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ABSTRACT 

The aim of this study is to investigate the improvement in thestrength of a top-hat profile hollow-

section beam used in a vehicle structure by attaching different shapes of internal reinforcements. 

The base structure of the beam was first considered as a hat shape structure which was jointed to 

a flat plate using spot-welds. Three types of sheet metal reinforcements were formed and 

attached inside the beam’s structure. Then, they were tested experimentally under low-velocity 

lateral impact. Also, a numerical simulation is being developed using LS-DYNA explicit code 

and validated using experimental data.Valid numerical configuration is used to conduct an 

optimization study on cross-sectional shape of the internal reinforcing component. Optimizations 

are carried out using single and multi-objective methods based on Genetic Algorithm approach 

and the suggested optimum solutions are compared with experimental results. Moreover, to 

discuss the feasibility of applied reinforcements on side section of a vehicle’s body-in-white, a 

realistic side pole crash test is simulated using a validated vehicle model and performance of 

improved chassis is compared with basic model and results are presented, discussed and 

commented upon.  

Keywords: Internal reinforcement; Top-hat section beam; Low-velocity impact; LS-DYNA; 

Multi-objective optimization, Side crash test. 

1. INTRODUCTION

Protecting passengers in vehicle collisions was an essential consideration since automobile 

industry was developed. In recent years, due to an increase in awareness on occupant safety and 

necessity of energy-efficient engineering, manufacturers are proceeding towards an optimal 

design of the occupant space by using the high strength structures for better crashworthiness 

without significant increase in total mass. Thin-walled structures are widely used in passenger 

vehicle’s body-in-white.Crash performance requirements are focused on occupant injury 

parameters and structural deformation measurements like intrusion, acceleration and velocity of 

the deforming structure. Protecting people in side crash is challenging because the sides of 

vehicles have relatively little space to absorb energy and shield occupants, unlike the front and 

rear, which have substantial crumple zones. From the discussions above, it is clear that an 
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optimized body structure is an obligation for satisfying the legal requirements for improving 

safety in side crash events[1]. 

Primary step of enhancing vehicle’s structures is to detect boundary condition of each element in 

various crash scenarios. As for the frontal components, structures are mainly subjected to axial 

and crush loading, however, in side components, which are mostly categorized as beams, 

transverse load is dominant. To understand the general mechanism of bending in hollow section 

tubular beams, McIvor et al. [2] performed an experimental study on the behavior of such hinges 

in thin-walled structural members and a structural constitutive theory was proposed to account 

for this behavior. Hofmeyer [3] studied on the crushing behavior of hat-section beams and 

showed that cross-section behavior can partly be used to explain total section behavior. To 

investigate deformation characteristics of crashworthy thin-walled steel tubes subjected to 

bending, Mamlis et al. [4] studied the collapse behavior and crashworthiness of cantilever 

circular tubes subjected to bending both theoretically and experimentally. Further theoretical 

works were done by Maduliat et al. [5] who performed an analytical study on steel circular 

hollow sections under pure bending moment in order to understand its collapse deformation and 

to predict the energy absorption mechanism. Many efforts have been made to improve 

functionality of tubular beams under bending. Approaches involve employing metal-composite 

hybrid structures e.g. strengthening the base metal beam by wrapping fiber composite 

materials[6], filling the hollow section beam with cellular material like metal or polymeric 

foams[7], employing energy absorbing structures like honeycomb[8] or using low-density 3D 

printed lattice structures[9], using superior materials like Ultra High Strength Steel 

(UHSS),Glass Fiber reinforced Polymer(GFRP) or Carbon Fiber reinforced Polymer (CFRP) 

instead of conventional steel, optimizing beam’s geometrical parameters by making changes to 

the cross-section or investigating the effect of variable thicknesses in order to find an optimal 

solution to improve crashworthiness characteristics as well as lightweight design. 

According to the previous investigations, the collapse mechanisms observed in the low velocity 

impact tests are similar to those for the quasi-static tests[10].Therefore, several investigations 

have been carried out based on quasi-static tests with the aim of improving crashworthiness 

performance of tubular beams under bending. As mentioned, optimization of material could be 

performed by changing the material of whole structure. Chen[11] studied on optimized design 

solutions for roof strength using advanced high strength stainless steel by numerical analysis and 

finite element solutions. Inserts were designed and added at critical locations to improve the 

load-carrying capacity.  An alternative is to employ different materials in a hybrid structure. Pan 

& Yu [12] investigated on the bending strength of 72 different types of hybrid cold-formed steel 

beams and the outcome was a new design procedure to enhance the strength of hybrid beams. 

Fyllingen et al. [13] simulated the top-hat thin-walled sections of dual-phase steel DP800 

subjected to axial crushing by taking into account process history and measured geometric 

imperfections, thickness variations and material variations.  

The idea of changing geometry of structures to improve bending resistance and energy 

absorption capacity is developing because of its compatibility with current manufacturing 

techniques and no necessity for use of different materials. Change of geometry could involve 
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using variable thickness[14], corrugating[15],employing origami geometries[16], using multi-

cell tubes instead of single-cell[17] and optimization of geometric parameters of cross-

section[18]. Xiong Zhang et al.[19] studied on bending collapse of square tubes with variable 

thickness. Zhang also investigated on bending collapse of folding tubes under static and dynamic 

three-point bending load and studied the influences of load direction, velocity, fillet radius and 

sectional shape on the force and deformation responses of specimens [20]. Zhang’s research 

showed that the folded tubes outperform the traditional tubes in some aspects and also presented 

some suggestions for the design of folded tubes. Huang et al. [21] studied on energy absorption 

and optimization design of multi-cell tubes subjected to lateral indentation using experimental 

quasi-static tests and numerical simulations. Huang also did a research on three-point bending of 

thin-walled rectangular section tubes with indentation mode, and as a result, a theoretical model 

is proposed to analyze the energy dissipated by various deformation mechanisms of the 

tubes[22]. Zahedan et al. [23] conducted an experimental and numerical investigation on bending 

strength of the vehicle bumper beam with internal stiffeners. Rectangular hollow section 

aluminum beams were employed to represent the vehicle’s bumper. Validated finite element 

code was used to perform a parametric study on the number of vertical stiffeners. Also, 

functional performance of the selected models from experimental and parametric studies are 

examined in a full vehicle crash simulation. As indicated by investigation of Shaw et al.[24], the 

developed computer optimization technologies have enabled light weighting of the vehicles’ 

body structure to have high performance in energy absorption applications. Updated cross-

sections for improved performance at bending or axial loadings leads to significant weight and 

cost savings. 

Despite the feasibility of solutions obtained from quasi-static tests in the individual elements of 

vehicle structure, studies performed based on dynamic tests would provide better predictions due 

to inertia and strain rate effects. Li et al.[25] performed an experimental and numerical study on 

the behavior of ultra-high strength steel (UHSS) hollow tubes under low velocity lateral impact 

loading and showed that UHSS hollow tubes had the similar failure pattern when compared to 

that of normal strength steel members. The mid-span deflection and the residual deformation 

decreased significantly when the UHSS tube was applied. Zhai et al. [26]presented an 

experimental and theoretical study on the deformation of small diameter aluminum alloy 

(AA6063T5) circular tubes under lateral impact loading. Investigationresults depicted that the 

performance of specimens subjected to the lateral impact is significantly affected by the 

diameter-thickness ratio and impact energy. To consider the effect of fiber composite 

reinforcement of metal tubes, Wu et al. [27]examined the performance of glass fiber-reinforced 

epoxy resin (GFRP) reinforced circular steel tubes under low-velocity transverse impact loads 

using both numerical and experimental methods and analyzed the influence of steel tube 

thickness and outer diameter, GFRP thickness and winding angle, specimen length, and the mass 

of the drop hammer and impact velocity. 

Among all various cross-sections which have been proven to have great effects on the energy 

absorbing capabilities of the thin-walled extrusions, top-hat and double-hat profiles have been 

widely applied on structures of body-in-white[28] in the past few decades since their geometrical 
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features are suitable for fast production using spot-welding techniques and their acceptable 

performance in flexural loading.Zahedan et al. [29]investigated the improvement in energy 

absorption of a top-hat profile hollow-section beam by attaching different shapes of internal 

reinforcements.To improve energy absorbing characteristics in passenger vehicle bumper 

systems and reduce pedestrian injury, Chang Qi et al.[30] proposed an innovative double-hat 

thin-walled beam comprised of aluminum-steel hybrid materials and compared its bending 

resistant characteristics with beams made of a single material. Chang Qi also investigated 

performance of these hybrid double-hat beams under lateral impact while being filled by 

foam[31]. 

In the recent years, some automotive manufacturers have installed an internal reinforcing 

member in structures like rocker beam or B-pillar to improve bending resistance and 

crashworthiness. Although many studies are performed on hat-shaped beams, a full investigation 

on the effect of adding internal reinforcements to top-hat beams subjected to impactbesides 

cross-section optimization has not been carried out. 

The aim of this study is to optimize the cross-section of the reinforcing component used in 

passenger vehicle’srocker beam to make the whole beam absorbs more energy at side collisions. 

These beams deform in a bending mode during side impacts, so lateral impact test condition is 

chosen to investigate their behavior. Simplified hat shape profile spot-welded to a back-plate was 

chosen to fabricate the specimens which resembled the vehicle’s rocker and also, three different 

geometries are selected for cross-section of manufactured reinforcing components and reinforced 

specimens are compared with non-reinforced type to investigate theperformance of the beams. 

Also, a numerical analysis was carried out to simulate the experimental tests. Validated 

numerical code is used to perform an optimization study on geometric parameters of 

reinforcement’s cross-section to find the optimal cross-sectional shape providing minimum 

indentation at impact with lightweight design consideration.To illustrate the feasibility of 

application of internal reinforcement in a hat-section rocker beam and investigate its 

functionality, a realistic side pole crash test is simulated using a validated vehicle model and 

results are discussed.  

2. EXPERIMENTAL APPROACH 

2.1. Material and Specimens 

To fabricate the beams, Cold Rolled Steel ST14 sheet plate was employed. This grade of steel is 

usually used in some outer body parts of conventional vehicles. In order to establish the exact 

material properties, sheet metal steel was tested according to ASTM E8[32] which is the 

standard test method for tension testing of metallic materials. Selected material properties are 

listed in Table 1. 
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Table 1 Metal properties of ST14 sheet metal 

Mass density (
𝐤𝐠

𝐦𝟑) Young's modulus (GPa) Poisson's ratio Yield stress (MPa) 

7.83E+03 1.92E+02 0.3 170 

Dimensions of the beams’ cross-section is obtained from the average size of hat-shaped profile 

structures employed in the side section of a passenger vehicle’s body-in-white, such as rocker, B-

pillar and roof rails. The main structure of the top-hat beam in this study is consisted of a hat 

shaped open-section bar and a back-plate. Moreover, analyzing boundary condition of chassis’ 

side beams shows that the average span between two support points is 9 times larger than the 

average radius of the corresponding beam’s profile. As a result, the length of a simplified top-hat 

beam would be 670 mm, which wasn’t applicable for testing facilities. Based on Malmber’s 

investigation on Similitude Theory[33], specimens can be geometrically scaled by a constant 

ratio in three dimensions. It is proven by experimental studies that the yield stress and ultimate 

stress for homogeneous stress fields are scale invariants. Since the material is homogeneous, 

boundary condition has not changed and dimensions of fabricated specimens and the full-scale 

simplified beams are proportional, deformation modes will be the same in the respective full-

scale specimen and comparisons are valid. Thus if the scale factor is λ, forces are scaled by λ2 

and energies are scaled by λ3. Considering the test device’s dimensions and manufacturing 

facilities, λ = 0.53 was chosen and sheet metal by a thickness of 0.8 mm was employed to 

manufacture specimens instead of a 1.5 mm plate in the real structure. The final dimensions of 

specimens designed for experimental test are illustrated in Fig.2for basic parts. Components of 

the specimen’s structure are jointed via spot-weld as they are connected in a mass-production 

vehicle. Furthermore, all reinforcing parts were designed to have a height of 33.2 mm so that the 

gap between the reinforcing part and top-hat is 5 mm in all reinforced beams. Top-hat closed-

section beams with no reinforcement (specimen A) and also three types of reinforced beams 

(specimens B, C & D) were fabricated according toTable 2. 
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1 Hat-section beam used in a passenger vehicle chassis. 

 

Fig.2 Dimensions of the of manufactured specimens. 

 

    Simplified Rocker Beam                                Rocker Beam 
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Table 2 Specifications of the fabricated specimens. 

Specimen 

Code 
A B C D 

Cross-

section 

    

Description No reinforcement 
Wide rectangular 

reinforcement 

Narrow 

rectangular 

reinforcement 

Triangle-shaped 

reinforcement 

Mass (gr) 590 966 965 911 

Fabricated 

Sample 

   

 

2.2. Test Setup 

Fabricated specimens are tested under lateral impact loading conducted by drop hammer test 

machine. To obtain reliable results, impact data is collected by a piezoelectric load cell 

synchronized with an accelerometer.  

While all parts of a vehicle’s chassis are constrained by other body parts, previous studies [14, 

18, 34]have proved that comparing the flexural behavior of top-hat section components in a 

simple three-point bending test is also valid. Schematic of test setup is illustrated in Fig. 4. 

Beams are rested on two supports and an impactor attached to the main weight is collided to the 

specimens to perform three-point bending impact test. The diameter of the tip of the impactor 

and the supports are 30 mm. To keep the beams engaged during impact and avoid slipping, the 

span between the two support points is 355 mm and thus a 50 mm length from each ends of 

specimens are considered to be outside the span.  



8 

 

 

Fig. 3 Drop hammer test machine. 

 

Fig. 4 Schematic of lateral impact test setup(values are in mm). 
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Total dropped mass, including the impactor, sensors and the main weight is equal to 44.95 kg. To 

identify the differences in functionality of the specimens, tests have to be conducted with a 

proper amount of impact energy. If the extent of energy transmitted to the beams was high 

enough to cause a global failure to all of the specimens, the maximum deformation in each case 

would be equal to the height of the supporting fixture. On the contrary, if the level of impact 

energy was limited to minor deformations, test results would also be ineffectual. Therefore, the 

impact energy should be limited to a specific range. Since the impact energy in a drop weight 

machine is adjusted by release height, to find the proper configuration, numbers of try and error 

tests have been conducted and consequently, release height was set to 500 mm. According to 

data acquired from accelerometer, impactor is collided to the specimens at the speed of 3
𝑚

𝑠
. 

3. NUMERICAL SIMULATIONS 

LS-DYNA explicit finite element code was used to perform numerical simulations. Specimens 

were modeled using shell elements with a thickness of 0.8mm and components were fixed by 

defining spot-welds using beam elements. Material model No. 024 in LS-DYNA [35] 

(MAT_PIECEWISE_LINEAR_PLASTICITY) was employed to predict the behavior of steel 

which its constants were inserted from Table 1, obtained from tension test previously explained. 

In order to achieve an accurate prediction of material behavior in plastic deformations, a curve 

was defined in FE software using data reported in the previous mentioned E8 test (Fig.5). This 

curve was set to represent plastic stress versus plastic strain when material is yielded. Since the 

experiments were performed at the low-velocity impact situation, the effect of strain rate on the 

mechanical behavior of steel should be considered. Strain rate effect is applied using Cowper-

Symonds model [36, 37] which scales the yield stress with the factor: 

1 + (
𝜀̇

𝐶
)

1
𝑃⁄

 (1) 

Where 𝜀̇ is the strain rate and strain rate parameters C and P are set to 2000 and 5, 

respectively[38]. 

 

Fig.5 Stress versus strain used in FE analysis to simulate plastic behavior of steel. 
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LS-DYNA provides a variety of element formulations referred as “ELFORM” in “section” card. 

Since all components are modeled as shell elements, ELFORM=2is chosen to predict structure’s 

behavior based on Belytschko-Tsay formulation. 

 

Fig. 6The finite element mesh used for the models with the spot-welds. 

 

Fig.7 Numerical simulation of low-velocity impact test. 

To specify contacts between numerically designed components, there are several options offered 

by LS DYNA. Contact between indenter and specimen and also between specimen and fixed 

supports were defined using Contact_Automatic_Surface_To_Surface card. In order to make a 

specimen recognize its components, Automatic_Single_Surface contact card was chosen. 

Friction was not ignored and dynamic and static coefficient of friction was set to 0.4[9]. To avoid 

instability in numerical analysis, static and dynamic friction coefficients were considered as 

equal values[6, 9, 21]. Fig.7shows the simulated configuration of tested specimens. 
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Mesh convergence was analyzed to ensure the accuracy of FE simulations. Numerical models of 

specimen A were designed using a quadrilateral mesh with different mesh sizes. Since the 

mechanism of spot-welds is based on connecting nodes of components through beam elements, 

mesh sizes should be selected in a way that an interval of 50 mm has remained constant between 

each spot-weld. Therefore, models were created using maximum mesh sizes of 1.25 mm, 2.5 

mm, 3.125 mm, 6.25 mm and 10 mm. Based on the graph shown inFig. 8, element size of 2.5 

mm is suitable for modeling considering results accuracy and amount of computation time. 

 

 

Fig. 8 mesh convergence analysis. 

 

4. OPTIMIZATION PROCEDURE 

The main benefit of developing finite element model is its feasibility in further studies on 

functionality of the structure affected by geometry changes. When the results of FE simulations 

with a single configuration (including strengths, effect of strain rate ratios, friction coefficients, 

boundary condition, etc.) employed for various geometries is correlated with the corresponding 

experimental results, the results of additional simulations using the same configuration and a 

limited change in geometry is also reliable. 

In this study, the key objective is to find the best cross-sectional shape for the reinforcing 

component in order to minimize the top-hat beam’s deflection under lateral impact load. This is 

defined as a single-objective optimization problem. Furthermore, minimizing the total mass of 

structure is also considered beside the deflection by means of a multi-objective optimization.To 

solve an optimization problem, understanding the relationship between objectives and variable 

parameters is necessary. Here, a specific number of numerical tests using distributed inserts for 

geometry parameters of cross-section have been conducted based on Design of Experiment 

(DOE) methods. By analyzing employed parameters and the respective outcomes, objective 

functions are derived using MATLAB Curve Fitting application[39] to be used in optimization 

process (Fig. 9). 
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4.1. Single-Objective Optimization 

In the present study, genetic algorithm (GA)is employed to find the best solution for single-

objective optimization. GA is a population-based algorithm starting with random generation of 

parent population. Every population is consisted of a pre-defined number of individuals. In case 

of this study individuals are reinforced beams. Every individual is a set of genes and 

chromosomes. Genes (geometric variables for cross-section) are randomly selected within the 

feasible domain and the corresponding chromosomes (objective values) generated based on 

objective function. 

When the initial population is generated, a fitness function of each chromosome in the whole 

population is evaluated[40]. Individuals are sorted based on ranking of their chromosome and the 

best performing cases are selected as parents to create a new population with crossover and 

mutation probabilities. This procedure is repeated until no significant change is observed in the 

optimum result of each stage and convergence condition is established.  

4.2. Multi-Objective Optimization 

Multi-objective optimization problems deal with conflicting objectives, i.e. while one objective 

increases the other decreases. Thereby, no unique global solution is presented, but a set of 

solutions. In this paper, a non-dominated sorting-based multi-objective evolutionary algorithm 

(MOEA), called NSGA-II [41]is employed to determine solutions. This method is designed 

based on genetic algorithm and the final optimum cases are non-dominated results referred as 

Pareto front. 

4.3. Decision Making Method 

Unlike single-objective optimization result, the outcome of multi-objective optimization using 

evolutionary algorithms is a set of optimum cases which are the constituent points of the Pareto 

front. Therefore, a decision analysis method is needed to select the final ideal solution. TOPSIS  

method, which is a multi-criteria decision making model developed by Wang and Liang[42], is 

used in the current study. Decision making using TOPSIS method is depended on importance 

factor (weighting value) selected for each function. Importance factor is a value indicating 

preference of each objective in the overall result. The idea of classical TOPSIS procedure are 

fully expressed in Ref.[43]. 
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Fig. 9 Flow chart of optimization process. 

 

5. RESULTS AND DISCUSSION 

 

5.1. Experimental Results 

The lateral impact loading was carried out on 3 specimens of each type and the average of the 

results are reported.The initial impact pulses logged from the drop hammer tests are illustrated in 

Fig.10in the format of load-displacement diagram. The notable difference between diagram 

representing performance of specimen A, which has no inner reinforcement, and the reinforced 

beams, confirms the necessity of using extra reinforcing component. All diagramsare cut at the 

final state of the initial impact pulse of the respective specimens. In case of specimen A, before 

the load amount drops to zero again, the beam is collided to the supporting fixture’s floor due to 

large displacement and the diagram is terminated. Thus a fully failure condition has occurred to 

the not-reinforced beam, while the reinforced samples resisted. 

Performing Experimental Tests

Validating Numerical Simulations

Extracting Objective Functions

Performing Optimization in 
Allowable Domain
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Fig.10 Load-displacement diagram of lateral impact test: Experimental results. 

General trend of diagrams related to reinforced beams are similar. Straight after the initial 

contact, the amount of load applied to the beams is risen with a constant slope in elastic 

deformation mode. This section of the diagram depicts the global deformation of the beams 

which is depended on elastic module. The elastic slope in diagrams of reinforced beams is equal 

because of identical material used in the specimens. Also a notable delay in the upward trend is 

observed which indicates the moment that global deflection is completed and the local 

deformation due to impactor’s momentum has reached to the inner reinforcement. Afterwards, 

the peak load is reached and then the diagram is dropped around 20% to a level called “Mean 

Force”.  Mean Force is the average load of the diagram, calculated after the peak load and before 

the final drop begins in the diagram. The area under Mean Force section in load-displacement 

curve indicates the main energy absorption capacity of the structure. When the entire impact 

energy is conserved by the specimen, the portion of energy used for elastic deformations makes 

the structure act like a spring and the impactor is rebounded. 

Improving vehicle structures for better performance at collisions usually involves study on 

energy absorption characteristics. Total energy absorbed in lateral impact is shown in chart of 

Fig. 11.Data indicates that by using internal reinforcements in a hollow top-hat beam (in this 

case, specimen A), energy absorption has risen by an average of 65.34% under lateral impact. 

This is because the not-reinforced structure of specimen A couldn’t resist under the applied 

impact load and as a result of beam’s early failure, the initial impact energy is not fully absorbed. 

Furthermore, energy absorption characteristics are not evaluated by total energy absorption only. 
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Energy absorbing structures are also compared based on Specific Energy Absorption (SEA) 

parameter which is defined in Equation(2). Based on this equation, SEA accounts the mass of 

specimen and lightweight design will improve crashworthiness efficiency of specimens.The 

results illustrated in Fig. 12 indicates thatthe average value of SEA parameter for the reinforced 

top-hat beams is equal to 185.75 
J

kg
, which is very close to SEA of not-reinforced beam (180 

J

kg
). 

Therefore, the increase in massbecause of using reinforcements is generally justifiable from 

crashworthiness point of view. 

SEA =
Total Absorbed Energy

mass of specimen
 (2) 

 

  
Fig. 11 Energy absorption behaviour of specimens under lateral impact: Left) Total absorbed energy, Right) SEA. 

Comparison criterions in investigating performance of structuresshould be assigned based on 

structure’s function in the system. In a passenger vehicle, because of enough available space in 

frontal or rear section of a passenger vehicle’s body-in-white, maximum deformation of 

structures employed in mentioned areas in crash scenarios is not an issue and the optimum 

design is based on maximizing energy absorption capacity. Unlike frontal and rear components, 

a relatively limited space is available at side section of chassis and off-limit amount of 

deformations at collisions may cause indentation to the occupant compartment leading severe 

injuries to the passengers. Furthermore, in an impact pulse, if a significant difference is observed 

between the primary peak load and level of mean force, a damaging shock is transmitted to the 

whole system, which in passenger vehicles could cause brain injuries. Thus minimizing the gap 

between peak load and mean force is also a design consideration.The employed reinforcing 

method provides acceptable energy absorption characteristics (Fig. 11) and the oscillation of 

corresponding load-displacement diagrams (Fig.10)is limited to a small range. Besides, in brand-

new vehicles, a significant portion of collision’s energy and impact shock is dissipated by 

passive safety systems, like side airbags, to protect the passengers. Therefore, the primary aim of 

this study is to minimize the deformation size of beams subjected to lateral impact using design 

reconsiderations. 
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Quantities of displacement, mean load and peak load of experimentally tested specimens are 

demonstrated inFig. 12. Comparisons between reinforced beams shows that the highest peak load 

is observed in behavior of specimen B, while peak load reported for specimen D is the lowest. 

On the other hand, the maximum displacement between reinforced cases is occurred when 

specimen D is tested. Folding pattern of specimens subjected to lateral impact are compared in 

Fig. 13. In all cases a single plastic hinge is formed as a localized inward collapse. In case of 

specimen A, which has no additional internal component, the folding procedure is not blocked 

and the area under impactor folds inside the hinge. Thus the two edges of the hinge are close to 

each other. In contrast, internal component of reinforced beams restricts the deformation of outer 

shell and the plastic hinge area is propagated along the axial direction. This mechanism has 

caused the increase in strength and energy absorption capacity of reinforced models. Quantitative 

data depicts that specimen C with lower deflection represents a better performance compared to 

other reinforced beams. Therefore, if the only goal was to reach the minimum deformation due to 

lateral impact using a rather simple cross-sectional geometry for the reinforcement component, 

specimen C would be the selected solution. Also the small difference between the amounts of 

mean load and peak recorded for specimen C prevents the severe shocks at crash scenarios. 

Consequently, in this study the aim is to find the optimal design by investigating more detailed 

cross-section shapes and considering multiple factors. To perform such analysis using empirical 

approach, several samples should be manufactured and tested, which is a cost-intensive and 

time-consuming method. An alternative approach is to develop a finite element numerical code 

and use the validated configuration in further investigations. 

 

Fig. 12 Comparison of maximum displacement, total mass and peak load of specimens subjected to lateral impact. 
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Fig. 13 Folding pattern of specimens after lateral impact. (Effect of internal components are specified in the picture) 

5.2. Validation of FE Simulations 

Results of numerical simulations are compared with the respective experimental data in the form 

of load-displacement diagrams inFig.14. Graphs confirm an acceptable correlation between 

numerical and experimental data. Details of validation is listed inTable 3. 

  

  

Fig.14Comparison of load-displacement diagrams of experimental tests with the respective simulation results. 
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Table 3 Details of validating numerical simulation. 

 Maximum Displacement 

(mm) 

Peak Load 

(kN) 

Total Energy Absorption 

(J) 

Specimen Exp. Num. Err. (%) Exp. Num. Err. (%) Exp. Num. Err. (%) 

A 74.9 74.9 - 2.77 2.80 1.08 117.74 123.70 5.06 

B 43.66 43.90 0.55 5.73 5.71 0.28 175.64 185.03 5.35 

C 42.18 42.91 1.74 5.28 5.37 1.79 167.20 172.45 3.14 

D 49.30 49.81 1.04 4.80 4.96 3.33 184.09 186.33 1.22 

 

In addition to quantitative data, visual form of specimens’ deformation should be identical with 

the corresponding beam’s behavior in empirical tests. Fabricated specimens are compared with 

FE models after impact test inFig.15. Beside the size of global deflection of the beams under 

lateral impact, an acceptable correlationis observed between the pattern of the plastic hinge 

formation in experimental tests and numerical simulations. 

 

 Experimental  Numerical 
Von Mises 

Stress (MPa): 

A 

 

 

 

 

B 
 

 
 

C 
 

 

 

D 
 
 

 
Fig.15 Deformation patterns of specimens A, B, C & D; experimental and numerical studies. 
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5.3. Optimization 

Although, it was concluded from the results that the specimen type C would be a stronger beam 

among the others, some complicated reinforcement could be designed for optimization. 

Parameters of optimization are adjusted as depicted in Fig. 16. In all optimization cases, 

maximum allowable extension size of internal reinforcement’s cross-sectional shape is limited to 

the space occupied by method B (specimen B) which is mentioned in the previous sections. Due 

to insertion of new geometric details in the middle section of profile, the two side walls of cross-

section are fixed at maximum allowable position to provide efficient space. Since the aim of 

optimization is to propose an improved structure to be employed in chassis’ side structures, such 

as vehicle’s rocker, manufacturing prospects should also be considered. Therefore, variable 

domain is constrained in a way that the gap at the upper section of the middle slot is not 

permitted to be smaller than “b” value. To derive objective functions based on simulation data, 

DOE is set based on partial-factorial method. 3 mid-points are selected for each parameter thus 

total 32 runs are carried out. By confirming validity of functions via variance analysis, objective 

functions are extracted as follows: 

Displacement: 41.091 1.226 0.377 0.161 0.017 0.024objf d a b h ab ah= − − − − − +  

2 2 20.011 0.117 0.009 0.002bh a b h+ + +  mm 

(
 0 ≤  a. b ≤  14 mm

 2a + b ≤  29 mm
) 

(3) 

 

Mass: 927.28 0.823 0.333 4.429 0.0078 0.006objf w a b h ab ah= − − − − − +  

2 2 20.0032 0.101 0.002 0.008bh a b h+ + +  gr 

(
 0 ≤  a. b ≤  14 mm

 2a + b ≤  29 mm
) 

(4) 

If the only aim is to minimize the maximum deformation of the beams due to impact, single-

objective optimization approach is employed. GA is used to solve the following problem in the 

allowable domain: 

{
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 (𝑓𝑜𝑏𝑗𝑑)

0 ≤ 𝑎. 𝑏 ≤ 14 𝑚𝑚
2𝑎 + 𝑏 ≤ 29 𝑚𝑚

 (5) 

As a result, after 51 number of generations, GA predicted the minimum deflection to be equal to 

28.45 mm when “a”, “b” and “h” are 9.33, 8.03 and 33.2 mm, respectively. 
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Fig. 16 Geometric parameters used as design variables. 

Furthermore, a multi-objective optimization is conducted considering minimization of 

displacement andmass at the same time. Thereby, problem is defined as: 

{
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 (𝑓𝑜𝑏𝑗𝑑. 𝑓𝑜𝑏𝑗𝑤)

0 ≤ 𝑎. 𝑏 ≤ 14 𝑚𝑚
2𝑎 + 𝑏 ≤ 29 𝑚𝑚

 (6) 

Optimization is performed using NSGA-II method. Details of optimum cases obtained from 

Pareto front (Fig. 17) is listed in Table 4. To have a clearer view on the effect of variable 

parameters on the objectives, solutions are sorted according to ascending displacement. 

Reviewing corresponding variables of each optimum case in the table shows that the “a” and 

“b”parameters are almost equal in every suggested individual. Therefore, it can be stated that the 

best results are acquired when the two side walls of the slot formed in cross-section are 

positioned perpendicular to the top surface. Also the data listed in Table 4implies that amount of 

variable “h’, which defines the size of middle slot, has a positive relation with minimization of 

displacement, but an inverse relationship with light-weighting. 
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Fig. 17 Pareto front of multi-objective optimization. 

 

Table 4Values of design variables, displacement and total massfor multi-objective optimal designs. 

Case 
No. 

Disp. 
(mm) 

Mass 
(kg) 

a (mm) b (mm) h (mm) 

1 28.45 1.14 9.34 8.03 33.20 
2 28.71 1.13 8.87 7.64 31.71 
3 29.10 1.11 8.28 7.13 29.82 
4 29.92 1.09 7.23 6.23 26.50 
5 30.79 1.06 6.31 5.45 23.57 
6 32.20 1.04 5.05 4.38 19.58 
7 32.96 1.02 4.46 3.87 17.71 
8 34.16 1.01 3.60 3.14 14.99 
9 35.64 0.99 2.65 2.33 11.95 

10 36.42 0.98 2.18 1.92 10.45 
11 37.79 0.97 1.40 1.26 7.99 
12 38.66 0.96 0.94 0.87 6.51 

13 39.59 0.95 0.46 0.46 5.00 
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To filter the results using TOPSIS, optimal solutions are picked based on specific numbers of 

importance factors of displacement (id) and mass (iw) inTable 5. Optimization results for id=1, 

0.5 and 0 are compared with experimental results inFig. 18. In case of not-reinforced beam 

(specimen A), since the beam didn’t have enough strength to resist the impact load, the 

maximum vertical gap of the support system is displayed.Based on chart’s data, cross-sectional 

shape optimization of reinforcing component when preference of light-weight design is 100% (id 

= 1) has led to 32.3% improvement in final deformation compared to specimen C, which was 

selected asthe best performing approach among experimentally tested beams. However, a 18.4% 

increase in total mass of beam should be noted. On the other hand, if in a specific application 

light-weighting is extremely important while employing internal reinforcement, as no significant 

difference is observed between the optimized solution (id = 0) and method C, to avoid 

manufacturing difficulties, specimen C is suggested in that case. 

Table 5 Selected optimal solutions based on importance factors. 

id 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 

iw 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Case No. 1 1 2 3 4 4 5 8 10 12 13 

 

 

Fig. 18 Comparison of optimized solutions with experimental results based on maximum displacement and total 

mass. 

5.4. Increasing thickness as an alternative approach 

The current study is focused on improving behavior of top-hat beams under lateral impact caused 

by enhanced geometrical details. A conventional alternative approach in such structures is to 
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increase wall’s thickness. As mentioned before, since these beams are designed for the side 

section of vehicle, reducing the displacement size due to impact is the first priority, while the 

total mass of structure should also be considered. Thus, validated numerical configuration is 

employed to simulate a new version of specimen A (hollow section top-hat beam without 

internal reinforcement)with increased wall thickness referred as A51under lateral impact 

load.The value of thickness is set to 1.51 mm so that the total mass of the hollow beam equals 

the mass of heaviest specimen among optimized cases (id = 1). Besides, the mentioned optimized 

specimen is modeled based on geometrical data presented in Table 4to be compared with A51. 

The corresponding load-displacement diagrams are presented inFig. 19. As indicated in the chart, 

the amount of peak load is almost equal in both cases. The diagram representing behavior of the 

optimized specimen has oscillated in a limited range near initial peak load. On the other hand, a 

downward trend has occurred to the diagram of A51 right after the peak load is reached. To 

explain the basis of this behavior, a cross-sectional view of both specimens at collision point are 

illustrated inFig. 20. Deformation pattern of specimens shows that when indentation of impactor 

in the optimized sample has proceeded and internal reinforcement is engaged, the specimen is 

resisting the load with basically four extra vertical walls. By employing the internal reinforcing 

component, sheet metals of reinforcement are pushed into each other and also the outer shell 

which causes a significant increase in the resistance of beam under lateral impact when the local 

deformation is in process. As a result of higher level of mean force in the optimized specimen, 

the impact energy is absorbed in a smaller time interval. On the contrary, in the specimen A51 

the load is carried by the two side walls only. Hence, once the local deformation has started in 

the collision point, propagation of collapse is easier. Therefore, between the two thin-walled top-

hat beam with equal masses, the one with optimized internal reinforcement has smaller 

deflection under lateral impact. 
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Fig. 19 Comparison of load-displacement diagrams of specimen A51 with the optimized reinforced beam. 

 

Fig. 20 Cross-sectional view of specimen A51 (right) and the optimized reinforced beam (left) at collision point. 

 

5.5. Feasibility of application 

To investigate functionality of the internal reinforcements and study the efficiency of 

optimization, a realistic vehicle crash simulation is carried out using a valid detailed model. 

Numerical model of Ford F250, as one of the North America’s top selling cars, is selected for 

simulations. The model is developed by National Crash Analysis Centre (NCAC) and extensive 

validations are performed using details of real crash tests[44, 45]. Based on occupant injury 
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pattern analysis on narrow-object side impacts using CIREN1 cases[46], high percentage of 

serious traumas are observed when the collision location was 25 cm forward or 25 cm rearward 

of the center of vehicle’s wheelbase. Since the selected model is categorized as a full-size pickup 

truck, the rear half is not considered in passenger compartment. Thereby, simulation is conducted 

in a way that the vehicle is collided to a rigid pole on the driver’s side at a speed of 2.96 
m

s
 (Fig. 

21). According to the kinetic energy’s formula (7) and considering the fact that total mass of the 

model equals 2548 kg, amount of vehicle’s initial energy before impact is calculated to be 11.1 

kJ. 

KE =
1

2
mV2 (7) 

 

 

Fig. 21 Side pole crash simulation. 

Study is focused on applying reinforcement on vehicle’s rocker beam. Three numerical 

simulations have been conducted using one baseline model and two models with modified 

rockers. One of internal reinforcements is similar to specimen C and the other is selected from 

 
1Crash Injury Research and Engineering Network - NHTSA 
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optimized cases with id=1 which has the minimum displacement. Rocker beam’s structure and 

added components are demonstrated inFig.22. 

 

  

  
Fig.22 Vehicle’s rocker beam. top left: rocker’s exterior view; top right: inside of the baseline rocker; bottom left: 

internal reinforcement C; bottom right: optimized internal reinforcement (id = 1). 

Deformation propagation pattern at collision is illustrated in Fig.23via displacement contour. 

Also, size of indentation versus time is plotted in Fig.24 for each crash simulation. According to 

simulations’ result, indentation is decreased when an extra reinforcing part is included inside the 

rocker beam. A 22.8% reduction in final displacement at rocker’s center point is observed while 

using optimized reinforcement. Also, displacement reduction is 16.5% if reinforcement C is 

employed. 
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Fig.23 Deformation propagation pattern at collision. 

 

 

Fig.24 Comparison of indentation-time diagrams for three crash test simulations. 
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6. CONCLUSION 

In this paper three kind of hollow-section beams consisting of a top-hat, a back-plate, and a 

reinforcement part, were fabricated in a scaled-down size.The effect of strengthening and 

differences with not-reinforced beam is investigated through experimental tests. Numerical 

simulations have been developed according to the empirical results and validated based on 

maximum deformation, peak load and energy absorption capacity.Using confirmed 

configurations, single and multi-objective optimizations have been carried out on cross-sectional 

shape of the reinforcing component using Genetic Algorithm (GA) and NSGA-II method, 

respectively. The primary goal of optimization was achieving to a manufacturable solution with 

minimum displacement at collisions. In multi-objective optimization, light-weight design basis is 

also considered.To investigate the feasibility of application of internal reinforcements inside top-

hat beams of a passenger vehicle’s body-in-white, side-pole crash simulations have been 

conducted using a validated car model with modified rocker beam. Results showed a notable 

improvement in minimizing the size of intrusion due to impact. Furthermore, reinforcing rocker 

beam has played a key role on transmitting the energy of the initial concentrated load to the 

whole chassis, which is confirmed by comparing the amounts of absorbed energy in supporting 

structures located at vehicle’s floor. When the above results were taken into consideration, this 

study primarily yielded the following conclusions:  

• Based on the results of the experimental tests, the beam reinforced by method D has the 

least peak load among reinforced specimens. However, the maximum deformation is not 

satisfying. Between fabricated beams, the minimum displacement is established when 

reinforcement type C is employed. 

• Cross-sectional shape optimization has led to a 32.3% decrease in the size of top-hat 

beam’s deformation under lateral impact when compared with the best performing case from 

empirical section (specimen C). 

• When as an alternative approach, the top-hat beam was reinforced through increasing the 

wall thickness (specimen A51) instead of employing internal reinforcement, displacement of 

A51 was extended up to 42.5% compared to the optimized case (id = 1) due to structure’s less 

resistance after the primary local failure under impact. 

• By employing the optimized reinforcement in the vehicle’s rocker beam, intrusion to the 

passenger’s compartment is reduced by 22.8%. Also, using strengthened rocker system, 

besides the 41.7% increase in amount of energy absorbed by rocker, has led to an increase in 

portion of engagement of chassis’ structures located far from the impact center. Thus the 

impact energy is not dissipated in a limited area and severe damage is prevented. 
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