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28.
CRASH COMPATIBILITY


by
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Undesirable - or incompatible - crash interactions between one vehicle and its collision partner can be due to differences in structure, mass, stiffness and geometry.  These differences can increase deformation and acceleration levels in one or both of the vehicles and thereby increase occupant injury risks.  Real world statistics indicate that the ratio of occupant fatalities between two vehicle types can range from 1.6:1 (cars and light trucks in frontal collisions) to 23:1 (cars struck in the side by large vans).  The mix of vehicle types and potential impact conditions present a challenge when designing crash protection strategies for motor vehicles and the transportation network.


Mass is a predominant incompatibility factor.  However, incompatibilities due to stiff front-structures and high bumper-heights in some vehicles may reflect greater safety consequences than mass alone.  Historically, crash-testing legislation has focused on occupant protection of the tested vehicle.  Now, deformable and load-cell barrier tests are being considered to improve local stiffness and geometric compatibility, leading to greater protection of the collision partner.

28.1
Introduction


Injuries to vehicle occupants are caused by two principle mechanisms during a crash.  One injury source is due to the acceleration of the vehicle structure that is transferred to the occupants. Another injury source is the occupant impact on the vehicle interior.  This impact is due to the relative motion of the occupant within the vehicle and may be accentuated by deformation or intrusion of the passenger compartment. 


For many years, occupant compartment acceleration has been evaluated in full frontal crash tests (ECE 12, FMVSS 208 and NCAP).  As a result, acceleration management has improved considerably for crashes of 30 to 35 mph.  While vehicle structures have improved to control vehicle deceleration and increase restraint performance, injuries associated with compartment intrusion have become a major focus of recent research.  Intrusion is more severe in asymmetric vehicle loading and in side impacts, where structural integrity is a key factor for occupant safety [28.1-3].  The need to understand and control intrusion related injuries has led to the development of frontal offset tests, such as Euro-NCAP, as well as other crash test configurations.  However, the various crash test configurations have not yet been able to fully address the incompatibilities that may exist in colliding vehicles.  Physical differences between colliding vehicles almost always result in one vehicle experiencing higher accelerations and/or intrusions that increase the risk of occupant injury.  Improvements to vehicle compatibility will increase overall traffic safety levels.


Over many years, occupant compartment acceleration has been evaluated in full frontal tests (ECE 12, FMVSS 208 and NCAP), and acceleration management has improved considerably for crashes of 30 to 35 mph.  Occupant injuries are caused by restraining loads related to vehicle acceleration, and by impact on the vehicle interior or compartment intrusion.  While countermeasures to control vehicle deceleration have improved vehicle structures and restraint performance, injuries associated with compartment intrusion and incompatibilities in crashes have become a major focus with the development of frontal offset tests, such as in the EuroNCAP and other crash tests.  Intrusion is more severe in asymmetric loading and side impacts, where structural integrity is a key factor for occupant safety [28.1-3].

28.2.  Incompatibility definitions


To understand how incompatibilities arise, it is important to understand how vehicle structures are designed for collision protection.  Figure 28.1 shows some of the important structural components in a modern vehicle.  Both longitudinal beams are designed to crumple in a controlled manner and absorb kinetic energy during the collision.  Lateral connections help stabilize and transfer loads between each side of the vehicle.  This load transfer is important for collisions where only one longitudinal beam is loaded directly.  Loads from the longitudinal beams are transferred into the passenger compartment through the firewall into the A-pillars, tunnel and sill.  These structures should not deform, maintaining an intact passenger capsule during the collision.  Important components not seen in Figure 28.1 are the engine and wheels.  Both of these components can contact the firewall with sufficient deformation of the front structure.  It is these contacts that usually introduce frontal compartment intrusion and the increased risk of occupant injury.
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Figure 28.1
Structural components in frontal crash protection: a – upper longitudinal, b – lower longitudinal, c – lateral connection, d – firewall, e – A-pillar, f - sill



In frontal impact situations, the goal is to have the structures in Figure 28.1 interact with the corresponding structures on the collision partner.  However, for other impact conditions (oblique, side, and rear impacts) this is not possible.  As seen in Figure 28.1, there are no corresponding structures in the side of the vehicle, other than the door (not shown in Figure 28.1).  Similarly in rear impacts, the structures present may not interact with the front of another vehicle.  Thus, compatibility issues between collision partners are not simply solved by making the front of every vehicle identical.  Every surface of the vehicle must be considered as a collision object with differing crash characteristics and load paths.


To investigate crash compatibility, it is useful to identify unique compatibility concepts.  One approach is to consider the four definitions identified in Figure 28.2: structural, mass, stiffness and geometrical incompatibility.  These descriptions of compatibility are not independent from each other.  However, they provide the possibility to systematically study vehicle collisions and describe how the structures interact during the crash. 

28.2.1
Structural incompatibility 


Structural incompatibility relates to the mismatch between the structural capacity of the vehicle and the crash configuration.  It is more pronounced in asymmetrical loading, like frontal offset and pole impacts, where the front structure may not distribute the load over the full vehicle front-end [28.1].  This usually causes larger deformation (D) and intrusion in crashes with smaller contact areas.  The deformation, D2, in the offset crash is thus larger than D1 in full frontal impact of equal energy. 
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Figure 28.2
(top left) structural incompatibility in offset and full frontal crashes, (top right) mass incompatibility causing higher delta Vs and accelerations in the lighter vehicle, (bottom left) stiffness incompatibility causing more deformation in the less stiff structure, and (bottom right) geometrical incompatibility with a mismatch in the interaction of vehicle structures.

28.2.2
Mass incompatibility 


Mass incompatibility is due to the difference in mass of two colliding vehicles of masses, mA and mB.  The conservation of momentum equation shows that the accelerations of colliding vehicles are inversely related to their mass.  Mass incompatibility causes higher acceleration of the lighter vehicle, aB, (see Eq. (28.11)).

28.2.3
Stiffness incompatibility 


Stiffness incompatibility is the difference in (local) stiffness between colliding vehicles.  The weaker vehicle deforms most (see Eq. (28.8), resulting in a higher risk of compartment intrusion. 

28.2.4
Geometrical incompatibility 


Geometrical incompatibility involves the misalignment of stiff, energy-absorbing structures of colliding objects (see Eq. (28.9), where K depends on the vehicle impact location), which often involve higher compartment intrusion.

28.3
Mathematical Description of Vehicle Crashes


Vehicle acceleration and compartment intrusion can be estimated in a collision using the laws of physics.  First, conservation of momentum and energy relate the amount of absorbed energy of two colliding vehicles to their mass ratio and closing speed at impact.  Consider the case shown in Figure 28.3.  The pre-crash momentum of the two vehicles equals that post-crash (Eq. 28.1), while the kinetic energy difference between pre and post crash is absorbed by vehicle damage or crush (Eabs,1 and Eabs,2), and by the tire-work (Wtires) with the road (Eq. 28.2):
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Figure 28.3
Centroidal collision of two vehicles


If we consider that the momentum vectors pass through the vehicles’ centroids, there will be no rotation of the vehicles after the impact.  The post-impact speeds will be equal for both vehicles if the restitution is negligible.  The energy absorbed by both vehicles can then be written as a function of the closing speed, (Vc1(=(V1,pre(+(V2,pre( by substituting (28.1) in (28.2).  Other assumptions in this analysis are the square of the post impact speed is small compared to Vcl and the influence of the tire forces (Wtires) can be neglected.
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(28.3)


Second, the velocity change, or collision severity sustained by the occupants, is proportional to the closing speed and mass ratio:
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Third, the energy loss, Eabs, is absorbed by vehicle crush.  The relationship between absorbed energy and vehicle crush (Eq. 28.7) is often based on a linear force deflection (F-X) characteristic of the vehicle’s structure:
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The stiffness, K, varies with the vehicle and the impact location on the vehicle.  The effective stiffness can be considered proportional to the impact area on the vehicle.  Newton’s third law makes it possible to express the damage of vehicle 1 in terms of vehicle 2’s damage (Eq. 28.8), such that vehicle crush is a function of impact speed and vehicle masses:
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Compartment intrusion is related to the amount of crush depth, X, and occurs when the structural crush zone is exceeded (or the compartment strength becomes less than the structural crush force).  Equation (28.9) provides information, which can be used to study relationships among compartment intrusion, collision speed, vehicle masses and vehicle stiffnesses.


Finally, the relationship between vehicle crush and vehicle acceleration is explained by Newton’s second law, using the linear force-deflection characteristic (Eq. 28.6).  This law states that the sum of the forces working on an object of mass Mi, causes acceleration ai:
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Equation (28.9) can be used to calculate the force and acceleration in Eq. (28.11).


The exercise above shows that vehicle acceleration and intrusion depend on the crash speed, impact configuration and vehicle properties relative to structure, mass, stiffness and geometry of the object struck, since stiffness varies with each vehicle, impact location and area.  These properties affect the occupant’s protection as well as the collision partner’s in a vehicle-to-vehicle collision.  A mismatch or incompatibility of vehicle masses causes a higher acceleration in the lighter car.  Furthermore, incompatible structures, stiffness or geometry may cause compartment intrusion and related injuries in the car with the weaker structure.

28.4
Real world accident data


An important component of vehicle safety research is the review of collision statistics and associated injuries.  Using the information in different databases (e.g. police reports, hospital records, etc), an understanding of the injuries sustained in car crashes can be developed.  In the following sections, the different compatibility definitions are discussed in relation to the data collected for motor vehicle collisions.

28.4.1
Structural Incompatiblity


Real world accidents have been studied to analyze injury occurrence and risk in frontal offset collisions.  Injury probability reflects the relative proportion of injuries in a specific crash to other crash conditions, while the risk indicates the proportion of injured per number exposed individuals in a certain crash.  Injuries have been related to occupant compartment intrusion in asymmetric or offset loading with high (1/3 to 2/3) overlap for upper body injuries [28.3].  However, distributed, >2/3 overlap [28.4] and < 1/3 overlap crashes [28.2, 28.4-6] also cause risks in frontal crashes.  Crashes with low acceleration and high intrusion cause higher risk than other combinations for a velocity change (delta-V) between 36 and 65 km/h [28.7].  However, the results indicate that the estimated risk may be influenced by the choice of data set and statistical method.


Buzeman et al. [28.8] conducted an epidemiology study to determine the effect of overlap on occupant injury in frontal crashes of comparable severity.  Drivers and passengers were combined into groups seated near the impact (near group) or opposite from the contact location (far group) to reduce biasing effects from sex and age.  Crashes with an equivalent barrier speed (speed at which the vehicle damage reflects a rigid barrier impact) greater than 32 km/h (20 mph) were chosen to reduce the potential biasing effect of impact severity.  Frontal collisions with 2/3 overlap caused the majority of front occupant injury, followed by distributed collisions.


Figure 28.4 shows that the risk for drivers and front-passengers is higher in near 1/3 overlap collisions than in any other frontal crash.  Low overlap crashes involve a relatively low acceleration and high compartment intrusion, since intrusion increases as overlap decreases [28.2, 28.3, 28.5-7].  The high injury risk in <1/3 overlap indicates that the injury mechanism may be more related to intrusion than to acceleration.  In terms of overlap, a 40% offset test seems a satisfactory compromise to address high risk in 1/3 overlap and the high injury probability in 2/3 and full overlap collisions [28.8].  A 40% overlap frontal test has been adopted in Europe (EuroNCAP) and has been performed by the Insurance Institute for Highway Safety (IIHS) for car-safety ratings since 1995.
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Figure 28.4
Relative injury risk and injury probability for near and far groups with overlap crashes of equivalent barrier speed >32 km/h (20 mph).

28.4.2
Mass Compatibility


Statistical analyses of real-world crashes indicates that vehicle-to-vehicle crashes occur about twice as often as single car crashes.  Occupant injuries and fatalities increase for decreasing car mass, while partner injuries and fatalities decrease [28.3, 28.9-10].  Heavier vehicles, like sport utility vehicles, experience lower delta-V’s and the occupants have a lower injury risk than other passenger cars [28.11].  Figure 28.5 shows the relative fatality ratio for car occupants involved in fatal collisions with small trucks through large vans.  The ratio varies from 1.6:1 to 6.0:1 for car occupants versus the collision partner in head-on crashes depending on the mass, size and structure of the collision partner. 


In crashes with similar mass vehicles, lighter vehicles offer less protection than heavy vehicles.  This indicates that the mass effect on injury may include other factors like vehicle size, stiffness and inherent protection [28.1, 28.9].  Figure 28.6 shows the injury distribution for passenger vehicle 
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Figure 28.5
Relative fatality risk in collisions between a passenger car and other vehicles (from [28.11]).

occupants.  In this database of 40,000 exposed vehicle passengers, most front occupants were injured in collisions with other passenger cars [28.8].  However, if risk in terms of injury per 1000 exposed individuals is considered, the worst collision partner is a heavier vehicle.  These results demonstrate the importance of mass incompatibilities.

28.4.3
Stiffness Compatibility


Occupant injury seems to be lower for stiffer vehicles, especially for small ‘city’ cars.  On the other hand, stiffer vehicles are more aggressive to other vehicles, causing higher partner injury [28.3].  Hobbs [28.1] observed the potential effects of incompatible local stiffness, which may lead to compartment intrusion and related injuries.

28.4.4
Geometrical Compatibility


More compatible geometries are beneficial for traffic safety, regardless of crash configuration and struck object.  Proposals have been made to restrict front heights to 350-550 mm above road level in low deformation zones, and to 700 mm in higher crush zones.  When the car is struck in the side, the fatality ratio varies from 11:1 to 23:1 when the striking vehicle varies from a small truck to a large van.  These vehicles have structures that load the struck vehicle above the sill (see Figure 28.1), the strongest structure in the vehicle side.  This results in intrusion levels near the occupant’s head and chest.  For comparison, side impacts between passenger cars result in the relative fatality risk of 6:1 for the occupants in the struck car versus the striking car of similar mass.
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Figure 28.6
Injury probability and risk for collisions with various objects (from [28.8]).

28.5. Crash Testing


Full-scale crash tests have been performed and analyzed to examine the relationship between occupant injury and compatibility parameters.  Car-to-car tests allow the relative risk between vehicles to be assessed (partner aggressivity) while barrier tests allow the self-protection performance of the vehicle to be studied.

28.5.1
Structural Compatibility


Front offset tests have investigated how dummy responses vary with increasing overlap amount.  Higher dummy injury measures occur with increased overlap from 50% to 70%, as well as for overlaps from 25% to 70%, when focusing on upper body injuries.  However, most researchers observe a maximum in dummy responses for an overlap between 25-100% [28.2, 28.4, 28.7].  Results often relate to which body segment is studied.  Dummy responses are higher in 40-50% overlaps than in 25-30% or 100% overlap frontal crashes, when lower extremity and pelvic injuries are considered.  Buzeman-Jewkes et al. [28.12] found higher dash intrusion in 50% overlap testing than in 100% overlap testing, even though the speed in the former tests was more than 15% lower.

28.5.2
Mass Compatibility


A draw back with the current crash tests legislated by government regulations is that all vehicles have the same test speed.  Because the vehicle masses vary considerable, smaller vehicles are not subjected to the same impact energy as a larger vehicle.  Frontal moving barrier impact tests have been proposed as a means to evaluate vehicle safety in car-to-car impacts and to assess mass-incompatibility.  Another recommendation is to conduct rigid barrier tests at higher speeds for lighter vehicles to address mass incompatibility in real-world car-to-car crashes.  Load-cell barrier tests can be used to compare the stiffness and mass aggressivity of vehicles at similar impact speeds [28.12].  The effect of vehicle mass has been studied in side impact tests.  A heavier striking mass results in higher chest and pelvic dummy responses, although the effect of striking mass was relatively small compared to that of striking front stiffness.

28.5.3
Stiffness Compatibility


Frontal rigid barrier tests (ECE R12, FMVSS 208, NCAP) focus on occupant protection, but are unable to assess stiffness incompatibility between different car sizes.  Campbell [28.13] measured front stiffness changes with increasing crush, and others have measured stiffness in high-speed tests and repeated low-speed crash-tests [28.14].  The use of a deformable barrier enables assessment of local stiffness effects of the vehicle front on occupant risk in car-to-car crashes, and more realistically reproduce car-to-car collisions [28.1, 28.3-7].  However, some researchers have cautioned that the deformable barrier may increase stiffness incompatibility, since the deformable barrier has limited energy absorption when used in tests with heavier vehicles.  The heavier vehicles may experience a more severe condition when impacting the rigid barrier after bottoming out of the deformable barrier.  


Buzeman-Jewkes et al. [28.12] conducted repeated crash-tests to determine local stiffness at low-to-high crash speeds, bumper-force, vehicle acceleration and compartment intrusion.  Compartment intrusion stiffness was measured using displacement transducers.  They found stiffness localized around the energy absorbing structures or power-train rails and the engine as deformation increased.  The engine increased the bumper-force and both vehicle acceleration and intrusion.  Repeated crash tests with a load-cell barrier are an important tool in assessing local stiffness compatibility.

28.5.4
Geometrical Incompatibility


Geometrical effects have been tested in side-impacts where the bumper level of the striking vehicle was varied.  The results indicate that an increased bumper level of the striking car caused higher responses for the nearside impacted occupant dummy.  The geometrical effects exceed those of increased striking vehicle mass.

28.6. Mathematical Modeling


The continued development of computer simulations has contributed significantly to the understanding of vehicle compatibility during crashes.  Mathematical models allow individual components of the vehicle to be investigated, reporting information not possible in crash tests.  In addition, changes to vehicle descriptions can be studied in a theoretical model without devoting considerable resources into constructing prototypes for testing. 


The investigation of vehicle safety for the traffic network can also be investigated using computer models.  Different researchers have used statistical models to estimate system wide collision rates.  The collision severities and injury risks can then be investigated through “what if” scenarios for different vehicle and fleet characteristics. 

28.6.1
Structural Compatibility


Frontal crashes with varying overlap have been simulated using finite element and lumped-mass vehicle models.  The results have been used as input for crash victim simulation programs like Madymo and the Articulated Total Body program.  Buzeman-Jewkes et al. [28.15] developed and validated an integrated vehicle-occupant model in Madymo to predict vehicle acceleration, local deformation of the front structure and compartment intrusion, Figure 28.7.  Vehicle acceleration reduced slightly for frontal crashes with greater offset (lower overlap), while compartment intrusion significantly increased.  Lower extremity risks were higher in collisions with low overlap and high intrusion, while upper body injuries were more strongly related to high overlap collisions and thus with acceleration.  The results indicate that higher moderate and severe injury risk occurred with greater overlap amount.
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Figure 28.7
Integrated occupant-vehicle model of Buzemen-Jewkes

28.6.2
Mass Incompatibility


Several researchers have investigated the influence of vehicle mass on safety levels in a transportation network [28.5, 28.9, 28.10, 28.16].  An important feature developed in these analyses has been the definition of relationships between occupant injury risk and vehicle mass.  For example, Evans [28.9] investigated mass effects by calculating the delta-V for a collision based on average impact speeds and the masses of the colliding cars (Eqs 28.4 and 28.5).  In this analysis, the system injury risk decreases as vehicle mass decreased in car-to-car crashes. 


Several studies [28.16, 28.10] have shown that the injuries vary more between models of the same mass class, than between various mass classes.  This indicates that downsizing consequences for traffic safety may not be as significant as other factors, like inherent vehicle protection, driver behavior and impact speed.  Using mathematical models, it has been estimated that vehicle mass had a relative low effect (3% to 5%) on overall injury or fatality rates in comparison to inherent vehicle protection parameters and impact speed distribution (27% to 40%).

28.6.3
Stiffness Compatibility


Crash victim simulation programs such as Madymo are frequently used to study dummy responses in frontal (offset) and side impacts.  Vehicle structures can be characterized as lumped-mass models for general analyses or modeled using the finite element method (FEM) for more detailed analysis.  The integrated model of Buzeman-Jewkes was used to analyze the effects of vehicle stiffness.  The original deformation and intrusion stiffness characteristics were obtained from repeated crash-tests [28.12].  By increasing the vehicle stiffness in the model, increases in the bumper contact forces and vehicle accelerations were observed.  If the stiffness was increased only for one vehicle, the intrusion in the stiffened car was reduced and that of the partner car was increased.  Through these studies with the integrated model, vehicle stiffness was found to be the most important compatibility factor.

28.6.4
Geometrical Compatibility


Using the integrated vehicle-occupant model, geometrical changes to the vehicle structure were conducted.  If the bumper levels of the two vehicles did not align, the calculated injury risks increased.  The higher injury risks were due higher dash intrusion in both cars even though the crash acceleration levels were unaffected.  An increased bumper height resulted in significantly higher risk, and had a stronger effect than mass, but a less strong effect than stiffness.

28.6.5
Interactions of Mass, Stiffness and Geometry


A significant feature of mathematical models is the ability to conduct sensitivity analyses for many variables.  The integrated vehicle model was used to determine the relative importance of interactions between mass, stiffness and geometric compatibility in frontal collisions with 33%, 67% and 100% overlap to a fixed flat object or other passenger car.  From this series of simulations, any combination of increases in mass, stiffness and bumper level caused a higher risk.  The interaction between stiffness and mass implies that lighter cars should have higher stiffnesses than heavier cars to improve overall safety.  This result is in agreement with the recommendation to stiffen light cars for compatibility improvements [28.17].  Bumper-level and vehicle mass had the strongest interaction, which reflects the incompatibility of heavier off-road vehicles [28.18-19]. 

28.7
Compatibility Between Vehicles and Other Traffic Elements


With the previous descriptions of compatibility between different motor vehicles, it is important to realize there are other potential collision partners in the traffic system.  One significant incompatibility that is quickly identified in the collision statistics is that between motor vehicles and unprotected road users.  The presence of pedestrians and cyclists in traffic situations is a particularly difficult problem for the vehicle designer.  The human frame is much more fragile than that found in the vehicle.  Collision outcomes for pedestrians and cyclists are often catastrophic, while vehicle occupants experience minor or no injuries at all (see Figure 28.6).


Even with the considerable differences between vehicles and humans, it is possible to develop more compatible protection strategies starting with the compatibility definitions developed for vehicle-vehicle collisions.  Although there will always be a mass difference working against the human, investigations into stiffness, geometry, and structural compatibility can be conducted [28.21].  Tools and resources outlined in the earlier sections can be used in these activities. New pedestrian safety testing procedures, such as those introduced into Euro-NCAP, will increase research into this area and promote safer vehicle surfaces for pedestrians and cyclists.


The roadside infrastructure is also an area that can be investigated using the previously discussed compatibility concepts.  Potential collision objects like guardrails, posts, and crash cushions can be considered as a collision partner with vastly different characteristics.  Poles and trees will present challenges to the structural compatibility of vehicles.  Their narrow contact areas can increase the vehicle intrusions and decelerations if the vehicle structures do not suitably support and dissipate crash loading.  Guardrail and crash cushion designs are presented with challenges in terms of mass and stiffness compatibility [28.22].  These structures face all potential colliding vehicle types and must respond favorably in all cases.  As in vehicle-vehicle compatibility, an array of research activities covering crash analysis, mathematical modeling, and crash testing is being used to develop refined protection strategies.

28.8
Conclusions


Design of safer vehicles and transportation systems is a multifaceted problem requiring an array of research tools.  Compatibility in the crash performance of vehicles with other collision partners is one activity that will lead to increased traffic safety levels for all road users.


The problem of compatibility is a combination of different elements representing the physics of car crashes.  When analyzing a crash, variables representing the mass, structure, stiffness, and geometry of the event should be analyzed systematically to maximize the understanding of the problem.  Unfortunately, there are many inter-relations between these variables.  However, the application of different research approaches can help identify the significance of these different parameters and their interaction effects.  The combination of field crash analysis, mathematical modeling, and crash testing provides is the most effective approach to understand and solve the problems presented in crash compatibility.
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