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Abstract: In accidents involving cars with pedestrians, the impact of the head on structural parts of 

the vehicle presents a significant risk of injury. If the head hits the windshield, the injury is highly 

influenced by glass fracture. In pedestrian protection tests, a head form impactor is shot on the 

windshield while the resultant acceleration at the centre of gravity of the head is measured. To as-

sess the risk of fatal or serious injury, a head injury criterion (HIC) as an explicit function of the 

measured acceleration can be determined. The braking strength of glass, which has a major impact 

on the head acceleration, however, is not deterministic but depends on production-related mi-

crocracks on the glass surface as well as on the loading rate. The aim of the present paper is to show 

a pragmatic method for how to include the stochastic failure of glass in crash and impact simula-

tions. The methodology includes a fracture mechanical model for the strain rate-dependent failure 

of glass, an experimental determination of the glass strength for the different areas of a windshield 

(surface, edge, and screen-printing area), a statistical evaluation of the experimental data, and a 

computation of an HIC probability distribution by stochastic simulation. 
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1. Introduction 

In modern vehicle development, head impact test on windshields are common prac-

tice to reduce the risk of injury and protect pedestrians in the event of an accident. During 

these crash tests, a head form impactor is shot at different points on the windshield at up 

to 40 km/h while the acceleration 𝑎(𝑡) acting on the head’s centre of gravity is measured. 

A biomechanically motivated head injury criterion has been defined by the Federal Motor 

Vehicle Safety Standards in FMVSS 208 [1]. This criterion, also known as the HIC value, 

can be determined from this empirical equation: 

HIC = max {[
1

𝑡2−𝑡1
∫ 𝑎(𝑡)d𝑡

𝑡2

𝑡1
]

2.5

(𝑡2 − 𝑡1)}  (1) 

Hereby, 𝑡1 and 𝑡2 are time limits, which have to be chosen in such a way that the 

HIC value becomes a maximum. In the present application, the maximum time difference 

is limited to 15 ms, which is also known as HIC15. A HIC value of 1000 indicates that a 

serious head injury can be expected. Therefore, the goal of safety-oriented vehicle devel-

opment is not to exceed this value in the head impact test. Numerical simulations, espe-

cially using the finite element method, play an important role in a modern vehicle devel-

opment process. It is therefore essential to develop predictable and robust finite element 

models for such crash tests. Hereby, important aspects must be considered for head im-

pacts on windshields. On the one hand, the structure of the windshield consisting of two 

layers of glass and a polymer interlayer made of polyvinyl butyral (PVB) must be 
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reproduced exactly by the finite element mesh. The PVB interlayer has the task of holding 

the glass fragments together and binding splinters in the event of an accident. This also 

helps to protect the pedestrian from lacerations. 

On the other hand, constitutive models for the rate-dependent materials PVB and 

glass must also be available. 

As for the computational treatment of windshields, various models for laminated 

glass have been discussed in the literature over the past few decades. In [2,3], the extended 

finite element method (XFEM) was applied to model crack propagation in glass. Further-

more, peridynamics provide a promising approach to describe crack propagation in the 

glass in detail [4]. Another modelling technique using cohesive zone elements was applied 

in [5,6]. An alternative model using the discrete element method (DEM) can be found in 

[7]. In a recent publication, a phase field method coupled with the finite element method 

was able to describe crack propagation at fracture in more detail [8]. 

Due to limitations in computation and meshing time, the previously mentioned mod-

els are not used very often in an industrial environment where classical shell elements are 

preferred, and element erosion is used to approximate crack propagation in a simple but 

efficient way. However, fracture in such finite element simulations is inherently mesh de-

pendent. This disadvantage was addressed by Pyttel et al. [9] and fixed by introducing a 

nonlocal method. An enhanced nonlocal model was proposed by Alter et al. [10]. This 

model was also used in the present paper and was implemented as user defined subrou-

tines in the explicit finite element packages LS-DYNA (Ansys, release R7) and RADIOSS 

(Altair, release 2020.1). All the latter models, i.e., those of Pyttel et al. [9] and Alter et al. 

[10], are at least partially available in commercial software such as LS-DYNA and Radioss. 

This means that vehicle developers have already access to highly sophisticated models for 

simulating laminated glass. An important glass property which, however, is not yet con-

sidered in the numerical models is the stochastic fracture behaviour of glass based on ex-

perimentally determined probability functions. The breaking strength of glass is not a de-

terministic value but varies greatly for the different surfaces of the windshield. Conse-

quently, glass strength distribution functions must also be available for every single re-

gion of the screen. This includes the glass edge, the imprinted areas, and the laminated 

glass surface, as well as the unprotected surfaces. 

In the present paper, a methodology is presented to characterize the stochastic frac-

ture behaviour of laminated glass with respect to numerical simulations from the quasi-

static loading conditions in material characterization to crash and impact conditions in the 

relevant application. This allows us to predict the probability distribution of the HIC with 

respect to pedestrian protection for the first time. To keep the present paper self-explana-

tory, all necessary experimental (Section 2) and numerical (Sections 3.1–3.3) work that is 

necessary to carry out stochastic simulations has been presented again in a compact form. 

The scientific novelty of this work consists of the stochastic simulations in Section 3.5. 

2. Experimental Findings 

2.1. Head Impact Tests 

In order to obtain an overview of the scatter of the HIC value in the event of a head 

impact, 10 brand-new windshields (Audi A3, Volkswagen Group, Wolfsburg, Germany) 

were tested using a free-flying head form impactor, 4.5 kg Euro NCAP (European New 

Car Assessment Programme) adult head. The impactor was shot at 10 m/s in the centre of 

the four-point supported windshield. During the tests, the transversal acceleration for the 

estimation of the HIC is measured and a high-speed camera is used. Figure 1 shows three 

of these tests in comparison. In test (a) the initial fracture starts between 0 and 1 ms, in test 

(b) between 2 and 3 ms and in test (b) even between 7 and 8 ms. Clearly, the earlier the 

glass breaks, the softer the reaction of the glass pane and the lower the risk of head injury. 

Thus, the HIC15 values vary between 418 and 566 (+35%) in 10 identical tests [11]. 
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Figure 1. Comparison of head impacts on three windshields (Audi A3), cf. [11]. 

In another study [10], the windshields (Mercedes Class C, Mercedes-Benz Group, 

Stuttgart, Germany) were glued to a wooden frame to approximate the situation in a real 

car. HIC15 values of 295 to 575, which is a range of 95%, were measured in three head 

impact tests in the middle of the pane at a velocity of 10 m/s using the 4.8 kg adult head 

form impactor. This shows the high scattering of the HIC during impact tests on wind-

shields caused by the stochastic fracture behaviour of glass. 

The larger scatter of the HIC value for the second windshield type is less a result of 

a larger scatter of the surface condition of the windshield and more due to the changed 

test boundary conditions. Whereas in the case of the four-point bearing, the HIC is deter-

mined only in the acceleration regime of fracture initiation, as the windshield subse-

quently moves away from the impactor. In the second load case, a glued windshield, the 

entire post-fracture behaviour is in the relevant range for HIC estimation. Thus, in the 

second load case, it can happen that the range of the HIC is determined exclusively in the 

post-fracture regime, which is, however, influenced by the crack initiation and thus the 

fracture strength. 

2.2. Stochastic Fracture of Glass 

Due to the manufacturing process of windshields, microcracks occur on the different 

surfaces of the windshield and at the edges during handling, transport, silkscreen print-

ing, and edge processing. In order to determine the different strengths that occur for these 

different areas, coaxial ring-on-ring tests were carried out for the outer surface, the silk-

screen area, and the PVB side of both plies. This test setup can be seen in Figure 2 (left). 

The round samples were taken from the windshields using water jet cutting. Since the 

ring-on-ring test should only be used for flat plates, the specimens were taken out from 

the screen at positions with low curvature. See [12] and [13] for detailed information. 
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Figure 2. Test setup for the ring-on-ring tests (left) and distribution functions for the different areas 

(right), cf. [11]. 

The laminated glass was separated by shearing off the PVB foil. This makes it possi-

ble to examine analytically the strengths on the surface and on the PVB side separately 

under controlled loading conditions. Moreover, four-point bending tests were also used 

to determine the strengths of the edges [11]. Figure 2 (right) shows the corresponding 

distribution functions for the different areas. It can be seen that there are enormous dif-

ferences in strength within the windshield. The PVB-protected side of the glass pane 

(black line) has the highest strength, since the smallest microcracks are to be expected 

there. In contrast, the outer pane of the windshield (blue line) has a significantly lower 

strength. Due to the machining processes, the edges (green line) and the silkscreen-printed 

area (red line) have the lowest strengths. 

The data was evaluated using the left truncated Weibull distribution: 

𝑃(𝜎𝑓) = 1 − exp [(
𝜏

𝜂
)

𝛽

− (
𝜎𝑓

𝜂
)

𝛽

]. (2) 

Hereby, the variable 𝜎𝑓 is the failure stress, 𝜂 is the scale parameter, 𝛽 is the shape 

parameter and 𝜏 is the so-called truncation point below which no failure occurs. Using 

𝜏 = 0 leads to the well-known two-parameter Weibull distribution. Since a single critical 

crack length in the glass is sufficient to destroy almost the entire load-bearing capacity of 

the windshield in the event of a head impact, the weakest link theory and thus the Weibull 

distribution is an appropriate approach. Details of these experimental investigations can 

be found in [11]. 

If the sample areas vary, the probabilities can be regularized according to the area 

ratio within the so-called Weibull shift. 

𝜎𝑓2 = 𝜎𝑓1 (
𝐴1

𝐴2

)
−

1
𝛽

, (3) 

The failure stress 𝜎𝑓2 in a glass pane with the area 𝐴2 can be directly computed from 

the failure stress 𝜎𝑓1 of a glass pane with the area 𝐴1 and the Weibull parameter 𝛽 if the 

areas 𝐴1 and 𝐴2 are loaded by the same state of stress. This equation is used to regularize 

different element sizes in the current approach. Due to manufacturing processes, there is 

a certain distribution of microcracks within the windshield. When the windshield is 

loaded, these microcracks grow with a subcritical velocity until they reach a critical length, 

causing macroscopic fracture due to unstable crack growth. Consequently, failure occurs 

when the crack reaches a critical length. Thus, the distribution functions for failure stress 

in Figure 2 (right) are based on critical crack lengths. However, within the unloaded wind-

shield microcracks do have a different initial length. From this it follows that the crack 

growth up to the point of fracture must be considered. This can be achieved using the 

centering

loading ring

glass sample 

supporting ring

loading rod
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laws of linear elastic fracture mechanics. For subcritical crack growth, the crack velocity 

can be expressed by using the stress intensity factor 

𝐾𝐼 = 𝑌𝜎√𝜋𝑎, (4) 

for Mode I loading with the current crack length 𝑎 and the geometry factor 𝑌. In the 

case of fracture, the fracture toughness 𝐾𝐼𝐶 = 𝑌𝜎√𝜋𝑎𝑓 is reached, where 𝑎𝑓 is the critical 

crack length. An empirical power law can be used to describe the subcritical crack growth 

as a function of the stress intensity by two crack growth parameters 𝑛 and 𝑣0: 

𝑣 =
𝑑𝑎

𝑑𝑡
= 𝑣0 (

𝐾𝐼

𝐾𝐼𝐶
)

𝑛

. (5) 

From this fracture mechanics equation, the initial crack length 𝑎𝑖 can be computed 

reversely by integration. The crack growth parameters depend on environmental condi-

tions and can be determined experimentally by dynamic fatigue tests; [14] and the refer-

ences therein. Table 1 contains the crack growth parameters for different humidities at a 

temperature of 25 °C. 

Table 1. Crack growth parameters as a function of humidity, cf. [11]. 

H [%rh], 25 °C 30 40 50 60 70 

𝑛 [-] 15.43 15.10 14.75 12.96 12.26 

𝑣0 [mm/s] 9.54 10.22 10.47 13.95 15.99 

2.3. Rate Dependent Fracture Strength of Glass 

As described in Section 2.2, cracks start to grow in a subcritical manner with a low 

velocity under an applied load until the fracture toughness is reached. The velocity of a 

certain crack depends, among other parameters, on the humidity and the stress intensity. 

Experimental data could be found in [15]. The behaviour of the subcritical crack growth 

velocity can be divided into four different regions. In the first region, named “0” in Fig-

ure 3 left, no crack propagation can be observed. After a certain value of the stress inten-

sity, cracks start to propagate (region I), and the velocity shows a nearly linear behaviour 

in a double logarithmic representation. In region II, a kind of saturation is reached before 

the crack starts to propagate in an unstable manner and reaches a maximum velocity of 

about 1520 m/s in region III. 

Often the entire range of the subcritical crack growth regime until reaching the frac-

ture toughness is approximated by the region I which may be described by the empirical 

power law shown in Equation (5). Under the assumption of a constant stress rate, a com-

bination of Equations (4) and (5) leads to an approximation of the fracture strength 

𝜎max,approx via  

𝜎max,approx =  (
2(n + 1)KIc

n

v0(n − 2)(𝑌 √𝜋)
n

a
i

n−2
2

)

1/(1+n)

𝜎̇1/(1+n) . (6) 

Besides the crack growth parameters n and v0 and the fracture toughness KIc, the 

approximated fracture strength depends also on the stress rate 𝜎̇ and the size of an initial 

intended flaw ai. The behaviour is shown for different initial crack lengths in Figure 3 

(right). As it can be seen, there is no lower or upper bound in the estimation of the fracture 

strength. As mentioned before, there should be a maximum fracture strength for a certain 

crack length due to the linear elastic fracture mechanics by reaching the fracture toughness 

and a lower limit where no crack growth takes place, which leads to a lower fracture 

strength value of 
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𝜎min =  
Kth

√𝜋𝑎𝑌
 (7) 

and an upper strength value of 

𝜎max =  
KIc

√𝜋𝑎𝑌
 . (8) 

  

Figure 3. (Left) Different regions of subcritical crack growth velocity, cf. [11]. (Right) Fracture 

strength as a function of stress rate for different initial crack lengths, cf. [10]. 

An extension of Equation (6) by the cut off conditions from the Equations (7) and (8) 

𝜎0 =  min{𝜎max, max(𝜎min, 𝜎max,approx)} (9) 

is shown in Figure 3 right (blue solid lines) and it is also used in the current approach. 

A more sophisticated model with a continuous transition between the rate dependent 

fracture strength and the lower and upper bound can be found in [16]. The different initial 

surface conditions on the different areas of the windshield are considered internally in the 

user subroutine whereby a stochastic distribution or a constant initial crack length per 

area can be chosen. 

3. Numerical Treatment 

3.1. A Nonlocal Material Model for Glass 

Since glass is a nearly perfect linear elastic, the material is numerically described by 

Hooke’s law. Initial failure of glass is modelled via the extended Equation (6) by the cut 

off conditions Equations (7) and (8) using the stress criterion by Rankine. In case of failure, 

a damage approach in accordance with Pyttel et al. [9] is used for a linear stress reduction 

perpendicular to the failure introducing principal stress. Stress reduction is performed in 

dependency of the element size and the current time step size to capture the maximum 

crack growth velocity of glass, which is approximately 1520 m/s. 

In a real-world application, a crack leads to a stress intensity at the crack tip. Due to 

rather large elements used in finite element application for the simulation of the head 

impact, the stress intensity is underestimated by the element erosion. To take care for the 

stress intensity in the finite element approach, a reduction of strength of elements in the 

direction of a propagating crack in the direct neighbourhood is used: 

𝜎0,fin  {
𝜎0       without neighbouring crack

𝜎0/𝑓(𝑙𝑒𝑙)    with neighbouring crack
 (10) 

whereby the function for strength reduction 𝑓(𝑙𝑒𝑙) depends on the element size 𝑙𝑒𝑙  and 

the position of the in-plane integration point [10]. 
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3.2. Material Modelling of the Interlayer 

The polymer interlayer of the windshield consists of polyvinyl butyral (PVB) which 

can withstand large deformations and has a very strong strain rate dependency. For this 

reason, tensile tests were carried out at different speeds in order to identify the strain-rate 

dependency even at large deformations. For material modelling, a nearly incompressible 

hyperelastic model was combined with a viscoelastic model using a Prony series. 

Figure 4 left shows the rheological model which consists of a hyperelastic spring and 

a series of four Maxwell elements. The deviatoric part of the hyperelastic model is given 

by the following strain energy function: 

WDEV(I𝐶 , II𝐶) = ∑ 𝐴𝑖𝑗(I𝐶 − 3)𝑖(II𝐶 − 3)𝑗 ,𝑛
𝑖,𝑗=0   (11) 

where 𝐴𝑖𝑗 are the material constants and I𝐶 , II𝐶  are the first and second invariant of the 

right Cauchy–Green tensor. In a good approximation, incompressible behaviour is as-

sumed for the volumetric part of the hyperplastic model. However, this must be verified 

for each interlayer type individually via material tests. All parameters of the material 

model were identified numerically using the optimization tool LS-OPT (Livermore Soft-

ware Technology Corporation (LSTC), Version 5.2, Livermore, California, USA, 2016). As 

can be seen in Figure 4 right, the numerical results (solid lines) are in a good agreement 

with the experiments (dotted lines). 

 

 

Figure 4. (Left) Rheological model. (Right) Validation of the model using highspeed tensile tests, cf. 

[10]. 

3.3. Assembling of the Finite Element Model 

For discretization of the windshield, a regular shell-solid-shell mesh is used. Thereby, 

fully integrated shell elements for the glass plates combined with solid elements for the 

PVB interlayer are used. The PVB interlayer is very thin and represents a membrane. 

Therefore, even one solid element with one integration point is sufficient for the numerical 

representation of the interlayer in an industrial environment. To avoid instabilities as a 

result of hourglass modes using under integrated solid elements, a viscous hourglass con-

trol should be used. In the following scientific study, however, only fully integrated solid 

elements were used in order to avoid any effects from hourglass stabilization. 

In order to obtain the physical composition and thus the correct flexural stiffness as 

well as stress prediction, the shell mid surfaces, as well as the contact thicknesses, are 

shifted to the outer sides by a half of the ply thicknesses. Shear coupling is realized by 

merging the nodes of the shells (grey) and the solid elements (yellow and green), see Fig-

ure 5. Delamination effects are not considered in the present model. A validated commer-

cial model of the head form impactor (right hand side in Figure 5, blue) was used [17]. 
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Figure 5. (Left) Modelling technique for laminated safety glass using a coincident nodes approach, 

(right) Visualization of the shifted shell thicknesses together with a part of the head impactor model. 

3.4. Head Impact Simulation 

The basic validation of the discretization and the failure modelling were performed 

by head impact tests on Mercedes Class C windshield, with constant crack lengths for 

different areas and means, without a stochastic approach. The initial crack sizes were as-

sumed to be 𝑎𝑖 = 1 μm for both air surfaces, 𝑎𝑖 = 0.4 μm for both laminated and thus 

protected surfaces and 𝑎𝑖 = 5 μm for the edges of the windshield. Additionally, it was 

assumed that the PVB-interlayer protects the inner surface from water vapor, the main 

cause of subcritical crack growth effects, and thus the rate dependency of fracture strength 

is neglected for the surfaces concerned. Figure 6 shows a comparison of the measured and 

the numerically predicted acceleration curves as well as the fracture pattern. It shows that 

the proposed approach is basically able to represent all different stages of fracture of the 

windshield. The left-hand side in Figure 6 shows the resultant acceleration of three tests 

under the same conditions (red lines). They also show the scatter of the experiments. This 

again shows the need for stochastic simulations. In comparison, the numerically predicted 

acceleration curves are shown. Hereby, 20 (dark blue) or 1 (light blue and green) failed 

integration points for element deletion are used together with different out-of-plane inte-

gration rules. Hereby, the outer integration point using Lobatto integration is located at 

the outer surface. The right-hand side shows the predicted fracture pattern for the outer 

glass pane (top) and the lower glass pane (bottom) by the use of the Lobatto integration 

rule with a single failed integration point required for element deletion. As can be seen, 

no significant influence of the number of failed integration points required for element 

deletion, as well as of the through-thickness integration rule, could be identified. A com-

parison of the simulated fracture patterns with real head impact tests on windshields can 

be found in [10]. 

 
 

Figure 6. (Left) Resultant acceleration of three different tests in comparison with the simulation. 

(Right) Predicted fracture pattern for the two glass panes of the windshield, cf. [10]. 
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3.5. Stochastic Simulation 

This section contains the current innovation of the present paper. In order to consider 

the stochastic fracture behaviour of glass in the simulation, the corresponding distribution 

functions in Figure 2 must be transferred to the material model for glass separately for 

edges, each side of the glass surfaces, and screen-printing area. However, these distribu-

tion functions are based on critical crack lengths. Therefore, the initial crack lengths 𝑎i is 

computed in a first step using Equation (5). These crack lengths are then randomly dis-

tributed across the windshield model for each Gauss point. Hereby, the different element 

sizes must be considered using Equation (3). 

If the glass ply is loaded, the initial cracks grow subcritically when a threshold value 

of the stress intensity 𝐾𝐼,𝑡ℎ is exceeded. Only when a critical crack size is reached will 

macroscopic fracture occur. This can be described by the critical stress intensity 𝐾𝐼𝑐 . This 

subcritical crack growth can again be described by Equation (5) using the algorithm 

shown in Figure 7. If 𝜎fail is reached, a macroscopic failure occurs. This is modelled with 

the present nonlocal model using the element erosion technique, i.e., the stiffness of the 

corresponding element is set to zero in the time it takes for the crack to propagate through 

the element. 

 
Figure 7. Flow chart of the algorithm for subcritical crack growth to failure. 

For the following frequency distributions, in total, 250 head impact simulations, each 

with randomly distributed initial cracks, were carried out. Two different boundary con-

ditions were examined: A four point supported windshield and an elastic support close-

to-the-car where the windshield was glued to a wooden frame using windshield adhesive. 

The experimental and numerical HIC values for the four-point supported windshield 

are shown in Figure 8. Ten experimentally determined values (red dots) and, in total, 250 

values from stochastic simulations are depicted. Most HIC values for the chosen test setup 

are accumulating at the upper bound. A putative normal distribution of head injury val-

ues is calculated between approximately 400 and 520. Five of ten experimental values are 

within this range, while the other five values are at the upper bound. It can therefore be 

assumed that the stochastic fracture model can reproduce the real head impact tests real-

istically. 
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Figure 8. HIC probability for head impact tests on four-point supported windshields, cf. [11]. 

As a next application, a purely numerical study is shown where the windshield was 

glued to a wooden frame. Details of the finite element model can be found in [11]. Figure 

9 shows the numerically predicted HIC values calculated by Equation (1). The values are 

scattered between 411 and 1292. Hereby, an accumulation around HIC = 480 can be ob-

served. This means that most results in real head impact tests are to be expected in this 

range. However, 1.6 % of the calculated values are higher than 1000, where there is a seri-

ous risk of injury. 

 

Figure 9. HIC probability for head impact simulations on windshields glued on a wooden frame. 

250 HIC values from stochastic simulations are depicted, cf. [11]. 

The calculated values are like the values from literature in respect of the statistical 

range. Unfortunately, no freely available database for the stochastic scatter of the pedes-

trian head impact could be found so far. This is complicated by the manufacturing-de-

pendent, nonmaterial-specific strength of glass. As a result, each manufacturing line gen-

erates its own glass strength distribution and thus its own HIC distribution for a certain 

windshield. 

4. Conclusions and Outlook 

In the present paper, a methodology was proposed to consider the stochastic fracture 

behaviour of glass in the numerical simulation. This includes both the required 
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experimental work and the numerical implementation for finite element simulation. To 

determine the glass strength distribution, all areas of the windshield must be examined 

separately. These are the glass surfaces, the edge, and the screen-printed area using ring-

on ring tests and four-point bending tests. 

With these distribution functions, the production-related initial cracks can be com-

puted reversely, and subcritical crack growth can be considered using fracture mechanics. 

The presented stochastic simulation helps to reveal trends that would otherwise not be 

possible due to the limited number of real tests. However, the predictive ability of the 

simulation is heavily dependent on the precise modelling of the fracture behaviour of 

glass. Therefore, detailed work on the post fracture behaviour of laminated glass will be 

the subject of future investigations. 
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