non- 
dimensional impact velocities were used. It was found that thin lami
nated glass with a thin interlayer featured a small first peak contact force 
and a significant maximum trans-verse central displacement. 

Based on the acquired results, we proved that it was possible to 
effectively and efficiently develop the material parameters of laminated 
glass. The conducted procedure of validation and verification of pa
rameters can be considered correct, as the results of experimental and 
numerical tests coincided with an absolute error that was not larger than 
3.7%. Therefore, new strength parameters of laminated glass with PVB 
vinyl interlayers were clearly indicated and identified, and the method 
of obtaining them was determined. These parameters were proved to 
very accurately reflect the mechanics of glass cracking in the non-elastic 
range under the impact of a motor vehicle depending on the prevailing 
weather conditions and air temperature. The new parameters of lami
nated glass can be implemented as a ready-made input.mat file 
of the material available in the material library under the name 
MAT_32-LAMINATED_GLASS and MAT_112-FINITE_ELASTIC_STRAIN_ 
PLASTICITY in the LS-DYNA suite. 

A thorough analysis of the prediction of damage to walls made of 
laminated VSG glass with PVB interlayers under conditions of impact of 
a motor vehicle is complicated. Numerical methods based on fast- 
changing dynamic phenomena, including the finite element method, 
seem to be powerful tools for such analysis. Finite element models may 
describe the geometry and properties of laminated glass walls with 
sufficient accuracy. The analysis presented in this article and the ac
quired results allow us to estimate the strength of VSG glass walls 
reinforced with PVB interlayers, depending on the number of layers of 
glass and interlayers. 

On the basis of the obtained results, we found that its strength de
pends on the number of PVB interlayers. The use of a passive protection 
system in form of a laminated glass wall with an appropriate number of 
interlayers, i.e., at least 4 pieces of PVB interlayers, can ensure safety 
against the impact of a motor vehicle at a speed of 100 km/h. The multi- 
layered structure of laminated glass, consisting of many panes, results in 
a more favourable behaviour after breaking and absorbs more energy 
during destruction. Additionally, the use of only one interlayer increases 
the strength of the wall from 200% to 300%, be-cause the interlayer, as a 
viscoelastic material, is able to transfer shear stresses between individ
ual layers of glass. 

Based on the extensive review of the subject literature, we can 
conclude that the com-prehensive calibration of the strength parameters 
of laminated glass under the influence of a car impact was not carried 
out thus far, at least not as a complete analysis. On this basis, we 
concluded that the newly elaborated parameters of laminated glass 
broaden and significantly enrich the issue of the analysis of construction 
structures. 

Considering the above aspects, it should be stated that the objective 
of the present work has been achieved, which is confirmed by numerous 
experimental studies and numerical analyses. The proposed analytical 
approach is an effective and reliable design tool for damage assessment 
engineers who would prefer analytical models rather than a full-scale FE 
analysis, which usually involves a significant cost to calculate. Research 
aimed at creating rules for the design of safety systems based on the 
possibility of using laminated glass walls as a building passive protection 
system with a glass-clad ground floor should be treated as a priority, and 
the results obtained should be disseminated in the environment of ar
chitects and constructors. 
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