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ABSTRACT 

In this master dissertation, a finite element model to simulate the behavior of monolithic and 

laminated glass structures, subjected to a pendulum impact, is implemented in ABAQUS. This model 

is based on the experimental test setup of the European Standard EN 12600. A shell model of the tire 

is created for computational efficiency and the equation of state for an ideal gas is used to simulate the 

internal fluid behavior. Tensile tests, compression tests and quasi-rigid impact tests are carried out for 

validation purposes. In general, it is found that the numerical model is capable of accurately predicting 

the in-plane strains of monolithic glass in the elastic (uncracked) state. Finally, a preliminary model for 

assessment of PVB-laminated glass from intact to post-fractured state is conceived. 
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I. INTRODUCTION 

Structural glazing has to withhold dynamic loads of 

impacting persons or objects. Only the last decennia legal 

minimum requirements are defined for these types of loading. 

The verification of the load carrying capacity is mostly done 

by experimental studies. However, experimental studies are 

often costly and time consuming and are only accurate within 

a specific range. By relying solely on experimental 

investigations, awareness should be made of the fact that a 

safety factor for the failure of glass can not be obtained nor be 

trusted from only a limited number of experimental 

investigations. Assuming that experimental tests will always 

represent the real in-situ behavior of the glass panes is 

dangerous, because large scatter in the material strength and 

the experimental setup is predominant. Therefore, finite 

element models that are capable of simulating the response of 

glass after impact can be helpful. The advantage of numerical 

investigation is that it allows comprehensive studying of all 

mechanical parameters that may or may not influence the 

results. Not only will this result in a better understanding of 

the glass failure, it will also lead to a safer and eventually a 

more economic design in glass industry. 

The present study focusses on a FE model, based on the 

experimental test setup of the European Standard EN 12600 

[1]. The FE model is used to simulate the behavior of 

monolithic and laminated glass structures which are subjected 

to a pendulum impact. This study is performed with the 

commercially available software package ABAQUS, which 

includes specific tools for tire simulation and allows realistic 

modeling of the internal fluid behavior. 

II. FE MODEL OF THE TIRE 

The tires of the impactor are composed of a rubber 

compound, nylon wires and a bead wire, as visualized in 

Figure 1. 

 

Figure 1: Overview of the different components of the tire1. 

Two types of tire models are created in ABAQUS. The first 

type consists of solid elements, for which structural symmetry 

is used to reduce the model size. The nylon plies are 

embedded as rebar layers in the rubber compound and 

frictional contact is defined between the tire and rim. During 

the mounting and inflation phase, an axisymmetric model is 

used. In ABAQUS, the symmetric model generation (SMG) 

capability with symmetric results transfer (SRT) allows to 

create a partial three-dimensional model for validation with an 

experimental quasi-static loading test. Also experimental and 

numerical transverse and longitudinal tensile tests are carried 

out for validation purposes and good agreement is found. The 

solid model is used only for quasi-static analysis, due to its 

computational inefficiency. 

The second simulation model is composed of S4R shell 

elements. Although some simplifications are introduced with 

respect to the detailed geometrical modeling of the tire, results 

correspond well with experimental values from compression 

tests, and the computational expense is significantly reduced. 

In Figure 2, load-deflection curves for shell models with 

different mesh density are compared to data from experimental 

results and a solid model. Mesh convergence is reached for a 

shell model with 180 segments along the circumference of the 

tire.  
 

 

Figure 2: Experimental and numerical load-deflection curves. 

                                                           
1
 http://www.onallcylinders.com/radial-vs-bias-ply-tires/ 
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III. IMPACT TESTING 

For impact testing, the internal pressure in the tires is 

simulated with the ‘fluid cavity’ option in ABAQUS/Explicit, 

based on the equation of state for an ideal gas. The pressure 

increase due to deformation of the tire is taken into account 

and allows a realistic reproduction of the physical behavior of 

the impactor. For large drop heights, it is observed that the 

increase in pressure is significant and the use of a constant 

pressure must be abandoned. To avoid stress wave 

propagation in the tire, the tire is mounted and inflated to a 

pressure of 3.5 bar in ABAQUS/Standard. The deformed state 

is transferred to ABAQUS/Explicit, from where the analysis is 

continued with a fluid cavity pressure. 

The angular velocity of the pendulum is theoretically 

determined, based on the use of the arithmetic-geometric mean 

(AGM), and is given in equation (1) [2]. The accuracy of the 

AGM method can be further investigated by experimental 

measurements. 
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By means of a Fast Fourier Transform (FFT) and 

Butterworth filter, the system’s response is filtered to obtain 

smooth data curves. Good agreement is found between the 

experimental and numerical obtained force curves for quasi-

rigid impact testing, as can be seen in Figure 3. Also the 

impact forces, obtained in a FE model of a truly rigid impact, 

correspond well to the values predicted by Müller de Vries 

[3]. 

 

 

Figure 3: Experimental and numerical force curves for different drop heights. 

For impact testing on a calibration glass pane, three different 

boundary conditions (BCs) are applied to the glass edges: 

encastred, pinned and clamping between rubber strips, which 

is the most realistic representation of the clamping frame. In 

Figure 4, good correspondence between the experimental 

strain values and the numerical model with real BCs can be 

observed. Use of simplified boundary conditions leads to a 

significant underestimation of the experimental strain values. 

However, the experimental impact setup in the laboratory does 

not yet comply with the European Standard requirements. A 

possible solution is to equip the impactor with a new set of 

tires, with slightly different geometrical and/or material 

characteristics. 

 

 

Figure 4: Vertical strain values for different drop heights and BCs. 

IV. LAMINATED SAFETY GLASS (LSG)  

A laminated glass model is implemented to simulate glass 

breakage. The PVB interlayer is meshed with solid elements 

for transfer of shear forces, and the hyperelastic Mooney-

Rivlin law is used for material definition. Glass plies are 

modeled as shell elements, tied to the interlayer. A ‘brittle 

cracking’ failure model is included, in which glass elements 

are being deleted when reaching their failure stress, 

corresponding to the Rankine criterion. In the future, the 

laminated glass model can be compared with experimental 

tests. 

V. CONCLUSIONS 

A solid and a shell model of the tires, used in the EN 12600 

pendulum impact test for structural glass, have been conceived 

and validated by tire compression tests and tensile tests on the 

composite material. The shell model was further used to 

simulate impact on a quasi-rigid pressure and force plate 

assembly, and on a monolithic glass pane. Simulation results 

show that good correspondence with the measured impact 

forces and in-plane strains of the glass pane can be 

established. The implementation of a fluid cavity pressure is 

especially recommended for higher drop heights due to the 

significant increase of the internal pressure.  

In future research, the experimental impact setup in the 

laboratory can be further fine-tuned to fulfill the EN 12600 

requirements.  
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Glass is a material with a remarkable evolution in history. The first use of glass under the form of 

obsidian can be traced back to Mesopotamia and the ancient Egypt around 3500 BCE. Glass products 

were useful for creating stone tools and beads. A few millennia later, large-scaled glass production 

resulted in jewelry, vessels and the first applications of glazing in buildings. Nowadays, glass can be 

seen as a renowned material that is used in numerous applications. Initially, the use of glass in 

structures was intended for creating natural lighting, but throughout the years it also earned its status as 

a structural component. This structural function is however a more recent development and extensive 

research still needs to be conducted. Therefore, structural applications of glass are often used to 

emphasize the innovative character of a company, as can be seen in Figure 1-1.  

      

Figure 1-1: Apple Store on Fifth Avenue, New York. The use of solely glass as a structural component can be seen as a state-
of-the-art construction method1. 

Since glass is a brittle material, its post-failure strength is non-existent. However, in combination with 

an interlayer (Figure 1-2), it results in laminated glass that can be used in many different application 

areas. A well-known example are windshields in automotive industries. When an impact caused by e.g. 

a vehicle collision occurs, it is intended that both glass plies fracture so that they follow the 

deformation of the interlayer, decreasing the possibility of severe injuries to the passenger.  

More general, laminated glass consists of two soda-lime glass plies that are separated by an adhesive 

polymer that prevents the glass plies from detaching on impact, and thus greatly reduces the possibility 

of injury caused by the shattering of glass. The failure of laminated glass is as follows; in a first phase 

the glass panes show elastic behavior, followed by cracking of the first glass ply, while the other ply is 

still intact and the interlayer is not damaged. Subsequently, the second glass pane fails, followed by 

                                                      
1 http://www.architecturescope.com/apple-store-fifth-avenue/ 
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viscoelastic behavior of the interlayer. Eventually the interlayer fails by reaching its limit strain or by 

cutting from the splinters. 

Structural glazing has to withhold static loads and dynamic loads of impacting persons or objects and 

only the last decennia legal minimum requirements were defined for these types of loading. The 

verification of the load carrying capacity is mostly done by experimental studies such as the European 

Standard EN 12600 (CEN, 2002), as described in underlying paper.  

 

Figure 1-2: Laminated glass pane, consisting of two float glass panes and an interlayer2. 

However, experimental studies are often costly and time consuming and are only accurate within a 

specific range. By relying solely on experimental investigations, awareness should be made of the fact 

that a safety factor for the failure of glass can not be obtained nor be trusted from only a limited 

number of experimental investigations. Assuming that experimental tests will always represent the real 

in-situ behavior of the glass panes is dangerous, because large scatter in the material strength and the 

experimental setup is predominant. 

Therefore finite element (FE) models that are capable of simulating the response of glass after impact 

can be helpful. The advantage of numerical investigation is that it allows comprehensive studying of all 

mechanical parameters that may or may not influence the results. Not only will this result in a better 

understanding of the glass failure, it will also lead to a safer and eventually a more economic design in 

glass industry. 

This thesis will focus on a FE model, based on the experimental test setup of the European Standard 

EN 12600. The FE model is used to simulate the behavior of monolithic and laminated glass 

structures which are subjected to a pendulum impact. The main purpose is to become an accurate 

model with great physical understanding, implying that assumptions are omitted wherever possible. 

Validation is achieved by comparison to experimental results from static compression and impact 

                                                      
2 http://www.fgglass.com/ftg.htm 
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testing. The final model will be able to predict the in-plane strains in the glass panes. Also crack 

initiation and propagation will be taken into account. 

This thesis builds further on previous works of De Duytsche and Scheldeman (2008), Weymeis (2009) 

and De Pauw (2010). In their research a test setup in accordance with the European Standard was built 

and tested experimentally and numerically. Both the test setup and the numerical model of the 

clamping frame will be used in this thesis.   
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2 EUROPEAN STANDARD EN 12600 AND 

PREVIOUS WORKS 
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2.1 EUROPEAN STANDARD EN 12600 

The description of underlying paragraph is mainly based on the normative reference EN 12600 (CEN 

EN 12600, 2002) with additional information and remarks given where necessary. 

The European Standard EN 12600 describes a safety standard test to classify various glass panes by 

performance under impact and by mode of breakage. There is reference to this standard in other 

normative works and regulations which specify the minimum safety performances of glass panes. In 

the standardized EN 12600 test an impactor, attached to a cable and lifted to a certain drop height, is 

released and hits a glass pane that is clamped in a frame. The classification by drop height corresponds 

to graded values of energy transmitted by the impact of a person. The aim of this classification is to 

increase the personal safety by: 

- the reduction of cutting and piercing injuries to persons; 

- the containment characteristics of the material, which implies the reduction of people or 

objects falling through the glass. 

The standard defines three drop heights corresponding with a certain impact level, as summarized in 

Table 2-1. Class 3 corresponds with a load that is equivalent to a force, exerted by an adult person that 

pushes hard against the glass or a child running into it. Class 2 is equivalent with a force that holds 

between an adult person walking into a glass door, and a determined attempt to force a way through by 

running at it. Class 1 is considered equivalent with critical conditions such as high velocity impact, 

caused by e.g. flying debris. 

Table 2-1: Classification of the impact level based upon the drop height. 

Impact level Drop height (mm) 

3 190 

2 450 

1 1200 

 

In previous impact tests, a sand bag or a bag with small metal balls was used (Haldimann et al., 2007). 

However, the energy transferred from the impactor to the glass pane was not high enough to represent 

the simulation of a human body impact. By using a model of two tires around a steel cylinder with a 

total mass of 50 kg, the transferred energy is much larger due to the greater stiffness and the smaller 

impact region. 
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2.1.1 PROCEDURE 

The test shall be carried out at each drop height on four identical glass pieces. If the sequence of glass 

panes, glazing sheet material and interlayers is different from both outer surfaces, the test shall be 

executed on both sides. An exception can be made for situations where the risk of impact is coming 

from one side only. 

Testing starts at the smallest drop height. The test is aborted if the test pieces are no longer in 

accordance with the requirements of the European Standard (see Paragraph 2.1.2). If the test pieces 

remain intact or break according to the requirements, the testing will be continued for a higher drop 

height. This procedure is repeated until the final height, required for the intended purpose of the glass 

product, is reached. 

2.1.2 MODES OF BREAKAGE AND TEST REQUIREMENTS 

The different types of glass panes can be characterized by the way fragmenting occurs. The three 

principal breakage modes (Figure 2-1) that are distinguished according to EN 12600 (CEN, 2002) are: 

1. Type A: numerous cracks appear forming separate fragments with sharp edges, some of which 

are large. This mode of breakage is typical for annealed glass; 

 

2. Type B: numerous cracks appear, but the fragments are held together by the interlayer and do 

not separate. This mode of breakage is typical for laminated glass; 

 

3. Type C: disintegration occurs, leading to a large number of small particles that are relatively 

harmless. This mode of breakage is typical for toughened glass. 

 

                                                             

Figure 2-1: Modes of breakage; Type A (left), Type B (middle), Type C (right) (Steenhoudt et al., 2004). 
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In the test each glass pane shall either not break or break as defined in one of the following ways 

(Steenhoudt et al., 2004): 

- Criterion ‘a’:  

 numerous cracks appear in the test piece. However, no shear or opening is allowed, 

through which a 76 mm diameter sphere can pass when a maximum force of 25 N is 

applied; 

 particles that are detached from the test piece up to 3 minutes after impact shall, in 

total, weigh no more than a mass equivalent to 10 000 mm² of the original test piece; 

 the largest single particle shall weigh less than the mass equivalent to 4 400 mm² of 

the original test piece. 

Criterion ‘a’ implies that after breakage there is no risk for injuries nor falling through the glass 

pane. 

 

- Criterion ‘b’:  

 disintegration occurs and the 10 largest crack-free particles collected within 3 minutes 

after impact shall weigh no more than the mass equivalent to 6 500 mm² of the 

original test piece; 

 the particles shall be selected only from the portion of the original test piece exposed 

in the test frame; 

 only the exposed area of any particle retained in the test frame shall be taken into 

account in determining the mass equivalent. 

This criterion limits the measurements of the largest glass pieces to reduce the risk for injuries. 

Falling through of persons or objects is however not prevented due to fragmenting of the 

glass. 

2.1.3 EN 12600 TEST SETUP 

An overview of the different components of the test setup, as described in the European Standard, is 

given in Figure 2-2. 

2.1.3.1 MAIN AND CLAMPING FRAMES 

The main frame (1) is anchored into a concrete floor to create a rigid construction and an optional 

support member (4) can be provided to ensure the latter. The clamping frame (2) has internal 

dimensions of (847 ± 5) mm by (1 910 ± 5) mm. On the clamping frame, rubber strips are placed to 

protect the test specimen and to ensure uniform clamping. These strips are (20 ± 2) mm by (10 ± 1) 

mm and have a hardness of (60 ± 5) IRHD in accordance with the International Standard ISO 48 

(BIN, 2003). When the glass pane is clamped, the strips are compressed so that the thickness of the 

strips is reduced by 5-10% of their original thickness. For the impact test, the compression of the 
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rubber strips has to be limited to 20%. A clamping device holds the main frame, clamping frame and 

glass pane together. 

 

Figure 2-2: Test setup according to EN 12600 (left) and cross-section of the impactor (right) (CEN, 2002).   

2.1.3.2 IMPACTOR 

The impactor (3) consists of two tires of type 3.50-R8 4PR, an additional mass and a suspension 

system. The total mass is limited to (50 ± 0.1) kg and the tires have to be inflated to (3.5 ± 0.2) bar 

when the impact test is executed. The main function of the suspension cable is to ensure that the tires 

impacts the middle of the test piece from the chosen drop height. When the impactor hits the test 

piece, energy will be transferred to the glass pane, resulting in micro strains in horizontal and vertical 

direction. To test the validity of the experimental setup, the strains of the calibration plate have to be 

within margins that are linked with a certain drop height of the impactor. The calibration specimen is 

10 mm thick and comprises a tempered glass pane with dimensions (876 ± 2) mm by (1938 ± 2) mm. 

The distance between the impactor at rest and the test specimen should be between 5 mm and 15 mm. 

The center line of the impactor has to be within 50 mm radially from the center of the test piece. 
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2.1.4 PERFORMANCE 

A performance classification for each tested glass pane can be given with the following formulation: 

( )                   (2.1) 

with   highest impact level achieved without breakage or breakage in accordance with the 

 two possible breakage criteria ‘a’ or ‘b’; 

   the mode of breakage (type A, B or C); 

   highest impact level achieved without breakage or breakage in accordance with 

criterion ‘a’. If the glass breaks at the smallest drop height (190 mm) and criterion ‘a’ 

is not fulfilled,   has a value of zero. 
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2.2 PREVIOUS WORKS 

In De Duytsche and Scheldeman (2008) and De Pauw (2010) an optimization of an existing pendulum 

test setup was executed whereby following parts were added/improved (Figure 2-3): 

- a fenced safety zone was created by adding plastic flaps on the sides and an additional 

polycarbonate plate was placed at the back of the test setup to prevent injuries due to airborne 

glass pieces when impacting the test piece at larger drop heights; 

- the dimensions of the glass collecting box were adjusted to catch the falling glass pieces; 

- manual lifting of the impactor was avoided by equipping the test setup with a winch. A swing 

arm was implemented to satisfy the EN 12600 requirements, stating that the axis of the 

impactor needs to be in line with the suspension cable, and that the lifting force needs to be 

perpendicular to the axis of the impactor; 

- a braking mechanism, based on alpinism security systems was added to avoid that the 

impactor hits the test piece a second time. 

 

Figure 2-3: Improved test setup (De Pauw, 2010). 

In a following study by Weymeis (2009) and De Pauw (2010) improvements were made regarding the 

clamping system. Firstly, the properties of the rubber strips had to be determined since no additional 

information was given. More detailed information about the exact values is given in Chapter 6. The 

modulus of elasticity was obtained by comparing a numerical model with an experimental model. A 

rubber specimen was experimentally compressed by 10% of its thickness and the required force was 

measured. In ABAQUS, a rubber specimen was compressed between two rigid plates. The modulus of 

elasticity was then determined iteratively.  

Secondly, clamping of the glass piece was investigated. In the original test setup, clamping of the glass 

specimen was realized by a spring system, as seen in Figure 2-4. However, this clamping system was 

not very practical in use and the connections were exposed to high loads leading to possible damage. 

Glass collecting box 

Swing arm 
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Numerical investigation showed that relatively large deviations in compression were recorded when the 

frame was clamped at isolated points. These isolated points represent the positions of the clamping 

system with springs. In addition, very large forces had to be applied to realize a compression of 10% of 

the rubber strips. Moreover, torsion occurred in the clamping frame due to eccentricity of the applied 

compression loads. This justified the decision to search for a new clamping system in which the 

manual spring system was replaced by a pneumatic system with eight cylinders, exerting a compression 

force at the center of the steel frame. To realize this, an additional support frame had to be created 

(Figure 2-5). 

 

Figure 2-4: Original clamping system with springs. Deformation of the connector piece while clamping is already visible (De 
Pauw, 2010). 

 

     

Figure 2-5: Layout of the support frame and the pneumatic cylinders (Weymeis, 2009). 

One of the major criticisms in previous works, related to the test setup of the European Standard EN 

12600, was that the standard is not always clear, certainly when it comes to the safety of the operators 

and bystanders. The European Standard only gives a vague description of how to realize certain 

requirements, and therefore the building of the test setup conform the standard can be very time 

consuming.  

Support frame 

Pneumatic cylinder 

Clamping frames 

Main frame 
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CHAPTER 3 

3 IMPLEMENTATION OF A TEST TIRE IN 

ABAQUS 
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3.1 INTRODUCTION 

3.1.1 TIRE RESEARCH USING FE MODELS 

A lot of research has been done in the area of tire testing since Charles Goodyear invented the first 

pneumatic bicycle tires in 1839. To minimize the amount of experimental tire testing, an alternative 

method had to be found. Since the 1950’s, models such as string models or ring models have been 

developed (Kim and Savkoor, 1997; Bruni et al., 1997). These models consider the tread to be a pre-

stressed string or ring and the sidewalls to be elastic foundations which support the tread structure. 

These analytical models are intended to obtain tire characteristics with as few calculations as possible. 

Other models, e.g. the ‘Magic Formula’ tire model of Pacejka (1991), are based on experimental data 

(Bakker et al., 1987; Hirschberg, 1991; Lidner, 1991).  

Previous models have the advantage of low computational cost, but they have some limitations as 

discussed by Seokyong (2006): 

1. they require extensive experiments to determine the characteristic tire parameters; 

2. their validity is limited to specific ranges of those parameters; 

3. their domain of validity can not always be predicted in advance. 

The use of finite element models in tire industries is a more recent development. Implementation of 

nonlinearities in FE packages increased the interest in creating more detailed models that could handle 

these complexities.  

In 1983, Tielking developed a three-dimensional finite element model of an automobile tire using shell 

elements. The effect of automobile tire loads on thin asphalt pavements over granular bases has been 

investigated in his work. A four-ply bias tire is used to show the ability of the model to predict the 

different effects that nylon and polyester cords have on tire deformation, contact pressure distribution 

and traction. In this uniform pressure tire model, the tire contact pressure is assumed to be equal to the 

tire inflation pressure. Experimental measurements of the tire contact pressure by Freitag and Green 

(1962) showed good correspondence with Tielking’s model.  

In Noor et al. (1985), nonlinear analysis of anisotropic tires through the use of two-dimensional shell 

models is conducted. The material stiffness matrix of the shell is decomposed into an orthotropic and 

an anisotropic part. Linear material response was assumed together with geometric nonlinearities in 

moderate rotations of the tire. They also combined the use of a finite element model with the classic 

Rayleigh-Ritz technique to reduce the number of degrees of freedom. 

Tseng et al. (1989) created a two-dimensional axisymmetric tire model to simulate the rim-tire interface 

at an inflation pressure of 2.4 bar. Elastomers were modeled as nonlinear incompressible elements. 

Cord-rubber composite elements were used to model the tire plies. To take into account the initial 

opening between rim and tire at zero inflation pressure, gap elements characterized by a nonlinear and 
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fully compressible material behavior were used. The contact pressure distribution of the rim-tire 

interface has been investigated under various geometry and loading conditions. A good agreement was 

found with experimental measurements.  

In 1991, Ishihara developed a three-dimensional membrane element for the finite element analysis of 

tires. Cord-rubber components of the tire were modeled by membrane elements to overcome the 

complexity of the model such as the multilayer structure of the tire. By using these membrane 

elements, calculation time of the model has been significantly reduced. To compare the accuracy of the 

model, experimental measurements were carried out and a three-dimensional solid element model was 

built. It was concluded that the membrane model could yield accurate results.  

Kao and Muthukrishnan (1997) conducted research to the transient response of an automobile tire. A 

simple tire test was simulated and good prediction of the tire dynamic responses was shown. They 

incorporated a tire with its full geometry, material properties, fiber reinforcement, etc.. The tire carcass 

composite properties were calculated from a strain energy function derived for the fiber-reinforced 

rubber. According to Seokyong (2006), this was the first physical model of a car tire. Previous works 

only implemented a single type of elements under reasonable simplifications and assumptions, resulting 

in a loss of accuracy. 

In recent literature (Tönük and Unlüsoy, 2001; Cho et al., 2011) further investigation has been 

conducted in obtaining an accurate tire model, e.g. improvements have been made in contact 

modeling, resulting in realistic frictional rim-tire contact. Rubber materials are modeled with the 

Mooney-Rivlin strain energy function, showing good accuracy when comparison is made with 

experimental measurements. For symmetrical loading conditions, only half of the full-scale tire model 

is created. Most of these models use shell elements to reduce the calculation time. In Cho et al. (2011) 

a static tire analysis has been carried out using solid elements only. The use of shell elements for fiber-

reinforced rubber parts in dynamic tire analysis was however preferred due to reasons of CPU time. 

These fiber-reinforced rubber parts are modeled as composite shell elements characterized by the 

Halpin-Tsai formulation (Daniel and Ishai, 1994).  

In van der Steen (2010) it is stated that finite element tire modeling will increase the insight on the 

relative influence of specific tire properties, decrease the development time and eventually reduce 

development costs of new tires. However, he also points out that most finite element models are still 

not able to accurately match experiments.  

3.1.2 NUMERICAL TIRE MODELING IN EXISTING EN 12600 LITERATURE 

In Müller de Vries (2011) a tire model was created with an internal pressure of 4 bar. No data with 

regard to the numerical modeling of the tire itself was found. An impact test against a rigid wall has 

been executed and for each drop height, the modulus of elasticity of the FE model has been adjusted 

until good agreement was found with the test data. 
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In Rück and Weschler (2000) and Schneider (2000), three different models of the pendulum body were 

compared (Figure 3-1). 

 

Figure 3-1 : Cylinder-, sphere- and torus-model, (Rück and Weschler 2000). 

Each model consists of an inner part, the core, which represents the steel cylinder of the real impact 

body. To simplify the complexity in geometrical, material and contact modeling of the tires, the outer 

volume has been modeled as a homogeneous solid body with low rigidity and small density. The 

weight of the impactor, 50 kg, is concentrated in the core. The cylinder-model with an element size of 

22.5 mm was chosen for further analysis. In laboratory, the impact body has been subjected to several 

loading conditions. The numerical results have been fitted to the experimental results by adjusting the 

modulus of elasticity of the outer volume. A Young’s modulus of 1.3 MPa showed good 

correspondence. 

In Brendler et al. (2004) a FE model of the pendulum body was created with shell elements of the 

Belytschko-Tsay formulation (Wörner and Schneider, 2000). The steel cylinder has been modeled as a 

rigid body and for the tires an elastic material is assumed. The internal pressure is accounted for by a 

control volume concept in LS-DYNA with an equation of state for ideal gasses. This model includes 

the pressure increase due to deformation of the tire and allows realistic reproduction of the fluid 

behavior. The material properties of the tire are adjusted to the experimental results of an impact on a 

rigid wall. 

As can be concluded from the previous, the tires of the pendulum body are usually modeled as simple 

homogeneous solids or shell elements with linear elastic material properties. Experimental tests are 

executed to obtain the material parameters in the FE model. At first sight, these simplified models 

seem accurate, since good correlation between experimental and numerical results is present. 

Nevertheless, these assumptions are only valid under well-defined conditions because the material (and 

geometrical) properties are obtained iteratively. A detailed and accurate FE model of the tire, as 

described in Paragraph 3.1.1, is therefore necessary. Such a model takes into account the real geometry, 

different materials, material laws, … and represents the physical behavior of the tire. Impact tests and 

compression tests can then be used for validation purposes. 
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3.2 TIRE MODEL 

3.2.1 GENERAL 

The tire used for the experimental EN 12600 test setup consists of eight longitudinal grooves. In the 

following sections, orientations of the tire will be referred to as illustrated in Figure 3-2. For the 

implementation in ABAQUS, the tire model is composed in multiple steps. In a first step the 2D tire 

cross section is modeled. Only one half of this section is modeled due to reasons of axial symmetry of 

the tire and symmetric boundary conditions are defined to the cut face of the cross section. The cross 

section is mounted on the rim and inflated to the inflation pressure of 3.5 bar, as described in the 

European Standard EN 12600 (CEN, 2002). After bringing the tire at the desired pressure, the 2D 

cross section is revolved around its axis of revolution, creating a 360° model of one half of the cross 

section. This is followed by a reflection which results in a full 360° model of the tire. In Chapter 4, 

some validation tests are carried out to verify if the numerical results correspond with the experimental 

values. These tests cover tensile tests in longitudinal and transverse direction and compression tests. In 

Chapter 5, a more computational-efficient shell model is created. Compression tests (Chapter 5) and 

quasi-rigid impact tests (Chapter 6) are performed for validation of the shell model. A schematic 

overview of the modeling steps is given in Figure 3-3. 

 

  

Figure 3-2: Illustration of the hoop and meridional direction. 

For the implementation of the 2D cross section in a FE package, information has to be specified for 

the material modeling, geometric modeling and the boundary conditions (van der Steen, 2010). The 

latter includes defining the correct contact surfaces and properties (e.g. friction), mounting of the rim 

and assigning the proper symmetry surfaces and loads. 

 

 

Hoop direction 

Meridional direction 



18 

 

  INTERACTION MODEL   

 

INPUTS 

 
 

 

  

OUTPUTS 

Geometry 

Material data 

Boundary conditions 

  Deformations 

Stresses 

Footprints 

Force-displacement relation 

  

2D axisymmetric model 

 

Rim mounting and inflation 

 

Revolution and reflection 

 

Validation (solid model) 

 

 

Shell model 

 

 

Validation (shell model) 

 

Figure 3-3: Schematic overview of the modeling steps. 

3.3 MATERIAL MODELING 

The test tire is a diagonal (bias) tire, used in applications for trailers. Bias tires consist of body ply 

cords, a side wall and a tire bead, i.e. the area that makes contact with the rim after inflation. The body 

ply is a layer, composed of nylon, which supports the vehicle and keeps the deformations within 

bounds. These plies are layered diagonally and extend from bead to bead as shown in Figure 3-4. The 

Compression tests 

Impact tests 

Tensile tests 

(Solid model) 
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side wall consists of a rubber compound and body plies. The bead zone includes the bead wire (steel 

cords) and ensures that the tire does not slide off the rim when inflation of the tire is initiated. 

 

 

Figure 3-4: Overview of the different components of the diagonal tire3. 

3.3.1 INTRODUCTION TO HYPERELASTICITY 

The main components of the rubber compound in the tire are polymers which consist of natural or 

synthetic rubber. These elements determine the hyperelastic material behavior of the tire (Gent, 2005). 

For linear elastic materials Hooke’s law holds, characterized by the fundamental equations for the 

principal strains:  

 1 1 2 3

1
( )

E
       ;  

 2 2 1 3

1
( )

E
       ; 

 3 3 1 2

1
( )

E
       .              (3.1) 

 
The modulus of elasticity E  denotes the proportionality factor between the stress and strain.   

represents the Poisson’s ratio, i.e. the negative ratio of transverse to axial strain. In case there is no 

influence of lateral contraction, the Poisson’s ratio is equal to zero. For incompressible materials, the 

volume change under loading is equal to zero and the Poisson’s ratio is 0.5. For elastomers like rubber, 

a different material model approach has to be used, taking into account hyperelastic material behavior. 

                                                      
3 http://www.onallcylinders.com/radial-vs-bias-ply-tires/ 
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The reason that a linear elastic model is not accurate for rubber-like materials is threefold (Verleysen, 

2004): 

1. finite strains can be expected in rubber materials; 

2. rubber is nearly incompressible; 

3. the stress-strain curve is reversible (assumption), but can not be represented by a straight line 

for finite strains. 

The reversibility of the stress-strain curve can be questioned because rubber-like materials often show 

hysteresis effect. However, the strain energy functions that are mentioned hereafter are limited to 

elastic, purely reversible effects and can not explicitly describe the hysteresis effect (Nah et al., 2010). 

The difference with the pure linear elastic model is that the stress-strain relationship is derived from a 

strain energy density function, and not from a constant factor (the modulus of elasticity). An example 

of the stress-strain curve for hyperelastic materials is shown in Figure 3-5. 

 

Figure 3-5: Representation of a reversible stress-strain curve for hyperelastic materials4. 

The elastic properties of the rubber compound can be explained in terms of a strain energy density 

function. Rubber is assumed isotropic in elastic behavior and nearly incompressible, resulting in a 

Poisson’s ratio approaching the value of 0.5. As known, the nominal (engineering) strain can be written 

as 

1 0

0 0

l l l

l l


 
  .                (3.2) 

For the strain energy function W , an equivalent quantity called the extension or stretch ratio can be 

defined. This ratio is derived by dividing the current length by the original length: 

  1 0 01

0 0

1
l l ll

l l
 

 
    .             (3.3) 

The principal stretch ratios are then 1 , 2  and 3 . The strain energy function can be written as a 

function of the three strain invariants 1 2 3( , , )W W I I I , which are defined as 

2 2 2

1 1 2 3I        

                                                      
4 http://revistasomim.net/revistas/4_1/413.pdf 
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2 2 2
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             (3.4) 

where 3I  is equal to 1 for an incompressible material. The strain energy function has to fulfill the 

following boundary conditions (Jakel, 2010): 

- when the strain is equal to zero, also the strain energy will be zero because no energy will be 

stored if no load is applied: (0) 0W  ; 

- when the strain is equal to zero, the stress has to be zero so that: '(0) 0W  ; 

- due to the fact that the stress always increases with increasing strains, the second derivative of 

the strain energy function must be positive: ''( ) '( ) 0W       .  

This gives the following polynomial function for the strain energy function W , with rubber considered 

as an incompressible material so that 3 1I  : 

2

1 2

1 1

1
( 3) ( 3) ( 1)

N N
i j k

ij

i j k k

W C I I J
D  

                  (3.5) 

with W    strain energy function; 

 J    elastic volume ratio; 

 1 2,I I    first and second invariants of the deviatoric strain; 

 ,ij kC D   material constant determined by experimental tests. 

As can be seen in the formula, a higher order polynomial will require more test data. Common 

hyperelastic material models are Neo-Hookean, Mooney-Rivlin, Yeoh, Arruda-Boyce, Van der Waals, 

Ogden, Frazer-Nash, … (Verleysen, 2004). The efficiency of the hyperelastic model is characterized by 

the ability to reproduce the whole ‘S’ shaped stress-strain curve. The number of fitting material 

parameters should be small to decrease the number of tests and mathematical formulation should be 

simple for reasons of computation. In the Neo-Hookean formulation, 1N   and the strain energy 

function consists only of terms in the first deviatoric invariant:  

2

10 1

1

1
( 3) ( 1)W C I J

D
    .              (3.6) 

The material constant 1D  is related to the bulk modulus K , given by the expression 

 1

2
D

K
 ,                (3.7) 
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with 
3(1 2 )

E
K





  

so that for 0.5   (incompressible material), K   and 1 0D  . The Neo-Hookean model is the 

simplest hyperelastic model for elastomeric materials. For rubber materials with strains limited to 50%, 

the Mooney-Rivlin material law has been successfully applied (Mooney, 1940; Helnwein et al., 1993). 

The Mooney-Rivlin model describes the strain energy density function W as a linear combination of 

two invariants, 1I  and 2I , and is formulated by 

10 1 01 2( 3) ( 3)W C I C I    .              (3.8) 

The material constants 10C  and 01C  are related to the linear elastic shear modulus G : 

10 012( )G C C  .              (3.9) 

The Mooney-Rivlin model is one of the most favorite models due to its simplicity but sufficient 

accuracy for rubber-like materials. This model will be used for defining the rubber material of the tire. 

3.3.2 MATERIAL CHARACTERIZATION OF THE RUBBER COMPOUND 

The material constants 10C  and 01C  can be obtained from experimental tests by formulae that give the 

relation between the experimentally measured strains and stresses and the unknown model parameters. 

The recommended tests are uniaxial extension, equibiaxial tension, pure shear and simple shear. 

The problem for determining the material constants with the above mentioned tests lies in the fact that 

the rubber compound can not be tested solely because the nylon wires are intertwined with the rubber. 

Therefore a hardness test according to ISO 48 is executed in which a vertical plunger (durometer) with 

a rigid ball or spherical surface on the lower end is pushed into the rubber sample (BIN, 2003). Based 

upon the indentation of the plunger and the indenting force, an IRHD value of 59.5 is obtained. In 

(Altidis et al., 2004), a shore hardness of 59.5 corresponds to the values given in Table 3-1. 

The following remarks should be mentioned: 

- In ABAQUS also a 1D  coefficient needs to be determined. The bulk modulus theoretically 

reaches infinity for rubber, so that 1 0D  . A zero value for 1D  will however lead to 

convergence problems. For this reason 1D  is chosen small enough. 

- The hardness test can not be seen as an accurate test method. It is used here due to lack of 

information of the tire manufacturer. Further detailed research for obtaining the correct 

parameters could be conducted. 
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Table 3-1: Material parameters of the rubber compound. 

 Mass density 

[kg/m³] 

10C  

[MPa] 

01C  

[MPa] 

1D  

[MPa-1] 

Rubber compound 1100 0.464 0.116 0.03 

3.3.3 REINFORCEMENT MATERIALS 

The reinforcement materials, consisting of the tire cords and the bead wire, are the load carrying 

members of the cord-rubber composite. These materials provide strength to contain the air pressure 

and give sufficient sidewall impact resistance to ensure the stability of the tire (Gent, 2005). For the 

body ply Nylon Type 6 tire cords are used. The diameter of the nylon cords, the spacing between these 

cords and the angle between the body plies can be obtained from a CT-scan which visualizes the 

different components of the tire. An illustration is given in Figure 3-6. This figure shows the 

orientation and position of the different cord layers. The angle between two nylon cord layers is 60 

degrees and their diameter is 0.45 mm. The spacing between the individual nylon wires is 1.60 mm. 

 

Figure 3-6: CT-scan of a section of the tire with visualization of the rubber compound (grey) and nylon cords (red). 

For determining Young’s modulus of the nylon cords, a tensile test is executed on a single nylon wire 

to obtain a stress-strain curve. In a tensile test, one end of the wire is clamped in a loading frame while 

the other end is subjected to a controlled displacement   and by means of a transducer the 

corresponding load ( )P   is determined (Roylance, 2001). The engineering stress and strain values, 

denoted as e  and e , are obtained from ( )P   and   by dividing these values by the original cross-

sectional area 0A   and the original length 0l  of the specimen: 

0

( )
e

P

A


   and 

0

e
l


           (3.10) and (3.11) 

The engineering stress-strain curves of the four different samples are shown in Figure 3-7. 
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Figure 3-7: Engineering stress-strain curve for the nylon cords. 

Since only small deformations (strains) will occur in the impact tests, Hooke’s law holds so that the 

modulus of elasticity can be obtained based upon the engineering stress-strain curve 

0e eE  ,               (3.12) 

in which 0E  stands for the initial modulus of elasticity. In Figure 3-8 Young’s modulus is calculated 

for small strains for the different samples. Specimen 2 and 4 show unexpected results, presumably due 

to the fact that these specimens were not properly clamped at the beginning. Therefore, these 

specimens are not taken into account for calculation. The final value for the modulus of elasticity is 

determined as the mean value of samples 1 and 3, resulting in a value of 1.39 GPa. 

 

Figure 3-8: Young's modulus for small strains. 
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The bead wire consists of nine steel cords with a diameter of 1 mm each. Table 3-2 gives the material 

properties of the reinforcement materials. 

Table 3-2: Material properties of the linear elastic materials in the tire. 

 Mass density 

[kg/m³] 

Young’s modulus 

[GPa] 

Poisson’s ratio 

[-] 

Bead wire (steel) 7850 210 0.3 

Body plies (nylon) 1440 1.39 0.3 

 

For the rubber compound, the Mooney-Rivlin constitutive law will be used. For the bead wire and 

nylon cords, a linear elastic constitutive law will be applied. 

3.3.4 GEOMETRIC MODELING 

Since no detailed information is given with regard to the dimensions of the tire, a sectional strip of the 

tire is cut out and the dimensions are measured. As can be seen in Figure 3-9 (left picture), eight 

longitudinal grooves are present and the thickness of the rubber compound varies along the meridional 

direction. 

For meshing the rubber compound in the axisymmetric model, a 3- and 4-node generalized bilinear 

axisymmetric quadrilateral hybrid element with twist is used. This type of element is useful for the 

analysis of a structure that is axisymmetric and where twisting about the axis of symmetry can occur. 

CGAX3H and CGAX4H elements have three degrees of freedom; two displacements and one rotation 

corresponding to the twist angle. Quadratic elements can be used, however for contact problems linear 

elements are recommended according to van der Steen (2010). 

    

Figure 3-9: Illustration of the cross-section of the tire (left) and the positioning of the wires (right). 

Hybrid elements are used to prevent volumetric locking, i.e. the event where an unwanted stiff 

response is observed for (nearly) incompressible materials. The problem arises when the finite element 

interpolation functions are unable to approximate accurately the strain distribution in the solid or when 
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the interpolation functions for the displacement and their derivatives are not consistent (Davim, 2012). 

One of the main problems of using fully integrated elements for incompressible materials is that 

refining the mesh does not solve the issue. A reduced integration scheme can be taken in which the 

element stiffness is integrated using fewer integration points than required for a full integration 

scheme. By using hybrid elements, volumetric locking is prevented by including a hydrostatic stress 

distribution as an additional unknown variable which must be computed at the same time as the 

displacement field (Bower, 2012). 

The bead wire is meshed with CGAX3H and CGAX4H elements. The nine steel cords forming the 

bead wire are modelled as one steel cord with an equivalent cross section. 

The body plies, consisting of nylon cords, are modelled with the use of rebar layers in ABAQUS 

(Korunovic et al., 2007). The nylon cords are embedded as a layer in the rubber compound. Due to the 

fact that the spacing only slightly varies along the hoop direction, the rebar geometry is set constant. 

The angular orientation of the rebar from the meridional plane can be specified, whereby 0° 

corresponds to the meridional direction and 90° to the hoop direction (Abaqus Analysis User’s 

Manual, 2012). The angular orientation of the nylon cords/plies is 30° and -30° since each rebar layer 

consists of two nylon plies (Figure 3-6). The element type SFGAX1 is used for the rebar layer mesh, 

i.e. a 2-node linear axisymmetric surface element including twist. The degrees of freedom are equal to 

the ones for the rubber compound and bead wire elements. 

 

 

Figure 3-10: Overview of the used element types for the different components in the 2D axisymmetric model. 
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Figure 3-11: Mesh of the 2D axisymmetric model. The axisymmetric model consists of 931 elements. 

3.3.5 RIM MOUNTING AND INFLATION 

The rim forms the outer edge of the wheel and holds the tire. It is modeled as an analytical rigid 

surface which is connected to the outer world by a reference point. This reference point lies on the axis 

of revolution. The rim has one degree of freedom, i.e. the displacement in the z-direction which makes 

mounting of the tire on to the rim possible. For contact interaction, friction is defined between the 

contact surfaces of the rim and the tire. The two contact surfaces are shown in Figure 3-12. In 

Chandra (2010) it is stated that contact interactions with a friction coefficient less than 0.2 are highly 

recommended for easy convergence. If the friction coefficient is greater than 0.2, the solver 

automatically chooses unsymmetrical matrix storage. This gives accurate results but might have 

convergence problems and long run time associated with it. However, for creating a model that 

approximates the physical behavior of the real tire, it is better to set the friction coefficient to its 

(approximated) real value. In literature, values of 0.5 to 0.9 have been used for rubber-steel contact and 

in underlying paper the friction coefficient is set to 0.7 (Robbins et al., 2005). A more detailed 

investigation of the friction coefficient is presented in Chapter 4. 

             

Figure 3-12: Axis of revolution and reference point of the tire rim. The contact surfaces are shown in red. 

Axis of revolution 

Reference point rigid rim 
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By translating the rigid rim along the z-axis, as shown in Figure 3-13, the rim is placed in such a way 

that the position of the tire corresponds with the real uninflated situation. After mounting of the rim, 

inflation of the tire starts by applying a uniform surface pressure of 3.5 bar on the inner surface of the 

cross section. Since no convergence problems are experienced, the inflation analysis is done in one 

step. In Figure 3-14 the final position of the tire with respect to the rim is shown, after completion of 

the mount and inflation step. 

 

Figure 3-13: Illustration of the tire after mounting. 

 

Figure 3-14: Illustration of the tire after mounting and inflation to a pressure of 3.5 bar. 
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3.4 3D MODEL GENERATION USING THE SMG PARAMETER  

For tire modeling processes, ABAQUS has a very useful model generation capability, called the 

symmetric model generation (SMG). This capability allows creating a full three-dimensional model of 

the 2D axisymmetric model. First, the axisymmetric model is revolved around its axis of revolution 

(Figure 3-12). The revolved model is then reflected through a symmetry line. SMG has the advantage 

that surface-based constraints and embedded constraints will be generated automatically in the new 

three-dimensional model. Also the results obtained from the original axisymmetric model will be 

transferred, which will lead to a significant reduction of calculation time for the inflation process 

(Abaqus Analysis User’s Manual, 2012).  

Some important notes have to be made while using the symmetric model generation capability: 

- The symmetric modeling option for creating a three-dimensional model is not supported in 

ABAQUS/CAE. Manually adding these keywords in the ABAQUS input file is therefore 

required. 

 

- Uniqueness of the node and element numbers; to avoid overlapping node and element 

numbers, the numbering has to be controlled by making use of a numbering offset. 

The numbers next to the element and node parameter denote the identification of the new 

elements and nodes of the three-dimensional model, as illustrated below. For example; 

consider the input file usage 

  

*Symmetric model generation, revolve, element=1000, node=1000 

 

and assume that the axisymmetric model consists of elements and nodes, each with a 

numbering 1, 2, … . The elements of the original section of the axisymmetric model in the 

generated symmetric model will keep their numbering. The element and node numbers of the 

next segment of the three-dimensional model will have an offset value of 1000, so that the 

new elements and nodes in this section will have a numbering 1001, 1002, … . Thus, the 

numbering of the elements and nodes will be completely determined in advance. Furthermore, 

numbering is unique by using an offset value for the elements or nodes that is higher than the 

total number of elements or nodes respectively, as defined in the original axisymmetric model. 

 

- Generating a symmetric model is not possible for models defined in terms of an assembly of 

part instances. 

 

- Non-axisymmetric elements (springs, trusses, …) have to be avoided, since these elements will 

be ignored in the symmetric model generation. 



30 

 

The procedure that is used for creating a full three-dimensional model based on an axisymmetric 

model is briefly discussed below: 

1. An input-file is created, taking into account that the original axisymmetric model can not 

contain an assembly of multiple part instances (i.e. rubber, steel, nylon and the analytical rigid 

surface).  

 

2. A restart parameter is included in the input-file of the axisymmetric model, implying that the 

axisymmetric model will function as a reference model in the symmetric model generation. 

 

3. The three-dimensional model is created by using the revolve and reflect features of the SMG 

capability in the Abaqus Keyword Manual (2012). 

 

a. REVOLVE 

By defining a symmetry axis, the two-dimensional axisymmetric model can be revolved 

360 degrees. The segment angles and number of element subdivisions can be chosen as 

well as the element type (discussed in Paragraph 3.4.1). 

 

b. REFLECT 

By reflecting, the revolved model is reflected through a symmetry line. Due to the fact 

that a rigid surface can not be reflected, the complete rigid surface is defined in the 

original revolved model. 

 

 

 

Figure 3-15: Revolved model of the tire, consisting of 30 segments along its circumference. 

4. The inflation results derived from the 2D axisymmetric model are transferred to the three-

dimensional model and brought to equilibrium using a dummy step. In this dummy step, the 

correct boundary conditions and loads have to be applied (see Paragraph 3.4.2). 

Elements/nodes in reference section: 1, 

2, … 

Fifth series of elements/nodes: 4001, 

4002, … 
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3.4.1 MESH OF THE 3D MODEL 

The mesh of the rubber compound and bead wire consists of 8-node hexahedral elements (C3D8H). 

These general elements have shown good efficiency and convergence behavior in nonlinear problems. 

Furthermore it is proven that these elements are better for contact problems, so that accurate results in 

the compression test can be obtained (Kennedy, 2003). 

One of the disadvantages of this type of elements is that C3D8H elements do not match the circular 

shape of the tire. For some examples in literature (Korunovic et al., 2007; Abaqus Analysis User’s 

Manual, 2012), the visualization of the meshed model can therefore be slightly odd (Figure 3-16). 

However, this poses not a problem if the mesh is sufficiently refined. 

Higher order C3D20H elements can be used for visualization, although this will increase the run time 

and the accuracy can be questioned (Kennedy, 2003). More appropriate is the use of CCL12 cylindrical 

hexahedral elements, as seen in Figure 3-16, which will give a good representation of the shape of the 

tire. These elements are as accurate as general elements. However, since the cylindrical elements are 

more complex and show a slower convergence, advantages in run time were not observed if the 

number of nodes of the “cylindrical” model is equal to a model that consists of general elements only 

(Kennedy, 2003). The advantage of cylindrical elements lies in the fact that fewer elements can be used 

because one element can span larger angles. 

 “General” model  “Cylindrical” model  

Model shape         

(top view) 

  

 C3D8 C3D20                      CCL12 

Example of a 

corresponding 3D 

element 

 

       

Figure 3-16: Differences between the "general" and the "cylindrical" model (Abaqus Analysis User’s Manual, 2012). 

Although the cylindrical elements can reduce the total number of elements and thus the run time, these 

elements are not used. This is because a “cylindrical” model of the tire resulted in convergence 

problems. These problems were also encountered in previous research (van der Steen, 2010). 
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For validation of the tire model, three solid models are created, each with a different mesh refinement 

in the hoop direction. The mesh density in the meridional direction stays constant and is depicted in 

Figure 3-11. 90, 180 and 720 elements are used along the hoop direction for the different models, 

corresponding with a width-to-length ratio of 1:16, 1:8 and 1:2 respectively. A visualization of the 

meshed models is given in Figure 3-17. 

     

Figure 3-17: Different solid models of the tire with increasing level of mesh refinement from left to right. 

In Table 3-3 an overview is given of the number of elements for each model. Inherent to modeling 

with solid elements is the large calculation time, especially for models with a fine mesh. The 

development of an accurate shell model with a reduced run time is therefore necessary, as will be 

discussed in Chapter 5. 

Table 3-3: Number of elements and run time (after completion of the compression phase, see Chapter 4) for the different 
solid models. 

Model Number of elements 

[-] 

Computational time  

(with 4 CPUs) 

90 segments (solid) 95 115      2 h 20 min 

180 segments (solid) 201 063 1 d 1 h 24 min 

720 segments (solid) 749 937 6 d 7 h 39 min 

3.4.2 STATIC EQUILIBRIUM STEP 

When the three-dimensional model of the tire is generated, the results of the 2D model are transferred 

to the 3D model in a so called static equilibrium step (dummy step). In this step, loads and boundary 

conditions have to be redefined due to the fact that these latter are not transferred with the symmetric 

results transfer. Small numerical differences can occur between the symmetric and full three-

dimensional solutions due to symmetric boundary conditions in the 2D axisymmetric model that are 

not present in the full three-dimensional model. The static equilibrium step is therefore important 

since it aims to find the equilibrium between the transferred results and the redefined load that 

matches the state of the model from which the results are transferred (Abaqus Analysis User’s Manual, 

2012). 
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The boundary conditions, applied on the three-dimensional model, are carefully chosen so that slip 

between the rim and tire in the hoop direction is prevented. In case these boundary conditions are not 

taken into account, a rotational rigid-body mode of the tire around its axis of revolution will occur. 

This mode describes the motion of the model as a rigid body and occurs due to the fact that the tire is 

not attached to the outer world. It is characterized by an eigenvector with eigenvalue equal to zero. 

The rotational rigid-body mode of the tire will prevent that points on the contact surface retain their 

initial position. As a result, ABAQUS will not be capable of obtaining a usable solution. To overcome 

this problem, symmetric boundary conditions are applied using the equation constraint feature. The 

principle can be illustrated by looking at Figure 3-15; if the z-axis is considered a symmetric axis, a 

node at the left side and its corresponding (mirrored) node at the right side of the z-axis will undergo 

the same displacement in y- and z-direction. These nodes will also have the same displacement in x-

direction, but in opposite direction. 
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CHAPTER 4 

4 VALIDATION OF THE SOLID MODEL AND 

COMPREHENSIVE STUDY OF THE 

FRICTION COEFFICIENT 
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4.1 GENERAL 

This chapter discusses two tests for validation of the numerical solid model. First, a tensile test of a tire 

specimen is performed in the laboratory. This specimen consists of both rubber material and nylon 

plies. The load value for a certain elongation is investigated and comparison is made with an equivalent 

FE model. The second test is a compression test in which a vertical load is applied on the tire. It is a 

well-known test for validation of the quasi-static behavior of the tire, as described in several papers 

(Hölscher et al., 2004; Hall et al., 2004). The force-displacement behavior of the numerical model is 

compared with experimental data and the influence of the mesh refinement is investigated. In order to 

verify the parameters of the finite element model, also an impact test on a quasi-rigid wall is 

performed. The implementation of this quasi-rigid impact test in ABAQUS and its validation are 

discussed in Chapter 6. 

At the end of this chapter, influence of different values for the friction coefficient between rubber and 

steel is investigated. This is done for the axisymmetric model and the revolved three-dimensional 

model. 

4.2 UNIAXIAL TENSILE TESTS 

The rubber compound is intertwined with the nylon cords. Therefore, results of a tensile test are only 

valid for a numerical model that consists of both rubber compound and nylon cords. Furthermore, the 

FE model should also match the shape of the real sample and its boundary conditions. 

In the laboratory, transverse and longitudinal samples, as shown in Figure 4-1, were subjected to 

uniaxial tension. The transverse sample has dimensions 113 mm x 50 mm and the longitudinal sample 

has dimensions 100 mm x 48 mm. The load values during elongation were measured. Despite clamping 

of the specimen in the jaws at the top and bottom, slippage occurred (Figure 4-2). 

               

Figure 4-1: Transverse sample (left) and longitudinal sample (right). 
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Figure 4-2: Slippage of the test specimen. The red line was initially positioned at the end of the jaw. 

An automatic extensometer was used for the uniaxial tensile tests whereby the rate of displacement 

was adjusted to the desired value. For tensile tests in transverse and longitudinal direction, five samples 

were tested to obtain reliable results. The samples show no significant dependency on the displacement 

rate. In Figure 4-3 and Figure 4-4, large differences between the different test results can be observed. 

Variations in the results could rather be attributed to poor clamping. 

 

Figure 4-3: Load-extension curves, corresponding with the transverse tensile tests. 

 

Figure 4-4: Load-extension curves, corresponding with the longitudinal tensile tests. 
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4.2.1 IMPLEMENTATION OF THE TRANSVERSE TENSILE TEST IN ABAQUS 

The specimens have a curvature in two orthogonal directions; one curvature in the hoop plane due to 

the circular outline of the tire, another in the meridional plane due to the curved cross section of the 

tire. These curvatures are not modeled for reasons of simplicity and because the samples can be 

flattened easily without applying a significant load. The differences in result between the flattened and 

more realistic curved model are assumed to be negligible. 

                          

Figure 4-5: Initial and deformed state of the numerical model of the transverse sample. 

Translational and rotational degrees of freedom at the bottom edge nodes are constrained, simulating 

perfect clamping. A vertical displacement boundary condition at the top is realized by kinematic 

coupling. This coupling interaction provides a constraint between the rigid body motion of a reference 

node and the nodes at the top edge, called the coupling nodes (Abaqus Analysis User’s Manual, 2012). 

The displacements and corresponding forces can be obtained from this reference node. 

The experimental data is compared with the results of the FE model. The mean value for the load-

strain curve is determined for the measurements, together with a 95% confidence interval. For strains 

up to 6%, it can be seen that the numerical results correspond well to the measured values. For higher 

strains, larger differences are observed and the numerical model seems stiffer than the experimental 

model. These discrepancies can be explained by inadequate clamping of the samples in the laboratory, 

as seen in Figure 4-2. The elongation of the test specimen is therefore larger for the same load and this 

effect is more distinct with increasing load. In general, good correspondence is observed between the 

experimental and numerical load values for small strains. 
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Figure 4-6: Comparison of the experimentally and numerically obtained strains from the transverse tensile test. 

4.2.2 IMPLEMENTATION OF THE LONGITUDINAL TENSILE TEST IN ABAQUS 

The same procedure is followed as described for the tensile test in the transverse direction. Slippage of 

the test specimen will be less prominent compared to the transverse tensile test, because the applied 

force for the same extension is much smaller. The longitudinal samples are less stiff due to the fact that 

the nylon wires are positioned more in the transverse (meridional) direction. This implies that the 

rubber material properties are more important for tensile testing in the hoop direction. 

                

Figure 4-7: Initial and deformed state of the numerical model of the longitudinal sample. 

In Figure 4-8 significant deviations between the numerical and experimental results can be observed. A 

possible explanation is that the curvature of the specimen in the hoop direction can not be neglected. 

Also the correctness of some material and geometrical properties can be questioned. This is rather 

difficult to investigate because no detailed information is given for most of these parameters, e.g. 

spacing, orientation, diameter, rubber hardness, etc.. 
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Figure 4-8: Comparison of the experimentally and numerically obtained strains from the longitudinal tensile test. 

4.3 QUASI-STATIC LOADING OF THE TIRE 

The second validation test is a compression test. In the laboratory, the tire is placed between two rigid 

plates. The bottom plate is fixed and the upper plate moves downward, compressing the tire. 

Positioning of the tire is important since any skewness can affect the results. The tire is inflated at a 

pressure of 3 bar and the force-displacement relation can be obtained. 

 

Figure 4-9: Laboratory setup for the compression test of the tire. 
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friction coefficient for the plate-tire contact is assumed to be 0.7 (Robbins et al., 2005). The reference 

node of the upper plate is used to request the displacements and corresponding loads. The resulting 

load-deflection curves are presented in Figure 4-11. 

                         

Figure 4-10: Undeformed and deformed shape of the tire during compression. 

 

Figure 4-11: Load-deflection curve for a tire inflated at a pressure of 3 bar. 

Results show that there is only a small deviation between the experimental and numerical outcome for 

simulation models with a high mesh density. The length-to-width ratio for a model with 90 segments is 

too large, resulting in an overprediction of the stiffness of the tire. For a displacement of 20 mm, 

almost no difference can be distinguished between the mean experimental load value and the load 

value of a 720 segments model. The stiffness of the tire is slightly underestimated in the numerical 
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properties might cause this discrepancy. Further investigation of these latter is done in Chapter 5 by 

means of a parameter study. This parameter study is performed with a shell model due to its 

computational efficiency.  

4.4 INFLUENCE OF THE FRICTION COEFFICIENT IN THE 

AXISYMMETRIC MODEL 

The influence of different values for the rubber-steel friction coefficient is examined for the two-

dimensional axisymmetric model. The penalty method is used to impose friction constraints for 

tangential interaction in contact analysis (Abaqus Analysis User’s Manual, 2012). The effect of 

tangential friction on the deformation of the tire is investigated for friction coefficients 0.5, 0.7 and 0.9. 

Values of 0.5 and 0.9 are the assumed boundary limits for the static rubber-steel friction coefficient. 

Exact values of the friction coefficient are difficult to determine due to its dependency on several 

parameters, e.g. contact pressure, surface roughness, temperature, … (Sang et al., 2008). 

In Figure 4-13, the displacement in the local 1-axis of node 47 is given as a function of the step time. 

Node 47 is positioned at the outer surface of the tire, near the rim. Between step 0 and 1, the tire is 

mounted on to the rim. Between step 1 and 2, a constant pressure of 3 bar is defined and inflation of 

the tire starts. In the mount step, the shape of the tire changes and node 47 moves towards the rim 

(negative displacement). The tire deforms more for higher friction coefficients; as friction increases, 

less slippage between the rim and node 47 occurs, resulting in a larger negative displacement. In the 

inflation step, node 47 moves away from the rim (positive displacement). For a friction coefficient of 

0.5, more slippage is allowed and a larger positive displacement of the node can be observed during 

inflation. 

        

 

Figure 4-12: Visualization of node 47 in undeformed state (left), after mounting (middle) and after inflation (right). 

Direction 1-axis 

Node 47 

Step 0 Step 1 Step 2 
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Figure 4-13: Displacement along the local 1-axis of node 47 during inflation. 

The differences in displacement for the different friction models are in the order of 10-1 mm. The 

effect of different friction coefficients is thus very small in the axisymmetric model. For nodes further 

away from the rim-tire contact zone, the difference between all three friction models will become even 

negligible. 

4.5 INFLUENCE OF THE FRICTION COEFFICIENT IN THE 

THREE-DIMENSIONAL MODEL 

In the compression test, frictional contact between the steel compression plates and tire is present. To 

investigate the importance of this coefficient, values 0.5, 0.7 and 0.9 are applied. No differences are 

observed between the force-displacement curves for all three friction models because slippage does 

not occur during compression. Once the compression plate makes contact with nodes on the tire, the 

position of these latter is fixed. This can be demonstrated by observing the displacement of node 

70026 in the local 1- and 3-direction (Figure 4-15). After completion of the equilibrium step (step 1), 

compression of the tire starts, resulting in a displacement in direction 1 and 3 of the node. At step 1.60, 

contact is initiated between the compression plate and node 70026. This results in a linear increase of 

displacements along the local 3-axis. Displacement along the local 1-axis is not present anymore after 

contact.  

 

Figure 4-14: Visualization of node 70026. 
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Figure 4-15: Displacement along the local 1-, 2- and 3-axis of node 70026 during compression. 
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CHAPTER 5 

5 DEVELOPMENT OF AN ACCURATE SHELL 

MODEL 
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5.1 INTRODUCTION 

A finite element model will only yield accurate results if the mesh density is sufficiently high. However, 

increasing the mesh density of a solid model shall result in excessively large run times. Keeping in mind 

that later impact analyses will demand even more computational effort, a new accurate, computational-

efficient model needs to be created. The implementation of this model is discussed in underlying 

chapter. The model is composed of shell elements only. Shell elements have the advantage that 

generally less stability problems are experienced, meshing is easier and computational time is reduced 

significantly. However, the formulation of shell elements is based on a plate theory (Abaqus Analysis 

User’s Manual, 2012). For this reason, shell elements can only provide accurate results if the in-plane 

dimensions are significantly larger than the out-of-plane dimension. In Sadowski and Rotter (2013) it is 

stated that the ratio /R t , with R  the curvature radius of the surface and t  the element thickness, 

needs to be larger than 10 to obtain reliable results for shell elements. If this imparity between 

curvature radius and thickness is fulfilled, the full three-dimensional solid problem can be accurately 

transformed to a two-dimensional problem. This reduces the complexity of the model and the 

computational cost. 

Further in this chapter, a mesh convergence analysis is executed. Also the influence of several material 

and geometrical properties to the tire stiffness is investigated. Finally, a fluid cavity is implemented, 

based on the equation of state for an ideal gas. This allows variation of the internal air pressure. The 

latter is of great importance for impact analysis, as will be described in Chapter 6. 

5.2 STRUCTURE OF THE MODEL 

A three-dimensional solid model of the uninflated tire is developed. The generated output database 

(.odb) is imported in a new model, and the shape of the shell model is created by applying a mesh 

offset from the inner layer of the solid model.  

The tire is a homogeneous shell with S4R elements. The use of a fully integrated S4 shell element is 

avoided, because volumetric locking for (nearly) incompressible materials can occur. Volumetric 

locking causes spurious pressure stresses to develop at the integration points. This leads to an overly 

stiff element behavior for deformations that should cause no volume changes (Sun, 2006). S4R 

elements with enhanced hourglass control are more suitable. For these elements, volumetric locking 

will only occur at significantly large strain values. 

The nylon wires, modeled as rebar layers, are positioned under a specific angle. The orientation of the 

nylon wires (+60° and -60°) is defined with respect to the 1-axis, as visualized in Figure 5-1.  
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Figure 5-1: 1- and 2-axis of the shell tire model. The 1-axis corresponds to the hoop direction, the 2-axis to the meridional 
direction. 

To determine the through-thickness response of a shell, two integration rules can be used, i.e. the 

Gaussian quadrature and the Simpson’s rule. In Figure 5-2 both options with their default number of 

integration points are shown. If the number of integration points is equal, the Gaussian quadrature 

provides greater accuracy than Simpson’s rule. However, Gaussian integration points do not include 

the outer surfaces, which implies that no accurate information for these surfaces can be obtained 

(Abaqus Analysis User’s Manual, 2012). Because results at the outer surfaces are of less importance for 

impact simulation, the Gaussian quadrature is used. Five integration points based on the Gauss 

integration rule are assigned to the homogeneous rubber section. 

 

        

Figure 5-2: Gauss and Simpson integration points. 

A detailed geometrical modeling of the nylon plies in the rubber compound shall increase the 

complexity. It is assumed that the exact positioning of the wires will not lead to a significant increase of 

the accuracy (see Paragraph 5.4). In the meridional direction (along the 2-axis), two sections can be 

distinguished with respect to the number of nylon plies. The first section consists of 2 x 2 nylon layers. 

The second section has 2 nylon layers. In Figure 5-3 (left) these zones are visualized and a detail of the 

wire positions is given. A uniform thickness of 3 mm is defined for the shell elements and the shape of 

the tread itself is not taken into account.  

The bead wire (steel cords) ensures that the tire stays on the rim during inflation and further testing. 

Two options were considered for modeling the bead wire: 

1. Spring elements were defined between the edge nodes of the tire. In ABAQUS/Standard, 

good results were obtained, however in ABAQUS/Explicit some errors were encountered. 

Neutral axis 3 mm 3 mm 

Gauss Simpson 

2-axis 

1-axis 
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In ABAQUS/Explicit, the minimum stable time increment and the stiffness of each spring are 

used to determine its equivalent mass (Abaqus Analysis User’s Manual, 2012). The stiffness of 

the spring elements is too high which results in mass of a higher order than the mass of the 

model. As a consequence, the simulation did not run properly.  

2. Steel cords were modeled as one rebar layer. The material and geometrical properties of the 

bead wire have been assigned to shell elements parallel to the 1-axis, as shown in Figure 5-3 

(right). 

       

 

Figure 5-3: The left figure illustrates the transition zone of the nylon plies in the shell model. In the right figure, the 
position of the bead wire (red) in the shell model is indicated. 

Table 5-1 summarizes the material and geometrical properties of the shell model.  

Table 5-1: Material and geometrical properties for the shell models 

Body plies (consists of nylon wires) 

Diameter (1 nylon wire) 0.45 mm 

Spacing 1.60 mm 

Orientation 60 ° 

Modulus of elasticity 1.39 GPa 

Rubber compound 

Thickness 3 mm 

Hardness 59.5A - 

Bead wire (composed of 9 steel cords) 

Diameter (of 1 steel cord) 1 mm 

Modulus of elasticity 210 GPa 

 

 

Transition zone of the 
nylon plies 

Neutral axis 
-1.3 mm 

+0.3 mm 

3 mm 

Normal orientation 

Section 1 Section 2 
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5.3 INFLUENCE OF THE MESH REFINEMENT 

For impact (dynamic) analysis, a model with relatively small run time and sufficient accuracy has to be 

created. To comply with these requirements, three shell models are created with different mesh 

refinement. Shell models with 90, 180 and 360 segments along the 1-axis (hoop direction) are 

generated.  

For previous solid models, a constant element dimension was used in the meridional direction. For 

shell models, both element dimensions are scaled back to obtain a higher mesh density. Hence, all shell 

elements have a width-to-length ratio lower than 1:2. The different shell models used for comparison 

are shown in Figure 5-4, with 
eL  representing the characteristic element. Elements near the rim have 

smaller dimensions than elements at the horizontal symmetry axis. Table 5-2 gives an overview of the 

number of elements and the computational time for each shell model. Compared to the solid models 

(Table 3-3), the computational efficiency of shell models is significantly higher.  

 

 

 

 

Figure 5-4: Different shell models of the tire with increasing mesh refinement level from top to bottom. 

 

90 segments 
eL  =7.0-12.6 mm 

180 segments 
eL  =3.5-6.3 mm 

360 segments eL  =1.8-3.2 mm 
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Table 5-2: Number of elements and run time (after completion of the compression phase) for the different shell models. 

Model Number of elements 

[-] 

Computational time 

(with 4 CPUs) 

90 segments (shell) 2 880   7 min 

180 segments (shell) 10 440 19 min 

360 segments (shell) 40 320 50 min 

 

The shape of the different numerical shell models is investigated during inflation to a pressure of 3 bar. 

Subsequently, comparison is made between the different load-deflection curves. The latter also 

includes the experimentally obtained force-displacement data. 

To compare the shape of the different tire models, displacements of some well-chosen points on the 

tire are compared. These points are visualized in Figure 5-5. Point A is located on the horizontal 

symmetry axis. The displacement along the 1-axis, denoted as U1,A, is examined. Point B is positioned 

at the transition zone of the nylon wires. Only the displacement in the 2-direction will be investigated 

for this point, represented by U2,B.  

 

 

Figure 5-5: Points used for shape comparison of the different models. 

Inflation of the tire is executed in two steps for reasons of convergence. In a first step the tire is 

inflated to 1 bar and contact between the tire and rim is initialized. In a second step the inner pressure 

is increased to 3 bar. 

5.3.1 SHAPE COMPARISON 

Displacements U1,A and U2,B during inflation are given in Figure 5-6 and Figure 5-7 respectively. Also 

the displacements of a solid model with 180 segments are given for comparison. U1,A increases with 

increasing mesh refinement. Displacement U2,B on the other hand decreases for a finer mesh. The 
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global shape of the tire is therefore slightly different for the three shell models. The maximum 

difference between the displacements of the shell and solid model with 180 segments is 0.7 mm.  

No experimental validation is executed. Therefore, no conclusion can be made about the accuracy of 

the obtained tire deformations. However, the results are given for completeness and can be used for 

future experimental verification. 

 

Figure 5-6: Displacement U1,A during inflation. 

 

Figure 5-7: Displacement U2,B during inflation. 

5.3.2 COMPARISON OF THE LOAD-DEFLECTION CURVES 

Each numerical model with different mesh refinement is subjected to a quasi-static compression test in 
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a deflection up to 20 mm.  In Figure 5-8 it can be seen that shell models with 180 and 360 segments 

give the same results. Mesh convergence is obtained for a 180 segments shell model and further 

increasing the mesh density will therefore not be advantageous. The percentual deviation of these 

models with respect to the experimental test is 1.55% at the end of compression. The result of a shell 

model with 90 segments is less accurate, but no significant difference with the other two load-

deflection curves is observed.  

Some differences can be noticed between the shell model and solid model with 180 segments. Shell 

and solid element formulations are based on different theories. The solid model consists of C3D8H 

elements, which show good in-plane and out-of-plane behavior. Shell elements are based on a plate 

theory, and gives accurate results for out-of-plane bending. The accuracy of a shell model greatly 

depends on the ratio of the radius of curvature R  to the thickness t  of the element. In Sadowski and 

Rotter (2013) good results were obtained with shell element formulations if R t  is greater than 10. 

However, several authors (Brush and Almroth, 1975; Heyman, 1977) claim other values for R t  and 

also the guidelines in the Abaqus Analysis User’s Manual (2012) are quite vague. It is therefore possible 

that the inequality between R  and t  might not be completely fulfilled, resulting in a small 

overprediction of the stiffness compared to the solid model. 

 

Figure 5-8: Load-deflection curve for a tire inflated to a pressure of 3 bar. 

Additionally, a shell model with 180 segments is inflated to a pressure of 1 bar and is subjected to a 

compression test. The corresponding load-deflection curve is given in Figure 5-9. The load value at the 

end of the compression is now 4% higher for the numerical model, compared with the experimental 

data. 
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Figure 5-9: Load-deflection curve for a tire inflated to a pressure of 1 bar. 

5.3.3 CONCLUSION 

Comparison of the models with different mesh refinement leads to the conclusion that a 180 segments 

shell model is quite accurate. Refining the mesh will only increase the run time without a significant 

increase in accuracy. For shell models with 180 and 360 segments, a slightly different shape is observed 

when the tires are inflated. However, based on the force-displacement curves, no significant difference 

can be found with regard to the stiffness behavior. 

5.4 INVESTIGATION OF PARAMETER UNCERTAINTIES 

As stated in previous paragraphs, a lot of material and geometrical properties are not known exactly. 

Despite the fact that the outcome of the numerical and experimental model is in good accordance, 

further research can provide better insight in the contribution of the geometrical and material 

properties to the model’s response.  

Previously, some assumptions about the composition of the tire were made. In this paragraph, several 

parameters are investigated, including the angle, area, spacing and positioning of the nylon wires and 

the hardness and thickness of the rubber compound. Regarding the influence of tangential friction, the 

same observations are made as for the solid model and reference is made to Chapter 4.  

A model with 180 segments and properties, as defined in Table 5-1, is used as the initial model. For 

each model, only one parameter is modified with respect to this model. The force-displacement curve 
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is investigated for every model and comparison is made with a laboratory compression test at rate 1 

mm/min. Only the load values at the end of the simulation are considered, i.e. at a displacement of 20 

mm. 

5.4.1 ORIENTATION OF THE BODY PLIES 

From visual inspection of the orientation of the nylon wires and CT data, the angle between the 1-axis 

(Figure 5-1) and nylon wires is approximately +60°/-60°. However, near the bead wire the angle 

changes slightly. To investigate the influence of the orientation, values of +55°/-55° and +65°/-65° 

are considered. The stiffness of the tire increases slightly with decreasing angle (Figure 5-11). 

Increasing the angle to ± 65° leads to a decrease of 1.5% at the end of the simulation and would result 

in even better correspondence to the experimentally measured force-displacement relation.  

5.4.2 DIAMETER OF THE NYLON WIRE 

The initial diameter of a single nylon wire was set to 0.45 mm, corresponding with a Young’s modulus 

of 1.39 GPa. Although the uncertainty of this value is quite small, comparative tests with values 0.35 

mm and 0.55 mm for the diameter are carried out. The resulting deviations of the modified models 

with respect to the initial numerical model are almost negligible (< 0.05%), because correlation exists 

between the modulus of elasticity and the cross-sectional area of the nylon wire. As the diameter 

increases, the modulus of elasticity will decrease since Hooke’s law applies. Changing the diameter of 

the nylon wire therefore has very little influence on the outcome of the load-deflection curve. 

5.4.3 SPACING BETWEEN ADJACENT NYLON WIRES 

The spacing between adjacent nylon wires is reduced and increased to a value of 1.4 mm and 1.8 mm. 

The spacing is one of the main uncertainties in the tire model. Not only is it difficult to measure, also 

variation of the spacing is present in the meridional direction. The spacing is approximately 1.4 mm 

close to the tire rim and 1.8 mm in the middle of a meridional cross-section. As can be seen in Figure 

5-11, smaller spacing results in a significant contribution to the stiffness of the numerical model.  

5.4.4 POSITION OF THE NYLON PLIES 

The position of the nylon wires in the cross section of the rubber compound is depicted in Figure 5-3 

for the initial model. The influence of a new position is studied whereby the plies are placed at equal 

distance from the neutral axis (Figure 5-10). The percentual deviation with respect to the initial model 

is negligible (< 0.01%).  
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Figure 5-10: Detail of the symmetrical position of nylon plies in a shell model. 

 

Figure 5-11: Percentual deviation between the load values (for a displacement of 20 mm) for different material/geometrical 
properties and the experimental data. 

5.4.5 RUBBER HARDNESS 

The initial model has a shore-A value of 59.5. This rubber hardness is measured with a durometer. 

However, the actual hardness can be slightly different since rubber tires are often composed of various 

rubber materials (van der Steen, 2010). Two new models are created with modified shore hardness; one 

with a shore-A value of 57 and one with a shore-A value of 63. The respective Mooney-Rivlin 

parameters are shown in Table 5-3 (Altidis et al., 2004). Changing the hardness however has no 

significant influence, as can be seen in Figure 5-12. 

Table 5-3: Mooney Rivlin parameters C10, C01 and D1 according to their shore-A value. 

Shore-A value 

[-] 

10C  

[MPa] 

01C  

[MPa] 

1D  

[MPa-1] 

57 0.417 0.104 3.86e-8 

59.5 (Initial model) 0.464 0.116 3.47e-8 

63 0.538 0.135 2.99e-8 

5.4.6 SHELL THICKNESS 

A uniform shell thickness of 3 mm for the rubber compound was taken as an initial approximation. 

This value is the average thickness of the cross-section. For comparison, two models with rubber 

1.60% 1.57% 
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1.56% 1.55% 1.55% 1.55% 1.55% 
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thickness 2.8 mm and 3.5 mm are created. These values correspond to the smallest and largest tire 

thickness. From Figure 5-12 it can be noted that the influence of a modified thickness is rather small. 

 

Figure 5-12: Percentual deviation between the load values (for a displacement of 20 mm) for different rubber properties and 
the experimental data.  

0.61% 0.62% 

1.55% 1.55% 1.64% 1.80% 

57         59.5       63 2.8          3          3.5

Shore-A value [-] Shell thickness [mm]
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5.5 INTERNAL FLUID BEHAVIOR 

In the laboratory, a tire has been subjected to a compression test at three different velocities. A 

compression rate of 1 mm/min corresponds to the quasi-static behavior of the tire. Increasing the 

compression rate to 10 mm/min and 100 mm/min increases the stiffness of the tire, as can be seen in 

Figure 5-13. An increase in load with 3.27% and 6.02% at the end of the simulation can be observed 

for respective compression rates 10 mm/min and 100 mm/min.  

 

Figure 5-13: Load-deflection curves at different compression rates for an internal pressure of 3 bar. 

A feasible explanation for this event is that, apart from the velocity rate dependency of the materials at 

higher test rates, also the inner pressure increases for higher compression rates. Therefore the behavior 

of the internal fluid (air) needs to be further investigated. To model the contribution of an increasing 

internal pressure to the stiffness, a fluid cavity is defined in ABAQUS/Explicit.  

5.5.1 ABAQUS/IMPLICIT VERSUS ABAQUS/EXPLICIT 

An implicit analysis has the advantage of being unconditionally stable. For every time increment, the 

system of equations is solved. Although fewer increments are required compared with an explicit 

analysis, the computational cost per increment will be much higher for more complex, dynamic 

problems. For analysis of high-speed, short duration dynamic problems such as impact testing, use of 

ABAQUS/Explicit is preferred. In an explicit dynamics procedure, every problem is solved as a wave 

propagation problem and a solution can only be obtained if the time increment t  is smaller than the 

stable time increment
mint . If this is not the case, the solution will be unstable and large oscillations 

will occur in the model’s response. The explicit dynamic time integration is based on the central 
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difference method. For a certain time increment, the solution depends solely on the solution of 

previous increments. This results in easier convergence in comparison with an implicit integration 

scheme that is used in ABAQUS/Standard. Also, contact definitions are easier to handle in 

ABAQUS/Explicit (Abaqus Analysis User’s Manual, 2012). 

5.5.2 FLUID CAVITY DEFINITION 

5.5.2.1 CONTACT DEFINITIONS 

For defining contact, the general contact algorithm is preferred in ABAQUS/Explicit. It allows contact 

definitions between all regions of the model with a single interaction. The algorithm has very few 

restrictions on the types of surfaces that can be involved and has proven to be faster than the contact 

pair algorithm for larger models (SIMULIA, 2013). If needed, specific contacts with other interaction 

properties can be included in the general contact algorithm.  

As in previous simulations with ABAQUS/Standard, a value of 0.7 is used for the tangential friction 

coefficient between the tire and steel plates/rim. Due to a relative fine mesh, the thickness exceeds the 

surface facet edge lengths. During simulation, the thickness of the shell surface is therefore scaled 

back. This reduction is necessary to avoid self-intersection. The thickness used in the element 

computations for the underlying elements is however not influenced (SIMULIA, 2013). 

5.5.2.2 DEFINING THE FLUID BEHAVIOR 

In impact testing, it is assumed that the internal fluid pressure in the tire will be affected by its 

deformations. Therefore, an accurate model that represents the interaction between the tire 

deformations and internal fluid pressure is crucial. To model the variation of the internal pressure in 

time, a surface-based fluid cavity feature is used. A cavity reference point that is associated with the 

fluid cavity is defined. This point has one degree of freedom, representing the pressure inside the fluid 

cavity. It is also used in calculating the cavity volume. The hydrostatic fluid elements appear as surface 

elements that cover the cavity boundary. In reality, these are volume elements when the cavity 

reference node is taken into account (Rezaei et al., 2011). A visualization of a 4-node hydrostatic fluid 

element is given in Figure 5-14. 

 

Figure 5-14: A F3D4 hydrostatic fluid element and shell element (Abaqus Theory Manual, 2012). 

Surface-based fluid element 

Shell element 

Reference point 
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The reference surface is defined as the cavity surface and is a closed surface on which the pressure is 

applied. This surface has a normal pointing in to the enclosed volume. To obtain a reference surface 

that leads to an efficient model, a more detailed investigation is conducted. As a starting point, a real 

physical representation of the inner tire is modeled (Figure 5-15). The inner tire is inflated to a pressure 

of 3.5 bar. As a result, the volume increases until the outline of the inner tire coincides with the outer 

tire and the rim (Figure 5-15 c). When contact between the inner and outer tire is realized, they both 

move outwards until their final inflated position is reached. The inner tire is modeled as a membrane 

with a Young’s modulus that is sufficiently low. This ensures that the resistance against the internal 

pressure is coming from the outer tire only. 

The internal fluid in the tire is compressible. Its volume is a function of the pressure and temperature 

in the cavity. The following equation of state for an ideal gas holds (Abaqus Theory Manual, 2012): 

( , )
( )

A

A

p p
p

R
 

 





,               (5.1) 

with ( , )p   the fluid density at current pressure and temperature, 
Ap  the ambient pressure, p  the 

gauge pressure and 
Ap p  the absolute pressure. R  is the universal gas constant,   is the current 

temperature and A  is the absolute zero temperature. 

The properties of the fluid inside the tire are defined using the air property parameters in 

ABAQUS/Explicit. In Table 5-4 an overview of these parameters is given, as described in Section 

11.5.2 of the ABAQUS Analysis User’s Manual (2012). Parameters a , b , c , d , e  and the molecular 

weight MW  are gas constants that are necessary to calculate the heat capacity at constant pressure: 
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 ,…      (5.2) 

Table 5-4: Fluid properties in ABAQUS/Explicit. 

Molecular weight MW  0.0289 kg/mol 

a  28.110 - 

b  1.967e-3 - 

c  4.802e-6 - 

d  -1.966e-9 - 

e  0 - 

Universal gas constant R  8.3144 J/(K mol) 

Absolute zero temperature 
A  0 K 

 

From previous equations the internal pressure can be calculated during inflation and later impact. The 

volume of the inner tire needs to increase significantly to match the shape of an inflated tire. The ideal 



59 

 

gas law indicates that due to this large increase in volume, a high initial pressure (8 bar) is necessary to 

obtain a final pressure of 3.5 bar. As a consequence, large pressure fluctuations occur due to a high 

pressure and small volume at the beginning of the simulation. Also the membrane is deformed 

excessively due to large strains, especially at the rim-tire contact zone. In Figure 5-15 (b) these 

excessive deformations can be noticed.  

 

    (a) 

 

     (b) 

 

     (c) 

Figure 5-15: Inflation of the inner tire. 
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This issue is resolved by creating a model with a membrane that is positioned against the rim (Figure 

5-16). Between the membrane and outer tire, a tie constraint is defined. In this way, an enclosed 

volume is realized without the need of an inner tire. Only a small initial overpressure of 1.5 bar needs 

to be defined to get the desired pressure, since the volume expansion is much smaller compared to the 

model with inner tire. This model contains 12 242 elements and will be used in further analysis. 

 

     (a) 

 

     (b) 

Figure 5-16: Inflation of the tire, using a membrane that is positioned against the tire rim. 

5.5.3 INFLATING IN ABAQUS/EXPLICIT 

As a first try, the outer tire with tied membrane is inflated directly in ABAQUS/Explicit by defining a 

fluid cavity pressure. Due to the increase in volume, the inner pressure drops to a certain value. 

Iteratively, a pressure of 3.5 bar is reached for the inflated tire. However, a long stabilization period is 

necessary since the model’s response is characterized by large oscillations. In Figure 5-17, the 

displacement along the 1-direction is plotted in time for point A (as defined in Figure 5-5). Even for 

long simulation times, oscillations with amplitude of 3 mm can be noticed. 
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Figure 5-17: Variation in time of the displacement of point A along the 1-axis. 

Two possibilities are discussed hereafter to overcome this problem. Firstly, numerical damping in the 

form of a bulk viscosity factor is added to reduce the oscillating behavior of the tire. Secondly, the tire 

is inflated in ABAQUS/Standard with a constant pressure. The shape and stresses are then transferred 

to ABAQUS/Explicit and a fluid cavity pressure is defined.  

5.5.4 INFLATING IN ABAQUS/EXPLICIT WITH INCREASED BULK VISCOSITY 

A pressure of 5 bar is defined in the initial step in ABAQUS/Explicit. The outer tire expands over a 

very short time (< 5 ms) to find its equilibrium position. It is assumed that this sudden deformation 

leads to a stress wave propagation, causing oscillations in the model’s response. These oscillations are 

present for a long time period and only a small damping effect can be observed. To eliminate these 

unwanted effects, the bulk viscosity is increased in the inflation step. At first sight, this seems a good 

solution in terms of computational efficiency. 

Bulk viscosity is introduced for improving the modeling of high-speed dynamic events by introducing 

damping associated with the volumetric straining. Two types of bulk viscosity are present in 

ABAQUS/Explicit; linear and quadratic bulk viscosity with default values of 0.06 and 1.2 respectively. 

The latter is not modified since it only affects solid continuum elements which are not present in the 

model. The linear bulk viscosity can be used in all elements and adds a bulk viscosity pressure to 

reduce the oscillating behavior. This bulk viscosity pressure, which is linear in the volumetric strain, is 

formulated by (Abaqus Theory Manual, 2012): 

1bulk viscosity d e volp b c L  ,              (5.3) 
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where 
1b  is the damping coefficient (= ‘bulk viscosity’ coefficient in ABAQUS/Explicit),   is the 

material density, 
dc  is the dilatational wave speed, 

eL  is the characteristic element length and 
vol  is the 

volumetric strain rate. 

Although increasing the bulk viscosity will significantly reduce the oscillating behavior, it is not the 

appropriate way to obtain reliable results. Damping by means of an increased bulk viscosity is a 

numerical effect and is not included in the defined material laws (Abaqus Theory Manual, 2012). The 

correctness of the obtained solution can therefore be questioned, especially since the underlying theory 

is difficult to understand.  A more reliable and comprehensive solution is presented hereafter. 

5.5.5 INFLATING IN ABAQUS/STANDARD WITH TRANSFER OF RESULTS 

The tire with tied membrane is first inflated to a constant pressure of 3.5 bar in ABAQUS/Standard. 

This is done in two steps for reasons of convergence. By transferring the initial state, the shape of the 

inflated tire and corresponding stresses are imported in the initial step of the explicit analysis. As a 

result, no initial overpressure has to be defined because the outer tire already has its inflated shape. 

Small oscillations in the model’s response are still observed. This is investigated in more detail in 

Chapter 6.  

From the previous it can be concluded that transferring the initial state of the model (inflated tire) 

from ABAQUS/Standard to ABAQUS/Explicit yields the most accurate results. 

5.6 CORRESPONDENCE BETWEEN THE CONSTANT 

PRESSURE APPROACH AND THE FLUID CAVITY PRESSURE 

In the beginning of this chapter, compression tests with a constant inner pressure of 3 bar were 

executed in ABAQUS/Standard. In underlying paragraph, compression tests are performed in 

ABAQUS/Explicit with a fluid cavity pressure and with transfer of the initial state, as explained in 

Paragraph 5.5.5. It is investigated whether a dynamic analysis at low compression rates yields the same 

results or not. A real-time quasi-static simulation in ABAQUS/Explicit will however not be possible 

due to extremely large run times (several weeks). Therefore, three compression tests of the 180 

segments tire model are performed at different compression rates. The rate for which lower values give 

the same force-displacement relationship can be defined as the compression rate that simulates the 

quasi-static response of the tire.  

In Figure 5-18, force-displacement curves of the numerical models with different compression rates 

(1 000, 10 000 and 100 000 mm/min) are presented. Table 5-5 gives the computational time for each 

model.  

 



63 

 

Table 5-5: Computational time for the different models. 

Model Simulation time in 

ABAQUS/Explicit [ms] 

Computational time 

(with 4 CPUs) 

Quasi-static (Standard) - 19 min 

1 000 mm/min (Explicit) 700 19 min + 20 u 14 min 

10 000 mm/min (Explicit) 70 19 min + 2 u 4 min 

100 000 mm/min (Explicit) 7 19 min + 12 min 

 

Rates below 1 000 mm/min will result in significantly large run times and are therefore not considered. 

It is observed that the inner pressure increases for higher rates, as can be seen in Table 5-6.  

Table 5-6 : Compression rates and corresponding maximum fluid pressure. 

Compression rates [mm/min] Maximum pressure [bar] 

100 000 3.05 

10 000 3.03 

1 000 3.02 

 

For a compression rate of 1 000 mm/min, a small increase in pressure is present. This results in a 

slightly higher load value at a displacement of 20 mm, compared to the quasi-static load-deflection 

curve in ABAQUS/Standard. It is assumed that decreasing the compression rate in ABAQUS/Explicit 

will yield even better correspondence with the quasi-static response. In general, simulations at low rates 

in ABAQUS/Explicit are in good accordance with the quasi-static simulation in ABAQUS/Standard. 

The increase in pressure for higher compression rates indicates the importance of a realistic fluid 

behavior in impact analysis. 

 

Figure 5-18: Load-deflection curve for different compression rates.  
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CHAPTER 6 

6 IMPACT TESTING 
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6.1 INTRODUCTION 

In Chapter 5, the importance of a fluid-filled cavity was demonstrated by increasing the compression 

rate in a compression test. This resulted in an increase of the internal pressure. For impact velocities 

(> 1 m/s), the increase in pressure will have a substantial contribution to the stiffness of the tire and 

thus the impact results.  

First, a setup to measure forces when the impactor hits a quasi-rigid wall, is discussed. This quasi-rigid 

wall is composed of a deformable steel plate, with a force and pressure plate attached to it. The 

characteristics of the pressure and force plate are given and an equivalent FE model is implemented in 

ABAQUS. Also the steel cable and the impactor, consisting of a steel cylinder and two tires, are 

included. Next, a comparison is made between the experimental and numerical impact forces for an 

impact against the force plate. This is followed by the implementation of the calibration pane. The 

characteristics of this tempered glass pane are briefly discussed and the maximal strain values at impact 

are measured and compared with the results of the FE model. Also the influence of different boundary 

conditions for the glass pane on the global deformations and strains, is investigated.  

A FE model of the clamping frame was already created in Weymeis (2009). To obtain a more realistic 

model, some improvements are presented in this chapter. 

6.2 SETUP OF THE PRESSURE AND FORCE PLATE 

For validation purposes, tensile and compression tests were carried out as described in Chapter 4. A 

third test for validation is impact testing against a rigid wall (Rück and Weschler, 2000; Müller de Vries, 

2012). This test can be executed by placing the impactor in front of a vertical rigid wall (e.g. a masonry 

or concrete wall) and by attaching the steel rod, which ensures the pendulum movement, to the ceiling. 

However, also the different components of the lift-and-release braking mechanism will have to be 

moved from the original EN 12600 test setup. In terms of time and for practical reasons it is therefore 

more efficient to keep the test rig at its original location. To do so, a massive steel plate with a 

thickness of 9.5 mm is placed at the backside of the rear clamping frame. On top of this plate, a force 

plate is attached together with a pressure plate, as can be seen in Figure 6-1. The force plate is fixed on 

to the steel plate with eight bolts to ensure that no relative movement occurs between the steel and 

force plate. The pressure plate is tied to the force plate with an adhesive tape.  

The KISTLER® Type 9281 B11 force plate has dimensions 600 mm x 400 mm x 100 mm and weighs 

42 kg. It is characterized by a high rigidity, implying minimal deflections, and is used in combination 

with an 8-channel charge amplifier Type 9865E. The force plate is connected to an electronic unit 

which converts the electrical charges yielded by the force transducers into electrical voltages. Eight 
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transducers allow calculation of the in- and out-of-plane forces. The calibrated range of the vertical 

force 
ZF  lies between 0 and 20 kN.  

The pressure plate is a RSscan International 0.5 m Hi-End footscan® system with dimensions 578 mm 

x 418 mm x 12 mm and a mass of 4.2 kg. It consists of 4096 sensors, arranged in a 64 x 64 matrix, and 

sensor dimensions 7.62 mm x 5.08 mm. The pressure range lies between 1 and 127 N/cm² and the 

maximum data acquisition frequency is 500 Hz, corresponding to an output every 2 ms. The data of 

the footscan® pressure plate is transferred to digital input by means of a footscan® 3D interface box. 

This interface box synchronizes the pressure plate and force plate, so that every 2 ms a visualization of 

the impact zone of the tire and the corresponding force can be retrieved.  

 

Figure 6-1: Force measurement setup. 

In contrast to a perfectly immovable impact zone, the steel plate on which the force plate is attached, is 

not completely rigid. During impact testing a certain horizontal deflection was observed (Figure 6-2). A 

displacement of the plate in the direction of the impact force leads to a reduction of the measured 

forces, and thus an underestimation of the accelerations, compared to a rigid wall impact. This does 

not pose a problem as long as the deformability of the plate is taken into account in the FE model.  

Another important issue is the horizontal distance between the impactor at rest and the pressure plate. 

Due to practical reasons, the pressure plate is placed 14.7 cm from the equilibrium position of the 

pendulum. Because of this, the impactor swings past its equilibrium position and hits the pressure plate 

under a small angle, with the lower tire making first contact. The velocity of the impactor slightly 

decreases because the pendulum swings past its resting equilibrium position, and the restoring gravity 

force decelerates the pendulum.  
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In Figure 6-2 the rotation of the pendulum is clearly visible. A deflection of the steel plate can be 

observed when looking at the bottom right corner of Figure 6-2 c (dashed circle). 

  

a) b) 

  

c) d) 

Figure 6-2: Impact against the pressure plate for a drop height of 450 mm. 

An experimental impact test is also performed by Müller de Vries (2012). However, the experimental 

setup of Müller de Vries differs from the test rig that is described above. In Müller de Vries (2012): 

- the impact test is performed against a truly rigid wall; 

- the applied pressure in the tires is 4 bar instead of 3.5 bar. 

It is therefore assumed that the accelerations will be smaller for the quasi-rigid impact test.  
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In the next sections, a theoretical approach for the determination of the angular velocity of the 

pendulum is given. Furthermore, a comparison is made between the experimental, quasi-rigid impact 

setup and the numerical FE model. Also a rigid impact model according to Müller de Vries (2012) is 

implemented in ABAQUS. 

6.3 ANGULAR VELOCITY OF THE PENDULUM 

6.3.1 ARITHMETIC-GEOMETRIC MEAN (AGM) 

For determining the angular velocity of the impactor, a simple pendulum is used (Carvalhaes and 

Suppes, 2008). This is an idealization of the real impactor, based on the following assumptions: 

1. the steel rod of the impactor is massless, inextensible and remains taut; 

2. the impactor is reduced to a point mass; 

3. motion occurs only in two dimensions; 

4. the pendulum does not lose energy to friction or air resistance. 

 

Figure 6-3: A simple pendulum with mass m  and length l , oscillating in a vertical plane (Carvalhaes and Suppes, 2008). 

The pendulum is positioned initially in point A, corresponding with an initial angle 0 . When the 

pendulum is released, it starts oscillating due to the restoring gravity force. The equation of motion for 

a simple pendulum is given as 

2

2
sin 0

d g

ldt


  ,               (6.1) 

where g  is the acceleration due to gravity, l  is the length of the pendulum, and   is the angular 

displacement. This differential equation can not be solved analytically without approximation. For 
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small oscillations sin   holds and the equation of motion is linearized. The system behaves as a 

harmonic oscillator and is characterized by the equation 

2

2
0

l

d g

dt


  .               (6.2) 

Defining the initial conditions 
0(0)  and / (0)   0d dt  , leads to a solution of the linearized 

differential equation 

 
0( ) cos

g
t t
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,               (6.3) 

with corresponding period 

0 2T
g

l
 .                (6.4) 

As can be seen in equation (6.4), the period is independent of the initial angle 
0 .  

Due to the large drop heights, the small-angle approximation will not be valid anymore. Therefore the 

equation of energy conservation is used with the previously stated initial conditions, resulting in 
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.           (6.5) 

Solving for the angular velocity ( ) /d t dt  gives the pendulum period 

0

0

0 0

2

cos cos

d
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 ,              (6.6) 

where 0 2 /T l g  is the period corresponding to the small-angle approximation. By stating that 

2cos 1 2sin ( / 2)    and 0sin sin( / 2) / sin( / 2)   , previous equation can be reduced to  

0

2
( )T K k T


                 (6.7) 

where 0sin( / 2)k   and 

 
/2

2 2
0

( )
1 sin

d
K k

k








   for 1k   and 0 180   .          (6.8) 

( )K k  is called the complete elliptic integral of the first kind. By using the arithmetic-geometric mean, 

the elliptic integral can be solved iteratively. The solution can be found under the form 
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where ( , )M x y  stands for the arithmetic-geometric mean. The pendulum period is then equal to 

0

2

(1,cos( / 2))
T

M

l

g




 .             (6.10) 

In Figure 6-4 comparison is made between the period calculated with the arithmetic-geometric mean 

and the small-angle approximation. For a drop height of 450 mm, the small-angle approximation 

underestimates the period with 5%. The small-angle approximation will therefore not accurately 

determine the impact velocities for large drop heights. 

 

Figure 6-4: Comparison of the period for different drop heights. 

From Figure 6-3, the initial angle 
0  can be rewritten as 

0 arccos 1
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.              (6.11) 

The angular displacement is defined by 

0

1
1,cos arccos 1-

22
cos arccos 1- cos

h
M t

lt h

T l l

g


 

    
    

                 
  
 

,        (6.12) 

from which the angular velocity can be calculated 
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The AGM method results in a lower angular velocity at 0   , compared with the small-angle 

approximation. This is visualized in Figure 6-5 for a drop height of 450 mm. The maximum angular 

velocity will be reached first for the small-oscillations approximation due to its smaller pendulum 

period. 

 

Figure 6-5: Comparison of the angular velocity for a drop height of 450 mm.  

Table 6-1 gives the angular velocities for the different drop heights when the impactor reaches its 

equilibrium position ( 0   ), based on the AGM method. 

Table 6-1: Angular velocities for different drop heights at equilibrium position, calculated using the AGM. 

Drop height [mm]   [rad/s] 

20 0.339 

50 0.535 

100 0.756 

150 0.925 

200 1.067 

250 1.192 

300 1.304 

450 1.591 

700 1.970 

1200 2.539 
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6.3.2 CONCLUSION 

The theoretical angular velocity, used as initial velocity in ABAQUS/Explicit, is determined using the 

arithmetic-geometric mean. For larger drop heights, the small angle approximation will lead to an 

overestimation of the angular velocity, causing a higher impact force and larger strains of the glass 

pane. Although the AGM method is assumed to approximate the real velocity of the impactor, 

experimental measurement of the (angular or translational) velocities is preferred. The aforementioned 

assumptions of the theoretical approaches are indeed not fulfilled in the experimental setup, e.g. 

extension of the steel rod occurs to a small degree and the rod is not massless. Moreover, tumbling of 

the impactor is not completely avoided, the mass is not located in one point and frictional effects are 

present. Implementing all these effects in ABAQUS will not only significantly increase the complexity 

of the model, it will also increase the computational time. Furthermore, comparison should still be 

made with the experimental velocities for validation. It is therefore strongly recommended that the 

angular velocities of the pendulum are measured experimentally to reduce the model uncertainties. 

6.4 FINITE ELEMENT MODEL 

In ABAQUS/Standard, a model of the impactor is created. The impactor consists of two tires and a 

steel cylinder, and has a total mass of 50 kg. The mass and inertias of the steel cylinder are allocated to 

a reference point (Figure 6-6).  

 

Figure 6-6: FE model of the impactor. 

The geometric characteristics and mass of the cylinder are given in Table 6-2. 22I  is the moment of 

inertia about its central axis. 11I  and 33I  are the moments of inertia about the other principal axes. 

Table 6-2: Geometric characteristics and mass of the steel cylinder. 

Mass [kg] Length [m] Diameter [m] 
11I  [kg m²] 22I  [kg m²] 33I  [kg m²] 

48.292 0.288 0.16 0.41106 0.15453 0.41106 

Reference point 

1 

3

  1 

2

  1 
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The two tires are inflated to a pressure of 3.5 bar by means of a constant pressure in 

ABAQUS/Standard. Next, the impactor with inflated tires is imported in ABAQUS/Explicit and a 

fluid cavity interaction is defined. This results in a more realistic fluid behavior and allows pressure 

variation with respect to the deformation of the tire. The spacing between the two tires is 30 mm in 

the uninflated phase and 18 mm in the inflated phase. Contact between the tires during impact will 

only be initiated for large drop heights (≥ 700 mm). 

The individual parts of the quasi-rigid impact zone, i.e. the pressure plate, force plate and steel plate are 

modeled as one part (see Figure 6-8). Shell elements of type S4R are used for this part and the mesh 

size, 7 mm x 5 mm, is correlated to the resolution of the pressure plate. The force plate and pressure 

plate are defined as discrete rigid parts and the steel plate is defined as a deformable body. The 

connection of the steel plate to the main frame is implemented by assuming that the steel plate is 

rigidly connected to this frame (Figure 6-7). Therefore, a fixed boundary condition is applied for the 

vertical edges of the steel plate.  

 

Figure 6-7: Connection of the steel plate to the backside of the rear clamping frame. 

Due to the fact that the distance between the pressure plate and impactor is quite large, 

implementation of the steel rod is required to realize a pendulum motion. A T3D2 truss element is 

used to model the steel rod. Truss elements are long, slender structural members that are able to 

transmit axial forces only (Abaqus Analysis User’s Manual, 2012). To define this element, two points 

are selected representing the hinge point located at the top frame and the connection with the 

impactor itself (Point 1 and 2 in Figure 6-8). 

Gravity forces are taken into account for the whole model to describe the physical behavior of the 

pendulum. Frictional effects in the cable or air resistance of the impactor are not implemented due to 

reasons of complexity. The model with pressure and force plate consists of 71 755 elements. The run 

time for a drop height of 20 mm is 31 h 25 min. For a drop height of 700 mm, the computational time 

is 11 h 23 min with 4 CPUs. 
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Figure 6-8: Illustration of the FE model of the test rig for quasi-rigid impact. 

6.4.1 FORCE COMPARISON 

Force curves of an impact against the quasi-rigid steel plate are obtained from the accelerations of the 

reference point of the rim (see Figure 6-6). The equivalent forces can be calculated by multiplying the 

accelerations with the total mass of the impactor, i.e. 50 kg. The force curves for a drop height of 20 

mm and 700 mm, derived from the FE model, are given in Figure 6-9 and Figure 6-10 respectively. 

 

Figure 6-9: Force curves obtained from the acceleration of the impactor for a 20 mm drop height. 
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Figure 6-10: Force curves obtained from the acceleration of the impactor for a 700 mm drop height. 

It can be seen that the force curves show an oscillating behavior. This is more pronounced at lower 

drop heights, because the amplitude of the oscillations stays the same for each drop height. A plausible 

explanation is that the initial state transfer from ABAQUS/Standard to ABAQUS/Explicit triggers 

some eigenmodes of the tire. A Fast Fourier Transform (FFT) is used which transforms time functions 

into frequency functions. By applying the FFT algorithm, dominant eigenfrequencies of the system 

that cause the oscillating behavior can be found. Figure 6-11 gives the amplitude spectrum of the force 

curve in Figure 6-9. It can be seen that a frequency of 333 Hz is dominant. 

 

Figure 6-11: Amplitude spectrum of F(t), corresponding to a drop height of 20 mm. 

In ABAQUS, a frequency analysis of a single inflated tire is performed. The Lanczos eigenvalue 

extraction method has been chosen for its accuracy (Abaqus Theory Manual, 2012).  

The eigenvalue problem for natural modes of small vibrations can be denoted as 

       2        0M C K     ,             (6.14) 
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where   is the eigenvalue,   is the eigenvector,  M  is the mass matrix,  C  is the damping matrix 

and  K  is the stiffness matrix. For symmetric eigenproblems, the stiffness matrix is assumed to be 

positive semidefinite. As a consequence, the eigenvalue can be written as an imaginary eigenvalue i . 

Also the damping matrix  C  can be neglected for symmetric eigenproblems, and the previous 

equation can be transformed to 

     2    0M K    .              (6.15) 

In the Lanczos eigensolver, a spectral transformation is applied for rapid convergence to the desired 

eigenvalues: 

            
1

     M K M M M   


  ,            (6.16) 

where   is the shift and   is the eigenvalue. The relationship between  ,   and   is given as 

2 1
 


  .               (6.17) 

In Table 6-3, the eigenfrequencies corresponding to the first 5 eigenmodes are given. Due to reasons 

of symmetry, eigenmodes 2 and 3 and eigenmodes 4 and 5 have the same eigenfrequency. 

Table 6-3: Eigenfrequencies for the first 5 eigenmodes and eigenmode 21. 

Number eigenmode [-] Eigenfrequency [Hz] 

1 133.00 

2 145.64 

3 145.64 

4 178.32 

5 178.32 

21 333.13 

 

The 21st eigenmode has an eigenfrequency of 333.13 Hz and is shown in Figure 6-12. Based on the 

results from FFT and frequency analysis, it is assumed that this eigenmode causes the main oscillating 

behavior of the system.  

  

Figure 6-12: 21st eigenmode, corresponding to a frequency of 333.13 Hz. 
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The acceleration curve of the impactor can be postprocessed in ABAQUS by means of a second-order 

Butterworth filter. This will result in a smoother force curve. A low pass Butterworth filter reduces 

high frequency noise above a cut-off frequency 
c . A higher order of the Butterworth filter results in a 

faster reduction of frequencies above 
c . The following polynomials, normalized to a cut-off 

frequency 1c  , are needed to calculate the gain ( )G   (Bianchi and Sorrentino, 2007): 

Even order polynomials:   
1
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Odd order polynomials:   
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A transfer function for a low pass filter with an arbitrary cut off frequency 
c , can be written as 
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G
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 ,               (6.20) 

where ωca s  and 0G  is the initial gain. The amplitude response or gain ( )G   of any n-order 

Butterworth low pass filter is then equal to 
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In case a second-order filter is chosen (default in ABAQUS), this gives 
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The gain of a Butterworth filter is characterized by a value 0( 2 2)G  for c  . In Figure 6-13 the 

gain curve for a second-order Butterworth filter is plotted. A cut-off frequency c  of 133 Hz is taken, 
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corresponding to the first eigenmode of the tire. The influence of the 21st eigenmode ( f  = 333.13 

Hz), is reduced to 0.1575 of its initial value. 

 

Figure 6-13: Gain of the second-order Butterworth filter with a cut-off frequency of 133 Hz. 

In Figure 6-14 and Figure 6-15, the force curves with and without second-order Butterworth filter are 

shown. After postprocessing (application of the second-order Butterworth filter), the oscillations are 

no longer visible. 

 

Figure 6-14: Force curve with and without a second-order Butterworth filter ( c =133 Hz) for a drop height of 20 mm. 
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Figure 6-15: Force curve with and without a second-order Butterworth filter (
c =133 Hz) for a drop height of 700 mm. 

In Figure 6-16, the experimental force curves are compared with the numerical data. In Table 6-4, the 

maximum reaction force and corresponding impact time is given for each drop height. Differences up 

to 11.1% and 13.5% are noticeable for the maximum force and corresponding impact time 

respectively, with an exception for a drop height of 20 mm. This anomaly most likely has its origin in 

the experimental testing procedure. The positioning of the impactor to its correct drop height can only 

be realized with an accuracy of a few millimeters. For small drop heights, the error margin will 

therefore be larger. 

As can be seen in Table 6-4, forces corresponding to a drop height of 900 mm and more are not 

measured. A drop height of 900 mm might result in a force higher than 20 kN, exceeding the 

calibrated limit value of the KISTLER® force plate. 

Table 6-4: Comparison between experimental and numerical maximum forces and corresponding impact time. 

 

Experimental Numerical Differences 

Drop height  
[mm] 

Max. force 
[N] 

Impact time 
[ms] 

Max. force 
[N] 

Impact time 
[ms] 

Max. force 
[%] 

Impact time 
[%] 

20 1966 56 1438 67 -26.9 19.6 

50 3381 52 3034 59 -10.3 13.5 

100 5374 48 4777 54.5 -11.1 13.5 

150 6807 46.5 6175 51 -9.3 9.7 

200 8123 44.5 7445 49.5 -8.3 11.2 

300 10058 43.5 9588 47.5 -4.7 9.2 

450 12688 43 12471 45.5 -1.7 5.8 

700 16410 41.5 15260 44.5 -7.0 7.2 
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Figure 6-16: Experimental and numerical force curves obtained with a second-order Butterworth filter with c = 133 Hz. 

For completeness, the experimental acceleration values of Müller de Vries (2012) are compared with an 

equivalent numerical model. In this model, the fluid cavity pressure is set to 4 bar and the impactor is 

placed at a distance of 10 mm from the ‘rigid wall’. This rigid wall is modeled as a rigid body with no 

translational or rotational DOFs. The steel cable is implemented in the numerical model, although the 

rotation of the cable and the decrease of the angular velocity are very small. In Table 6-5, the 

percentual deviation of the numerical accelerations with respect to the experimental values is given.  

No conclusion can be made with regard to the stiffness behavior of the FE tire model, because there is 

no consistency in the sign of the percentual deviation. Nevertheless, there is good agreement, indicated 

by a maximal percentual deviation of 6.82% for a drop height of 20 mm. 

Table 6-5: Comparison between the experimental accelerations according to Müller de Vries (2012) and the numerical 
accelerations. 

Drop height 

[mm] 

Max. acceleration – 

experimental [m/s²] 

Max. acceleration – 

numerical [m/s²] 

Percentual deviation  

[%] 

20 44 47.0 6.82 

50 79 78.4 -0.76 

100 117 114.9 -1.79 

150 151 144.5 -4.30 

200 180 169.6 -5.78 

300 218 218.6 0.28 

450 272 277.4 1.99 

700 346 340.5 -1.59 
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6.4.2 CORRESPONDENCE OF THE IMPACT PRINTS 

The pressure distribution of the two tires at maximum impact is obtained with the footscan® plate. 

Here, only the results for a drop height of 700 mm are examined and compared with the numerical 

data. A graphical comparison at an impact time of 24 ms can be found in Figure 6-17. The legend in 

Figure 6-17 is representative for the experimental and numerical pressure data. It can be seen that in 

reality, the pressure distribution shows the presence of the tire tread. This tread is not modeled in the 

numerical shell model to reduce the complexity. The obtained pressure values are slightly higher for 

the numerical model, although this could be explained by the relatively low measurement frequency (2 

ms) of the footscan® plate.  

 

         

 

Figure 6-17: Experimental and numerical tire prints for a drop height of 700 mm at an impact time of 24 ms. 

The dimensions of the tire prints at maximal impact are given in Table 6-6. Dimensions of the top tire 

for drop heights 20 mm and 50 mm are too small and can not be measured accurately with the 

footscan® plate. The bottom tire initiates contact with the pressure plate due to the pendulum motion. 

This tire also transfers more energy to the force plate and will therefore be more compressed than the 

top tire. In Table 6-7, the percentual deviation between the experimental and numerical dimensions is 

presented. Here the lowest drop height, i.e. 20 mm, shows a significantly higher deviation compared to 

the other heights. Again, this might be related to the imprecision in positioning of the impactor. 
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Table 6-6: Dimensions of the impact prints. 

 
Experimental Numerical 

 

Bottom tire Top tire Bottom tire Top tire 

Drop height  
[mm] 

Width 
[cm] 

Height 
[cm] 

Width 
[cm] 

Height 
[cm] 

Width 
[cm] 

Height 
[cm] 

Width 
[cm] 

Height 
[cm] 

20 12.9 4.7 N/A N/A 11.3 3.6 9 2.1 

50 14.8 5.4 N/A N/A 13.7 5.1 12.5 4.2 

100 16.2 6.7 14.3 4.5 16.1 6.6 14.3 5.1 

150 17.7 7.7 14.4 6.8 17.9 7.5 15.8 6.3 

200 18.2 7.8 15.4 6.1 18.5 7.8 16.7 6.6 

300 19.5 8.8 17.6 6.9 20.3 9 18.5 7.8 

450 21.2 9.6 18.9 8.1 21.5 9.9 19.7 9 

700 23.8 11.2 20.5 9 24.5 10.8 22.1 9.9 

 

Table 6-7: Percentual deviation between the numerical and experimental dimensions of the impact prints. 

 

Bottom tire Top tire 

Drop height [mm] Width [cm] Height [cm] Width [cm] Height [cm] 

20 -12.4% -23.4% N/A N/A 

50 -7.4% -5.6% N/A N/A 

100 -0.6% -1.5% 0.0% 13.3% 

150 1.1% -2.6% 9.7% -7.4% 

200 1.6% 0.0% 8.4% 8.2% 

300 4.1% 2.3% 5.1% 13.0% 

450 1.4% 3.1% 4.2% 11.1% 

700 2.9% -3.6% 7.8% 10.0% 
 

6.4.3 INCREASE OF THE INNER TIRE PRESSURE 

The initial fluid cavity pressure was set to 3.5 bar. Due to a small deformation of the tire during the 

initial state transfer from ABAQUS/Standard to ABAQUS/Explicit, a stabilization period in the first 

20 ms can be observed in Figure 6-18.  

The increase of internal pressure in the tires is investigated in ABAQUS/Explicit. The bottom tire 

impacts first, which results in a higher compression and therefore a higher increase of the inner 

pressure, compared to the top tire. The pressure curves in Figure 6-18 are smoothed with the second-

order Butterworth filter with c  = 133 Hz.  
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Figure 6-18: Pressure variation for the top and bottom tire for all drop heights.  

Additionally, a simulation with constant internal pressure, and thus without the application of the 

equation of state for an ideal gas, is performed. This is done for a drop height of 700 mm and confirms 

earlier stated importance of realistic representation of the fluid behavior. In Figure 6-19, a difference of 

6.48% can be distinguished between the curve peaks. Also a time shift of 2 ms between the maxima of 

both curves is observed. Both curves are plotted with and without the second-order Butterworth filter 

with c  = 133 Hz.  

 

Figure 6-19: Force curves with constant pressure and fluid cavity pressure for a drop height of 700 mm. 
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6.5 GLASS TEST SPECIMEN 

6.5.1 PROPERTIES OF THE CALIBRATION SPECIMEN 

The calibration specimen is a 10 mm thick pane of thermally toughened soda lime silicate safety glass. 

Tempered glass is characterized by a permanent surface compressive stress that has been induced by a 

controlled heating and cooling process (Haldimann et al., 2007). Float glass is heated to 620 – 750°C 

and cooled rapidly by cold air jets. As a result, the surface hardens first, followed by the interior of the 

glass. Tensile stresses arise at the surface and compressive stresses are present in the interior. The 

tensile stresses relax due to the viscosity of the glass. After some time, also the temperature of the 

interior part starts to decrease. This thermal shrinkage is resisted by the solid exterior surfaces, which 

leads to residual compressive stresses at the surfaces and tensile stresses in the interior, as can be seen 

in Figure 6-20.  

 

Figure 6-20: Stress distribution through the thickness of a tempered glass pane (Haldimann et al., 2007). 

Because of its safety and strength, thermally toughened glass has many applications such as automotive 

industry, diving masks, architectural glazing, … . In the event of breakage, thermally toughened soda 

lime silicate safety glass fractures into numerous small pieces, and the edges are generally blunt so that 

it less likely causes injuries.  

 

Figure 6-21: Breakage pattern of annealed and tempered glass5. 

                                                      
5 http://www.fgglass.com/ftg.htm 
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The mechanical strength value used in design of tempered glass is 120 N/mm². This strength value 

applies to quasi-static loading over a short time, e.g. wind loading, and is related to a 5% probability of 

breakage at the lower limit of the 95% confidence interval (NBN EN 12150-1, 2000).  

6.5.2 TESTING OF THE CALIBRATION SPECIMEN 

The tempered glass pane is placed in the clamping frame and the strain gauges are placed on the 

opposite side to the impact. When the pendulum hangs in its equilibrium position, the distance 

between the tires and the glass pane is 10 mm. The impactor is released at the correct drop height with 

no initial velocity and the impact occurs (approximately, see further) at the center of the calibration 

specimen. The horizontal and vertical micro-deformation is measured three times for each drop height 

and the results are given hereafter, together with the reference mean peak values according to EN 

12600.  

Table 6-8: Horizontal strain values for each drop height. 

Drop height 

 

[mm] 

Mean value  

EN 12600 

[µstrain] 

-10% and +10% 

EN 12600 

 [µstrain] 

Mean experimental 

value 

[µstrain] 

95% experimental 

values 

[µstrain] 

200 1275 1147-1402 1145 1143-1146 

250 1418 1276-1559 1261 1258-1264 

300 1542 1388-1696 1359 1358-1360 

450 1793 1613-1972 1602 1600-1603 

700 2063 1857-2269 1915 1909-1921 

1200 2503 2252-2753 - - 

 

Table 6-9: Vertical strain values for each drop height. 

Drop height 

 

[mm] 

Mean value 

EN 12600 

[µstrain] 

-10% and +10% 

EN 12600 

 [µstrain] 

Mean experimental 

value 

[µstrain] 

95% experimental 

values 

[µstrain] 

200 805 724-885 665 662-669 

250 911 820-1002 742 737-746 

300 1013 912-1114 812 811-814 

450 1181 1063-1299 980 976-983 

700 1389 1250-1528 1201 1195-1206 

1200 1742 1567-1916 - - 
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Figure 6-22: Mean peak horizontal microstrains for each drop height. 

 

Figure 6-23: Mean peak vertical microstrains for each drop height. 

In Table 6-10 and Table 6-11, the percentual deviation of the mean experimental value with respect to 

the -10% reference mean peak value is given for the horizontal and vertical strains. 

Table 6-10: Comparison between the mean experimental value and the -10% reference mean peak value for the horizontal 
strains. 

Drop height [mm] Percentual deviation [%] 

200 -0.20 

250 -1.19 

300 -2.13 

450 -0.71 

700 3.03 

1200 - 
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Table 6-11: Comparison between the mean experimental value and the -10% reference mean peak value for the vertical 
strains. 

Drop height [mm] Percentual deviation [%] 

200 -8.82 

250 -10.56 

300 -12.27 

450 -8.51 

700 -4.11 

1200 - 

 

From Figure 6-22 and Figure 6-23, it can be seen that the measured strain values do not comply with 

the European Standard requirements. Especially the vertical strain values are very low. Further 

investigation of the experimental test setup needs to be conducted due to the fact that there are still 

some shortcomings. For example, in the European Standard it is stated that the impact shall occur at 

the center of the calibration specimen. In reality this is not the case. The center of the glass pane lies 

16.5 mm above the impact center. Also the strain gauge is not exactly located at the center of the glass 

pane or at the point of impact. It is placed at a (positive) vertical distance of 5.5 mm and a horizontal 

distance of 6 mm from the impact center. The measured strain values are therefore not maximal. 

Another shortcoming is that the lower edge of the glass pane is encased between rubber strips, but to a 

depth smaller than the recommended value of 10 mm. At the top edge of the clamping frame, the 

rubber strips do not overlap perfectly, as can be seen in Figure 6-24. This leads to the conclusion that 

some changes are necessary to the existing test setup to obtain fully reliable results.  

Another possibility to improve the experimental setup, is to equip the impactor with a new set of tires, 

with slightly different geometrical and/or material characteristics. Nevertheless, it can be questioned if 

the previously stated enhancements will result in a fully compliant test setup. 

 

Figure 6-24: Rubber strips at the top edge do not overlap perfectly. 

6.5.3 FAILURE OF THE TEST PANE 

Although the thermally toughened test pane was assumed to withstand an impact at a drop height of 

1200 mm, breakage of the glass pane occurred for this height. Previous tests in De Pauw (2010) with 
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the same calibration specimen did not show failure for a drop height of 1200 mm. Shattering of the 

glass pane might be attributed to contact with the lower part of the steel cylinder during impact, due to 

excessive rotation of the impactor. Figure 6-25 illustrates the breakage mode of tempered glass; if a 

certain part of the glass fails, the entire pane breaks at once. This is in contrast with annealed glass, 

where an impact might cause only a small crack or localized breakage (Haldimann et al., 2007).  

   

Figure 6-25: Broken tempered glass pane. 

6.5.4 BOUNDARY CONDITIONS OF THE GLASS PANE 

In ABAQUS, a shell model of the calibration specimen is created with dimensions 1938 mm x 876 mm 

x 10 mm. For meshing, a S4R shell element is used with mesh size 5 mm x 5 mm. Refining the mesh 

will not be advantageous because breakage of the glass is not considered. The modulus of elasticity of 

the thermally toughened soda lime silicate safety glass is 70 GPa and the Poisson’s ratio is 0.23 

(Brendler et al., 2004). Since no PVB-layer is present, the glass pane behaves perfectly elastic, provided 

that no breakage occurs. As a first try, simplified boundary conditions of the glass pane are defined to 

reduce the calculation time of the impact simulation. Next, a more detailed, realistic representation of 

the clamping frame is modeled and comparison is made between the different models. The strains will 

also be compared with the experimental measurements from the EN 12600 laboratory setup. 

6.5.4.1 ENCASTRED BOUNDARY CONDITIONS 

The glass edges are encastred, restricting any rotation and displacement at these nodes. In Figure 6-28 

and Figure 6-29, the obtained strain values are compared with the measured values. By applying 

encastred boundary conditions (BCs), the true strains are significantly underestimated (> 20%).  
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6.5.4.2 PINNED BOUNDARY CONDITIONS 

Pinned glass edges are more realistic due to the fact that the rubber strips can be considered as elastic 

supports. Rotation of the edge nodes is possible but translational degrees of freedom are still 

constrained. As expected, the obtained strain values are higher compared to the model with encastred 

glass edges (Figure 6-28 and Figure 6-29). 

The models with pinned and encastred boundary conditions consist of 92 692 elements. The 

computational time is approximately 9 hours for each model with different drop height (with 4 CPUs). 

6.5.4.3 IMPLEMENTATION OF THE REAL CLAMPING FRAME 

The encastred and pinned boundary conditions are simplifications of the clamping frame. Underlying 

paragraph discusses the implementation of a physical clamping frame model in ABAQUS. In a 

previous work of Weymeis (2009), a numerical model of the clamping frame was already created.  

In Weymeis (2009), the main frames were modeled as deformable bodies with element type C3D4 for 

the corners and type C3D8R for the other parts of the frame. The rubber strips were attached to the 

main frames by a tie constraint. For the rubber material C3D20RH elements were used with mesh size 

5 mm x 5 mm. To enhance the accuracy of this clamping frame, some modifications are implemented. 

A first modification is related to the main frames. Due to the large dimensions and stiffness of the 

frames, the deformation of these elements is assumed to be very small. Implementing a solid 

deformable model of the frames, even with a coarse mesh, will increase the run time of the model. The 

main frames are therefore modeled as rigid bodies.  

Also the properties of the rubber material are modified. In Weymeis (2009) a linear elastic material law 

was applied and the modulus of elasticity was determined by a compression test. From the resulting 

strains and stresses, a Young’s modulus of 2.4 MPa was found for a Poisson’s ratio   = 0.5. However, 

not all simulations converged for a Poisson’s ratio of 0.5 and therefore a modulus of elasticity of 2.75 

MPa was found to give the most reliable results for   = 0.475. The application of an elastic material 

law can be questioned since the rubber strips are compressed by 10%. Therefore, the shore hardness 

of the rubber is experimentally determined using a durometer and an IRHD value of 57 is obtained. 

Similar to the rubber material of the tires, the hyperelastic Mooney-Rivlin material law is used and the 

Mooney-Rivlin parameters are given in Table 6-12 (Altidis et al., 2004). 

Table 6-12: Material parameters of the rubber strips. 

Mass density 

[kg/m³] 

10C  

[MPa] 

01C  

[MPa] 

1D  

[MPa-1] 

1100 0.417 0.104 0.03 
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A third modification is related to the contact definition between the rubber strips and the glass pane 

(Figure 6-26). Weymeis (2009) defined a tie constraint due to convergence issues, experienced with a 

surface-based contact interaction. The main reason for this convergence problem was that the 

boundary conditions for the glass pane were not defined properly. As a result, the glass pane did not 

stay in its position while both main frames were moved to each other. Therefore the model failed to 

run. A solution is presented by first creating the model in ABAQUS/Standard with the proper rubber-

glass surface-based contact formulation. Additionally, restrictions are assigned to the edges of the glass 

pane to avoid rotation of the pane.  

After defining the boundary conditions, both frames are moved towards each other, reducing the 

original thickness (10 mm) of the rubber strips by 10%. By using the predefined field option, the initial 

state of the model is then imported in ABAQUS/Explicit. The initial state represents the clamped 

phase of the glass pane with compression of the rubber strips (Figure 6-26 c). The rotational 

constraints of the glass edges, defined in ABAQUS/Standard, are now removed. The displacement of 

the pane is solely resisted by the surface-based (frictional) contact with the rubber strips. 

 

a) 

 

b) 

 

c) 

Figure 6-26: Clamping of the glass pane. In a) the rubber strip of the front frame does not make contact with the glass pane. 
In b) contact is initialized between the glass pane and the rubber strip of the front frame. In c) the clamping forces are exerted 
on to the glass pane and the rubber strips are compressed with 10%. c) represents the initial state of the clamping frame that 

is used in ABAQUS/Explicit. 

The numerical impact model with implementation of the real clamping frame consists of 110 808 

elements. A computational time of 5 hours in ABAQUS/Standard and 16 hours in ABAQUS/Explicit 

is observed (with 4 CPUs). In Figure 6-27 the FE model of the pendulum impact setup is visualized in 

ABAQUS. Also the deformation of the tires and glass pane is shown for a drop height of 700 mm. 

Rigid main frames 

   Left: front frame 

   Right: back frame 

Rubber strips 

Glass pane 

Surface-based 

interaction with friction 
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Figure 6-27: Illustration of the FE clamping frame model. In the lower picture the deformation of the tire during impact is 
shown for a drop height of 700 mm. 

6.5.5 IN-PLANE STRAINS UNDER DIFFERENT BOUNDARY CONDITIONS 

In Figure 6-28 and Figure 6-29, the numerical outcome of the in-plane strains for each drop height is 

compared to the experimental values. A good agreement can be observed for the vertical strains with a 

maximum deviation of 6.11% for the lowest drop height of 200 mm. For the horizontal strains, larger 

deviations are observed up to 11.35% for the lowest drop height. For both the vertical and horizontal 

strains it can be seen that the percentual deviation between the experimental and numerical values is 

not constant. The percentual deviation becomes more positive for larger drop heights. This makes it 

difficult to determine the cause of these deviations. It might be related to the theoretical derivation of 
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the angular velocity (Paragraph 6.3). The exact value needs to be measured experimentally to determine 

the accuracy of the theoretical velocities. 

Table 6-13: Horizontal strain values for each drop height and for a glass pane clamped between rubber strips. 

Drop height 

[mm] 

Mean experimental 

value [μstrain] 

Real BCs 

[μstrain] 

Percentual deviation 

[%] 

200 1145 1028 -11.35 

250 1261 1133 -11.30 

300 1359 1231 -10.40 

450 1602 1484 -7.93 

700 1908 1807 -5.61 

1200 - 2181 - 
 

Table 6-14: Vertical strain values for each drop height and for a glass pane clamped between rubber strips. 

Drop height 

[mm] 

Mean experimental 

value [μstrain] 

Real BCs 

[μstrain] 

Percentual deviation 

[%] 

200 665 627 -6.11 

250 742 704 -5.35 

300 812 774 -4.95 

450 980 975 -0.48 

700 1185 1215 2.44 

1200 - 1434 - 
 

 

Figure 6-28: Horizontal microstrains for each drop height and for different BCs. 
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Figure 6-29: Vertical microstrains for each drop height and for different BCs. 

6.5.6 DEFLECTION OF THE GLASS PANE FOR DIFFERENT BOUNDARY 

CONDITIONS 

The deflection of the glass pane for a node, located at the center of the glass pane, is visualized in 

Figure 6-30 for different BCs. Significant deviations can be observed. Based on the deflection and the 

in-plane strains of the glass pane, it can be concluded that a detailed modeling of the clamping frame is 

necessary. 

 

Figure 6-30: Deflection of a node located at the center of the glass pane, for different BCs. 
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6.6 ENERGY BALANCE OF THE SYSTEM 

The energy balance is investigated to evaluate whether the simulation in ABAQUS/Explicit yields the 

appropriate response. The total energy of a system can be found with the following expression 

(Abaqus Theory Manual, 2012):  

ETOTAL ALLKE ALLIE ALLVD ALLFD ALLIHE      

     ( )ALLWK ALLPW ALLCW ALLMW ALLHF     .         (6.24) 

The internal energy ALLIE  can be written as: 

ALLIE ALLSE ALLPD ALLCD ALLAE ALLDMD ALLDC ALLFC               (6.25) 

The different energy terms are explained in paragraph 4.2.2 of the Abaqus Analysis User’s Manual 

(2012). The recoverable strain energy ( ALLSE ), artificial strain energy ( ALLAE ) and fluid cavity 

energy ( ALLFC ) will contribute to the internal energy ( ALLIE ). The artificial strain energy is used to 

suppress hourglass modes. To obtain reliable results, this energy term should be less than 1-2% of the 

internal energy (ABAQUS, 2005). In Figure 6-31 and Figure 6-32, the energy balance of the quasi-static 

impact setup for a drop height of 700 mm is presented. The artificial strain energy is lower than 0.65% 

of the internal energy. Therefore only ALLSE  and ALLFC  are plotted in Figure 6-31. Both these 

terms show an oscillating behavior due to the initial state transfer from ABAQUS/Standard to 

ABAQUS/Explicit. ALLSE  and ALLFC  are related, since a decrease of the tire volume will result in 

an increase in pressure. Therefore the summation of these energy terms results in a smooth curve. The 

recoverable strain energy and internal energy have an initial non-zero value, because the shape and 

stresses of the inflated tire are already present in the initial step of ABAQUS/Explicit. The increase in 

energy at 40 ms indicates the impact of the tire. 

 

Figure 6-31: Internal energy of the system. 
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In the total energy balance, ALLIHE , ALLWC , ALLMW  and ALLHF  do not contribute. The work 

done by contact penalties ( ALLPW ) stays lower than 0.01% of the total energy, and is not considered. 

The energy dissipated by viscous effects ( ALLVD ) is lower than 2% of the total energy. The kinetic 

energy drops to zero when the maximum impact force is measured. The total energy is constant, 

indicating that the system converged to an accurate solution.  

 

Figure 6-32: Total energy of the system. 
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CHAPTER 7 

7 LAMINATED SAFETY GLASS (LSG) 
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7.1 INTRODUCTION 

In this chapter, an approach for FE modeling of a pendulum test on laminated safety glass (LSG) is 

discussed. A layered glass model is created in ABAQUS to achieve a realistic cracking pattern. This FE 

model can be used as a starting point for further optimization and comparison with future laboratory 

tests. In general, laminated glass consists of two or more glass panes bonded together with a polymer 

interlayer. If, e.g. due to impact loading, large stresses in glass arise, failure of the glass plies can occur. 

The post-fracture behavior is mainly determined by the adhesion between glass plies and interlayer and 

the mechanical properties of the interlayer itself. 

7.2 LAMINATED GLASS MODELS IN EXISTING LITERATURE 

According to Larcher et al. (2012), three models are commonly used to model laminated glass, i.e. a 

smeared model, a solid 3D model and a layered model with special failure criterion (Figure 7-1).  

 

         

 

Figure 7-1: Three different models to represent a laminated glass pane (Larcher et al., 2012). 

In the smeared modeling technique, described by Timmel et al. (2007), two coincident shell layers are 

used with the same thickness. The PVB and glass characteristics are smeared in these two layers. The 

stiffness before fracture is implemented by considering an equivalent thickness Et  and density E : 
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where t  is the thickness, E  is the modulus of elasticity and   is the density. Subscripts G  and PVB  

represent the glass pane and the PVB interlayer respectively. When failure occurs, the glass layer at the 

tensile side loses all stiffness and the glass layer on the compressive side remains intact. As a result, the 
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shell element at the tensile side is eroded. The modulus of elasticity for the intact shell element is 

calculated by 

    3 2 3 2

3

1
3 3II G G G PVB PVB PVB PVB G

E

E E t t t E t t t
t
    
 

.           (7.3) 

The eroded shell elements have a Young’s modulus of 2I G IIE E E   in order to have the same 

bending stiffness as before failure. The numerical obtained yield stress and tangent modulus may be 

used to validate the model with the laboratory results. The smeared model does not take into account 

failure of both glass plies. Furthermore, delamination between a PVB interlayer and glass pane can not 

be simulated with this model.  

Solid three-dimensional models have been implemented by several authors (Wei and Dharani, 2006; 

Bennison et al., 1999; Duser et al., 1999). The advantage is that detailed material laws for the interlayer 

can be defined. However, these models require a very fine mesh to produce accurate results which 

leads to significant run times. 

A combination of two shells and one solid element through the thickness is presented by Sun et al. 

(2005). The PVB interlayer is meshed with solid elements for transfer of shear forces, and the 

hyperelastic Mooney-Rivlin law is used for material definition. The shell elements represent the glass 

panes and are characterized by a special failure criterion (discussed in Paragraph 7.3). This model 

seems more realistic than the smeared model. Additionally, it has lower computational cost compared 

to a solid 3D model. 

7.3 POST-FRACTURE BEHAVIOR OF GLASS 

Glass typically behaves perfectly elastic until failure occurs. The mechanical properties of glass in the 

elastic (uncracked) state were given in Chapter 6. When glass breaks occurs, a crack initiates from 

surface flaws. The maximum principal stress criterion or Rankine criterion is most suitable to predict 

failure of brittle materials (Pyttel et al., 2011). The Rankine criterion states that failure occurs when the 

maximum principal stress exceeds either the uniaxial tension strength t  or the uniaxial compression 

strength c : 

 1 2,c t      ,              (7.4) 

where 1  and 2  are the principal stresses in a two-dimensional formulation. A graphical 

representation of the Rankine criterion is given in Figure 7-2.  
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Figure 7-2: The maximum principal stress criterion6. 

Three crack propagation modes can be distinguished in Figure 7-3. In Mode I, tensile stresses act 

normal to the plane of the crack. Mode II is a sliding mode in which shear stresses act parallel to the 

plane of the crack and perpendicular to the crack front. In Mode III, shear stresses act parallel to the 

plane of the crack and parallel to the crack front. Fora brittle cracking failure model, crack propagation 

occurs only due to tensile stresses normal to the plane of the crack (Mode I). 

 

Mode I Mode II Mode III 

Figure 7-3: Visualization of the different failure modes (Whittaker et al., 1992). 

In ABAQUS/Explicit, a brittle cracking damage model is implemented to simulate the post-fracture 

behavior of the laminated glass pane. Glass plies are modelled with S4R elements with five integration 

points based on Simpson’s rule. In Larcher et al. (2012) it is stated that at least two integration points 

have to be defined to describe the strain distribution through the thickness. Element deletion occurs 

when the maximum principal stress, according to the Rankine criterion, is reached in all integration 

point of the element.  

A post-failure stress-strain criterion can only be used for reinforced concrete cracking. For materials 

with little or no reinforcement, the latter would introduce mesh sensitivity in the results (Abaqus 

Analysis User’s Manual, 2012). Therefore, the fracture energy cracking criterion according to 

Hillerborg et al. (1976) is used. This criterion, which only includes mode I failure, assumes crack 

                                                      
6 http://www.efunda.com/formulae/solid_mechanics/failure_criteria/failure_criteria_brittle.cfm 
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propagation when the stress at the crack tip reaches the tensile strength tf .  The development of a 

crack is accompanied with energy absorption. This energy per unit of crack area is denoted as FG  and 

can be found as the integral of the curve in Figure 7-4. When a straight line between points (0, tf ) and 

( 1w , 0)  is considered as an approximation, the following formulation can be stated: 

1

1

0
2

w

t
F t

f w
G f dw  .              (7.5) 

 

Figure 7-4: The energy absorption per unit of crack area (Hillerborg, 1976).  

According to Gdoutos (1993), FG  is equal to 8 J/m². In Xu and Zang (2014), a value of 100 MPa is 

taken for the maximum failure stress tf  in impact testing. This seems a logic value since in Larcher et 

al. (2012) a value of 84.8 MPa was taken for static tests. The crack width duw  can be calculated, based 

upon the absorbed energy per unit of crack area FG  and the maximum failure stress tf . A value of 

0.16 µm is obtained for duw . In contrast with crack initiation, which is based on Mode I fracture only, 

post-cracked behavior includes mode I and mode II (Abaqus Analysis User’s Manual, 2012). An 

opened crack will lead to a reduced cracked shear modulus. In ABAQUS/Explicit, the post-cracked 

shear stiffness cG  is defined as a function of the shear retention factor  ck

nne  and the uncracked 

shear modulus G : 

 ck

c nnG e G .               (7.6) 

The shear retention factor  ck

nne  is a function of the crack opening strain ck

nne , and can be expressed 

in the following power law form: 

  
max

1

p
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ck nn
nn ck

e
e

e


 
  
 

,              (7.7) 
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where p  and max

cke  are material parameters. In the numerical model, 
max

cke  and p  are set to 0.002 and 1 

respectively. 

7.4 PVB MATERIAL 

The primary function of a PVB interlayer in laminated safety glass is to provide mechanical strength 

after failure of the glass panes, and to keep the glass fragments together. The mechanical characteristics 

of a PVB material are strongly dependent on humidity, room temperature, UV-lighting and aging. This 

implies that experimental data should always be obtained under well-defined conditions. Additionally, 

the inequality of the engineering and true stresses at high strains indicates the importance of being 

careful with experimental data in numerical simulations (Timmel et al., 2007).  

At low strain rates, a PVB material acts as a hyperelastic material. For higher strain rates, it behaves as 

an elasto-plastic material. In literature (Blatz and Ko, 1962; Mooney, 1940; Ogden, 1972), several 

hyperelastic material laws can be found which are all dependent on strain rate and temperature. In 

Kuntsche and Schneider (2014) this strain rate dependency was demonstrated by uniaxial tests on 

PVB, EVA, ionoplast and TPU materials for different strain rates, i.e. 0.001, 1, 10 and 100 s-1. It was 

observed that higher strain rates resulted in stiffer material behavior. Since the uniaxial test data is 

given in true stress   and true strain ln( )  values, a conversion is made to the engineering stress e

and engineering strain 
e values, based on the following expressions: 

ln(1 )e   ;               (7.8) 

 1
e

e








.               (7.9) 

The behavior of the PVB interlayer is defined with the hyperelastic Mooney-Rivlin material law with a 

Poisson’s ratio of 0.49. A least-squares-fit procedure of the converted PVB data will be used to obtain 

the Mooney-Rivlin parameters 01C , 10C  and 1D  (Abaqus Analysis User’s Manual, 2012). These values 

are given in Table 7-1. In Figure 7-5, the experimental stress-strain relationship for different strain 

rates is shown. A density of 1100 kg/m³ is used for the PVB interlayer (Larcher et al., 2012).  

In ABAQUS, C3D8R solid elements are chosen for the PVB interlayer. A thickness of 4 mm for a 

glass pane and 0.76 mm for the PVB interlayer is taken (Pelfrene et al., 2013). 

Table 7-1: Mooney-Rivlin parameters, obtained from uniaxial test data. 

Strain rate [s-1] 
10C  [Pa] 01C  [Pa] 1D  [Pa-1] 

1 3 766 354.5 381 784.2 4.85380E-09 

10 2 732 124.6 5 088 772.3 2.57441E-09 

100 481 797.0 13 286 400.0 1.46237E-09 
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Figure 7-5: Engineering stress-strain curves for a PVB interlayer at different strain rates. The stress-strain curves from 
experimental measurements are represented by individual points. The stress-strain relationship as described by the Mooney-

Rivlin material law, is represented by lines. 

7.5 ADHESION BETWEEN INTERLAYER AND GLASS PANES 

The adhesive bonding between the PVB interlayer and glass panes plays an important role in the global 

behavior of laminated glass. A PVB interlayer with low adhesive bond strength has a high impact 

resistance. The interlayer retains in part its mobility and can be pulled from between the glass panes. 

As a result, a considerable part of the impact energy is consumed by elastic deformation of this PVB 

material (Keller and Mortelmans, 1999). However, if the adhesion level is too low, glass fragments can 

not be effectively kept together. A high adhesive bond strength ensures the retention of glass 

fragments. If the level of adhesion is too high, poor energy dissipation and low penetration resistance 

occurs. To evaluate the adhesive characteristics for a PVB interlayer, the energy needed to separate a 

PVB interlayer from the glass pane, can be measured with two tests. In the Pummel Test, a test piece 

with an area of ± 260 cm² is frozen to -18 °C . This specimen is pummeled with a pound hammer until 

both sides pulverize. The sample is visually rated at a scale of 0 to 10. A value of 0 corresponds to 

complete exposure of the PVB interlayer. A value of 10 corresponds to a full coverage of the PVB 

interlayer by glass fragments. However, due to a lack of objectiveness of the Pummel Test, a 

Compressive Shear Test (CST) can be carried out. In this test, laminated glass samples of size 25.4 mm 

x 25.4 mm are sheared under an angle of 45° until failure occurs. The maximum force related to the 

sample area is measured and is denoted as the Compressive Shear Strength (CSS) of the interlayer. 
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Figure 7-6: Compressive Shear Test (Keller and Mortelmans, 1999). 

7.6 MODEL GENERATION WITH ABAQUS 

In ABAQUS, the laminated glass pane with dimensions 876 mm x 1938 mm is defined as one part. To 

simulate realistic crack patterns, an adequate mesh has to be generated. The definition of the 

characteristic crack length associated with a material point is important. This length is based on the 

element geometry and formulation. It is a typical length of a line across an element for a first-order 

element, and is half the same typical length for a second-order element (Abaqus Analysis User’s 

Manual, 2012). The definition of the characteristic crack length is used, because the direction in which 

cracks will occur is not known in advance. Elements with large aspect ratios will enhance mesh 

sensitivity of the crack pattern. Therefore, square mesh elements are preferred (Abaqus Analysis User’s 

Manual, 2012). With the use of the Gmsh program and a PythonTM script, a three-dimensional mesh 

structure is generated with element aspect ratios close to one. 

A LSG model is created with characteristic element length eL = 20 mm at the edges of the glass pane. 

Three different mesh regions can be distinguished in Figure 7-7. In zone 1, elements are randomly 

positioned. Since mesh sensitivity is inevitable and radial cracking is assumed to occur, a radial mesh 

will be used in zone 2. In zone 3, a random mesh is used because radial meshing leads to infinitesimal 

small elements at the center. The middle region has a diameter of 400 mm, which corresponds to the 

width of the impactor. 

Table 7-2: Computational time and number of elements for the FE model of the test setup with a LSG pane. 

eL  

[mm] 

Number of elements 

[-] 

Simulation time in 

ABAQUS/Explicit [ms] 

Computational time 

(with 4 CPUs) 

20 174 374 80 
5 u 58 min (Standard) &  

1 d 12 u 52 min (Explicit) 
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Figure 7-7: Mesh generation of the LSG pane with Gmsh.  

The adhesive bonding is assumed to be infinite. A zero-thickness layer of cohesive elements between 

the PVB interlayer and glass layers can be used to simulate local delamination (Pelfrene et al., 2013). In 

Pelfrene et al. (2013) it is stated that for an overall characteristic element length of 1 mm, incipient 

delamination is estimated at a relative nodal displacement of 0.1 mm for the cohesive elements.  

The glass layers are created using a shell offset on either side of the solid PVB element in ABAQUS. 

The laminated glass pane is positioned in the clamping frame, as described in Chapter 6. In 

ABAQUS/Standard, clamping of the glass pane and inflation of the tires is realized. The deformed 

state is transferred to ABAQUS/Explicit, where the pendulum impact is simulated and cracking can be 

observed.   

 

(1) Random mesh 

20 9.5L mm   

(3) Random mesh 

4.5 3.5L mm   

 

 

(2) Radial mesh 

9.5 3.2L mm   
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7.7 ANALYSIS 

Two impact simulations for a drop height of 1200 mm are created. Both models have the same PVB 

interlayer, but with different Mooney-Rivlin coefficients corresponding to different strain rates. In the 

first model, PVB is characterized by material coefficients, obtained from uniaxial test data for a strain 

rate 10 s-1. In the second model, Mooney-Rivlin parameters corresponding to a strain rate 100 s-1 are 

used. It is tested whether these two models yield the same numerical strain rates. In Figure 7-8, a 

maximum principal strain rate about 100 s-1 just before, and 1500 s-1 just after crack initiation is 

observed for the second model. Comparison with the first model gives no significant differences. It is 

therefore assumed that the second model will produce the best results. However, experimental 

validation should still be performed. 

  

  
 

Figure 7-8: Principal strain rates at the back surface of the PVB interlayer, just before and after crack initiation for model 2. 

The deflection in time for the center point at the back surface of the PVB interlayer is plotted in Figure 

7-9. Between the first contact of the tire with the glass plane (3 ms) and the first crack appearance 

(11.50 ms), an exponential deflection curve up to 11.3 mm can be distinguished. After breakage, model 

1 has a maximum deflection of 117.0 mm and model 2 has a maximum deflection of 107.4 mm. The 

Before breakage 

t = 11.25 ms 

Zone 2 
Zone 1 

After breakage 

t = 11.50 ms 

Zone 2 
Zone 1 
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percentual deviation between these two maximum values is 8.91%. This is caused by the stiffer 

behavior of the PVB interlayer in model 2. 

 

Figure 7-9: Deflection in time for the center point at the back surface of the PVB interlayer for model 1 and model 2. 

Deflection profiles at a horizontal section through the center of the glass pane, just before and after 

crack initiation, are given in Figure 7-10. The deflections are higher for model 1, since the PVB 

interlayer is less stiff. For both models a parabolic shape can be observed before breakage. After 

breakage, a triangular shape is observed due to a vertical crack at the back of the glass plane. 

 

Figure 7-10: Deflections profiles at a horizontal section through the center of the glass plane. 
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In Figure 7-11, a visualization of the crack pattern is given for an impact at drop height 1200 mm, and 

50 ms after contact initiation of the impactor with the glass pane. It can be concluded that the 

simulation results give a credible crack pattern. Large cracks can be observed in the vicinity of the glass 

edges, due to the relative coarse mesh. In future research, the influence of mesh refinement can be 

investigated. Also, improvements can be made with regard to delamination, rate-dependency of the 

hyperelastic material law for PVB, tearing, … . 

   

Figure 7-11: Model 2 - crack pattern of laminated safety glass (50 ms after contact between the impactor and glass pane), 
subjected to a pendulum impact from a drop height of 1200 mm. 
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CHAPTER 8 

8 CONCLUSION 
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In this thesis, a FE element model is discussed to simulate the behavior of monolithic and laminated 

glass structures which are subjected to a pendulum impact. This model is based on an experimental test 

setup of the European Standard EN 12600. A finite element analysis was performed by the use of the 

commercially available software package ABAQUS, which includes specific tools for tire simulation 

and allows realistic modeling of the internal fluid behavior. 

A detailed investigation was performed to obtain the geometrical and mechanical tire properties. In the 

numerical model, a hyperelastic Mooney-Rivlin material law was assumed for rubber materials to 

account for large strains. Two models were created of a full three-dimensional tire model. The first 

model consists of solid elements only and is created with the use of SMG. Experimental tests under 

the form of tensile tests and compression tests were carried out. The latter is a common validation test 

used in the automotive industry. In general, good correspondence was found between the experimental 

and numerical results of the compression test. However, comparison to experimental results of a 

longitudinal tensile test resulted in some anomalies. These deviations could be attributed to a faulty 

laboratory setup and simplifications in the FE model with regard to the curvatures of the tire.  

A dense mesh was necessary to obtain accurate results with the solid model, which resulted in a high 

computational cost. 

A solution is presented by means of a shell model. S4R elements with enhanced hourglass control were 

used to avoid volumetric locking for (nearly) incompressible materials. Although a uniform tire 

thickness was assumed and the exact geometrical position of the nylon wires was simplified, good 

correspondence with the solid model and the experimental compression test was experienced. 

Convergence is reached for the shell model without a significant increase in calculation time.  

To implement the internal fluid behavior in ABAQUS/Explicit, two shell models were developed. In 

the first type, a physical representation of the inner tire was created. Due to the large increase in 

volume of the inner tire, a high initial pressure needed to be defined. Stress wave propagation 

occurred, causing oscillations in the system’s response. In the second type, a membrane was positioned 

against the tire rim to create an enclosed volume for the internal fluid, which resulted in a significant 

reduction of the oscillating behavior. It was found that transferring the deformed state of the tire from 

ABAQUS/Standard to ABAQUS/Explicit yielded the best results. Furthermore, it was observed that 

the increased internal pressure during impact has to be taken into account to obtain accurate results. 

Experimental impact forces from impact testing against a rigid wall (Müller de Vries, 2012) and from a 

quasi-rigid impact setup in the laboratory were compared with the results obtained from an equivalent 

FE model. Only for the quasi-rigid setup, a large difference was observed for a drop height of 20 mm. 

It is assumed that this deviation was caused by an imprecise positioning of the impactor. 

The experimental EN 12600 test setup in the laboratory was validated. The measured strain values did 

not comply with the European Standard requirements. Especially the vertical strain values are very low. 

This could be attributed due to the fact that the impactor does not hit the center of the glass pane. 
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Also the positioning of the strain gauge could be more accurate. Another possibility to improve the 

experimental setup, is to equip the impactor with a new set of tires, with slightly different geometrical 

and/or material characteristics. Nevertheless, it is questioned if these enhancements will result in a fully 

compliant test setup.  

In ABAQUS, a physical representation of the experimental clamping frame was modeled and an 

impact analysis was performed. Good correspondence between the experimental and numerical 

vertical strains was observed. However, the numerical model underestimates the horizontal strain 

values. These differences could not readily be explained, although further investigation of the angular 

velocities of the pendulum should be performed. This can be realized by a comparative study between 

the theoretical approximation, based on the AGM, and the experimental measurement of the angular 

velocities. Furthermore, it was investigated whether simplified boundary conditions at the glass edges 

can be used to reduce the computational cost of the impact simulation without loss of accuracy. It is 

concluded that these simplifications will lead to a significant underestimation of the measured strain 

values. 

Finally, a preliminary model for assessment of PVB-laminated glass from intact to post-fractured state 

was conceived. Simulation results show credible deformation and crack pattern. In future research, 

improvements can be made with regard to delamination, rate-dependency of the hyperelastic material 

law for PVB, tearing, etc.. 
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