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ABSTRACT 

Every vehicle manufacturing company invests time and money in researching all the 

possible ways of eliminating the serious injury to the occupants. These efforts are concentrated 

on making the vehicle structure and interior robust enough to absorb all the impact loads, as well 

as development of means to contain the occupants by seatbelts and airbags, thereby reducing the 

possibilities of impact injuries. The approach might vary but the intent will always remain the 

occupant safety.   

The objective of this study is to analyze the barrier design safety performance deployed 

on the highway roadsides. Having many different designs of roads, it is impossible to have 

similar kind of roadside barriers on all locations. Some barriers will perform better on particular 

road designs and some will not. Hence, a detailed study is conducted here to analyze and 

document the behavior of vehicles after impact onto different types of design barriers at different 

road conditions. A finite element analysis is conducted using the LS-DYNA finite element (FE) 

code with a modeling tool HYPERMESH. The analytical results from simulation are compared 

with the test results from literature. Next, the influence of many different parameters such as 

road curvature, slope on barrier design, vehicle speed etc., on the occupant safety are studied. 

The study also focuses on analyzing the effect of these parameters on vehicle lift, roll, occupant 

impact velocity, occupant ride-down acceleration and angular acceleration.  

The results from this study indicate that even though New Jersey barrier design increases 

the vehicle lift and occupant impact velocity, it makes sure that the vehicle does not vault the 

barrier and enter the other side of the traffic. The study also identifies the impact angle to be 

more critical than the road curvature. Hence, deploying the proper barrier designs based on the 

road curvature will ensure occupant safety. 
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CHAPTER ONE 

1 INTRODUCTION 

1.1 Background 

It is evident that the safety of the vehicle on the highways has been a major concern for 

several decades now. A detailed research and improvements have been introduced over the time 

to reduce the possibilities of death or severe injuries in case of an accident. In the path of this 

improvement, one of the prime areas of concentration has been the concrete barrier on the 

highway roadside. Over the years, a series of recommendations for the barrier design change 

have been made and the possibilities of improvements in the safety have been shown by the 

detailed analysis. Even though there has been a commendable improvement in the safety, a 

window of improvement and possibility of making the life less injury prone will always be there.  

The National Cooperative Highway Research Program (NCHRP) Report 350 was 

published in 1993 with the recommendations for the procedure to evaluate the safety barriers 

deployed on the highways [2]. In 1998, Federal Highway Administration implemented and 

ordered to have all the barriers deployed on the highways to meet the requirement of the Report 

350 [2]. 

NCHRP Report 350 gave a detailed procedure to be followed while performing the 

vehicle safety test and also designing the roadside barriers. The most important aspect of Report 

350 was to bring uniformity in the parameters pertaining to the vehicle and barrier safety tests. 

That gave highway road designers a common set of parameters to compare safety performances 

of barrier designs analyzed by various companies. The guidelines presented in the Report 350 

helps in designing a new barrier or modifying existing design with a set of acceptable 

performance level to meet the required safety standard. 



 

2 
 

As the parameters involved in designing the barriers are innumerous, the guidelines are 

laid down only for the severe accidental conditions. Though different road conditions are 

available, Report 350 mentions guideline only for straight road conditions. A standard set of 

parameters are defined as far as vehicle speed, mass, impact angle and shape of barrier is 

concerned. For defining the vehicle mass, a few ranges of vehicles like, compact, pickup trucks 

and vans are considered. The impact velocity and impact angle ranges to a vast degree, for the 

purpose of defining the parameters these have been considered according to the road design.  

For analyzing the crash test results, Report 350 defines three major factors as structural 

adequacy, occupant safety and vehicle trajectory after impact. Structural adequacy solely 

depends on the vehicle design robustness. Occupant safety and vehicle trajectory depends on the 

road and barrier designs. It also depends on the possibility of occupant impact with the vehicle 

interior and the level of seriousness of the injury.  Vehicle trajectory is assessed depending on 

the lift and roll of the vehicle after the impact on to the barrier design.     

 As explained in NCHRP Report 350 [2], Figure 1.1 shows the flow chart for design 

process for roadside barriers. The barriers designs have to go through a research and 

developmental phase, experimental phase and then operational. A series of crash tests are 

conducted and the results are analyzed. If the results pass the set criteria then the design is sent to 

experimental phase.  

Depending on the type of design and its usage, it is installed in small numbers to examine 

the model in experimental phase. Once the experimental phase results are satisfactory and then 

the designs are implemented on large scale but still are kept under the close surveillance of 

performance. According to the Report 350, the performance evaluation of the design while in 

service and in operation is very important. The satisfactory performance in an ideal condition 
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does not guarantee the safety in an actual situation because of innumerous variability included. 

This will keep a check on the performance of the barrier on actual crash scenario.  

 

 

Figure 1.1 Flow chart for barrier design [2] 

1.2 Motivation 

When a vehicle loses its control and steers towards out of the road, the roadside barriers 

must ensure that the vehicle is pushed back on to the road, there by not allowing it to enter the 

other side of the road and avoiding any head on collision. There are a series of research institutes 

which are exclusively working on the safety of the occupant during the crash of the vehicle. One 

of them has been National Crash Analysis Center (NCAC) [2]. Continuous improvements in the 

designs of the roadside barriers have been recommended by the support of detailed analysis. 

Because of the many parameters involved in the analysis, recommending any one design of the 

roadside barrier is not possible. It always depends on the elevation of the road, speed of the 
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vehicle traveling, weight and height of the vehicle. But a design feasible to reduce the chances of 

the severe injury to the occupant is always possible. Figure 1.2 shows a typical highway roadside 

barrier with pickup truck.  

 

Figure 1.2 Typical Highway Roadside Barrier and Pickup Truck [7] 

The most reliable source of understanding the impact behavior is performing a full-

fledged crash test. But these tests are very complex, time consuming and expensive. As it always 

involves a series of combination of tests to be performed due to many parameters affecting the 

outcome, no one test will be sufficient for the final design. Therefore the testing will have a set 

of combination tests with different, vehicle design, different barrier design and different speeds. 

The NCHRP Report 350 has a detailed table for test conditions for different vehicle type and 

impact condition [2]. But, there will be some test conditions like the roadside safety features 

located on the edge of the slope, side impact condition and non-tracking kind of impacts which 

cannot be analyzed with the help of actual physical test. 

Hence in order to avoid these complications, a finite element analysis has been 

introduced. It is a process of using dynamic, structural analysis to predict the vehicle crash 
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behavior which uses a numerical analysis technique. The FE analysis technique has many 

advantages over the actual tests. The primary advantage includes the cost effectiveness. It 

reduces a significant amount of test setup time for actual physical tests. The combinations of test 

to be performed are easy, once the initial model of the vehicle and the barrier designs are 

finalized. After that, it will be just modifying the impact angle and the vehicle speed to achieve 

the different combinations required. 
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CHAPTER TWO 

2 LITERATURE REVIEW 

 

The roads are comprised of different elevation and different curvatures. The result of the 

crash accidents depends on many parameters such as design of the barrier, velocity of the 

vehicle, curvature of the road and many more. The researchers have always been intrigued by the 

possibility of difference in impact with a small difference in any of these parameters. Though 

there are many barrier models being used on the highways, there are only three main highway 

roadside barriers which are mostly used. Section 3.3 explains these three barrier design in detail.  

The sole purpose of the roadside barrier is to avoid the possibilities of serious injury to 

the occupant of the vehicle at the time of the crash. The barrier should make sure that the vehicle 

remains within the boundary of the road thereby avoiding interface with the vehicles on the 

opposite side of the road. The barrier should decelerate the vehicle and bring it to halt at a decent 

distance by eliminating any possibilities of serious injury to the occupant. 

A detailed study of these three barriers on the safety of the occupant when the road is 

curved and elevated at a certain degrees has been conducted by Marzougui, et al. [1]. In this 

study, the effort was made to understand any need for design improvements of the barriers. Even 

the placement of the barrier on the road depending on the curvature and elevation of the road was 

also studied. The finite element model generation and the comparison of the analysis to that of 

the test results were demonstrated. Care was taken to follow the crash test guidelines mentioned 

in the NCHRP Report 350 [2]. 

The NCHRP Report 350 [2] gives a set of guidelines for the crash test of different size 

and models of vehicles on different types of barriers. During the crash analysis for this thesis, 
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care has also been taken to follow the guidelines mentioned in this NCHRP report 350. This 

report pertains to the severe accidental conditions rather than average highway conditions. 

Following this report, a researcher can compare his analysis impact performance, give guidelines 

for safety measures based on the analysis and can also generate safety specifications. As impact 

behavior varies drastically depending on the type of the barrier, the test requirements also varies 

accordingly. A cable barrier deflects a lot compared to the concrete barrier, making less impact 

forces for the former. A detailed test requirements specific to the test parameters have been 

discussed [2]. 

The NCHRP 350 is applicable to three different phases of the design which are research 

and development, testing and performance. The initial phase of the design is generated by 

engineering research and current design surveys and a set of evaluation criteria are set. Then the 

design should pass through the evaluation criteria which will be installed and subjected to 

performance evaluation tests. Once the performance test conditions are passed it will be installed 

onto the operational phase and the practical operational phase is closely monitored. 

The safety features for the vehicle on the highways are evaluated by series of crash tests 

on a limited range of testing conditions. The NCHRP report [2] goes on to say that the tests 

found to be pass during the testing conditions are merely not the final design safety conclusion. 

The in-service performance is also a critical testing for the design which might include many 

parameters which will not be considered during the performance test phase. This report 

generated three test levels, with 31 mph, 43 mph and 62 mph. Levels 4, 5 and 6 are for larger 

truck crash cases.  Details on test parameters, test articles, test vehicles and test conditions are 

provided in [2].  

As the NCHRP report 350 [2] was generated in 1993, there has been an immense need 

for upgrading this report to include the modern advanced vehicle test cases into it. That gave 
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birth to the Manual for Assessing Safety Hardware (MASH) in 2009 [4]. The vehicle test 

weights have been increased in MASH and also mid-size car has been added to the list. The 

angle of impact for small size cars has been increased from 20 degrees to 25 degrees. The 

velocity of the vehicle has been kept as 100 kmph (62 mph). 

Typically the barriers and rest of the road safety hardware are designed for normal or 

tangent roads. When there is a case of road widening or a very small curvature in the road, the 

question of safety arises that how well these barriers will be safe and there are no analysis data 

supporting this factor. Some of the design barriers (e.g. New Jersey) have a very steep curvature 

face. This may result in the vehicle overriding the barrier or rolling over depending on the height 

of the vehicle bumper.  

Elham, et al [5] have studies the behavior of the single unit truck on the steep curvature 

barriers. As Figure 2.1 indicates that the chance of truck overriding the barrier is quite immense. 

When NCHRP Report 350 was released in 1993, test level 4 had a Single Unit Truck (SUT) 

weighing 8,000 kg at 80 kmph. In 2001, there was a new addition of criteria which increased the 

weight of the SUT to 10,000 kg at 90 kmph. These changes raised the questions whether 32 in 

barrier will be able to support the SUT and avoid the vehicle from vaulting. A full scale crash 

analysis was performed at Midwest Roadside Safety Facility and the barrier did not fulfill the 

crashworthiness requirements.  

To evaluate the factors affecting the failures in meeting the criteria requirements, a 

detailed finite element analysis was performed in [5]. Three different SUT’s with 8,000 kg, 

10,000 kg and 12,000 kg weights were tested with three different speeds of 80 kmph, 90 kmph 

and 100 kmph on 32 inch New Jersey barrier model. The test did not pass for all the cases except 

8,000 kg at 80 kmph. A study with the different heights of the barrier was then conducted [5]. 

Figure 2.2 shows the tests with 32 inch, 37 inch and 42 inch barriers in terms of roll angle to the 
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vehicle. The vehicle did not override with the 42-inch barrier thereby passing the criteria. Further 

study indicated that the barrier shape and effect of friction were negligible making the height of 

the barrier a crucial factor for the safety of the vehicle and the passengers. 

 

 

Figure 2.1 Single Unit Truck Vaulting over the New Jersey Barrier [5] 
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Figure 2.2 Effect of Varying Heights of Barriers on SUT [5] 

The NCAC report on portable barriers [8], modeled FE models using modular methods so 

that 160 prospective combinations could be represented consistently. Special characteristics of 

this paper necessitated the special attention to detail required for the FE models so that the 

numerical models would be flexible and are capable of simulating different conditions. The 

numerical models for this study were developed simulated for NCHRP Report 350 Test 3-22 

conditions [8]. 

The best PCB and highest performance shapes were found by investigating five different 

safety shapes namely F, N, S, V and I. All numerical models for the different shapes have same 

width and length parameters [8]. Forty models were generated using eight different models and 

varying cross-sections, lengths and widths. Each segment was modeled precisely by mapped 

meshing using solid hexagonal. The geometric accuracy of these models were important and had 

to be precise as the mass and inertial properties of segments determined the dynamic deflection 

due to friction between road surface and the barrier. The accuracy helped in predicting the 

correct response due to interaction between barrier and vehicle that is impacting with it. The 

study indicates that vehicle’s roll-over tendency, trajectory of the vehicle post impact and facial 
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profiles of the barriers need to be accurately modeled for accurate simulations. Friction values 

determined experimentally and numerically by Marzougui, et al [8] were used for this 

experiment as well. 

In [8], it was assumed that part of the barrier is in contact with the vehicle and road 

pavement would behave as elastic, while the remaining segment was assumed to be rigid. Failure 

in the concrete material was not modeled into the segments either. To transfer impact loads 

between barrier and barrier and vehicle and barrier accurately, solid elements of barriers were 

covered with shell elements. This method of modeling was adopted to reduce the resources that 

would be needed to run the simulation and for faster and better performance. For the study, four 

different lengths were considered and modeled. The lengths chosen were 6’, 10’, 12’ and 20’ [8]. 

These lengths were used for varying shapes and widths of the barriers. Wider versions of each of 

the safety shapes were also used for this study. Gaps between barriers were either modeled in or 

are connected by hooks. The gap filling module was connected to one of the faces of the barriers 

and the other face of the barrier is coupled by a contact algorithm. This method allowed dynamic 

deflection and rotation between the barriers and control slack between them. The hook method 

was used to reduce computational time and cost. The required accuracy is achieved using this 

method. The hooks were modeled as beam and shell elements. The beam elements provided 

stiffness and account for deformations. For contact purposes, the shell elements were coupled 

with beams. 

Many researchers have studied the behavior of the crash on barrier models with different 

vehicle types. The research by Marzougui, et al [1] mainly explains the study of three different 

barriers at different curvature and impact angles. The 2000P, C2500 pick-up truck conforming to 

NCHRP Report 350, weighing 1000 kgs has been used to study the impact behavior. An 

important question has been raised here, what level of safety the standard design hardware shows 
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when the road designs change invariably. As we have seen in [5], the SUT overriding the barrier, 

there is always a chance of pickup trucks of overriding the barrier especially on the New Jersey 

barrier which has a steep curvature. 

Till 1993, there was not much research conducted with respect to the design of the 

barriers. In 1993 a Federal Highway Administration (FHWA) study [7] showed the importance 

of barrier curvature on the impact behavior. This analysis also included a 10% of super elevated 

upslope [7].   

It is interesting to note that there has not been much of importance given to the study of 

barriers on curved roads. Even NCHRP Report 350 and its update, Manual for Assessment of 

Safety Hardware does not have clauses for curved section tests. The NCAC undertook a detailed 

analysis on this curved barrier issue and reported detailed results in [1]. This NCAC study 

concluded that the slope on the barrier increased the vehicle lift and roll. In the same way, the 

vehicle ride down acceleration and occupant impact velocity also increased as the slope on the 

barrier increases. But the important conclusion was that the curvature of the road does not impact 

the lift and roll as significantly. 

This thesis builds on the study by NCAC [1] on the safety evaluation of concrete barrier 

on curved roads. In addition to the parameters used in that study, other parameters including the 

wider range of impact speeds and smaller curvatures are considered in this thesis. In addition, 

other output parameters including the vehicle roll acceleration and intrusion of the vehicle have 

also been quantified in this thesis. A design of experiment (DOE) is also conducted to identify 

the most critical parameter affecting the dynamic and safety of a vehicle with a relatively high 

height to wheel-base ratio such as a truck.  

  



 

13 
 

CHAPTER THREE 

3 OBJECTIVES AND METHODOLOGY 

3.1 Objectives 

The main objective of this thesis is the study of impact behavior of the vehicle when 

impacted with different roadside barriers. The impact behavior is also studied to understand the 

need for any design modifications for the barrier. Literature review has indicated that impact 

behavior of the vehicle depends on many parameters. The effort is put in this thesis to narrow 

down the affecting parameters and state the more precise impact behavior for specific conditions. 

The finite element crash of this thesis analyses a C2500 pick-up truck weighing 1000 kg 

which conforms to the 2000P vehicle under NCHRP 350. The three barrier designs are modeled 

as rigid components as the barriers are usually concrete and damages on them will be quite 

negligible. The modeling of the FE model is performed using the Hypermesh and dynamic crash 

analysis is performed using the LS-DYNA. The occupant model is not used as it would have 

increased the run time. The occupant forces are measured by the accelerometers located at the 

occupant CG location.    

The main objectives of the study are: 

 To study the impact dynamics of a truck onto barriers placed on the curved 

sections, 

 To analyze the impact of placement of barriers with respect to design of the road 

on vehicles and the occupant, 

 To analyze the effect of variations of parameters such as vehicle speed, angle of 

impact, barrier shape and road radii, 

 To determine the need for barrier design modifications. 
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3.2 Methodology 

Figure 3.1 shows the methodology followed in this study. Referring the literature reviews 

mentioned earlier, parameters for the analysis are identified. A detailed study on the effects of 

dynamic crash response at different velocities was needed. The manual for assessment of safety 

hardware (MASH) does not mention any other velocity as requirement for analysis other than 62 

mph. Hence, effects at different speeds are also studied.  

The major barrier designs used on the highways have been considered for the analysis. 

The New-Jersey barrier, F-Shape barrier and Flat barrier are highly utilized barriers on roads. 

Usually barrier models deployed on the roads do not depend on any criteria, such as road 

curvature or road elevation. Considering that roads have different types of curvatures, the angle 

at which the vehicles impact the barrier will also change. Figure 3.2 shows an example of road 

curvature. On this type of road, the impact angle of the vehicle on the barrier will differ 

depending on the velocity with which the vehicle is travelling. Hence, considering the impact at 

different angles at different road curvatures is also necessary. 

The FE model generated to perform the analysis has many internal parameters which will 

affect the results. A standard model which is correlating with the test results has to be generated. 

The NCAC generated FE model for the C-2500 pickup truck has been used in this study to 

impact on a New-Jersey barrier model and a model validation has been performed by comparing 

the results with that of actual test results. This correlated FE model has been used to perform the 

parametric studies as shown in Figure 3.1. A design of experiment (DOE) study has also been 

performed on the set of parameters available.  
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Figure 3.1 Methodology of the Analysis 

 

Figure 3.2 Highway road curvatures 

Figure 3.2 shows the curvature on the highway with a very steep radius. The road is built 

at a very critical location where there will be serious accidents if the vehicle vaults the barrier. 

Therefore, the study of the barrier at these critical locations becomes necessary. 
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The first step in the research is to define the problem. The core requirements of the study 

have been identified by a detailed analysis of the literature review. The relevant analysis 

parameters were identified which were varied to see the impact of these parameters on the result. 

The identified parameters are: 

 Shape of the Barrier, 

 Curvature of the Road, 

 Impact angle, 

 Velocity of the vehicle.  

3.3 Shape of the Barrier 

The designs of the barriers being used on the roads are many, but the commonly used 

barrier designs are: 

 New-Jersey, 

 F-Shape, 

 Vertical Wall.   

3.3.1 New-Jersey Barrier 

The New-Jersey (NJ) shape barrier dimensions are as shown in Figure 3.3. The typical NJ 

barrier is 45 inches tall and 32 inches wide at the bottom base. It is one of the three most widely 

used barrier designs in the United States. 
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Figure 3.3 New Jersey Shape Barrier 

3.3.2 F-Shape Barrier 

The F-shape barrier is shown in Figure 3.4. The height of this barrier is 45 inches with 

the bottom flange height being smaller compared to the NJ shape barrier. The slope of the middle 

flange is at an angle of 55 degrees. 

 

Figure 3.4  F-Shape Barrier 
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3.3.3 Vertical Wall Barrier 

A typical flat barrier is shown in Figure 3.5. The typical height of the barrier is 45 inches 

with the width being same from top to bottom.  

 

Figure 3.5  Vertical Wall Barrier 

3.4 Curvature of the Road 

Depending on the type of the road, the era it was built and to design standards available, 

the curvature of the roads varies. From the regularly available road curvatures the critical angle 

of curvature, the analysis has been conducted. Three curvatures of 75 m radius, 150 m radius and 

tangent roads have been considered for the analysis. Figure 3.6 shows the three types of 

curvatures considered. 

 

Figure 3.6  Roadside Barrier Curvature Models (Flat, 75m Radius, 150m Radius) 
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3.5 Impact Angle 

The impact angle is a crucial factor in determining the impact behavior of the vehicle in a 

crash situation. The impact angle of the vehicle onto the barrier depends on many situations. The 

curvature of the road, the speed at which the vehicle was travelling when the turn was made, 

sizes of the vehicle etc., affect the angle at which the vehicle is contacts the barrier. Literature 

review has indicated that 25 degrees is a common angle of impact for many crash accidents. 

Hence, to study further varying impact angles, three impact angles of 20, 25 and 30 degrees have 

been considered for the analysis. Figure 3.7 shows vehicle impacting at three different angles 

onto the barrier. 

 

 

Figure 3.7  Vehicle Impact at Different Angles 
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3.6 Impact Velocity of the Vehicle  

The regular speed at which the vehicles commute on the freeways is typically around 60 

mph. The studies have shown that an average speed at which most number of accidents happens 

is at 62 mph (100 kmph). The manual for assessment of safety hardware does not mention any 

other velocity as critical for analysis other than 62 mph. Initially the plan was to study the impact 

at only 62 mph. But as there is no analysis being conducted for higher velocities, two higher 

velocities of 77.7 mph (120 kmph) and 93 mph (150 kmph) were also included in this study. 
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CHAPTER FOUR 

4 MODELING AND ANALYSIS 

As it has been already discussed in previous sections, the number of test cases will be 

many and the cost involved is quite high, the finite element modeling and analysis is most 

suitable choice available.  

4.1 Modeling Tools 

The finite element analysis involves three processing tools: 

 Pre-Processor : HYPERMESH 

 Solver : LS_DYNA 

 Post-Processor : HYPERVIEW 

 

Pre-Processor: 

To setup an FE model, one needs to use a pre-processing mechanical tool which enables 

the application with all the required parameters for the proper analysis. There are many tools in 

the market such as PATRAN, FEMAP and HYPERMESH. The tools commonly used to the 

dynamic analysis are PATRAN and HYPERMESH. The tool used for the analysis in this study 

was HYPERMESH.  

HYPERMESH is a tool which eases the process of modeling the FE model for the 

dynamic analysis. The C-2500 pickup truck FE model generated by NCAC is imported in 

HYPEMESH [13]. The truck model is further developed to suit our analysis requirements. It is 

updated with the accelerometer to read the data of the vehicle during and after the impact onto 

the barrier model. 
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Finite Element Solver: 

There are many dynamic analysis solver tools in the market. A widely used tool is the 

LS-DYNA. It is an explicit finite element program used to analyze non-linear dynamic response 

of three dimensional inelastic structures. Many complex crash problems can be performed with 

LS-DYNA because of its automated contact analysis capabilities and error checking features. 

LS-DYNA is capable of performing analysis with many varieties of material models such as 

elastic, elasto-plastic, foam models, glass and composite models. 

The major advantage of LS-DYNA is its capability of explicit analysis. The finite 

element analysis with explicit time integration factor has many merits over the implicit. The 

explicit analysis performs an analysis in less time step compared to implicit [9]. When the 

analysis model involves many solid elements, less time step solution with explicit makes it very 

important. 

The robustness of LS-DYNA while performing analysis with fully automated contact 

conditions makes it a widely used tool. This capability of the tool has been validated and found 

to be easy to work with. The analyses such as full-car crashworthiness, occupant safety analysis 

with a dummy occupant FE model and broken down component analysis are found to be 

extremely easy to work with LS-DYNA. In a model with hundreds of components, the 

automated contact gives LS-DYNA a capability of solving very complex problems. There are 

many contact types such as single surface, surface to surface varying from deformable body to 

deformable and deformable body to rigid body contact solutions. This contact possibility is a 

widely used solution technique for all the forming and crash analysis. For forming the sheet is 

considered as a deformable and the die as a rigid body. Similarly in crash analysis the barriers 

are considered as rigid and vehicle as a deformable.  
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LS-DYNA tool is being used in many fields such as automotive, aerospace, ships and etc. 

In aerospace the main critical study of the bird strike is performed with much accuracy. All the 

interiors of aircraft are tested dynamically and are being accepted by FAA as certified models 

solely by FE simulation analysis. The use of finite element dummy model has spread the wings 

of the analysis capabilities. The metal forming problems such as extrusion, forging, casting and 

hydroforming can be performed with a higher accuracy. 

Post-Processor: 

Hyperview is a tool widely used for post processing the results once the problem is 

solved by the LS-DYNA. It is capable of performing the detailed study of the model with each 

time step. It is a complete post processing tool with simulation of multi body capability. It 

combines advanced animation with data plotting tool which enhances the result visualization. It 

supports many solvers in the market with flexibility and high performance. It supports multi-

body dynamics, complex animations and stress calculation, deformed animation, and also linear 

and transient animations.   

4.2 Vehicle Modeling 

The reverse engineering techniques which recreates automotive is widely used to develop 

the FE model.  As the models generated by this technique are more accurate, a detailed analysis 

with finite element dummy model to predict the occupant safety can be studied. The results can 

be used to make many design changes on the vehicle as well as surrounding parameters such as 

barriers on the road and also the design of the road. 

To match the full scale test condition, required by NCHRP Report 350, a widely used and 

accepted FE model of C2500 pick-up truck by NCAC has been used. The FE model of C2500 

pick-up truck has 248 parts with 57850 elements. Figure 4.1 shows the pictorial representation of 

the FE model of the truck. The Table 4.1 shows finite element compositions of the truck model.  
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The analysis has been performed by the non-linear explicit analysis tool LS-DYNA. Researchers 

usually apply tape on top of the vehicle to obtain an accurate representation of the geometries 

[10]. Every component is disassembled and digitized. The mass and material data is recorded 

with center of gravity of the entire vehicle.  

Table 4.1 Vehicle Model Summary 

Vehicle Model Summary 

Parts 248 

Nodes 16050 

Elements 57870 

Mass (lbs) 2700 
                                    

 

Figure 4.1 Chevrolet C2500 FE model 

 

Table 4.2 Material Properties 

Mass Density 7890 kg/m3 

Young's 
Modulus 

210E+09 
N/mm2 

Yield Stress 
270E+09 
N/mm2 

Poisson's ratio 0.3 
 



 

25 
 

An elasto-plastic material model is used with material properties as defined in Table 4.2. 

For most of the automotive material models and also for aerospace models, the 

MAT_PIECEWISE_LINEAR_PLASTICITY material model from LS-DYNA is used.  

This material is used for all steel and aluminum material parts. The entire chassis, drive 

train and suspension are made up for steel. For most of the other parts and rims the aluminum 

material is used. This material model is an elasto-plastic material with defined stress and strain 

curve. The rubber, motor mounts, transmission mounts and the beam elements are modeled using 

MAT_ELASTIC material card. This being an isotropic elastic material is available for beam, 

shell and solid element models. 

4.3 Barrier Modeling 

The barrier model with required design is modeled and meshed with proper constraints. 

As the barrier model in actual practice experiences a very little damage during the crash, for the 

sake of simplifying the analysis, the barriers are designed to be a rigid body. The ends of the 

barrier model are constrained in all degrees of freedom. Figure 4.2 shows the constraints for the 

barrier.  

 

Figure 4.2 Barrier Constraints with all DOF 
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The barrier FE models for the NJ, F-shaped and flat are shown in Figure 4.3. As the 

concrete barriers deployed on the highways hardly get damaged during an impact crash, the 

barriers are considered as rigid in this study, thus making the crash analysis a worst case 

condition as no energy is absorbed by the barrier, and all needs to be dissipated by vehicle itself. 

 

 

Figure 4.3 Barrier FE models 

The shape of the barrier designs is a critical criterion in the crash analysis. A slight 

change in the slope of the barrier will affect a lot in the vehicle roll and lift [2]. All the barriers 

have been modeled as per the dimensions mentioned in Section 3.1 of this report. As the barriers 

have been represented as a rigid blocks, the friction between the barrier and the floor has been 

neglected.  

The study on impact of friction between the road and the barrier has been studied [11]. 

The coefficient of friction of 0.3 is found to be a suitable value for model validation. A higher 

friction value will result in a stiffer model and will increase the intrusion of the vehicle into the 

barrier. The simulation was found to be accurately matching the test results with a value of 0.3 

for the friction coefficient. 
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CHAPTER FIVE 

5 MODEL VALIDATION AND PARAMETRIC DESIGN STUDY 

5.1 Model Validation 

The first step in the analysis is to have an analysis model which is validated enough to 

show a good comparison to that of the test results. Hence, a detailed model validation study was 

conducted for model validation or verification, and to have a validated model for further 

parametric analysis. 

To make sure that the dynamic simulation tools being used are generating a reasonable 

result, a mode validation run was generated and a comparison of simulation plots with those of 

the tests by Mak [2] was performed. 

Figure 5.1 and Figure 5.2 show a comparison of views for simulation and test at different 

time frames with front and top views. A C2500 pick-up truck was made to impact onto a New-

Jersey barrier model at a velocity of 62 mph at an impact angle of 25 degrees. The barrier was 

considered to be a rigid body, making the study a more critical (or worst-case) analysis. The 

visual inspection of the comparison shows a significant amount of similarity in the simulation 

model and test run. In Figure 5.3, the pitch, roll and yaw for simulation have been shown. There 

is a reasonable similarity between the simulation values to that of test shown in Figure 5.3. The 

Figure 5.4 is from NCAC study [1], which is used to compare the simulation values to that of 

test. Hence further analysis was conducted with this correlated FE model to study dynamic 

impact behaviors with different design of barriers and different impact curvatures. 



 

28 
 

 

Figure 5.1 Simulation (from this Study) and Test Model (from [1]) Comparison (Front View) 
 

t = 0.024  

t = 0.084  

t = 0.12  

t = 0.15  
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Figure 5.2 Simulation (from this Study) and Test Model (from [1]) Comparison (Top View) 
 

The FE simulation comparison with that of the test from Figure 3.8 and 3.9 show a 

reasonably good correlation. The comparisons have been made at different time steps to show 

the exact behavior of the vehicle. The vehicle lift and the intrusion into the barrier are seen to be 

reasonably matching the test results. The vehicle rotation from the top is also seen to be 

reasonably matching the test result. 

 

t = 0.024  

t = 0.084  

t = 0.12  

t = 0.15  
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Figure 5.3 Simulation and Test Model Roll, Pitch and Yaw Comparison (from this study) 
 

 
Figure 5.4 Roll, Pitch and Yaw Comparison from NCAC 2011-W-005 [1] 

 
The roll, pitch and yaw for the CG point of the vehicle are shown in the Figure 5.3. These 

values are compared to those of the test results which are shown in Figure 5.4. A reasonable 

amount of correlation has been found between FE and test values. 
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5.2 Parametric Study 

The analysis was then performed for three different barriers designs, with three different 

road curvatures, and at three different impact angles. These set of combinations were tested for 

following five output sets: 

 Vehicle Lift, 

 Vehicle Roll Angle, 

 Occupant Ride-Down Acceleration, 

 Occupant Impact Velocity, 

 Roll (Angular) Acceleration, 

 Intrusion and Penetration of the Truck. 

Vehicle Lift: 

Vehicle lift is the maximum height reached by the front wheel node after the impact, as 

shown in Figure 5.5. This can be analyzed and shown that for which barrier design, the lift is 

higher and will have a more possibility of vaulting the barrier.  

 

Figure 5.5  Vehicle Lift Node 
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Vehicle Roll Angle: 

The vehicle roll angle is plotted from the center of gravity point of the vehicle. It is the 

point about which the vehicle rotates and as the roll angle goes higher the possibility of the 

vehicle toppling will be more. The CG of the vehicle is shown in Figure 5.6. 

 

Figure 5.6  Center of Gravity point of the Vehicle 

Occupant Ride-Down Acceleration (ORA): 

As defined by the NCHRP report 350, the vehicle occupant ride down acceleration 

(ORA) is the maximum acceleration experienced by the occupant. The ORA value of 15 g’s and 

20 g’s is considered to be detrimental for the occupant safety. The ORA is also plotted from the 

CG node of the vehicle as shown in Figure 5.6. The CG data is a critical factor for the vehicle as 

most of the impact depends on this. The possibility of the vehicle vaulting, rolling or toppling 

will depend on how the vehicle is balanced. Also the road and climatic conditions matter for all 

these parameters. 
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Occupant Impact Velocity (OIV): 

The maximum velocity experienced by the occupant should be about 9 m/s. If the 

velocity increases to 12 m/s, then it could be dangerous for the occupant. The OIV is also plotted 

from the CG node of the vehicle.  

Roll (Angular) Acceleration: 

It is the rotational acceleration experienced by the occupant after the impact. It is 

evaluated for the CG point of the vehicle. This can be a critical factor in defining the toppling of 

the vehicle. A smaller difference in angular acceleration could result in higher impact on the 

occupant and could result in serious injuries. The roll acceleration is approximated as per Figure 

5.7. 

 

Figure 5.7  Roll Acceleration 

Intrusion and Penetration of the Truck:  

The intrusion and penetration into the cabin of the truck is a quite serious factor as this 

may cause major injuries to the occupant. If the vehicle penetrates into the barrier, the possibility 

of the occupant compressing and impacting with cabin interior will be higher which will result in 

Where, 

α = Roll Acceleration 

Awy =  Tangential Acceleration at wheel 

Agy = Tangential Acceleration at CG 

L = Distance from wheels to CG 
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suppression of the occupant within the cabin region. This will result in possibility of occupant 

not being able to escape from the vehicle after the vehicle impact and the vehicle as come to rest. 

5.3 Results and Discussions 

Though the analysis was run for three different velocities, only 62.5 mph velocity data 

was used to analyze the barrier design performance. The vehicle behavior after crash was studied 

by comparing lift data at three different velocities. The vehicle lift results at three different 

velocities are discussed in detail in section 5.3. 

A series of analyses were run for three different barrier designs at three different impact 

angles which are on three different road curvatures. These 27 combinations of runs were 

analyzed and the result has been tabulated in Table 5.1 thru Table 5.3.  

 
Table 5.1 Summary of Performance of New - Jersey Barrier 

 

Velocity 
kmph 
(mph) 

Impact 
Angle 

Curvature 
(Radius) 

New - Jersey Barrier 

Lift 
(mm) 

Roll 
(Degree) 

ORA 
(mm/sec2) 

OIV  
(mm/s) 

Angular 
Acceleration 

(rad/sec2) 

100 
(62.5) 

20 
75m 400 2.2 8 3.1 0.54 
150m 360 2 7.5 2.5 0.57 
Flat 580 1.8 7.8 2 0.35 

25 

75m 450 1.2 4.8 4.8 0.82 

150m 365 2.5 6 4.2 0.65 

Flat 675 2.5 10.4 3.5 0.55 

30 
75m 425 8 12.5 6.5 0.85 
150m 450 5.2 5.2 6.1 0.52 
Flat 725 7.4 17 5.6 0.5 
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Table 5.2 Summary of Performance of F-Shape Barrier 
 

Velocity 
kmph 
(mph) 

Impact 
Angle 

Curvature 
(Radius) 

F-Shape Barrier 

Lift 
(mm) 

Roll 
(Degree) 

ORA 
(mm/sec2) 

OIV  
(mm/s) 

Angular 
Acceleration 

(rad/sec2) 

100 
(62.5) 

20 
75m 300 4.25 5.1 3.5 0.5 
150m 225 5.1 6.5 2.6 0.52 
Flat 450 2.75 7 2.1 0.34 

25 
75m 125 6.25 10.2 4 0.93 
150m 150 5.7 6.5 3.9 0.8 
Flat 460 3 5 3.1 0.5 

30 
75m 140 5.5 21 6.5 1.85 
150m 150 4.25 15 6 2.25 
Flat 500 5 7.5 5.2 0.95 

 
 

Table 5.3 Summary of Performance of Vertical Wall Barrier 
 

Velocity 
kmph 
(mph) 

Impact 
Angle 

Curvature 
(Radius) 

Vertical Wall Barrier 

Lift 
(mm) 

Roll 
(Degree) 

ORA 
(mm/sec2) 

OIV  
(mm/s) 

Angular 
Acceleration 

(rad/sec2) 

100 
(62.5) 

20 
75m 100 5.5 19 6.7 0.62 
150m 71 5.1 5 4.2 0.7 
Flat 52 6 10.2 4.6 0.6 

25 
75m 40 4.25 7.4 6.9 1.13 
150m 42 4.5 7.5 6 0.88 
Flat 77 4.5 8.5 5.1 0.68 

30 
75m 42 9.25 12.5 9.3 1.3 
150m 35 7.5 6 8.7 1.1 
Flat 45 6.2 17 7.4 1.2 
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Figure 5.8 Vehicle Lift for New Jersey Barrier 

 

Figure 5.9 Vehicle Impact onto New Jersey Barrier with 75m Radius 

Table 5.1 thru Table 5.3, the vehicle behavior on different barrier designs at different 

impact angles is shown. Figure 5.8 shows a sample of results for New Jersey barrier. Figure 5.9 

shows the vehicle impacting on 75m radius New Jersey barrier model. The impact is shown at 

initial, middle and final time steps. The detailed plots for all the barriers are included in the 

Appendix of this document.  

Table 5.1 thru Table 5.3, it is evident that the New-Jersey barrier design is the more 

critical than the other two designs. The lift for the flat New Jersey barrier is found to be 580 mm 

compared to 450mm and 52 mm for F-shape and vertical wall barriers. It can be stated that the 

slope on the face of the barrier is of a major factor in defining the lift of the vehicle.  
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From the summary table, the vehicle lift has been plotted against the impact angle 

conditions for all the barrier designs. Figure 5.10 it indicates that the New-Jersey barrier, due to 

its slope on the face, produces maximum lift. Also it is seen that as the impact angle increases, 

the lift of the vehicle also increases. 

 

Figure 5.10 Vehicle Lift vs. Impact Angle 

As the lift of the vehicle increases, the possibility of the vehicle roll reduces. The vehicle 

lift can elevate the possibility of vehicle vaulting the barrier and crossing the road and entering 

the other side traffic. The roll can make the vehicle to topple upside down. Form the summary 

table, it can be seen that the vertical wall barrier has the highest roll angle increasing the 

possibility of toppling. 

Figure 5.11 shows the roll of the vehicle plotted against the impact angles for all the barrier 

designs. For impact angle of 20 degrees, vertical wall produces highest roll. As the impact angle 

increases, the New Jersey barrier produces maximum vehicle roll.  
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.

 

Figure 5.11 Vehicle Roll Vs. Impact Angle 

Figure 5.12 shows the comparison of occupant ride-down acceleration plotted against the 

impact angles. Clearly the acceleration experienced by the occupant is higher for New Jersey 

barrier design. This is because of high lift of the vehicle due to its slope on the face. The vehicle 

lifts up increasing the acceleration experienced by the occupant. 

Similarly the high lift causes high impact velocity of the occupant as shown in Figure 

5.13. It is clear with all these factors that the slope on the face of the barrier makes the vehicle 

lift up and stops from vaulting the barrier and entering the other side traffic.  
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Figure 5.12 Occupant Ride-Down Acceleration Vs. Impact Angle 

 

Figure 5.13 Occupant Impact Velocity Vs Impact Angle 
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Figure 5.14 Angular Acceleration Vs Impact Angle 

 

Figure 5.15 Vehicle Penetrations into the Barrier 



 

41 
 

Figure 5.15 shows the amount of vehicle penetration into the barrier model. From Figure 

5.15, it is clear that the penetration of the vehicle is higher for the vertical wall barrier. The lift of 

the vehicle makes the vehicle stay in the same traffic and not vault the barrier and enter the other 

side traffic avoiding the serious crash situations. Also from the vehicle penetration, it is observed 

that the compression of cabin is less, hence avoiding serious injury to the occupant. 

Overall, it can be stated that the New Jersey barrier design model will reduce the 

possibility of injury to the occupant. The occupant will be crushed less inside the cabin compared 

to the vertical wall and F-shape barriers. The vehicle will still remain in the same side of the 

traffic avoiding the serious injury.  

5.4 Design of Experiments (DOE)  

It is evident from the parametric analysis that the New Jersey barrier model is the 

preferred design which reduces possibilities of serious injuries to the occupant. Based on  

Table 5.1 thru Table 5.3, a study of Analysis of Variance (ANOVA) was performed on 

all three barrier designs to study only lift of the vehicle. This study was intended to analyze the 

effect of the curvature of the road on the lift of the vehicle. 

Figure 5.16 shows the ANOVA output for the New Jersey barrier. It can be seen that the 

Flat road curvature generates the highest lift. As the P-value is less than the Alpha (0.05), the 

null hypothesis of ‘there is no significant difference between the mean values’ is rejected. It can 

then be concluded that there is a significant difference between the mean values and, that the 

road curvature does matter for the lift of the vehicle. 
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Figure 5.16 ANOVA for New Jersey Barrier 

 

Figure 5.17 ANOVA for F-Shape Barrier 
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Figure 5.18 ANOVA for Vertical Wall Barrier 

 

Similarly from the Figure 5.17, it can be concluded that the flat road curvature generates 

highest lift. This can be detrimental for the occupant as the lift reduces, the possibility of the 

vehicle vaulting the barrier increases. This leads the vehicle to enter the other side traffic or jump 

off the bridge. Hence, there is a necessity for redesigning of the barriers for the curved road 

conditions.  

5.5 Effect of Input Velocity 

As the Manual for Assessment of Safety Hardware (MASH) and NCHRP Report 350 

does not mention the requirement for study of impact of different velocity on the vehicle crash, 

there was a necessity to address this question. As it has been already concluded that the New 

Jersey barrier is a highly used barrier and a critical one, the same was tested for different 

velocities. Table 5.4 summarizes the vehicle lift for three impact velocities on New Jersey barrier 
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model. It is evident that the lift will increase as the increase in velocity. Figure 5.19 shows a bar 

chart comparing the lift of the vehicle at three different velocities.  

 

Table 5.4 Effect of Velocity on vehicle Lift 

 

 

 

Figure 5.19 Velocity vs. Vehicle Lift  
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CHAPTER SIX 

6 CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

Effort has been made in this thesis to study the effects of vehicle crash dynamics on three 

different barrier designs, at three different road curvatures, and at three different impact angles. 

The barriers designs considered were the designs, which are widely used on the highways 

currently. Literature reviews indicated that the study with respect to the road curvature had not 

been of the primary concern for the researchers, an effort to study the same was made.   

Three different barrier designs were used with three impact angles for three different 

curvatures were utilized for impact analysis of vehicle model at different impact velocities.  The 

primary model was first validated with the results from experimental test available in literature. 

The parametric study was subsequently conducted with output values for barrier design, impact 

angle and curvatures.  From the range of analysis conducted in this study, it can be concluded 

that the New-Jersey barrier has the highest lift, occupant ride-down and also occupant impact 

velocity compared to the F-Shape and the Vertical wall designs. Hence, the New Jersey barrier 

design will ensure that the vehicle does not vault the barrier and enter the other side of the traffic 

elevating the possibility of higher risks. The reduction in the possibility of vaulting the barrier 

will also avoid the vehicle from jumping off the bridge. 

From the study, it has also been found that the impact angle is a more critical factor than 

the road curvature. Deploying the proper barrier designs depending on the road curvature will 

avoid major risks to the occupant. The statistical ANOVA study also indicated the similar 

results.  
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The vehicle lift increases as the slope on the barrier increases. Lift, vehicle ride down 

acceleration, and occupant impact velocity were also found to be less for the vertical wall barrier. 

The lift of the vehicle will increase the occupant acceleration. The roll angle, being less for the 

New Jersey barrier, makes it less vulnerable for the toppling of the vehicle. The angular 

acceleration is also highest for the New Jersey barrier. 

It was also observed that the vehicle penetration is least for New Jersey barrier compared 

to vertical wall. The vehicle is crushed least in the front of the vehicle which makes the cabin to 

compress less inside.  This drastically reduces the possibility of occupant being impacted inside 

the cabin. Hence, the lift of the vehicle due to the slope on the face of the barrier reduces the 

possibility of cabin crushing.   

Overall, based on the results from this study, the New Jersey-type barrier is 

recommended to be utilized on the roads, and the road curvature to be at least 75m. 

6.2 Recommendations for Future Work 

There is always a chance for improvement in the safety of the occupant. The analysis 

performed here does not consider the impact angle more than 30 degrees. The study of this 

condition can give a clearer understanding of the barrier designs. The actuall occupant multibody 

FE models was not considered in this study. Including the occupant model will assist in 

analysing the injury measure such as the  Head Injury Critria(HIC) for the occupants. This will 

also help in analysing the impact of lift of the vehicle on the occupant. 

As mentioned earlier, the frictional componant between the road and the barrier has been 

neglected in this analysis. The barrier has been considered as a rigid body. Modeling the barrier 

as a deformable and including the frictional componant between the barrier and the road will 

enhance the capability of the predicting the dynamic behavior of the vehicle more accurately. 
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The study of intrusion of front of the vehicle back into the cabin of the vechile will be 

critical as this increases the criticality of the injury to the occupant. This depends on the 

rubustness of the vehicle design and varies from one vehicle model to another.   
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APPENDIX – SIMULATIONS OUTPUT 

 

Lift of the Vehicle – New Jersey Shape Barrier 

 

Lift of the Vehicle - F-Shape Barrier 

 

Lift of the Vehicle – Vertical wall (Flat) Barrier 
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Roll of the Vehicle – New Jersey Shape Barrier 

 

Roll of the Vehicle - F-Shape Barrier 

 

Roll of the Vehicle – Vertical wall (Flat) Barrier 
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Vehicle Ride-Down Acceleration – New Jersey Shape Barrier 

 

Vehicle Ride-Down Acceleration - F-Shape Barrier 

 

Vehicle Ride-Down Acceleration – Vertical wall (Flat) Barrier 
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Occupant Impact Velocity – New Jersey Shape Barrier 

 

Occupant Impact Velocity - F-Shape Barrier 

 

Occupant Impact Velocity – Vertical wall (Flat) Barrier 
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