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Abstract of Thesis 
Development and Validation of Progressive Deformable Barrier modeled with Shell 

Elements 

 

Deformable crash test barriers used for vehicle crash tests are made of deformable 

aluminum honeycomb blocks. These aluminum honeycomb blocks have excellent energy 

absorbing capabilities. They have different crush strengths representing the front end of a 

vehicle. The finite element models of these crash test barriers are used extensively by 

auto manufacturers to optimize the vehicle structure. Hence in a finite element 

simulation, the behavior and the crush modes of the barrier have to be simulated 

accurately. Historically, in these barrier models the honeycomb blocks were represented 

using solid elements. Due to large deformation seen by the barrier the solid elements are 

prone to negative volume problems which greatly reduce stability and accuracy of the 

simulations. In this study a finite element model of Progressive Deformable Barrier 

(PDB) is developed using shell elements to overcome the negative volumes and 

inaccuracies issues. Discretizing the honeycomb cell to its exact size was not feasible due 

to extremely small cell size. A scaling method is used to model the PDB. The main 

objective of this research was to simulate the global and local crushing behavior of the 

honeycomb blocks and the characteristic deformation modes observed in the physical 

tests. 

PDB has honeycomb blocks with progressively increasing stiffness in the depth 

direction. The compressive strength of the PDB is controlled by progressively increasing 

the thickness of the shell elements. The various honeycomb blocks are tied using 

adhesives and tied contact is used to represent the adhesive. The FE model of the PDB 
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with shell elements was compared to a previously developed barrier using solid 

elements. The shell element model simulations showed noticeable improvements in the 

validation tests. Particularly, the validation test with large local deformation and shearing 

of the honeycomb cells showed improvement and stability in the shell element PDB 

model. In order to demonstrate the robustness and the stability of the FE model in large 

deformations, a 50% offset Frontal simulation at 60 kph was simulated using a FE model 

of Ford F250 pickup truck (model year 2006).  
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1. Introduction  
 

The Crashworthiness of a vehicle or its capability to protect its occupants plays an 

important role during the design of the vehicle. The crashworthiness of a vehicle is 

evaluated by various regulations - ECE R94, R95 (European Regulation), FMVSS 201, 

208, 214 (US Regulation) for protecting its occupants. Public awareness programs such 

as vehicle ratings by Insurance Institute of Highway Safety (IIHS) and the New Car 

Assessment Program (NCAP) has influenced the automobile manufacturers to improve 

the safety performance. Automobile manufacturers have responded efficiently to this 

demand with improved design to meet the regulatory requirements and excel in the safety 

rating tests. Computer simulation using Finite Element Analysis is used extensively to 

improve the vehicle structure and in design optimization of the vehicles. During this 

process detailed computer models of the vehicle as well as the impacting or impacted 

barrier are used to carry out the simulations and assess the vehicle crashworthiness. 

Deformable crash test barriers that represent the stiffness of the front end of generic 

vehicles are extensively used as surrogates in vehicle crash tests. 

The different barriers used for crash testing in regulation and consumer tests are as 

follows- 

1. Advanced 2000 Mobile Deformable side impact barrier ï EU R95, NCAP (EU), 

Japan, Australia and china (Figure 1.1) 

2. Progressive Deformable Barrier ï Compatibility tests (Figure 1.2) 

3. NHTSA side and rear impact barrier face FMVSS 214(side impact) and FMVSS 

301(rear impact), NCAP (Figure 1.3) 

4. Advanced European ï Mobile deformable barrier (Figure 1.4) 
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5.  IIHS Side impact SUV barrier (Figure 1.5) 

6. Frontal Offset deformable Barrier(ODB) ï ECE R94, IIHS, NCAP, Japan, Australia, 

China (Figure 1.6) 

                                 
     Figure 1.1: EU-R95 Barrier    Figure1.2: Progressive Deformable Barrier               

  

 

                                     

Figure 1.3: FMVSS 214 Side Impact Barrier         Figure 1.4: Advanced European 

Mobile  

                                                                                              Deformable Barrier       

 

                            

Figure 1.5: IIHS Mobile Side Impact Barrier           Figure 1.6: Frontal Offset Deformable  

                                                                                                     barrier                                                   
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Frontal offset tests are carried out by all automobile manufacturers worldwide, in 

compliance with the European regulation, FMVSS, Australian NCAP, JNCAP and IIHS. 

In a Frontal offset test, only a certain width (overlapping width) of a vehicle's front end 

impacts the deformable barrier. Hence Frontal offset tests are an assessment of the 

structure of a vehicle. In recent years, due to the increase in number of larger vehicle 

(Sports Utility Vehicles SUV and Pickup Trucks) on the road, a strong focus has been 

emphasized on frontal compatibility. Special focus is made on the safety of the partner 

vehicle (smaller vehicle) and aggressivity of vehicles. Compatibility of vehicles has been 

a vital issue with the increase in the population of large pickup trucks and SUV which 

share the road with smaller cars. The Progressive Deformable Barrier has been proposed 

as a crash test barrier to assess the aggressivity of the vehicle. 

The barriers used for crash testing have a deformable face made of aluminum 

honeycomb structure. These honeycomb structures have orthotropic behavior and are 

made from several layers of aluminum foil which are glued together and expanded to 

form honeycomb blocks. Aluminum honeycomb possesses excellent energy absorbing 

capabilities. They deform uniformly under load preventing any damage to the supporting 

structure. The low weight of the aluminum honeycomb also makes it easier to handle. 

With the advancement of Finite element analysis, numerical simulations are 

effectively used in crash simulations. Using these methods it is possible to simulate the 

behavior of the vehicleôs structure during a crash test. In order to predict the results 

precisely, the Finite Element model of the barrier has to accurately represent the force 

distribution and local and global deformation behavior. In currently available barrier 

models, the aluminum honeycomb blocks are represented using solid elements. Solid 

element barriers are prone to negative volume problems and instability. The behavior of 
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these solid elements in a full-vehicle crash test simulation is not reliable and they fail to 

capture the local deformation behavior of the aluminum honeycomb. 

This research focuses on modeling the aluminum honeycomb cores of the PDB 

using shell elements. The shell element barrier was validated using two tests with 

different shape impactors. The results were compared to results of previously developed 

solid element PDB model. The validated barrier was also used for a full vehicle crash 

simulation to ensure its robustness under large deformations. 

The PDB test procedure was developed by the compatibility and frontal impact 

working group (WG 15) of the European Enhanced Vehicle Safety Committee (EEVC). 

The PDB test is one of the proposed amendments to assess the vehicleôs structural 

interaction, front end force level and the strength of the occupant compartment. The 

geometry of PDB and crush strength of its aluminum honeycomb cores are designed to 

assess compatibility between the front end force of the heavier vehicles and the stiffness 

of the occupant compartment of smaller cars. The deformation of the barrier is used as an 

indicator to measure the aggressivity of the vehicle. The main aim of the PDB test 

procedure is to measure the partner protection and self-protection in the same test. The 

PDB test procedure is able to evaluate the position of the load path and stiffness, the 

global front end force and the occupant compartment strength. The self-protection can be 

evaluated by the measurements on the dummies (instrumented Hybrid III dummy in the 

driver and the front passenger seat). The partner protection can be evaluated by the 

measure of deformation on the barrier. The energy absorbing capability of the 

honeycomb cores (PDB barrier) is used to evaluate the Pressure (Force/Surface Area) 

which is the key in assessing compatibility [8].  
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1.1 Motivation of Study 

 The PDB is designed to replicate the behavior of a vehicleôs front end. Based on 

the size and the mass of the impacting vehicle the barrier responds differently. The 

complex failure mode and the deformation behavior of the barrier (aluminum honeycomb 

cores) make it difficult to simulate using FE model. Severe barrier deformation can result 

in instability which may lead to premature termination of the simulation and inaccuracies 

in the vehicle evaluation process. Hence the FE model of the barrier has to replicate the 

global and local deformation of the honeycomb cores accurately. Solid elements are 

preferred due to their lower computational time, but they are prone to negative volume 

problems.  

The structural behavior of the honeycomb cores is difficult to represent using 

solid elements with the available elastic-plastic continuum material models.  

Homogenization of the solid model holds good typically for ten cells (honeycomb cells), 

a sharp object loading a block on a smaller scale will induce instability in the model. The 

solid models fail to represent the progressive deformation of the honeycomb blocks, 

instead it tends to distribute the deformation [25].  

The objective of this research was to develop the FE model of the PDB with shell 

elements and also to simulate the global and local crushing behavior of the honeycomb 

blocks. A scaling method was used to discretize the honeycomb cell. The FE model was 

validated using two tests with different shape impactors. The simulation results were 

compared to the results of the physical test. The simulation results were also compared to 

the results of the solid element FE model. The results of the shell element model showed 

improvements when compared to the solid element. The FE model was also simulated for 
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a 50% offset Full-vehicle simulation in order to demonstrate the stability and the 

robustness of the FE model in case of large deformations. 

1.2 Thesis Organization 

This research describes the method of modeling PDB using shell elements in 

order to improve stability of the models and accuracy of the results using FE analysis. 

The thesis has been divided into seven chapters. Chapter 2 provides a literature review of 

the different methods that have been used to model honeycomb cells and previous studies 

related to the study topic. Chapter 3 gives the technical and the construction methods 

adopted to develop PDB and also explain the UTAC test result performed on PDB. 

Chapter 4 gives details on the methodology adopted to develop the PDB using shell 

elements. Chapter 5 discusses the shell element model simulation results and also 

includes the comparisons between the test data, the solid element model results, and the 

shell element results. Full-vehicle to barrier simulation results of the PDB-XT shell 

element model with a Ford-F150 pickup truck is presented in Chapter 6. The last chapter,   

Chapter 7 gives the conclusions of the research and recommendations for future research.    
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2. Literature Review 

In order to assess the crashworthiness of the vehicle, the FE model of the PDB has 

to simulate the compressive crush strength and failure mode behavior of the aluminum 

honeycomb cores. Hence the FE model of the barrier has to replicate the global and local 

deformation of the honeycomb cores accurately. During a localized impact a honeycomb 

cell may encounter local tearing, and during impact loading (in the thickness direction) it 

produces localized crush. This behavior of the honeycomb structure is difficult to 

generalize using solid elements with the available elastic-plastic continuum material 

models [25].  

2.1 Honeycomb Construction 

 

Figure 2.1: Honeycomb showing the network of cells with Thickness, Length and the 

Width directions 

 

The Honeycomb is the simplest form of cellular solid which is two-dimensional 

and has hexagonal cells which form a plane (Figure 2.1). Cellular solid is a network of 

internally connected solid struts or plates which form the edges or faces of the cells.    

The property of the cellular solids depends on the way the solid is distributed in the cell 

L 

W 

T 

T = Thickness 

L = Longitudinal Direction  

W= Transverse Direction  
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faces and the cell edges. The cells can be stacked in different ways to get different 

structures based on the edge connectivity, which results in different properties to the 

cellular structure. Normally, it has three cell edges meeting at a vertex which forms an 

array of six sided cells, the naturally occurring two dimensional cells have irregular 

number of cell edges ï soap froth, a beeôs honeycombs or the retina of an eye has either 

four, five or more cell edges meeting at a vertex [19].    

Relative density is the important character governing the properties of a cellular solid.  

 Relative density =  ” *
/ ” s 

Where, ”
 *
--- is the density of the cellular material and ” s--- density of the cell wall 

Relative densities of cellular solids are generally less than 0.3. The shape of the 

cell and the cell size has very important influence on the properties (mechanical and 

thermal) of the cellular solids. The properties of solid are isotropic when the cells are 

equiaxed and the properties depend on the orientation of cells when the cells are 

elongated or compressed. Polymeric foams used for packing and insulating have their 

relative densities ranging from 0.05 to 0.2, and soft wood has range from 0.15 to 0.40.  

 The most commonly used procedure to manufacture honeycomb is by pressing 

sheet material into a half hexagonal profile and then by gluing the corrugated sheets. The 

glue is applied in between the stack of metal sheets and then the stack is pulled to form a 

honeycomb [15].   

The strength of a honeycomb core depends on the ratio of width and thickness of 

the cell walls. Aluminum honeycomb is an elastic-plastic material which undergoes 

deformation under impact loading. Hence honeycomb is used for different energy 

absorbing applications. Pertaining to the automobile industry, the honeycombôs plastic 

deformation characteristic, failure modes under dynamic loading and their energy 
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absorbing capabilities are important factors. It is used in filling material for rails in 

vehicle structures and in vehicle crash test barriers. 

2.1.1 Deformation Mechanisms in Honeycomb 
 

Honeycombs are similar to a spring system, when loaded in in-plane direction(X1 ï 

X2 plane in Figure 2.2) the cell walls start to bend. The geometry of the honeycomb 

allows large deformations with only a small strain to the structure. When they are loaded 

in out-of-plane direction (X3 plane) the honeycomb is much stiffer and the cell walls are 

compressed, elongated or sheared under axial loading.  

   

Figure 2.2: A honeycomb cell showing X1, X2 and X3 directions 

The mechanical behavior of cellular solids involves three stages. Firstly, the walls 

of the honeycomb cells start deforming and bending due to linear elastic deformation 

(Figure 2.3). After reaching a particular strain (depends on the material) the cells reaches 

elastic buckling, plastic yielding, creep or brittle fracture depending on the particular 

material used for the cell wall. In this region, a constant load is observed.  When the 

compressive strains are increased further, the opposing walls of the cells come in contact 

and they deform together. This results in steep increase of the stress. This behavior of the 

 

 

 

X3 

X1 

X2 
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Honeycomb is termed as Densification. Once the cells walls touch each other the 

collapsing stops and the material starts to densify which results in the increase in stiffness 

of the material [19]. 

 

 

 

 

Figure 2.3: Force-Deflection behavior of a honeycomb  

  

When the honeycomb cells are subjected to tension, the cell walls starts bending 

at first similar to that of compression loading. If the material of the honeycomb cell is 

yielding plastically the honeycomb exhibits plasticity, if the material used for the cell 

wall is brittle then the cell fractures. 

Honeycombs offer more stiffness when loaded along the axis of the cell in the 

direction of X3 (Figure 2.2). In case of out of plane deformation, the initial stage of linear-

elastic buckling has higher axial or shear deformations of the cell walls. Linear elastic 

deformation can be explained as follows:  

During axial loading (in X3 direction) the honeycomb cell walls are either 

stretched or compressed unlike in the in-plane deformation. Since axial and bending 

F
o
rc

e 

Displacement 

Material 

Densification 
Compression under 

constant load 
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deformations are included in out-of plane deformation, the plastic collapse strength is 

much higher in this case.  

2.1.2 Mechanical Properties of Honeycombs with double thickness 

vertical walls  
  

 

Figure 2.4: A Single Honeycomb cell with double thick vertical walls 

 

Commercially available honeycombs are manufactured by gluing strips of the 

material and then it is pulled such that hexagonal cells are formed. This process is called 

as óExpansionô. This process yields a cell which has four walls with length - l and 

thickness - t and two walls of length - h and thickness 2t. The adhesive is added on the 

aluminum sheets in a direction parallel to the thickness the aluminum sheets are then 

assembled and cured and they are expanded to the required cell size. Figure 2.4 shows a 

single honeycomb cell with double wall thickness. 

h 

l 

2t 

— 

Double thick 
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When subjected to deformation the glue deforms initially followed by the cell 

walls. The strength of the glue is less than the cell wall material. The relative density of 

the honeycomb cell is given by   

 
  ᶻ

  
 = 

Ⱦ
 

Out-of-plane properties of a honeycomb cell is given by  

ᶻ

 =   

Where, Ὁᶻ  is the youngôs modulus in the normal (X3) direction 

          Ὁ is Solid modulus 

Uniaxial tension is given by 

ᶻ
 

 =   

Plastic buckling in uniaxial compression (Wierzbicki (1983) [19]) 

                    
ᶻ
 

 = 6.6 
Ⱦ

 

h/l = 1 and — σπЈ 

Where, ů  is the yield strength of the material of the cell wall 

 „ᶻ   is the plastic buckling stress of the honeycomb cell in X3  direction 

       —    is the angle  

Using this equation the length of each side of a honeycomb cell can be calculated based 

on the desired strength. 
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2.1.3 Directional Dependence of Aluminum Honeycomb 
 

In order to study the directional dependence of honeycomb cells, Kojima et al. [3] 

has conducted static compression tests at different angles. A test specimen with a size of 

150 x 150 x 50 mm was cut out of the honeycomb core with a variation of 10 degrees and 

then the static compression test was conducted ï as shown in Figure 2.5.  

The compressive stress was calculated using 

 

Compressive stress = 
  

         
 

 

Figure 2.5: Aluminum Honeycomb Compression test based on orientation of the cell [3]  

 

The results of the tests in Figure 2.6 show that the highest compressive stress was 

measured along the zero degree of the test specimen. The results also show that the test 

specimens which were cut at an angle of 60 degrees or more had very less compressive 

stress when compared to the other tests.  
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Figure 2.6: Relationship between the cell orientation and the compressive stress 

2.2 Available Deformable Barrier Finite Element Models  

Kojima et.al [3] developed a side impact Moving Deformable Barrier using shell 

elements and compared the results from a full vehicle side impact analysis with results 

from the solid element barrier. The shell element barrier had better correlation than the 

solid element barrier. In order to assess the compressive strength of the solid element 

barrier, a FEM analysis of a flat impactor and an offset pole impactor test were carried 

out. In the flat impactor tests, the results correlated well with the actual test results 

(Figure 2.7), i.e. the compressive strength of the FE model of the aluminum honeycomb 

under axial compression was predicted accurately. But in the offset pole test the barrier 

deformation measured was 32 mm less than the test results (Figure 2.8) [11]. The results 

of the comparison of both the solid and the shell element models with the test are shown 

in the Figure 2.7 - 2.13. 
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Figure 2.7: Force-Displacement Curve for Flat Impactor Test of FE model and actual 

Test [11] 

In the flat impactor test (Figure 2.7), the compression behavior of the solid elements 

under axial loading was found to be correlating with the test result. The extent of 

deformation measured in the FE model and the test were same.  

            
         
 

Figure 2.8: Force-Displacement Curve for Offset pole Impactor Test of FE model and 

actual Test [11] 

In the pole impactor test the stroke of the barrier was 32 mm less than the test 

(Figure 2.8), this suggests that the barrier has a stiffer response in the simulation. Figure 

2.9 shows the region where the pole is impacting the barrier. This region undergoes local 

deformation during the simulation. The elements in this encounter excessive hourglass. 
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The study showed that, in the offset pole impactor test, the hourglass energy to total 

energy ratio was about 60% (Figure 2.10). This was due to the hourglass control applied 

to the solid elements which contributed to the increase in measured barrier force.  

 

Figure 2.9:  Hourglassing of the deformed elements of Solid Element honeycomb  

 
Figure 2.10: Comparison of Hourglass Energy and Internal Energy in Solid Element 

Moving Deformable Barrier  

The ratio of hourglass energy to the internal energy in the shell element MDB 

was observed to be around 10%. This was due to lesser resistance offered by the 

aluminum honeycomb during deformation. Also the deformed shape of the vehicle 

showed better correlation in the shell element model compared to solid element model. 

Figure 2.12 shows the comparison of the ratio of hourglass energy and total energy was 

higher in solid element model compared to shell element model.  
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Hourglass modes are nonphysical, zero-energy modes of deformation. It produces 

zero strain and no stress. Hourglassing of elements involves nodal deformations that do 

not contribute to the strain energy of the elements. Hourglass modes occur in elements 

which are under-integrated (single integration point - Single point integration is generally 

used to save computational time). The two main Hourglass modes observed in elements 

are in-plane mode and out of plane mode [27]. Different hourglass control are available 

in LS-DYNA 

 

Figure 2.11: Different Hourglass Modes 

 

Figure 2.12: Comparison of the ratio of Hourglass Energy to Total Energy in Solid and 

Shell Element Moving Deformable Barrier 
 

Out of plane mode In-plane mode 
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Figure 2.13: Comparison of Results in Flat Impactor test of FE models of Shell and Solid 

with Test 

The shell element model and the solid element barrier model behaved similarly in 

the flat impactor test (Figure 2.13) and the results correlated with the test results. But, in 

the offset pole imapctor test, the shell element model results were more accurate 

compared to solid element (Figure 2.14). The difference in the extent of deformation was 

reduced to 3 mm.  

 
 

Figure 2.14: Comparison of Results in Offset Pole Impactor test of FE models and actual 

test 

FEM [Solid] 
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Jost,T et.al [9] developed a IIHS moving deformable barrier using Discrete Beam 

method (Figure 2.15). The objective in this research was to simulate the deformation 

modes of the aluminum honeycomb and also to reduce the CPU time. The Discrete 

beams, in the model are spring elements with six uncoupled degrees of freedom. The 

discrete beam element resulted in less number of elements compared to shell element 

model, which reduced the CPU time.  In the discrete beam method, each edge of the 

honeycomb cell was represented by only one element. This resulted in a simplified model 

of IIHS moving deformable barrier. [9] 

 

Figure 2.15: IIHS moving deformable barrier developed using discrete beam method [9] 

 

Eskandarian, A., et,al [28] developed a FE model of a bogie (surrogate crash test 

vehicle) and validated the FE model for rigid pole test. Bogie (Figure 2.16) is surrogate 

crash test vehicle used by The Federal Highway Administration to simulate the impact 

dynamics of a small size vehicle. It can be configured using different noses to get 

different crush behavior. The weight of the bogie can also be altered to represent the 

variation in the weight of a vehicle. 
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Figure 2.16: Bogie-Surrogate crash test vehicle 

 

The FE model could be used for different crash simulations for the design 

optimization of roadside hardware. The FE (Figure 2.17) model consists of a multi-

layered crushable honeycomb nose and has different honeycomb segments representing 

different crush strengths. Each honeycomb segment was represented using the material 

model type 26 available in DYNA3D. Quasi static compression simulations were run to 

validate the parameters of each honeycomb segment. The comparison of the force ï 

crush response of the compression test and simulations results are shown in the Figure 

2.18, the simulation results showed good correlation with the test results. The FE model 

was validated using a 32km/hr impact using an instrumented rigid pole, the result is 

shown in Figure 2.19.  

          

Figure 2.17: FE model of the Bogie 



21 

 

       

             

Figure 2.18: Comparison of compression test and simulation of different segments of 

honeycomb of the bogie  

 

Figure 2.19: Comparison of acceleration time histories of crash test and simulation 
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Park, C.K., et,al [1] developed a FE model of PDB using solid elements (Figure 

2.20). The FE model has small columns of solid elements representing the honeycomb 

blocks. These columns are interconnected using discrete beam elements. 

MAT_MODIFIED_HONEYCOMB material model available in LS-DYNA was used to 

represent the aluminum honeycomb. The yield stress of the material was defined as a function of 

the angle off the material axis. The adhesive bonding between the plates and the honeycomb 

cores was represented using discrete beam elements with failure criteria [1]. Figure 2.21 and 

Figure 2.22 show the test set up of the two validation test simulations and the force-

deflection behavior of the solid element model.  The results were compared to physical 

tests. In case of test 1 with a curved rigid impactor, the solid element PDB model 

captures the global crushing behavior of the aluminum honeycomb, the deformation 

kinematics, however did not match the test deformations. Also, the extent of deformation 

of the barrier is not reached as observed in the physical barrier. In case of the validation 

with a flat rigid impactor, the solid element model failed to capture the local crushing 

behavior and the deformation kinematics.  

 

Figure 2.20: PDB modeled using solid elements 
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Figure 2.21: Comparison of Solid element model and Test in validation test1 [1] 

 

 

Test Setup of Validation test 1 

Test Setup of Validation test 2 
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Figure 2.22: Comparison of Solid element model and Test in validation test 2 [1] 
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3. Progressive Deformable Barrier-Description 

and Construction 

 

The PDB test procedure was developed by the compatibility and frontal impact 

working group (WG 15) of the European Enhanced Vehicle Safety Committee (EEVC). 

This PDB test procedure is proposed to evaluate vehicleôs structural interaction, front end 

force level of the vehicle and occupant compartment strength. The deformation of the 

PDB gives the measure of aggressivity of the vehicle.  

 PDB is a vehicle-like barrier, it has honeycomb blocks which progressively 

increase in stiffness representing different types of vehicles independent of their mass. 

PDB is deeper when compared to offset deformable barrier and has been designed to 

avoid óBottoming Outô effect.  

This chapter explains the different components of PDB. The gluing process 

followed to glue the different aluminum sheets to form a honeycomb cell. The results of 

the two tests conducted by UTAC on PDB are also explained in this chapter. 

3.1  Technical Description of PDB  

 PDB consists of three deformable aluminum honeycomb cores which has four 

distinct crush strengths. It has a stiffness which increases progressively along the 

thickness direction. PDBôs design helps in preventing bottoming out of the barrier. The 

deformable honeycomb cores are made of Aluminum 3003 alloy which has yield stress at 

142 MPa. The different components of PDB are shown in Figure 3.1 and Table 3.1. 
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Figure 3.1: Different components of PDB 

 

Table 3.1: Components of PDB 

Component Number Name of the Component 

1 Front Deformable Core 

2  Progressive Deformable  Core 

3 End Deformable Core 

4 Intermediate Plate 

5 Back Plate 

6 Contact Plate 

7 Covering Plate 

8 Glue 

 

The PDB is 1000 mm wide, 700 mm deep and 700 mm tall. The front deformable 

honeycomb core is 250 mm thick and designed in a way to provide constant crush 

strength. Behind the front core is the progressive core which is 350 mm long and has a 



27 

 

crush strength which increases progressively. The PDB with dimensions is shown in 

Figure 3.2. The progressive strength of the barrier is achieved by a chemical etching 

process. The progressive core has two regions (top and bottom) with two different crush 

strengths.  

 

Figure 3.2: PDB with dimensions in the Length, Width and Thickness direction [1] 

 

The PDB includes four aluminum sheet metal plates as listed in Table 3.2. A 

covering plate is located at the front face of the barrier. An intermediate plate is used 

between the front core and progressive core. Adhesives are used to bond the face of the 

honeycomb core and this aluminum plate. Adhesives are not used between cores and the 

covering plate. Rivets are used between the contact plate and covering plate. The front 

core of the PDB has an aluminum honeycomb core with a cell size of 19 mm and the 

progressive core and the end core have a cell size of 9.5 mm.  

 

Progressive Core 
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Table 3.2: Aluminum sheets used in PDB their thicknesses 

Name of the Component Type of Aluminum used Thickness 

Covering Plate 5052 H24 0.8 mm 

Contact Plate 1050 H111 1.5 mm 

Intermediate Plate 5052 H24 0.8 mm 

Back Plate 1050 A 0.3 mm 

 

The Front deformable core is 700 mm tall, 1000 mm wide and 250 mm deep. It has a 

constant crush load of 0.34 MPa (49.31 Psi).  Progressive deformable core is 700 mm tall 

and 450 mm deep. The progressive core has two different load paths, the lower load path 

has a stiffness which increases progressively from 0.68 MPa to 1.02 MPa (98.62 Psi to 

148 Psi) and the upper load path has a stiffness increasing from 0.34 MPa to 0.68 MPa 

(49.31 Psi to 98.62 Psi) as shown in Figure 3.3.  

 

Figure 3.3: PDB with different crush resistance for different cores [6] 

 

These distinct load paths are achieved by chemical etching process. The progressive 

deformable core offers constant resistance load path for the last 100 mm (End Core).  

Progressive Part 
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The Intermediate Plate 1000 mm wide and 700 mm tall. Its thickness is 0.8 mm and is 

manufactured from Aluminium 5052 H24. The Contact plate is 1000 mm wide and 700 

mm tall. It is 1.5 mm thick and it is manufactured from Aluminium 1050 H111. The 

cladding sheet is manufactured from Aluminum 5052 H24 and it is 0.8 mm thick, the 

dimensions are 1000 mm wide and 850 mm tall. It has two mounting flanges of 75 mm 

length which is used to mount the barrier on to the rigid wall. On the outer face the 

cladding sheet has twenty holes with a diameter of 6.2 mm for riveting purpose. These 

rivets are made of aluminum and steel. 

3.1.1 Adhesive Bonding 
 

 The aluminum sheets are cleaned with a degreasing agent before they are glued 

together, the cleaned aluminum sheet surfaces are then abraded using an abrasive paper. 

Then the glue is evenly applied over one side aluminum sheet and they are glued 

together. The aluminum honeycomb core is glued to the sheets such that the axis of the 

honeycomb cell is perpendicular to the sheets. The contact plate is glued to the front core 

of the PDB, the intermediate plate is glued on both sides to the faces of the front core and 

the progressive core. The covering plate is not glued to the faces of the honeycomb core, 

but it is glued to only the back plate and the mounting flanges. The adhesives used in 

PDB are compliant with the ECE R94 regulation. Generally polyurethane like XB5090 

along with XB5304 is used. The Process of gluing of the aluminum sheets is shown in 

the Figure 3.4.  The adhesive is applied between the aluminum foil and then they are 

expanded to form a honeycomb cell. 
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Figure 3.4: Aluminum Sheets glued together to form a honeycomb cell [13] 

 

3.1.2 Calibration Test for Aluminum Honeycomb Core 

 The different aluminum honeycomb blocks of PDB are tested for static 

compression. One sample is taken from each of the blocks for testing. For the front 

honeycomb core a sample with dimensions 200 x 200 x 250 mm is considered for testing. 

For the progressive core two samples from the two different load path regions are taken, 

the dimension of the sample is 100 x 100 x 450 mm. For the end deformable core the 

sample size is 100 x 100 x 100 mm. the samples are compressed between two parallel 

plates which are 20 mm larger than the size of the sample considered for testing. The 

maximum compression is about 80 % of the honeycomb core in the thickness direction. 

3.1.3 Barrier Mounting  
 

 The PDB is attached to a load cell wall which has a mass equivalent to 70 ton. 

The front face of the rigid wall to which the barrier is attached should be flat and 

continuous over its height and width. The rigid wall should not be displaced more than 2 

mm during the test. The edge of the PDB is aligned with the edge of the rigid wall. The 

PDB is connected to the rigid wall using ten rivets which have a diameter of 6.2 mm with 

five in the top and five in the bottom of mounting flange. Steel clamping strips are used 
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for both top and bottom mounting flanges. The function of the mounting strips is to hold 

the PDB in its position during the test. The PDB when mounted on the load cell wall is at 

a height of 150 mm from the ground (Figure 3.5). 

      

Figure 3.5: PDB mounted on load cell wall [7] 

 

3.2 Validation Tests  

 The validation of the PDB is an essential part of the development process. The 

validation tests are generally carried out to correlate the overall deformation and the 

force-deflection behavior of the barrier and to check the local and global crushing 

behavior of the honeycomb cells. UTAC [16] conducted two validation tests on the PDB 

with rigid impactors. The details of these two tests are as follows. 

Test 1:  

 Impacting Velocity: 17.89 ms
-1 

(64.4 km/hr)
 

 

 Mass of the Rigid Impactor: 1492 kg 

150 mm 
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               Top View      Left View 

Figure 3.6: Test set up showing the overlapping distance of Rigid Impactor 

 

 

Figure 3.7: Curved Rigid Impactor Impacting the PDB 

 

This test was conducted to measure the global crushing of the honeycomb cells in 

the PDB. The test was conducted twice with identical configurations to test the 

robustness and the repeatability of the barrier. The curved rigid impactor (Figure 3.7) 

covers the entire height of the PDB. The impactor overlaps only 700 mm of barrier along 

Backing Wall  

Moving Rigid 

Impactor  
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its width. The load cells mounted at the rear of the barrier measures the force. An 

accelerometer is mounted on the impactor to measure its acceleration. The results of the 

validation test are shown in Figure 3.8 ï 3.10. The force in the graph shows that at time 0 

the force is at 50 kN, this is due to the filtering of the force data (which cuts the high 

frequencies signals, alters some the forces at time zero which occur at these frequencies). 

The deformed shape of the barrier at full compression is shown in the Figure 3.9 and 

3.10. The force in the second test reduces at a displacement of 250 mm. This is taking 

place when the front core is completely crushed. The deformed pictures show that the 

end core is not deformed. 

 

Figure 3.8: Force Vs Displacement in the X direction 
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Figure 3.9: Deformed shape of the barrier after the test   Figure 3.10: Deformed shape of  

                                                                                                                              the barrier after the test          

  

Test 2:  

 Impacting Velocity: 16.53 ms
-1 

(59.50 km/hr) 

 Mass of the Rigid Impactor: 1498 kg 

              

                    Side View          Top View 

Figure 3.11: Top view showing the Rigid Impactor completely overlapping the PDB 

 

Moving Rigid 

Impactor  

Backing Wall  
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Figure 3.12: The Flat rigid impactor impacting the PDB 

 This test was conducted to measure the local crushing of the honeycomb cells in 

the PDB. The flat rigid impactor covers the entire width of the barrier and it is at a 

specified height as shown in the Figure 3.11. The impactor is aligned at the region where 

the two blocks of the progressive core is separated. The load cells mounted at the rear of 

the barrier measures the force. The acceleration is recorded by the accelerometer 

mounted on the impactor. The force-deflection characteristics of the barrier are shown in 

Figure 3.13. Figure 3.14 shows the picture of the barrier completely deformed. The figure 

shows that the front core and the progressive core are completely deformed and the 

cladding sheet is separated from the core. 
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Figure 3.13: Force Vs Displacement in the X direction  

 

 

Figure 3.14: Deformed shape of the barrier after the test 
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4. Development of Finite Element Model of 

Progressive Deformable Barrier 

  Figure 4.1 explains the process followed in the development process of PDB. 

Firstly honeycomb compression simulations were run to determine the thickness of the 

cell. The thickness values obtained for particular crush strength were used to develop the 

FE model of PDB.  

                                                                         

Honeycomb Compression Test                                              Honeycomb Compression Simulations   

                                                          
         Validation Tests                                                                                   Validation Test Simulations 

                                                   
             Full ς Vehicle Tests                                                                 Full ς Vehicle Simulation 

Figure 4.1: Developmental Process of PDB 
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Then the FE model was validated for two validation tests. Lastly the validated PDB was 

used for a full-vehicle simulation. 

 In this section the development and modeling process of the FE model using 

shell elements are explained in detail. It also discusses the results of the component level 

honeycomb compression simulations that were carried out to determine the cell wall 

thickness.  

The physical properties of hexagonal honeycomb, such as buckling modes are 

better depicted when the cell size used is of the same size as that of the physical barrier. 

But due to the limitations in computational time, the honeycomb cell size had to be 

scaled.  

The accuracy of a FE model also depends on the material model used for the 

different components of the PDB model. LS-DYNA has a wide variety of material 

models out of which two material models were used. The following table lists the 

material models and the number of components with their respective material type 

number. 

Table 4.1: Material Models Used in FE Model 

Material Type Number Material Type 

24 Piecewise_Linear_Plasticity 

1 Elastic 

20 Rigid 
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Material type 24 (Piecewise Linear Plasticity): 

   The material type 24 is the most widely used material model in LS-DYNA for 

simulating the elastic-plastic behavior. The input parameters of this material model  

1. Density of the material 

2. Youngôs modulus  

3. Poissonôs ratio 

4. Yield stress 

5. Load curve defining the effective stress versus the effective plastic strain which 

represents the plastic region of the material 

6. Effective plastic strain at failure 

The elastic properties are determined by the use of elastic constants and the plastic 

properties of the material are described by defining the yield stress, hardening and the 

flow properties of the material. The material properties of aluminum 3003 series were 

used in the material model. Initially a plastic strain failure at 45% elongation was used in 

the material model. The engineering stress-strain data was obtained from reference [26] 

and the stress-strain data is shown in Figure 4.2. The material model Type 24 in LS-

DYNA uses true stress and effective plastic strain data. 

The Effective plastic strain of a material is determined by the elastic modulus of 

the material.  

 True strain = ln(1 + engineering strain) 

True stress = (engineering stress) * exp(true strain) = (engineering stress) * (1 

+engineering strain) 

Effective plastic strain = ÔÒÕÅ ÓÔÒÁÉÎ ɀÔÒÕÅ ÓÔÒÅÓÓȾὉ   
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The true stressïeffective plastic strain curve for aluminum 3003 used in the material 

model is shown in Figure 4.3 and the values for the parameters of material model are 

given in Table 4.2. 

Table 4.2: Input parameters for the Material Piecewise linear plasticity used for 

Aluminum Honeycomb Cores of PDB 

Input Parameters Values 

Density 2.4030E-9 t/άά  

Youngôs Modulus 70 Gpa 

Poissonôs Ratio 0.35 

Yield Stress 142 N/άά  

Load Curve Figure 4.3 

Tangent Modulus Not used 

 

 

 

Figure 4.2: Stress-Strain data for aluminum 3003 series 
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The Figure 4.3 shows the True stress versus the effective plastic strain curve used for the 

aluminum honeycomb cores in the PDB. 

 

Figure 4.3: True Stress ï Effective Plastic Strain Curve of Aluminum 3003 

4.1 Methodology 

 The aluminum honeycomb structures used in the crash barriers have 

orthotropic hexagonal structures made of very thin aluminum foils. This section explains 

the method adopted for modeling a single honeycomb cell and subsequently the whole 

barrier. The hexagonal honeycomb cell has two cell walls which have double wall 

thickness with the glue in between them. The double wall is shared between two adjacent 

cells (Figure 2.4). The honeycomb cell has three principle directions (Figure 4.4) and is 

stronger in the direction parallel to their cell prism which is called the Thickness 

direction, when compared to other two directions. In the thickness direction, it has the 

ability to withstand load more than the length and the width directions. When the 

aluminum honeycomb structure is loaded in the global thickness direction, the structure 

deforms elastically at first, after reaching a certain compressive stress the structure 

buckles. This can be noticed in force-displacement curve as an initial peak, shown in 

Figure 4.5. After the initial peak the structure buckles under compressive load [9]. After 
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reaching a particular stress, the cells start collapsing and there is a steep increase in the 

stress and honeycomb cells start to Densify.   

 

Figure 4.4: Honeycomb cells showing T, L and W directions [9] 

 

  

 

  

Figure 4.5: Force-Deflection behavior of a honeycomb when loaded in the Thickness 

direction 

 

Hence to obtain accurate results and to represent the buckling mode of the 

aluminum honeycomb, the number of elements used in each cell wall of a honeycomb 

cell plays an important role.  The actual size of the honeycomb cell is 19 mm in the front 

core and in the progressive core. But the end core has the cell size of 9.5 mm.  Due to the 

limitations of computational time in LS-DYNA, the honeycomb cell if modeled with the 

actual size would yield a large number of elements.  Hence to maintain a minimum time-
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step of one micro second, the minimum length of the element was maintained at 7 mm. 

This can be achieved by scaling the cell size of the aluminum honeycomb.  

4.1.1 Element Length and the cell size  
 

 In a dynamic analysis, stress wave travels at the speed of sound, if the elements 

are small then the stress wave can skip an element while traversing. The procedure to 

find the time step is based on Eigen frequencies of the element. LS-DYNA determines 

a minimum time step for all elements at every cycle [18]. 

),...,,min(.)( #2#1#1 Melmelmelmn ttttt DDD=D + a  

Where, ais a scaling factor, (set to 0.9, to avoid instabilities)  

The critical time step calculation depends on kind of the element used, for example the 

critical time step for a shell element is computed through the use of the Courant Criteria,  

c

l
te =D  

Where, etD  is the critical time step of an element, l is the smallest edge length in an element, and 

c is the wave speed.  

For shell elements, the wave speed is calculated by  

C =    

  Where, E is the Young modulus, ’ is the Poisson ratio, and ” is the specific mass 

density of the material.  
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   The above equation shows that an increase in density leads to a reduction in 

sound speed and a subsequent increase in minimum time step values. This ómass scalingô 

is used in LS-DYNA as means to maintain the time step above the prescribed minimum 

value. This results in the increase of mass in the elements and also in the kinetic energy 

of the model. This increase in mass can alter the behavior of the component. Generally, 

an eight to ten percent increase is acceptable in finite element modeling pertaining to 

auto industry. 

  Substituting the corresponding values of the material aluminum in the above 

equation, the value of l was found to be 

C =   
Ȣ Ȣ

 

■  Ȣ  □□  

The above mentioned length of an element is at undeformed condition. During 

simulation the elements undergo deformation and the length is reduced and the time step 

would reduce. Hence, the minimum length of the elements of the honeycomb cell was 

modeled with 7.0 mm. Based on this each side of the cell was modeled with three 

elements and the total length of each cell wall was 20.12 mm. This scaled size was used 

to model the front, progressive and the end core of the PDB.  
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Figure 4.6: Test Specimen (Top View) 

 

                       

Figure 4.7: Scaled FE Honeycomb cell 

 

The difference in compressive strength between the actual aluminum honeycomb 

and the FE model, resulting due to scaling of the honeycomb cell is addressed by adding 

virtual thickness to the shell elements. The common cell wall shared between two 

adjacent cells has double wall thickness.  

35.75 mm 

Actual Cell Size= 19 mm FE Cell Size= 35.75 mm 

 

20.12 mm 

Double thickness 
wall shared 
between two 
adjacent cells 

 35.75 mm 

Double thickness wall 
shared between two 
adjacent cells 
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4.2 Compression Tests of Aluminum Honeycomb  

In order to establish a relationship between the shell element thickness and the 

corresponding compressive strength, a quasi-static compression test was carried. Plascore 

Inc [5], conducted quasi-static tests on a honeycomb test specimen with a size of 3x3x3 

inch, the cross head speed was maintained at 1 inch/min.  

 

Figure 4.8: Compression test of the Honeycomb core in the T direction 

 

Figure 4.9: Compression Test Results for the core with Crush Strength of 0.34 MPa 
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Figure 4.9 shows the compression test result for the honeycomb core with crush 

strength of 0.34 MPa. Based on this test, a FE model was used for compression test 

simulation in this research. Several iterations were made with a specimen size of 3x3x3 

inch. Figure 4.10 shows the comparison of the 3x3x3 inch FE model (with an average 

element size of 3mm). This element size cannot be used to model the entire barrier 

because of time-step issues. If the 3x3x3 inch FE model is modeled with an element size 

of 7 mm (depth direction), it would yield less number of elements, which are not enough 

to capture the buckling behavior of the honeycomb. Hence the specimen size was scaled 

to 5x5x5 inch (with an average element size of 7 mm) in order to capture the buckling 

behavior.  

 

 

Figure 4.10: Comparison of the 3x3x3 inch FE model and scaled 5x5x5 inch model 

 

 The Figure 4.11 shows the FE model of the test specimen considered, Figure 

4.12 shows the test setup. 
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Figure 4.11: Test Specimen with 5x5x5 inches in length, width and thickness direction 

 

 

 

Figure 4.12: Compression test setup 

 

Table 4.3: FE Model Compression test setup 

Test Specimen Dimension 5 x 5 x 5 inches 

Cross-Sectional Area 25 inch
2
 

Cross Head speed 1 inch/min 

Output  Rigidwall force and Nodal Displacement 

 

 

127 mm 

1 inch/min 

Rigid Plates  

127 mm 

127 mm 
127 mm 
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The stress was calculated using  

„ =    

   Where, F- rigid wall force 

           A - Cross-sectional area of the test specimen = 25 inch
2 
 

Based on the compression tests the thicknesses of different aluminum honeycomb 

cores of the PDB for different crush strengths were validated. The thickness values of the 

honeycomb cells are shown in Table 4.4.  

Table 4.4: Shell Thickness corresponding to the Compressive Stress 

 

Several iterations were performed in order to find the exact thickness for the 

particular crush strength. Considering the case for the honeycomb core which has crush 

strength of 1.02 MPa (150 Psi, End Core), Figure 4.13 shows the relationship between 

the shell thicknesses and the corresponding crush strength for End Core. Figure 4.14 

shows the validated shell thickness for a specific crush strengths for different honeycomb 

blocks of the PDB. 

Required Compressive Stress(MPa) Honeycomb Cell Thickness (mm) 

0.34 0.10 

0.68 0.22 

1.02 0.30 
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Figure 4.13: Relationship between Crush strength and corresponding Honeycomb shell 

thickness 

 

 

Figure 4.14: Honeycomb Cores with different crush strength for validated thickness 
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Theoretical Evaluation of the Length of the Cell wall of the Honeycomb Core 

 By Wierzbickiôs method, the plastic buckling stress for regular hexagon with 

uniform wall thickness is given by the formula [19] 

ᶻ
 

„ώί 
 = 6.6 

Ⱦ
 

Where, „  - Yield stress of the material  

             „ᶻ  - Plastic buckling stress 

                  t ï Thickness of the cell wall  

                  l ï Length of the cell wall 

Considering the example for the honeycomb core which has compressive stress of 1.02 

MPa of PDB (End Core) 

Ȣ
 = 6.6 

Ȣ Ⱦ
 

the length of the cell wall was found to be  

l = 18 mm 

 

4.3   Modeling of PDB 

The front core which has constant crush strength was modeled with the cell size 

of 20.12 mm as mentioned in the earlier section. The elements were represented using a 

quadrilateral shell with element formulation 2 (Belytschko - Tsay) available in LS-

DYNA with three integration points. The material model Type 24 was used for modeling 

the material properties of aluminum. The adhesive bonding between the front core and 

the contact plate was modeled using tied contact.  
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 The progressive core as explained earlier has two distinct crush strength zones 

representing two different load paths. Figure 4.15 shows the progressive core with an 

upper zone having a compressive stress which increases from 0.34 MPa to 0.68 MPa and 

the lower zone increasing from 0.68 MPa to 1.02 MPa across a length of 350 mm. In the 

actual barrier this distinct crush strength is achieved by chemical etching process. This 

process makes the surface of the aluminum progressively thinner.  

Based on the ductility of aluminum, initially a plastic strain failure at 45% 

elongation of the material was used for the elements in the front core and progressive 

core. The thickness values obtained from the component simulations were used and the 

thickness was incremented progressively for the elements in the progressive core. Hence 

the progressive increase in the compressive stress was regulated by the variation in the 

thickness of the elements. The elements had 

*CONTACT_ERODING_SINGLE_SURFACE in order to avoid penetration. 

*CONTACT_TIED_NODES_TO_SURFACE was used represent the adhesive bonding 

between the intermediate plate and the progressive core.  

A MATLAB program was coded which regulates the increase in the compressive 

stress by incrementing the thickness of the elements in the impact direction by 

maintaining a specified element length. The inputs for the program are 

Total length of the Progressive core = 350 mm 

Total number of elements in Progressive block = 42  

Minimum length of each element = 8 mm 

Initial Thickness (single wall thickness) in case of Upper Progressive Block = 0.10 mm 

Final Thickness (single wall thickness) in case of Upper Progressive Block = 0.22 mm 

Initial Thickness (single wall thickness) in case of Lower Progressive Block = 0.22 mm 
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Final Thickness (single wall thickness) in case of Lower Progressive Block = 0.30 mm 

The end core has two distinct regions of constant crush strength. The elements in 

this region had the particular thickness obtained from the component simulations of 

honeycomb. The adhesive bonding between the back plate and the end core was modeled 

using a tied contact. The rivets between the covering plate and the contact plate were 

modeled using rigid links constraining them in the three translational and three rotational 

degrees of freedom.  
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Figure 4.15: Progressive core modeled using MATLAB code with the honeycomb cell 

thickness increasing progressively 

 

 

 

 

Figure 4.16: Fully developed PDB model using Shell Elements 

 

Number of nodes = 546,688 

Number of Shell elements = 586,133 
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The components of fully developed FE model of PDB are mentioned in Table 4.5 and 

the FE model had 546,688 nodes and 586,133 shell elements shown in Figure 4.16. 

 

Table 4.5: Components of FE model of Progressive Deformable Barrier 

Component Number Name of the Component 

1 Front Deformable Core 

2 Progressive Deformable  Core 

3 End Deformable Core 

4 Intermediate Plate 

5 Back Plate 

6 Contact Plate 

7. Covering Plate 

8 Pre-Crushed Honeycomb 

9 Glue 
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5. Simulation Results 

This section discusses the force-time histories and force-deflection characteristics 

of the shell element model simulations. The simulations were performed using FE solver 

LS-DYNA version 971 Release 4 single-precision. Each simulation was run for 75 

milliseconds, using 8 processors. The time-step was maintained at 1 microsecond. The 

rigidwall force was measured at rear end of the PDB. SAE 60 filtering was used to 

reduce the noise in the force data measured.  

The accuracy of the FE simulation can be ascertained by quantitative and 

qualitative comparison. The qualitative analysis involves the comparison of the crush 

profile and deformation characteristics of the barrier. The quantitative analysis involves 

the comparison of the force-deflection characteristics of the simulation and the physical 

test. Table 5.1 gives the validation test matrix performed based on UTAC [16] tests. The 

results of the two validation test simulations are explained in the following section. 

Table 5.1: Validation Test Matrix 

 Test Configuration Impactor Mass Impactor Speed 

1 Curved Rigid Impactor 1492 kgs 17.89 ms
-1 

(64.4 km/hr)
      

 

2 Flat Rigid Impactor 1498 kgs 16.53 ms
-1 

(59.50 km/hr)
      

 

 

5.1 Baseline Simulation  

The baseline model of PDB for test 1 was simulated and the force-displacement 

behavior is shown in Figure 5.1.  As it is seen in the graph, even though the force-

displacement graph correlates, the extent of deformation observed in the test was not 
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reached in the FE model. The deformation mode is shown in Figure 5.2. It can be 

observed that, the progressive core is not completely crushed in the FE model. Plastic 

strain failure was not used in the baseline model. In the next iteration plastic strain 

failure was included in the FE model. 

 

Figure 5.1: Baseline Simulation results  

 

 

Figure 5.2: Deformation mode of Baseline Simulation  

Progressive Core 

not completely 

deformed 
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5.2 Pre-Crushing of Honeycomb 

 

Figure 5.3: Unfiltered force plot as a function of time 

 

In the physical barrier, the aluminum honeycomb cells are pre-crushed in order 

to avoid the initial peak observed in the force-deflection curve, (Figure 4.5 [3]). The 

initial peak was observed in the FE model as well (Figure 5.3). The initial peak was 

eliminated by lowering the thickness of first three columns of elements in the front core 

of PDB model. Figure 5.4 shows the pre-crushed elements of PDB model.                   

                         

Figure 5.4: PDB with Pre-Crushed Honeycomb cells 

 

24 mm 

Pre-Crushed Honeycomb 

to avoid the initial peak 

 

Initial peak  
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5.3 Adhesive modeling in the FE model 

 The adhesive bonding between the aluminum sheets and between the honeycomb 

blocks was initially modeled with tie-break contact available in LS-DYNA. Tie-break 

contact uses stress based failure. But this contact resulted in the instability of the model 

shown in Figure 5.5. The elements penetrated each other near the region that separates 

the front core and the progressive core. 

 

 

Figure 5.5: Deformed mode of PDB modeled with tie-break contact 

 

                  Figure 5.6: Instability in the reduced size model  

 

A reduced size model (Figure 5.6) was taken and the various parameters available 

in the contact tie-break keyword were studied. This also resulted in the instability of the 

Penetration of 

elements 

Shooting of 

nodes 
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model. LSTC (manufacturer of LS-DYNA)  was contacted and they recommended the 

following parameters for the tie-break contact and for *CONTROL_SHELL as well.  

 

 

These recommendations for the tie-break contact and *CONTROL_SHELL were 

implemented. But again the FE model was unstable. LSTC compiled a beta version of 

the new release of LS-DYNA and the FE model with tie-break contact was run using 

this version, but the FE model resulted in instability. LSTC concluded that in the present 

version of LS-DYNA (Release 4), the tie-break contact algorithm for shell elements 

would result in the insatiability of the FE model. Hence in this study the adhesive 

bonding was modeled using tied contact. The separation of glue from the honeycomb 

blocks was not modeled in this study. 
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5.4 Validation Test Simulations 

Test 1:  

The curved Rigid Impactor with a radius of 150 mm (Figure 5.7) is impacted 

with a speed of 17.89 ms
-1 

, the PDB is overlapped by 700 mm by the imapctor. 

*CONTACT_SURFACE_TO_SURFACE was used between the impactor and the 

covering plate of PDB. The static and dynamic friction co-efficient used were 0.25 and 

0.20 for this contact.  

       

 

  
 

Figure 5.7:  Test Setup of Validation Test 1 

 

700 mm 
1000 mm 

VX = 17.89 ms
-1   

 

Moving Rigid Impactor 

Isometric View Left View 

Top View 
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Figure 5.8: Force as a function of Time-Shell Element Model 

 

Figure 5.8 shows the force acting on the rigidwall of the barrier as a function of 

time. The RWFORC data is output every 1 microsecond and is filtered using SAE 60 

filtering. Several iterations were made to optimize the FE model by varying different 

parameters. Initially a plastic strain failure at 45% elongation (Figure 4.2) was used. In 

the next iteration the strain failure was increased to 50%.  At a strain failure of 60% 

elongation of the material, a proper response of the force-displacement behavior was 

observed. Figure 5.9 shows the force-displacement plot of the final iteration. As seen in 

the graph, at 2 ms the pre-crush part of PDB gets engaged, and at 10 milliseconds the 

transition between the front core and progressive core takes place (the intermediate plate 

gets crushed). During this the honeycomb cores of the front core has reached its 

maximum deformation and the material starts to densify. This is visible through the 

increase in force during this period. At 11 milliseconds the progressive core gets 

engaged. During this phase the force offered by the barrier depends on the distinct crush 
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strengths of the progressive core. At 40 milliseconds the end core starts to deform. Since 

this region is very stiff the forces are very high. At 50 milliseconds the impactor starts to 

rebound. Figure 5.9 shows the Force and the displacement in the X direction and the 

deformation kinematics of the PDB.  

             

 

Figure 5.9: Force ï Displacement Curve for Shell Element Model 

 

Figure 5.10 shows the comparison of correlation results of FE models of both 

shell and solid element models. Overall when we compare the graphs both the FE 

models fall in the range of the UTAC tests. But when we compare the test kinematics of 

Pre-Crush Part 
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Transition between 
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80% crush 
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the solid element model and the test, the deformation modes are different, which are 

shown in Figure 5.11. But, the shell element model compares well with the test. Also the 

solid element model does not reach the extent of deformation as observed in the test. 

 

Figure 5.10: Comparison of Force-Displacement behavior UTAC Test Results with 

Solid and Shell Element Models 
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UTAC Test 

              
               Shell Element Model                                           Solid Element Model 

 

   Figure 5.11: Simulation and Test Kinematics Comparison 

 

In Figure 5.11 we can notice that in the solid element model the front core is 

completely separated from the barrier, where as in the UTAC test, this behavior is not 

observed. The shell element model captures the deformation mode well.  In Figure 5.12 

it can be observed that extent of deformation of the end core in solid element model does 
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not match with that of the test. The maximum deformation is measured to be around 580 

mm. But the shell element model captures the deformation well. Once the honeycomb 

cells are fully compressed, the stress increases and the deformation of the cells stop, and 

the material starts to densify. This is evident as peak is seen at the end of simulation in 

the force-displacement behavior.  

 
 

UTAC Test 

                              
       Shell Element Model      Solid Element Model  

 

Figure 5.12: Simulation and Test Kinematics Comparison 
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Figure 5.13 shows the comparison of global hourglass energy measured in both 

FE models. The solid element model has a larger hourglass energy compared to that of 

shell element model.  

 

 

Figure 5.13: Comparison of Hourglass Energy (global) measured in both FE models 

 

Test 2:  

 

 In the case of Test 2 a flat impactor, is positioned at height as shown in the 

Figure 5.14, is impacted with a speed of 16.53 ms
-1
. The impactor completely overlaps 

the entire width of the PDB. *CONTACT_SURFACE_TO_SURFACE was used 

between the covering plate and the flat impactor. The static and dynamic friction co-

efficients used were 0.25 and 0.20 respectively. 
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Figure 5.14: Test Setup of Validation Test 2 
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Figure 5.15: Force as a function of Time-Shell Element Model 

 

 The simulation was run for 75 milliseconds, Figure 5.15 gives the 

rigidwall force data of the barrier, measured at the rear end of the PDB. The RWFORC 

data was output every 1 microsecond and was filtered using SAE 60 filter. A distance of 

5 mm was maintained between the barrier and the rigid impactor. Figure 5.16 explains 

the force-displacement behavior of PDB along with the deformation kinematics. Several 

iterations were performed by varying the plastic strain failure. The FE model showed a 

good correlation with a plastic strain failure at 60% elongation of the material. At 1 ms 

the pre-crush part of the barrier gets engaged. This is followed by the deformation of the 

front core. The front core completely gets deformed and the transition to progressive 

core takes place around 17 ms. This stage is followed by the crushing of the progressive 

core. The impactor is placed exactly at the division of the upper and the lower 

progressive core and it shears through the honeycomb cores. The progressive core 

deforms completely at 43 ms. This stage is followed by the deformation of end core. The 

end core has again two distinct constant crush strength regions. The deformation of the 

end core stops at 50 ms. At this time the barrier has reached his full deformation and the 
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honeycomb cells starts to densify. As the deformation mode enters the final stage the 

impactor starts to rebound.   

 

         

 

Figure 5.16: Force ï Displacement Curve for Shell Element Model 

 

Figure 5.17 shows the comparison of correlation results of FE models of both 

shell and solid element models. It can be observed that the shell element model 

correlates with the UTAC test, but the solid element model results do not correlate with 
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the test. Even the pictures of test kinematics of the solid element do not compare to that 

of the test.  

 

Figure 5.17: Comparison of Force-Displacement behavior UTAC Test Results with Solid 

                    and Shell Element Models    

           

It can be seen from Figure 5.18, the deformation mode of the PDB has not been 

captured properly in the solid element model, which can be noticed in the force-

displacement graph of the solid element model. The force keeps increasing, the 

deformation mode of the progressive core has not been depicted in the solid element 

model. Even the hourglass energy measured in the solid element model is higher than in 

the shell element model, shown in Figure 5.19. It can be seen from the results, that the 

solid element model completely fails to capture the local crushing of the honeycomb 

cells. 
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UTAC Test 

                   

             Shell Element Model     Solid Element Model 

    Figure 5.18: Simulation Comparison  
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Figure 5.19: Comparison of Hourglass Energy (global) measured in both FE models 
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6. Full Vehicle Simulation Results  

 For full vehicle simulations, the NHTSA version of the Progressive Deformable 

 Barrier was used, it is called as óPDB-XTô. It has an extra 90 mm core at the rear with a 

constant crush strength of 245 psi (1.68 Mpa) and it is placed at a height of 200 mm 

from the ground (Figure 6.1). The PDB-XT was designed in order to avoid bottoming 

out of the barrier for testing large and heavy transport vehicles. The test was carried at 

60 kph [4]. In this research Full vehicle simulation was carried out in order to test the 

robustness and stability of the PDB shell element model in large deformation.  

 

 

 

Figure 6.1: PDB-XT with a Rear deformable core of 1.68 MPa 

Deformable Core 
with Constant crush 
strength of 1.68 
MPa (245 Psi) 

90 mm 
200 mm 

Impact 
Direction 

790 mm 
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The FE model of the vehicle used for the simulation was a Ford F250 pickup 

truck, model year 2006 [12] downloaded from National Crash Analysis Centerôs model 

library. The details of the FE model and the test model are as given in Table 6.1. The 

structure of the F250 is a ladder frame type and the frame supports engine, transmission, 

suspension and accessories. Body mounts which function as shock absorbers are used to 

connect the vehicle body to the frame. The frame absorbs most of the energy during 

frontal crashes. 

 

Table 6.1: Comparison of Ford F250 Vehicle data 

 FE Model Test Vehicle 

1. Model Year 2006 2007 

2. Weight(kgs) 3016 3291.3 

3. Engine Type 5.4 L EFI V8 5.4 L V8 

4. Tire size LT245/75 E LT265/70R17 

5. Wheelbase(mm) 3610 3610 

6. Body Style Extended Cab Extended Cab 
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Figure 6.2: FE model of Ford F250 Pickup Truck Model Year 2006 

 

 

Figure 6.3: Test Vehicle Ford F250 Pickup Truck Model Year 2007 [17] 

 

NHTSA Test No. 6340   

The test was conducted in accordance with the VNSTCôs guidelines for a 50% 

Left frontal offset test of a vehicle to a deformable barrier. The test vehicle Ford F250 

Pickup Truck Model Year 2007 was instrumented with twelve accelerometers to 

measure longitudinal axis accelerations, four accelerometers to measure lateral axis 

accelerations and six accelerometers to measure vertical axis accelerations. The vehicle 
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impact speed was maintained within the range 59.2 to 60.8 kph, [17]. The test 

configuration is shown in Table 6.2.  

                                                                                      

Figure 6.4: Full-Vehicle Test Configuration 

 

Table 6.2: Full-Vehicle Test Configuration [17] 

Location Description Measurement (mm) 

A Total Vehicle Width 2060 

B 50% Overlap Distance 1030 

C Deformable Face Width of the Barrier 1000 

E Lower Edge Height From Ground 200 

F Deformable Barrier Honeycomb Height 700 

G Constant Rear Deformable Core 90 

H Progressive Rear Deformable Core 450 

J Constant Front Deformable Core 250 

 Vehicle - Barrier Impact Angle      0 Degrees 

D 

F 

E 

G H J 

C 
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6.1. Comparison of Crush modes of the Barrier in NHTSA 

Test and PDB-XT Shell Element model                                                                                                        

A full -vehicle test is combination of local and global deformation of the 

honeycomb cells. Hence the FE model of PDB-XT has to effectively simulate these 

behaviors. As observed from the previous sections, the solid element model fails to 

capture the global and local crushing behavior of the honeycomb cells. The force-

displacement behavior solely cannot be used as a validation tool, the FE model also has 

to represent the deformation modes seen during a full vehicle test. The following 

pictures show the comparison of deformation modes of both solid and shell element 

PDB-XT model.  
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     NHTSA Test 6340 

 

          

         Shell Element Model      Solid Element Model 

Figure 6.5: Post Test Progressive Deformable Barrier Left Side View 

 

It can be seen from Figure 6.5 that, only front core of the barrier is completely 

crushed in the Test, the same behavior can be noticed in shell element model. But in the 
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solid element model, the front core does not deform completely and gets dislodged from 

its position.  

Figure 6.6 shows the body mount failure, shell element model captures the body 

mount failure and the deformation mode is similar to the test. Even though the solid 

element model captures the body mount failure, the deformation profile of the solid 

element model does not match with that of test. This behavior quantifies the difference 

in representation of force transmission. More pictures of comparison of the shell and the 

solid element barrier models can be found in appendix section. (Figure A-1 ï A-5) 

 

 

NHTSA Test 6340 
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Shell Element Model Simulation 

 

 

 

Solid Element model Simulation  

Figure 6.6: Post Test Left Side B-Pillar View 
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7. Conclusion 
 

This chapter summarizes the results of the research and scope for improvement 

of the PDB shell element model. CAE softwares like Hyperworks, LS-DYNA and LS-

Post were used in this research. The main objective of this research was to - Develop a 

finite element model of Progressive Deformable Barrier using shell elements, Validate 

the developed FE model, compare the validation results of FE shell element model with 

that of solid element model. Also, a full-vehicle crash test using shell element model was 

carried out to test the robustness and the stability of the FE model. 

The actual size of a honeycomb cell in the physical barrier is 19 mm (Figure 4.7), 

if the FE model was modeled with the actual size, it would result in large number of 

elements. This would result in a longer simulation time. A scaling method of honeycomb 

cells was effectively used to discretize the honeycomb cells. Component simulations 

were carried out in order to find the thickness values of the cell walls for the scaled 

honeycomb cell. The thickness resulting from the component simulations were used to 

regulate the strength of the honeycomb cores of PDB. Since the stiffness of PDB 

increases with the depth and it has distinct upper and lower load paths, this represents 

the front end of a car. Hence the main focus was to simulate this behavior in the FE 

model effectively and to capture the global and local crushing behavior of the 

honeycomb cells. Several iterations were simulated by optimizing different parameters. 

The dimensions and the stiffness of PDB were designed in order to avoid the bottoming 

out effect, this is can be observed in FE model as well.  

The next phase of the research was to compare the results of simulation with that 

of solid element simulation results. The results of both FE models are explained in 
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chapter 5. In validation test 1, which is a measure of global crushing behavior of 

honeycomb cells, the results of solid element model correlates with the UTAC test 

result, but the deformation behavior observed in the solid element model do not match 

with that of the test. This represents the incapability of the solid element model to 

represent the force transmitted during the test.  But, the shell element model captures the 

crush modes very well and extent of deformation is similar as in case of UTAC test. 

In validation test 2, in which a flat rigid impactor is impacting the barrier, the 

solid element model fails to capture the local crushing behavior of the honeycomb cells, 

which is evident in the force-displacement curve (Figure 5.17). Even in this case the 

shell element model captures the local crushing behavior and the force-displacement 

behavior correlates with the UTAC test results. Figure 5.13 and Figure 5.19 show that 

the hourglass energy measured in the solid element model simulations was much higher 

than in the shell element model simulations. This was due to the hourglass control used 

in the solid element model. Overall, the deformation profile of the FE shell model, the 

force-deflection behavior showed good agreement with the test.  

The validated shell element model was used to run a full-vehicle simulation, the 

results of which are explained in chapter 6. This simulation was run in order to test the 

robustness and stability of the FE shell model in case of large deformation. The different 

crush modes and the deformation profile of the vehicle and the shell element PDB-XT 

model compare well to the actual test (NHTSA Test 6340).  

Scope for further research 

In the force-displacement plots of both the validation tests, the shell element 

model shows very high forces towards the end of the simulation. This response of the 

forces needs to be improved to get an optimum response. The FE model can be optimized 
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for global force with respect to displacement in Y and Z direction also. The FE model 

can be validated for a full-vehicle simulation.  

One of the main difficulties faced during this research was in modeling the 

failure of adhesive material. Adhesives are used between the contact plate and front core 

and also between the intermediate plate and the progressive core. In this study, the 

adhesive was modeled using Tied contact. The failure of the adhesives can be better 

modeled using a Tie-Break contact which uses stress based failure. Several iterations 

were run using the available variations for the Tie-Break contact which resulted in the 

instability of the model. Hence a Tied contact was used for modeling adhesive material. 

Therefore, the FE model can be optimized by effectively failing the glue material using a 

Tie-Break contact for shell elements. 
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Appendix  

 

NHTSA Test 6340 

       

Shell Element Model     Solid Element Model 

Figure A - 1:  Post Test Progressive Deformable Barrier Left side ¾ view of Full-

Vehicle Simulation 

 


