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Abstract

A computational technique for the modelling of laminated safety glass is presented using an explicit finite element solver.
Coincident finite elements are used to model the layered set-up of laminated glass: shell elements with brittle failure for the
glass components and membrane elements to simulate the ultimate load carrying capacity of the PVB-interlayer. Two
different approaches are considered to model laminated glass: a physical model and a smeared model. In the physical
model the glass is considered as elastic/brittle and the interlayer as a hyperelastic material. For the hyperelastic description
of the interlayer, we give an overview of material models, which are widely used for explicit solvers, i.e. the laws by
Blatz—Ko, Mooney—Rivlin and Ogden. The obtained stress—strain curves are fitted to experimental results of the interlayer.
The hyperelastic model is applied to a simple impact test demonstrating the numerical robustness. In the smeared model,
we use two shell elements of equal thickness with elasto-plastic material properties to obtain an improved bending response
after fracture. For validation, experimental investigations have been carried out where a spherical impactor was shot
against a windscreen. The acceleration of the impactor has been measured in this test and is compared to the numerical
results.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Safety glass is wide spread in industrial applications, e.g., in automotive structures. On the one hand to
increase the time and effort required to gain unauthorized entry to a motor vehicle and, on the other hand, to
avoid serious injuries of the passengers, e.g. after gravel impact, see [1]. In general, glass can be classified by its
fracture behaviour: Conventional floatglass, which is usually applied for windows, has sharp and large
splinters and cannot be used as safety glass; if floatglass is tempered, the fragments are small and blunt and it
can be used as safety glass. The basic construction of laminated glass, e.g. a windscreen, involves two pieces of
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floatglass together with a polyvinyl butyral (PVB) interlayer. In the case of an impact, the splinters are joined
additionally by this PVB-interlayer. In short-time dynamics, the elastic behaviour for small deformations of
the composite is determined by the glass. For large deformation, the PVB-interlayer plays a dominant role
because the brittle glass cannot withstand large strains: The glass layers fail and the PVB-interlayer still has a
load-carrying capacity left which can be observed experimentally. One situation in which this behaviour may
be expected is a roof crash, following an over-roll or a cork screw flight. Thus, we have to consider two
extreme cases: the glass fails or it does not fail. If the glass fails, only the interlayer (reinforced with some
splinters of glass) has a load-carrying capacity left.

In the numerical simulation with the explicit solver LS-DYNA, see [6,7], the interlayer is modelled either as
a hyperelastic membrane or the properties may be smeared by an elasto-plastic law. In both cases, viscous
effects are neglected. The glass layers are modelled with shell elements considering maximum strain at failure
as erosion criterion, i.e. failed elements are deleted from further computation. Some results of the presented
model have been published in [2,3]. Numerical results obtained by an alternative model based on fracture
mechanics can be found in [4], however, without applications to dynamic loading. Apart from crashworthiness
analysis, verification tests and structures subjected to blast loads are further topics under considerable
investigation.

2. Polyvinyl butyral (PVB) interlayer
2.1. Strain rate and temperature dependency

For many polymers, only quasistatic experimental data for different temperatures exist. In short-time
dynamics, the strain rate dependency plays a dominant role. However, there is a relationship between the
behaviour for different strain rates and for different temperatures. A polymer behaves qualitatively the same if
we increase the strain rate or if we decrease the temperature. This finding is purely empirical and cannot be
derived from a thermodynamic principle in general. The response of the PVB-interlayer varies from rubbery
elastic at low strain rates to glasslike linear elastic for high strain rates. The rubber-like behaviour of the PVB
can be modelled by using an hyperelastic material law.

The shear modulus of the PVB-interlayer is depicted in Fig. 1 for temperatures between —5 and + 58 °C.
The experimental data is taken from D’Haene [5] and shows the strong dependency of the elastic constants on
the temperature. This implies a similar sensitivity due to strain rate. Especially at room temperature, there is a
steep gradient in the curve (glass transition). Additionally, there is also a strong dependency on the humidity,
UV-light and aging, which results in extreme conditions for experimental work. Furthermore, the engineering
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Fig. 1. Shear modulus of PVB for different temperatures.
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stress may vary dramatically from the true stress at high strains. This underlines the importance of being
careful with experimental data in numerical simulations.

2.2. Review of hyperelasticity

Using hyperelasticity, the material behaviour of PVB can be described approximately. For elastic materials,
a unique relationship exists between current deformation and stress. The material is called hyperelastic if the
stress can be derived from an energy function W that is uniquely related to the current state of deformation.
The strain energy depends solely on the deformation gradient F = Grad x, whereby this quantity will be
symmetrized via the right Cauchy Green strain C = F'F. In the case of an isotropic material the strain energy
then depends on the invariants of C only: Ic=1:C=trC, llc =3 (12 C: C) and III. =det C, i.e.
W = W(I ¢, I ¢, IT1¢). The Cauchy stress can now be obtained by ¢ = J~'FSFT, where

ow ow ow _
S_2671+2 (ICI C)+26HI oI-C™! (1)
and J = det F. Alternatlvely, the strain energy can be given in dependence of the principal values of C, i.e.

W = W(J1, 42, 23). The Cauchy stress and Kirchhoff stress in principal directions can be obtained by

S Low W
P e ay kT =

To get the parameters of energy functions with a minimum of effort, simple experiments as uni- or biaxial
experiments are widely used. In this case, the eigenvectors N; of C are identical to the loading directions,
chosen along the global axes and the deformation gradient can be formulated very easily by

2
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3. Numerical treatment

Because of the failure behaviour of the composite, the laminated glass was modelled as follows: If the glass
does not fail, the composite acts as a shell, i.¢. it is able to transmit normal forces and bending moments. If the
glass fails, only the interlayer is able to carry loads, i.e. it acts as a membrane. In our model we realise this
behaviour by using two coincident elements: a Belytschko-Tsay shell element for the glass material and a
membrane element for the interlayer, see [8,9]. Both types of elements are fully integrated in our simulations so
that no hourglass modes should be expected. The glass is modelled as a linear elastic material. If the principle
strain reaches a critical value, the glass fails. The use of one shell for the two layers of glass is equivalent to the
assumption that both layers fail at the same time. The PVB-interlayer is modelled as a hyperelastic material at
first. In Section 3.4 an alternative formulation is presented for the modelling of the interlayer.

3.1. Explicit finite element method

In our simulations, we use the explicit solver of LS-DYNA [6]. In this finite element code, Newton’s
equation of motion

M xi(0) + Cyxi(0) + f (1) = pi(0) @

is solved via a central difference method. The matrices M;; and Cj; stand for mass and damping. f(¢) is the
internal nodal resistance in dependence from constitutive law as well as the actually displacement x;(¢) and
p(?) is the external nodal force. For each time step we have:

1
Y= _(anrl _ xnfl)’ (5)
2At
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Inserting Eqgs. (6) and (5) in (4) at time ¢, yields

(anrl —2x"+ xnfl). (6)

M,»,( o ‘) +%c- (x]”H X 1) A2 (F1 = p). (7

This can be rewritten with respect to the displacement x"*!:

b 1 1 1 1 o
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Ml/ 13;’

and solved after inverting M i

~ 1.,

Xt =M pl )

The efficiency of the explicit solver will be increased by using lumped mass matrices M; and modal damping
Cjj = aM ;. Thus, solution of Eq. (9) is trivial.

3.2. Incompressibility

The PVB-interlayer is nearly incompressible, i.e. Poisson’s ratio is v & 0.5. For small deformations, this
leads to a very large bulk modulus K. A standard solution in implicit finite element programs is to minimise
the total potential with J — 1 = 0 as a side condition using penalty or Lagrange parameter. Note that J = 1
corresponds to a divergence free displacement field for small deformation: divu = 0. Alternatively, a mixed
formulation (e.g. QI1P0) with different formulation for pressure and displacements is also possible. In an
explicit finite element code, we augment the strain energy density W by a penalty function f(J), e.g.
f(J)=31K(J — 1%, f(J)=K In J and f(J) = K(J — 1 —In J). For any deviation from J = 1, the function
f(J) is penalised by a large bulk modulus K.

3.3. Material laws

In what follows, we give an overview of hyperelastic material laws, which are widely used in crash
simulations. For a general aspect of material modelling with laws implemented in LS-DYNA, see [10]. Note
that all material parameters are functions of the strain rate and the temperature, respectively.

3.3.1. Blatz— Ko material
The Blatz—Ko energy function [11] is given in a general form by

1 17 1
W=§[1c+&(mz“—1) ] (—ﬂ)[ﬁ+ (1r1g —1) =31, (10)

where « = —(1 — 2v)"!. In LS-DYNA, the Blatz-Ko material is implemented for = 1 which yields

W:ﬂ[c—ﬂé(mga—l)]. (11)
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Using Eq. (1), the derivative of Eq. (11) results in

1
1—2v’

1
S = u(l —2J 2! 3 JC1> =0= g(FFT —J ), 20—1=-— (12)

3.3.2. Mooney— Rivlin material
A standard function to describe rubber-like behaviour is the material law given by Mooney and Rivlin
[12,13]:

1
W(le, e, HI¢) = A(I¢ — 3) + BUI¢c — 3) + C<ﬁ - 1) + D¢ — 1) (13)
C

here, 4 and B are material parameters. The last two expressions with the parameters C and D are hydrostatic
terms:

! _AGSv—=2)+ B(11ly - 5)
C—§+B and D= Q-

This allows a numerical treatment without constraints. The small strain shear modulus correlates to u =
2(A + B) and the Piola-Kirchhoff stress is given by

S =2(A4 + BIc)1 —2BC +4(DJ*(J? — 1) — cJHCL. (15)

A stress-free state requires (14); directly. For uniaxial tension or compression, the deformation gradient is
given by

(14)

L0 0 5
F=|0 "7 0 |=>— " —=4+2. (16)
o o 2(1—)}2) z

This allows to determine 4 and B by fitting experimental data: first transform the engineering stress and
strain:
1 1
TH;, eI (17)
2(2- 1) +e

Then, the gradient of a linear fit obtained by this curve gives the material parameter B and the intersection
with the ordinate gives A4.

3.3.3. Ogden material
The material laws (11) and (13) are special cases of a more general function derived by Ogden, see [14,15]:

n

W:ZZ%(Aj“f—l)JFK(J—l—ln J). (18)

i=1 j=1
Here, «; are non-integer, J = 111243 and 1] = 273, Using 0J/0A; = A, the derivative of Eq. (9) yields
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from which we can calculate the Cauchy stress

n 3 %0y
o K(J -1
o = “f[zjf—E Ak]+(). (20)

Jj=1 J k=1 3 J

Clearly, the first terms are purely deviatoric and the pressure is entirely contained in the penalty term based
on a relatively high bulk modulus K. In the incompressible case, we have J =1 and A7 = 1;. The
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Fig. 2. Validity tests for the material modelling of PVB.

Mooney—Rivlin law is obtained for n = 2, a; = 2, ap = =2, u; = 24 and pu, = —2B; e.g. the deviatoric part is
given by

W:ﬁ(/1§+)§+/1§—3) +%(21‘2+22‘2+A3‘2—3)
(1 -3) + = (Mz + 2373 + 2347 = 3)
(1C -3) + (HC —3). 21

Fig. 2 shows the best fit for the different materials laws in comparison to the experimental data taken from
D’Haene [5]. For small deformations, the Blatz—Ko and the Mooney—Rivlin material (we chose 4 = 1.60 MPa
and B =0.06 MPa) are in a good agreement with the PVB data. For large deformation, it is necessary to
consider higher order terms in the Ogden law. An Ogden material of order six (dashed line) leads to a curve
that is close to the experiment (solid line).

3.4. A smeared modelling technique

For some applications it is important to compute the acceleration of an impactor for certification, e.g. in
pendulum impact test [20]. For a bending load, however, the suggested model is not suitable because the
interlayer is not able to simulate the ultimate load bearing capacity with respect to the condition after fracture.
The suggested model represents all parts of the windscreen without considering any composite efficiency.
Therefore, a smeared modelling technique is introduced by using two coincident shell elements with the same
thickness. Hence, the stiffness before fracture has to be adjusted by considering an equivalent thickness 7z of
the shells and the density of the elements has to be readjusted to maintain the correct, total mass. The
membrane is modelled by bilinear plasticity now, smearing the behaviour of interlayer and glass fragments, see
[18,19]. Because of the dynamic loading, full bonding between glass and interlayer may be assumed.
Considering laminated glass with Young’s moduli Eg, Epyg, a total thickness of ¢ = 2¢G + tpyp, and the
densities pg, ppyp. the required equivalent thickness

E
g = \3/% + 3t(tg + lPVB)2 + % I%VB (22)

of the coincident shells is obtained. The modified density then becomes

pe = (pGlG + % ppysipvs) /te- (23)
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The bending stiffness of the two coincident shell elements with the equivalent thickness ¢ and the modulus
of glass 1 is identical to the bending stiffness of the 3-layered laminated glass composite. A further refinement
must now be added to the model in order to allow the modelling of glass failure.

We assume that the glass layer on the tensile side of the windscreen looses all stiffness after failure whereas
the glass layer on the compressive side remains intact. The centre of gravity is then relocated according to
parallel axis theorem. At failure, one of the two shell elements in the model is eroded, this allows to compute
the Young’s modulus for the state after fracture of the remaining shell element as follows:

E = %3 [Ec (15 + 3t toy) + Epva (thyp + 3tpveig)]. (24)
E

Consequently one shell element in the model with a Young’s modulus given as Epygmod = E™ will never
erode and can be considered to represent the interlayer and the compressive side of the glass in the windscreen.
The second shell element is given by a Young’s modulus Eg 00 = 2EG — E™ in order to maintain the correct
bending stiffness before failure. This equivalent glass element exhibits brittle rupture as before. A bilinear
elasto-plastic material law is used to represent the non-linear aspect of the material behaviour whereby the
yield stress and the tangent modulus may be used to validate the model with respect to experimental results.
Since the entire approach is based upon the use of classical material laws, all necessary options for this

methodology are available in commercial FE-codes and no specific development has been performed.

4. Applications

4.1. Four-point bending test

First of all, we try to simulate a four-point bending test for the validation of our model in comparison with
experimental results. The experimental set-up consists of a laminated glass plate (length = 1100 mm,
width = 600 mm, total thickness = 6.72mm, 0.72mm PVB) bearing-supported by two cylinders (diame-
ter = 50mm, distance = 1000mm). The plate is loaded by two cylinders (diameter = 50 mm, distan-
ce = 200 mm) for which we increase the displacement slowly (quasi-static) up to 30 mm, see Figs. 3 and 4.
At first, the laminated glass model corresponds to the original approach, For the glass we used a Young

modulus of E = 70 GPa, a Poisson ratio of 0.23 and a failure-strain of 0.15%. The Blatz—Ko law was used for
the PVB interlayer.
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Fig. 3. Validation test for the laminated glass model.
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Fig. 4. Validation test for the modified laminated glass model.

In Fig. 3, the reaction force is plotted versus the prescribed displacement of the cylinder. As can be seen, the
numerical and the experimental results are in a good agreement. However, a quasi-static solution is hard to
achieve using explicit finite element method. After a displacement of 20 mm, the glass fails and there is no
contact left between the cylinders and the PVB. Therefore, the load carrying capacity of the PVB could not be
checked by this test.

In Fig. 4, the same test has been simulated with the smeared formulation. However, the assumption of full
bonding between glass and interlayer is valid for dynamic loading only. This is due to creep behaviour of the
PVB interlayer, which depends on temperature and time. Consequently, the composite efficiency is considered
by an additional factor o« in the parallel axis theorem according to I =Y I; + azy A;, where o =0 if no
bonding exists and o = 1 in the case of full bonding, where both panes behave like a single one. With this
formulation and from Eqgs. (22)—(24), values for the element thickness, the density and the Young’s modulus of
the two shells can be determined. In this example, the factor « has been varied to find the composite efficiency
of the laminated glass in this quasistatic example. It can be seen that a good correlation with the test result is
obtained for o = 0.55 which yields for the individual layer properties: fg = 8.74mm, pg = 1.72 kg/dm3,
EpvBmod = 23220 MPa and EG mod = 116780 MPa. In the subsequent dynamic examples, o = 1 is assumed and
thus 7g = 10.13mm, pp = 1.48kg/dm’, Epypmed = 15260 MPa and Egmoq = 124740 MPa.

4.2. Robustness study: impact of a rigid sphere

As a purely numerical example, we simulate the impact of a rigid sphere with a laminated glass plate.
Purpose of this study is to demonstrate the numerical robustness of the model for which no experimental work
is required. The plate is chosen to be quadratic (length = 1500 mm, thickness = 5.00 mm for the shell and
0.38 mm for the membrane) and all degrees of freedom at the boundaries are fixed. A regular arrangement of
60 x 60 elements is used for discretization. We assume a failure-strain of 0.1% for the glass (reduction of the
static value because of dynamic loading) and no failure for the interlayer. For the sphere, we chose a diameter
of 300 mm, a mass of 70kg and an initial velocity of 10 m/s.

Fig. 5 shows the temporal evolution of the impact. At 10ms, the first elements fail and cracks start to
propagate in different directions. The bright areas are failed elements where only the PVB-interlayer carries
the load. Between 30 and 40 ms, some larger glass fragments are formed, which are still joined by the
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t=0ms t=10ms

t=20ms t=30ms

t=40ms t=80ms

Fig. 5. Temporal evolution of the impact (irregular meshing).

membrane. This can be observed till the end of the impact at 80 ms. The simulation shows a quite realistic
fracture pattern of the laminated glass. This fracture pattern is very sensitive to mesh refinement and
orientation. However, the displacement of the plate during the impact is not very mesh dependent. This will be
shown in the following.

The discretization of the structure using a regular rectangular grid based on quadrilateral elements does not
always allow for a correct prediction of the crack pattern. Hence, alternative mesh topologies were used and
the qualitative and quantitative influence of the mesh on different results was investigated. This procedure is
possible for the present example because we consider only a single load condition to which we could adapt the
mesh. A hybrid mesh consisting of triangular and quadrilateral elements was developed, allowing a pattern of
radial and tangential meshlines. Additionally, we used a mesh consisting solely of triangular elements. Fig. 6
shows the different fracture patterns that were obtained using different mesh topologies. The upper part of
Fig. 6 shows the fracture pattern obtained with the hybrid, radial-tangential mesh. This corresponds closely to
the observed behaviour in the test and shows a clear improvement versus the results obtained with the
rectangular grid shown in the lower part of Fig. 6. In the middle part of this picture, we show the fracture
pattern obtained by the mesh based uniquely on triangular elements. This mesh clearly results in a non-
realistic fracture pattern. In the perspective views in Fig. 5 for different sequences of the impact simulation
using the radial-tangential grid, the effect of the mesh topology on the crack pattern is visible.

It might be more interesting to consider the qualitative effects of the mesh type on the displacement or
intrusion values of the impactor for instance. Therefore, we plotted the displacement-time curves that were
obtained for different discretizations in Fig. 7. The curves show only a negligible dependency of the intrusion
values upon the mesh topology and a clearer influence of the mesh size. Indeed, the difference in intrusion
obtained by quadrilateral and triangular elements of comparable sizes is not significant. The same is true if we
compare quadrilateral elements of the same size in rectangular versus radial grids. However, what can be
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t=10 ms

Fig. 6. Mesh dependency of the fracture behaviour.
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Fig. 7. Mesh dependency of the displacements.

observed is a decrease of the intrusion values if the mesh is progressively refined. This seems to be independent
of the mesh topology and could be related to an exaggerated effect of element elimination in coarse meshes.
The smeared model leads to comparable results.

4.3. Roof crush

As a practical example, we investigate a windshield during a roof crush of a vehicle. In the numerical
simulation, the impactor is modelled as a rigid wall which loads the structure with an initial velocity of 2m/s.
The lower side of the structure is fixed in vertical direction (z), the A-pillar is fixed in x- and y-direction
additionally.
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Simulations of the roof crush test were performed using both the hyperelastic and the smeared models for
the PVB interlayer. The chronological evolution of the roof crush is depicted in Fig. 8 for the model using a
hyperelastic PVB model: After 40 ms, the first elements fail and at the end of the calculation at 100 ms some
larger glass fragments have formed. The fracture pattern and the intrusion of the A-pillar are in a good
agreement with real crash tests. In Fig. 9, the (normalised) resulting force acting on the rigid wall is plotted vs.
displacement for test (thin line) and simulations (thick lines). For this load case, both models (hyperelastic and

3

e

60 ms 100 ms
Fig. 8. Windshield during roof crush.
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Force [-]
\\-.

Simulation
Test

Displacement [-]

Fig. 9. Force versus displacement during roof crush.
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smeared model) predict the test very good. This allows a precise and reliable prediction with respect to the
fulfilment of the requirements of laws and standards in the automotive industry.

4.4. Validation via impact test

It has been shown in the last example that the hyperelastic model behaves pretty well in the simulation of the
kind of loading that occurs during a roof crush. If the load is applied perpendicular to shell plane, though, the
material response of this model is too soft. This has been shown in [17] for a pendulum test and the same
experience has been gained from the subsequent validation test. Therefore, the hyperelastic model is replaced
by the smeared model in the subsequent simulations.

Basis for validation was an experimental investigation following Browne [16] where a sphere-like impactor (outer
diameter of 170 mm, mass of 3.5kg) has been shot with a velocity of 35 km/h on the middle of a windscreen under a
prescribed angle of 50° with respect to the horizontal. In total six tests have been carried out and for validation,
average values of the acceleration are used. The fracture pattern of the windshields are shown in Fig. 10.

tests 1 to 3 tests 4 to 6

Fig. 10. Fracture patterns of the windshields.
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Fig. 11. Comparison of the simulation with test results.

In Fig. 11, the normalised acceleration of the impactor is plotted vs. time. Within 2ms, maximum
acceleration is developed in the impactor. After this point, the glass fails extensively in the impacted region.
Subsequently, the shape of the curve is strongly influenced by the fracture behaviour of the windshield. This
results in large scatter of both experimental and numerical results. The period of the impact is roughly 10 ms.
Ensuing acceleration is based on the elastic rebound of the windshield. The chronological evolution of the
fracture pattern during the impact is likewise depicted in Fig. 11. It should be emphasized, however, that a lot
of unknown parameters exist in such a rather complex model, e.g. influence of adhesives and other structural
parts among others. The identification of these parameters may be very difficult.

5. Conclusions and outlook

Laminated glass models are suggested consisting of two coincident finite elements. In a first approach a shell
element for the glass and a membrane element for the interlayer have been used. The model considers both the
failure of the glass and the hyperelastic behaviour of the PVB-interlayer. For strains less than 100%, a
Blatz—Ko material and a Mooney—Rivlin material are suitable to model PVB. In general, an Ogden material of
order six is recommended. This numerically robust model is capable of simulating qualitatively realistic
fracture behaviour of laminated glass and leads to good agreements with experimental findings in a roof crush
simulation. Though for impact simulations, the model is not suitable to describe the bending stiffness
appropriately. Therefore, a modified approach using a smeared formulation of glass and interlayer is
suggested. With this modification, the acceleration of an impactor shot on a windscreen could be simulated in
a satisfactory way. Furthermore, the model can be used to identify the composite efficiency of laminated glass
in a simple four-point bending test.

As for the modelling technique, further investigations are desirable to avoid the coincident element
formulation, e.g. by assigning the different material properties to the Gauss points directly. In addition, the
assumption to neglect the viscous effects in both models is unsatisfactory and has to be reconsidered in the future.
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