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ABSTRACT 

Road safety is today a serious and worrying problem, for all developed Countries. 

In particular, the accidents with loss of vehicle trajectory show a large increase, owing to the number of 
cases and severity of consequences. The vehicle that leave his lane could escape from the road space and 
meet dangerous objects (trees, piles, walls, etc.), or invade the opposite carriageway. 

To ensure the protection for these occurrences, a good opportunity is offered by passive safety systems, and 
particularly by road safety barriers; therefore, it is important to know the evolution and the consequences of 
crashes on these systems. 

The good knowledge of the impact phenomena could not be achieved only by means of the traditional 
theoretical and analytical models, because of the complexity of dynamic effects, and approximation needed 
in calculation processes. Instead, the computational 3D FE models are able to virtually reproduce the bodies 
(vehicle, road section, barriers, etc.), and to evaluate their deformations and dynamic actions exchanged 
during the crash. 

Some cases of virtual impact are showed in this paper: they are carried out by means of LS-DYNA software, 
validating the results � if possible � by means of comparison with real crash tests. These models also allow 
to evaluate the different impact effects varying the geometric and mechanic parameters of the vehicles and of 
the safety systems: in this way it is possible to obtain useful indications for the design activities. 
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ROAD TRAFFIC ACCIDENTS AND ROAD SAFETY  

Road traffic accidents represent a major public health problem: they cause more than 1,000,000 deaths 
annually and even higher cases of disability.  

Recently the World Health Organization (WHO) and the Harvard School of Public Health estimated that by 
2020 road accidents will be the third major cause of disease or injury in the world, after heart diseases and 
depression (see Peden et al, 2001). 

This happens everywhere in the world and for all economic classes, but the main part will come from the 
poorest countries and classes. Currently the major part of the accidents are in the sub-Saharan Africa, where 
the bad roads and the high number of young and inexperienced drivers are a fatal mixture. 

Usually, the safety protection in transportation is divided between �active safety� and �passive safety�. In 
particular for the road transport, the most common passive safety systems are related to road and vehicle: 
researchers study in the design phase, to achieve: 
• Internal passive safety, that is the vehicle chassis resistance, safety belt and airbags, interior part design 

(in order to avoid injuries to the occupant during the impact), safety exits and fire protections; 
• External passive safety, that is the total deformation of the vehicle and the retaining system, the road 

characteristics and its geometry. 



 

About the road aspects, the geometric and functional definition of the cross section and devices must be done 
with a particular attention to safety. These aspects, usually enclosed in the �roadside safety�, involve many 
researchers all over the world. 

Roadside safety take account of all the procedures and safety devices that will be placed or regard the area 
aside the carriageway and will have the purpose of reducing the effects when a vehicle runs off the road.  

In this paper will be analyzed the structural behavior of some road barriers (roadside safety devices) when hit 
by light and heavy vehicles. The analysis was performed using Computational Mechanics principles, by 
means of Finite Element (FE) models able to reproduce crashes of vehicles on road safety systems. 

ROADSIDE BARRIERS 

The aim of the roadside safety engineer is to reach the maximum level of passive safety, using the 
homologated devices. The devices are generally homologated by means of crash tests performed in 
conventional conditions, according to the acceptance procedures described in the national or international 
standards; many times the real installation conditions are different from the laboratory test conditions, so the 
road safety designer must adjust the device to meet the new circumstances. This is the most difficult task for 
the road safety designer because, until now, he had to operate only on the basis of his experience, but now 
the new calculation tools can help to solve these problems with a better level of definition. 

Classification of road safety barriers  
The longitudinal road safety devices, usually called road safety barriers, can be divided in the following main 
groups (Figure 1): 

• Deformable barriers, usually steel barriers, that absorb and dissipate the vehicle energy with the 
deformation and plasticization of steel members; 

• Rigid movable barriers, usually made of reinforced concrete elements, connected with deformable steel 
beams and plates; these system is not restrained to the ground, but dissipates the vehicle energy with the 
friction force, due to the high mass of the RC elements; The cross section of the RC elements is shaped 
to redirect the vehicle during the impact, in particular when the impact angle is low. 

• Cable barrier systems, that are structures in which the resistant elements (cables) are strained; They are 
not recommended for roads with significant traffic of motor-bikers. 

• Others (earth barriers, steel signpost systems, traffic barrier terminals, etc.), that are used for special 
applications. 

 

 
Figure 1. Deformable barrier, rigid movable barrier, and cable barrier. 

Real and virtual crash test for roadside safety barriers 
The major homologation standards (mainly the NHCRP Report 350 and the EN1317) agree that it is 
absolutely necessary to validate the devices with a real world crash test, to be performed with standard 
procedures. 

Performing a real world crash test requires specialized laboratories, skilled personnel with high cost and time 
to execute the test and post process the collected data. In addition, the standard homologation condition 
could differ from real world installation, but it is not possible (due to the high cost) perform a test for each 
condition. 



Many researchers began to study these devices with innovative calculation methods to have a preventive 
control on the quality of the barrier design, to avoid repeating expensive crash test. 

These methods consists essentially in doing a structural numerical simulation, with finite elements models, 
detailed reproduction of all the real crash test elements (barrier, vehicle road surface, etc.) that are able to 
virtually replicate the test. It is possible to study different installations and conditions and also to fine tune 
the device design to satisfy some particular requests, without repeating the lab test. The simulation can be a 
good tool to help the road safety designer to better evaluate each situation, but the use of simulation need 
highly trained and experienced engineers, since sometime the results can be misleading and every time they 
need to be looked at with care. 

There are two key points to keep in mind: 
• Until now and probably for a while, real lab tests cannot be completely eliminated, since the simulation 

model still have many simplifications that, every time one of the components of the model changes (e.g.: 
a new material, a new vehicle or barrier model, etc.), a calibration phase is needed (reproduction of a real 
test to evaluate the performance of the new model); 

• A good experience of how the simulation code works is essentially to prevent errors and to know the 
possible result sensitivity with a given problem. 

Human-vehicle interaction and roadside barrier 
Every safety device or measure adopted when designing or building a road are aimed to save human lives 
and avoid injuries, so it is clear the importance of the human being also in the safety device design 
evaluation. 

When studying the interaction of the human body with the vehicle interiors it is important to know which are 
the most vulnerable parts of the body, in order to provide adequate protection. 

To do these evaluations it would be important to equip the vehicle with a crash test dummy, an instrumented 
human body replica, that it is used to measure accelerations, forces and effects of the impact in lab tests. It is 
common to see these dummies used in automotive crash tests, but the standards for roadside devices 
evaluation consider the use of dummies only as an option.  

In automotive tests the only variable element is the vehicle, that it is the element to be tested. All the other 
components that participate to the crash test (the barrier, the pavement surface, the dummies) are very well 
defined by the standard, so it is possible to compare efficiently two different vehicles. In the roadside tests, 
one of the major components, the vehicle, has to be chosen in a class, according to the performance level 
requested to the barrier; these classes are defined only with few general parameters (mass, Center of Gravity 
(CG) location, dimensions, number of axles).  

To evaluate the effects of impacts on the human body, the most important measure carried out in roadside 
crash test, according to the standards, is the acceleration (3 components). The three accelerations are 
measured in a position as near as possible to the CG of the vehicle, in a reference system fixed with the 
vehicle frame.  

With the data of the three accelerations, the speed and position of the vehicle it is possible to calculate the 
conventional indexes (Acceleration Severity Index (ASI), Theoretical Impact Head Velocity (THIV) 
Post-impact Head Deceleration (PHD), etc.) that are used to have an idea of the impact severity. These 
indexes are some of the quantitative results that the current standards use to homologate the devices. 

In the virtual crashes, it is possible to include models of the human body or of the dummy itself in the 
computer simulations; in alternative, it is possible to determine the acceleration values during the crash. 
Nevertheless, the modeling of the human body is a very complex task, and it is performed by well 
specialized research teams. In this research, instead, we consider some effects on the road users by means of 
the calculation of the most common severity index: the ASI. 



3D FINITE ELEMENT MODELS OF VEHICLE-BARRIER CRASH  

Some FE models of different road safety barriers has been developed to perform simulated crash tests with 
two kind of vehicle (heavy and light). The model of the heavy vehicle has been specially realized by the 
authors of this paper; the model of the light vehicle is took by NCAC database. 

The code used for the numerical simulation is LS-DYNA, realized by Livermore Software Technology 
Corporation on the basis of DYNA3D, originally developed, more than 30 years ago, by the Lawrence 
Livermore National Laboratory together with the University of California. 

Barriers with posts embedded in soil 
The barrier object of this work is a standard �three beam� steel barrier, mounted in soil (the length is 70 m). 

This is one of the earlier research works and it was performed using DYNA 3D FE code.  

 
Figure 2. Model of the steel barrier with posts embedded in soil. 

A �three beam� steel barrier (Figure 2) is usually made of 4 parts: the main beam (3 beam), the post, the 
spacer and a lower beam. 

The main beam is made of 3 mm thick steel, folded with the standardized e beam shape, with three convex 
curves in the direction of the road. 

The post is usually a U beam (in our tests 120x80x6 mm), mounted to offer the higher resistance around the 
axis parallel to the road axis. 

The spacer is usually a special part, made with folded sheet steel and sometimes composed by multiple 
pieces. The spacer used in our tests is essentially a rectangle (370x392x3 mm) with a large oblique hole, 
shaped to obtain a predefined kinematics after the formation of plastic hinges. 

The inferior beam is usually a U beam (in our tests 120x40x4 mm), it is fixed to the post directly or through 
a spacer and its main task is to prevent wheel snagging on the posts. 

In our model, all the parts were �welded� together, meaning that there are some nodes in common between 
two different parts. This strong connection is justified by the behavior of the barrier during the test, where no 
major connection fault was found. 

The posts have a total height over the pavement of 1.2 m and are embedded in soil for 1.1 m. 

The barrier is made with 2 different qualities of steel, shown in Table 1. 

To reproduce the soil, the posts were embedded in a solid mesh reproducing the volume of soil with the 
highest deformation due to the post action. The solid mesh is 2.5 m deep under the pavement level and has a 
rectangular base (2x2 m). 



Table 1. Mechanical characteristics of the materials used in the barrier model. 

Steel quality E  
(Pa) 

ν ρ  
(kg/m³) 

Yield stress 
(Pa)  

Failure strain 

Hard 2.060E+05 0.29 7850 4.200E+02 0.5 
Ductile 2.060E+05 0.29 7850 2.850E+02 0.5 

The material used to reproduce the soil (a granular non cohesive soil with good mechanical properties) has 
an elastic plastic constitutive law with strain hardening (Table 2): 

Table 2. Soil characteristics. 

Type E 
(MPa) 

ν σy 
(Mpa) 

Etan  
(kPa) 

ρ  
(kg/m³) 

Medium density 4.9 0.33 1.5 3 2800 
Dense 9.85 0.33 2.5 3 2800 

The region near to the post was modeled with an improved mesh, and using the dense material to consider 
the post installation effect on the undisturbed soil. 

The failure stress for the two materials are 15°kg/cm² (medium density) and 25 kg/cm² (dense). 

In figure 3 it is shown one of the models used to verify the interaction between two opposite barriers 
installed as a median guardrail. It is one of the oldest model and the vehicle is still the phase 1 model. 

 
Figure 3. Cross section view of the model ready for test. 

Reinforced earth barriers 
Reinforced earth barriers are safety devices made with granular material (mainly sand) enclosed into one or 
more geo-textile layers and reinforced with steel or synthetic nets. The external layers of the barrier can 
covered with grass. 

According to the desired total height of the barrier one or more �packets� can be stacked; each packet can be 
connected to the surrounding ones with steel bars or weaker connections. 

On the two lateral surfaces a steel grid is used to prevent the vehicles to separate the packets. 

These barriers are very innovative, because they join the behavior of the RC barrier, being heavy and 
creating a continuous surface, and the steel barriers, being deformable. 

These barriers could be employed for specific protections, i.e. special security systems or to separate the road 
by lateral constructions (railways, electric lines, buildings, etc). 



 

 
Figure 4. Model and typical basic element of the reinforced earth barrier for medians. 

These barriers have usually a very simple shape, massive trapezoidal with a single slope (80°) on the lateral 
faces, a total height around 1.30 m. 

The model (see Figure 5) of the reinforced earth barrier is made of: 
• solid elements for the earth structure; 
• shell elements for the geo-textile layers; 
• shell elements for the steel grids. 
 

 
Figure 5. Complete model (barrier and vehicle) ready for test. 

In some of the preliminary models the steel grids were modeled with beams, but the models with shell 
element mesh were found to run quicker and with the same level of accuracy. 



The results showed that the barrier has very good containment capability with the heavy vehicle, but the 
impact severity with the light vehicle is too high; the barrier is still in the redesign phase, in order to address 
al the evidences from the virtual tests. 

Steel barriers for bridges 
The bridge barrier is more complex than the standard soil-embedded one: it has more components, it is stiffer 
and the total height is higher (1.5 m). 

The main beam is a standard 3 beam and it is connected to the post with a spacer similar to the 
soil-embedded barrier, with some minor differences, but the same shape and behavior. 

The post is a U profile (140x70x7 mm), and is welded on a thick (15 mm) plate, connected to the bridge deck 
with 4 anchor bolts. 

There are two additional beams, one superior (hollow box 180x150x4 mm) and one anti snagging inferior 
beam (U section 120x65x4 mm). The beams are connected to the post with spacers. 

In Table 3 there is a list of the main characteristics of the material models used in this test. 

Table 3. Materials used for the barrier and bridge deck models. 

Material Name E  
(Pa) 

ν ρ  
(kg/m³) 

Yield stress 
(Pa)  

Failure strain 

S205JR-R 2.060E+05 0.29 7850 4.200E+02 0.5 
S235JR-R 2.060E+05 0.29 7850 2.850E+02 0.5 
ANCOR 2.060E+05 0.29 7850 2.850E+02 0.5 
Concrete 3.100E+04 0.15 2500 1.000E+02 NA 

It is important to include in this model the anchor bolts. 

The anchor bolts are the devices used to connect the barrier to the bridge deck, usually made of reinforced 
concrete. The ultimate resistance of the anchor bolts needs to be fine tuned with the barrier and bridge deck 
resistance, in order to guarantee the barrier performance and prevent from the deck failure. 

The restraint system of the analyzed barrier can fail because of the anchor bolts (excessive yield deformation 
or crack), the steel plate (anchor bolt pullout, crack, excessive yield deformation) or in the concrete (bolt 
pullout, concrete crack). These different failure modes depend on the characteristics of the materials (Young 
modulus, yield stress and failure strain) and the geometry of the system itself (number, diameter and position 
of bolts, size of the deck, existence of additional horizontal restraints). In Figure 6 the barrier installed on the 
bridge deck and the anchor bolt detail is shown. 

 
Figure 6. Barrier, deck and anchor bolt model. 



The complete barrier model is shown in Figure 7. 

As it regards the vehicle models for virtual crash tests, the activities carried out by the authors are focused on 
the heavy vehicle model, because, in that moment, only light vehicle models were available for research 
purposes. Actually the vehicle is completely modeled, in order to reproduce an actual truck (FIAT IVECO 
F180NC). Measurements were made on the real truck and then reproduced on the virtual model. To have 
more details on the vehicle model building, please refer to �Development of a HGV FEM for road safety 
system� (see Bonin G., Cantisani G., Loprencipe G., 2004). 

 
Figure 7. Model of the steel barrier installed on bridge deck. 

Reinforced concrete barriers 
The use of finite element models and computational mechanics can help the analysis and the definition of 
many parameters: 
• shape and dimension of the cross section of the main element; 
• class and quality of concrete (lightweight concrete); 
• reinforcement; 
• length of precast elements; 
• type of connection between elements; 
• type of connection to bridge decks; 
• characteristics of the pavement surface. 
 
In this analysis has been used a RC barrier common in Italy, also to have data for the calibration of the 
model. 

The barrier is 1.2 m tall and is composed by 6 m long elements. Each element is a precast reinforced 
concrete element and is connected to the previous and following element. The element is not connected to 
the ground and can move on the pavement surface, dissipating energy due to the mass and the high friction 
between road pavement and concrete. 



  

  
 

Figure 8. Simulation of the heavy vehicle impact test with bridge steel barrier. 

The central part of the barrier has a constant cross section (Figure 9) and was modeled with 8 nodes solid 
element. 

 
Figure 9. Model of the central part of the main element of the barrier. 

The two ends of the element (Figure 10), are different, in order to assure a good transmission of the 
transversal shear actions and permit rotation around the axis of the connection (vertical). 

The connection between the elements is made in the top of the elements with a high resistance steel bar, 
jointed head to head with a sleeve, and in the bottom there are two plates (Figure 11) connected with two 
transversal beams. 



All the lower connections (beams and plates) are modeled with solid elements, the top steel beam is a one-
dimensional element. 

 
Figure 10. Model of the initial and final part of the elements. 

Figure 11. Model of the lower element to element connections. 

These components constitute the basic modulus, that is repeated to have the complete model of rigid barrier 
(see Figure 12 and Figure 13). 

The heavy vehicle used in the virtual crash tests on rigid barriers is, again, the model of the FIAT IVECO 
F180NC, formerly showed (see Figure 14). 

        
Figure 12. Details of the element to element connection. 



 
Figure 13. Final model of a section of the RC barrier. 

 
Figure 14. Complete model (barrier and vehicle) ready for test. 

  

  
Figure 15. Shots from the simulation of impact with heavy vehicle and short elements RC barrier. 



The model was validated (see Fig 16) with the comparison among real crash tests where the actual F180NC 
was used as a test vehicle and virtual test. 

  

  

  

  
Figure 16. Validation of concrete barrier FE model. 

The model has been considered validated when, after several virtual test and model refinements, the 
following results were achieved: 
• correct reproduction of the kinematics and dynamics of the test, in particular post impact velocity and 

trajectory, length of the barrier deformed by the impact); 



• good correlation between residual deformation of the vehicle and barrier, real and virtual. 
 
The vehicle deformation, considered globally, has a good accordance with the real event. 

The use of lightweight concrete and short elements helped in reducing the total accelerations by 40%, 
measured in the test with the light vehicle. 

Figure 17 shows these results in terms of Acceleration Severity Index (ASI), that is the conventional index 
used for the evaluation of safety devices. Actually, there are two classes of ASI, lower than 1.0 and between 
1.0 and 1.4; as it is clear from the diagram, in the long elements RC barrier the ASI is globally higher and the 
ASI value significantly exceeds the 1.0 limit three times, and one time also the 1.4 limit, while the short 
element RC barrier is never higher than 1.3 and exceeds significantly the 1.0 limit only once. 

 
Figure 17. ASI results in the long and short element RC barrier. 

CONCLUSIONS 

The study of a new road safety device and its use in a new or upgraded road needs to be carefully designed 
and evaluated. In the past years only simplified calculations were possible, inadequate to the complexity of 
the problem. 

Now it is possible to perform complex calculations using finite element simulations, by dividing the complex 
continuous problem in a large number of small size discrete simple problems and using powerful computers 
to make all the calculations necessary. 

The simulation of such complex events can be done to have a good analysis, but it is always necessary to 
calibrate the model with real world data. 

This tool needs experienced researcher and it is still not ready for mainstream use: it is easy to get wrong 
results and consider hem the good ones, because of the complexity of the problems and the numerical 
instabilities of the calculations. 

Refining the simulation models is putting into the model more and more variables and elements to better 
approximate the reality; this process increases severely the number of calculations to be done, but the 



growing power of computers is helping to reduce the total running time, also with these new complex 
models. 

It is possible, however, to reuse some of the components already applied in earlier simulations, like a barrier 
component or the whole vehicle, since these models are modular: in this way it is possible to keep refining 
the component model with new simulation and data. 

In this paper, some simulations has been presented, in order to the problem of impacts between the vehicles 
and road safety systems. The results demonstrates that: computational mechanics is able to study many 
problems of real world, and these procedures can be used to evaluate the influence of each involved 
parameter (geometry, materials, distribution of masses, test conditions, etc).  

The models can be continually refined to obtain a better reproduction of real conditions. In fact, in the USA, 
the Federal Highway Administration (FHWA) encouraged the use of LS-DYNA and sponsored the creation 
of a database of vehicle models and the definition of some roadside hardware specific material models (e.g. 
concrete and wood). This approach assures the possibility to have high quality vehicle models ready to use, 
continuously upgraded and validated.  

This is the right procedure to design, analyze and use safety devices, all the players of road safety can have 
an advantage: 
• the road administration can better address the researchers to analyze the worst and most interesting 

scenarios; the same administration could use the simulation to validate the devices in standard or 
particular conditions; 

• the manufacturers could use it as a tool to reduce the number of expensive full scale crash tests; 
• the researchers could use the simulations as a design tool for the new devices and to refine existing one 

for particular installations; 
• the end user is the final beneficiary of all these improvements. 
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