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ABSTRACT

In car-to-car collisions, the injury risks to the driver in each car differ due to the differences of mass,
stiffness and geometry of both vehicles. This compatibility problem was firstly discussed in the 1970’s,
however, it has not been solved yet. There has been no research on vehicle compatibility considering
the traffic situations in Japan. Therefore, this thesis focuses on the compatibility in Japan, and its
countermeasures are examined. Total compatibility including cars, trucks, pedestrians and road
environments was investigated by a combination of accident data analysis and computer simulations.

The compatibility of cars is influenced by the difference in the mass, stiffness and geometry. As the
vehicle mass has the largest effect on the vehicle compatibility, the injury risk was formulated based
on the average mass of the car. The stiffness and geometry compatibility was examined by accident
analysis.

In traffic situations in Japan, it was shown based on accident data, that the high aggressivity of
trucks and the poor self-protection of mini cars have to be improved to accomplish total compatibility.
Irrespective of low self-protection of mini cars due to its small mass and low stiffness, this type of car
is increasing. Two countermeasures for poor self-protection of the mini car were analyzed using
MADYMO. The first is to stiffen the mini car and to install an optimum restraint system, and the
second is to provide a large car with additional crush space designed for a crash with a mini car. Either
method can reduce the injury risk to the driver in the mini car.

Current test procedures for frontal impact were examined to evaluate the vehicle compatibility. The
full rigid barrier and offset deformable crash tests which are currently adopted in the regulations, can
not reproduce the injury risks of the driver in car-to-car crashes even by changing the impact velocity.
In order to evaluate the compatibility performance of the car correctly, it is necessary that the MDB
test procedures is introduced and self- and partner-protection of the car are measured.

In a car-to-truck collision, the injury risk of the driver in the car is extremely high. Accident
analysis shows that the geometry incompatibility leads to large intrusion into the car compartment,
which results in a high injury risk to the driver in the car. The effectiveness of the underrun guard of
the truck was examined by mathematical simulation and the optimal force levels to reduce the injury
risk were proposed.

In the present study, the car-pedestrian compatibility was also examined. Based on the results from
the accident analyses and simulations, it is found that the vehicle shape has large effects on the injury
risk to the pedestrian. In order to clarify the head injury risk with impact with various parts of the car,
the headform impact tests were carried out. The HICs in the impact of the car including windscreen

regions were clarified.
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1. INTRODUCTION

1.1. TRAFFIC SAFETY

1.1.1. The Scope of the Problem

In the world, about 15 million people are injured each year in traffic accidents, five million require in-
patient hospital treatment and half a million die [IRF 1995]. In Japan, about 10 thousand people are
fatally injured and one million are injured in traffic accidents every year [ITARDA 1998]. However, it
is generally recognized that the injury is a problem that can be controlled by injury prevention
strategies.

In the USA, the number of deaths due to heart diseases is a quarter of a million, and those due to
cancer are half a million, which is far larger than that due to traffic injuries [Injury in America 1984].
However, when one estimate the preretirement years of life lost, traffic accidents are about twice that
of cancer and heart disease. Judging by the level of research expenditure for the causes and

countermeasures, the importance of traffic accidents is too underestimated.

1.1.2. Injury Control Strategies in Traffic Accidents

Traffic injury problems and its countermeasures are very difficult to investigate because the problem is
large and wide. One useful approach is to consider the traffic injury problems as resulting from an
interaction of different factors that consist of time and space. Haddon (1981) developed a matrix to
consider the traffic injury problem by factors which occurred in different phases in time and space (see
Figure 1.1). The time can be classified as before the injury-producing event, during the event and after
the event. The space which causes injuries are divided into three factors: the human being, the vehicles
and equipment, and the environment. For developing a program of injury reduction, we should discuss
the problems and countermeasures through each cell of the Haddon’s matrix in a systematic manner.
The precrash category consists of all actions related to the occurrences of the accidents. For
example, anti-lock brakes are included in this category. The crash category includes only the time
during impact. The crashworthiness, seatbelts and airbags are included in this crash category. The
postcrash category consists of all the time after impact, and treatment and rehabilitation of the victim

are included.



Factors

‘ VEHICLE AND
HUMAN EQUIPMENT ENVIRONMENT

PRECRASH

Phases CRASH

POSTCRASH

Figure 1.1. Haddon’s matrix.

Though traffic safety has been discussed as if the only goal in creating traffic system were safety,
the goal is mobility [Evans 1992]. Traffic injury is a side effect of mobility. Safety measures such as
speed restrictions, driver licensing and drunk driver laws reduce the mobility. Active and passive
protection devices, vehicle safety improvements and improved emergency medicine do not affect
mobility. On the other hand, safety measures such as upgrading roads, improving vehicle handling and
brakes can increase mobility. The injury reduction strategy should be adopted so as not to interfere
with traffic mobility.

The increased safety is sometimes in conflict with other human activities. The use of a restraint
system restricts the freedom of the human. However, the mandatory use of restraint system has more
merit. It is society that pays the cost of the injuries of the unbelted occupants,

Five categories of strategy for injury reduction can be counted [Trinca, G. et al 1988].

*  Exposure control

*  Behavior modification

*  Crash prevention

*  Injury control

*  Post-injury management

The approach to adopt these strategies varies with traffic situations in each country.

Exposure control

Traffic safety can be accomplished by reducing the amount of travel, or moving by safer forms of
travel. Exposure can be controlled by the vehicle, roadway and user restrictions. The measures which
limit the highest risk forms of travel are particularly effective.

The modal shift from personal transport to the mass transit like trains and buses will be useful to
reduce injury exposure. Electronic communication also has the potential to be an alternative for
transport. Another way of exposure control is achieved by vehicle restrictions. The control of car sales,
licensing, taxation and insurance procedures can control the use of vehicles. Roadway restrictions are
also commonly performed for exposure control. The vehicle mix problems such as the car/truck

segregation and pedestrians/vehicle separation are important roadway restrictions. The exposure



control by user restrictions can be achieved through licensing. The most common method is the

control of the age for user license since young people are particularly at high risk.

Behavior modification

Human behavior is considered important to achieve traffic safety. Many researchers report that more
than 90% of injury causes are due to human factors. Education and the law are important strategies for
behavior modification. The traffic laws can control behavior and punish activities like speeding, jay
walking and driving under the influence of alcohol which may lead to collisions.

Training of human performance is quite effective for behavior that occurs frequently and where
there is time to decide on behavior, like wearing a seatbelt. On the other hand, people are less skillful
for behavior in situations that occur infrequently. However, it is indicated that the education about
panic braking is effective for shortening the stopping distance in an emergency situation. Education is
important for pedestrians, bicyclists and drivers to recognize their responsibilities to each other.
Licensing is an education process as well as exposure control, which can be accomplished by issuing,
controlling and withdrawing a license.

The human behavior is difficult to improve. Therefore, the viewpoint has been advanced that the
vehicle and roadway itself are equally important to prevent accidents. Improving the vehicle and road
environment so as to be more tolerant to human errors means that the number of accidents can be

reduced.

Crash prevention
The vehicle engineering such as the design, construction and maintenance of vehicles, and the road
engineering influence the occurrence of traffic accidents.

The road systems in the road design and construction are fundamental to the reduction of traffic
injuries. High quality signing and street lighting facilitate safe travel for road users. It is also important
to separate traffic for trucks, buses, cars, motorcycles, cycles and pedestrians.

For vehicle engineering, design and operating characteristics influence the crash prevention. There
are two basic vehicle characteristics that lead to crash avoidance. The ability of the driver to see and
be seen is fundamental for safe traffic flow. This calls for adequate lights and reflectors. The other
fundamental category of crash prevention is the ability to stop the vehicle. Anti-lock brake system
serves to keep stability of the vehicles direction of travel and steerability by preventing wheel locking
during emergency braking.

The electronics and information technology of both the road systems and the vehicle will prevent
crash occurrences. The Intelligent Transport System (ITS) is a new transport system which is
comprised of an advanced information and telecommunications network for users, roads and vehicles.
The ITS is intended to enhance the advances in navigation systems, establishment of electronic toll
collection, assistance for safe driving, optimization of traffic management and increasing efficiency in

road management. Advanced Safety Vehicles (ASV) is a project of the Japanese Ministry of Transport,



which forms a part of the technological platform of ITS as a vehicle [Ministry of Transport 1997].
This project aims to promote research and development of safe vehicle technology for the future,

taking into consideration the possibility of autonomous driving as well.

Injury control

It is difficult to prevent accidents because humans make mistakes by their very nature. Although the
accidents are difficult to prevent, the injuries can be prevented by improving the vehicle design and the
road environment. Injury control is based on recognition that injury risk can be reduced if the actual
conditions of the impact are modified. It is a powerful strategy for reducing the severity and frequency
of injuries to all road users.

It is necessary to clarify the injury causes and the mechanisms of crash injury, and to design
systems to reduce crash injuries. For this research, detailed data collection of the collisions should be
conducted. The data should be examined from the viewpoint of vehicle engineering, biomechanics and
human behavioral science.

For vehicle design, the crashworthiness principles can be applied to all road users, though they are
adapted only to passenger cars. Crashworthiness designs are controlled by international standards of
vehicle safety. The optimal crashworthiness of cars, and the restraint system such as seatbelts and
airbags can reduce the injury severity of the occupants in the car.

The first attempt of injury control to reduce the number of fatalities and injuries occurring as a
result of frontal crashes was introduced by the National Highway Traffic Safety Administration
(NHTSA) in the USA in 1972 by promulgating the Federal Motor Vehicle Safety Standard (FMVSS)
No. 208, Occupant Crash Protection. This standard requires occupant safety in a frontal impact crash
test into a rigid barrier at 30 mph (48.3 km/h).

The crashworthiness of cars has been improved by this crash test requirement. However, side
effects of this test procedure were also indicated because only self-protection of cars has been
considered in the regulations, and it does not always lead to the safety of the occupants in the other
vehicle. The crash test into a rigid barrier does not reflect the safety of the vehicle that the subject car
collides with. This full rigid barrier test may lead to a stiffer front end of a heavier car than a lighter
car so as to protect the integrity of the car compartment from its large inertial force [Prasad et al.
1995].

Both light and heavy cars meet the rigid barrier crash test of the FMVSS because there are no mass
effect in this type of test. The crashworthiness of the car has attained to a high level due to the optimal
car structure and the safety devices, irrespective of vehicle mass. Whereas, in the real world in head-
on collision, the consequences for light cars are still likely to be severe. Although there is law to
prevent high vehicle speeds, no considerations are given to heavy cars which are also aggressive to
other cars. The safety of both cars in collisions (compatibility) should be considered for the total safety

of the vehicles.



One of the complexities of traffic safety is the great variation in vehicle fleet. Crash compatibility
between different classes of vehicles is also an important issue of the injury control strategy. Conflicts
between cars, trucks, pedestrians, motorcyclists and cyclists can be reduced by application of
appropriate technologies and standards. However, currently the safety standards are applied only to
passenger cars. In a car-to-truck collision, the consequence is serious for the car. The safety benefits of
all road users including car occupant, motorcyclist, cyclist and pedestrians should be considered in
order to reduce the total number of fatalities.

Crash energy management principles can also be applied to the road environment. When a vehicle
goes off the road and strikes an object, the injury risks of the occupants are affected by the size and
stiffness of the object. The design of signs and signal supports, bridge structures, guardrails and rigid
poles affect the probability of injury in a crash. The road authorities and organizations that manage
these objects are partly responsible for the outcome of crashes with these objects. The design of these

objects can change the consequence of these crashes.

Post-injury management

If the accidents cannot be prevented and injuries cannot be eliminated, recovery, treatment and
rehabilitation measures can reduce the severity of injuries. Survival and the extent of recovery depend
on the initial care in the accidents because 50% of fatalities occur within minutes, and 35% of fatalities

are within two hours after accidents.

1.2. CAR COMPATIBILITY

In car-to-car collisions, the injury risks to the occupants are affected not only by their cars but also by
the partner cars. However, cars have been designed mainly to improve self-protection, which is
referred to as crashworthiness. The frontal and side impact tests do not consider the compatibility
problems. This leads to individual cars with different structure, size and mass.

The topics of compatibility were first discussed at the Conference on the Experimental (Enhanced)
Safety Vehicles (ESV) in 1970 when the concept of car aggressivity emerged. The compatibility was
first discussed in side collisions [Chillon 1971] and later in head-on collisions [Appel 1971]. However,
during 20 years, compatibility has not been considered by car manufactures, while performance of
restraint system has been greatly improved. In the 15th ESV, the compatibility has become one of the 6
subjects of the International Harmonized Research Activities (IHRA) of ESV, where the EC/EEVC
has a leading responsibility [NHTSA 1996]. In IHRA the aim of the effort is to develop the
internationally agreed test procedures designed to improve the compatibility of car structures in front
to front and side car-to-car impacts. The report will be published in the 17th ESV conference in 2001.
Recently in the highly-motorized countries, the vehicle population variation has increased and car

types with different shapes such as the SUV and the pickup are also increasing. In the United States,



the NHTSA has started a research program on this subject [Hollowell and Gabler 1996]. In Japan,
there is little research on the subject of vehicle compatibility.

Most projects have focused on the compatibility in car-to-car frontal collisions. Therefore, in the
following paragraphs, the compatibility of this crash configuration is reviewed from Parts 1.2.1 to
1.2.8, that of side collisions in 1.2.9, and that of single-car crash in 1.2.10.

1.2.1. Definition of Compatibility

Compatibility is defined as the vehicle combination that ensures a high level of occupant safety in both
vehicles in vehicle-to-vehicle collisions. Therefore, the compatibility ensures that passenger vehicles
of disparate size provide an equal level of occupant protection. The compatibility consists of self-
protection and partner-protection. Self-protection is protection of the occupants in the subject car
when involved in a crash (crashworthiness), while partner-protection is protection of the occupants in
the other vehicle. The opposite of partner-protection is aggressivity, which causes a high probability of
death in the other car. The crashworthiness and aggressivity are two different aspects of vehicle safety
and they are not necessarily consistent. The goal of vehicle compatibility is to minimize the number of
fatalities while the injury rates of the occupants in each vehicle remain the same.

The compatibility of the car in car-to-car collisions has been considered most important because the
number of injuries in these collisions is large. On the other hand, since the injury risk to the occupants
in cars is much higher than that in trucks, car-to-truck compatibility is also important.

In a larger sense, the compatibility can be extended to single-car crashes since the partner-
protection of the fixed objects is important in terms of crush energy absorption. The impact of vehicles
with vulnerable road users such as pedestrians and cyclists can also be included in the concept of
compatibility because in these types of accidents the partner-protection of the vehicle is important
[Appel 1995, Schimmelpfenning 1996, Tarriere 1997]. We define total compatibility as the
combination of vehicle and its crash-partner which has a high level of protection of all vehicle
occupants and vulnerable road users involved in all types of crashes including car-to-car, car-to-truck,

single-car and also car-to-pedestrian impacts.

1.2.2. Factors Affecting Compatibility

In general, crash compatibility can be attributed to the following three causes resulting from three

characteristics of vehicle design as follows (see Figure 1.2) [Ventre 1972]:
*  Mass compatibility
*  Stiffness compatibility
*  Geometry compatibility
The larger the difference of mass, stiffness and geometry become between two-vehicles, the more the

vehicles are incompatible. The difference of the vehicle mass has the largest effects on the occupant

injury risk in car-to-car crashes. The incompatibility of stiffness leads to large intrusions into the

6



compartment of the less-stiff car. Due to the geometry incompatibility, the subject car underrides the

other car, and the car body can not absorb the crush energy as it was designed to.

The other
car

The subject
car

* Self protection
* Partner protection (e>aggressivity)

]
i

Crash mode

i
s’
H
i

Figure 1.2. Factors which affect compatibility.

The collision type (crash mode) of frontal, offset frontal, oblique, side and rear affects the stiffness
and geometry compatibility due to the change of the force interaction between two vehicles. Collision
type is an important factor governing vehicle crashworthiness because it determines how the two car’s
structures interact. Therefore, collision type has a modifying influence on the effect of compatibility

parameters such as geometry and stiffness [Wykes 1998].

1.2.3. Mass Compatibility

Cars of unequal mass

Accident data from many countries show that the occupants in a lighter vehicle have a higher risk of
injury than those in a heavier vehicle. Campbell and Reifnfurt (1973) were among the first to
undertake to identify the safety consequences according to vehicle model and weight from police
reported crashes. They reported an inverse relationship between vehicle weight and relative injury
frequency in car-to-car collisions. This relationship was also found in the analysis of accident data in
many countries: The United States [Evans 1983], Germany [Ernst et al 1991], France [Fontaine 1992,
Tarriere 1994], the United Kingdom [Grime and Hutchinson 1982], Sweden [Aldman 1984], Australia
[Cameron 1992]. However, in Japan, there are no publications which indicate the relation between
vehicle mass and injury risk.

The magnitude of the mass effect on the occupant injury rate is different among the various studies.
Grime and Hutchinson (1982) reported that when cars with a mass ratio of two collide head-on, the
percentage of driver death was about 7 times larger in the lighter vehicle. The influence of the mass
effect on injury rates increased with increasing injury severity. For serious injury, the ratio of
percentages was about 3 for a mass ratio of two.

Aldman et al. (1984) described trends in vehicle safety in terms of the frequency and severity of

injuries in passenger cars in Sweden. The severity of injuries decreased significantly with increasing

7



car weight, and this was true from slightly injured to fatally injured occupants. The frequency of driver
death in cars of the smallest class (less than 950 kg) was 1.9 times higher than that in the largest class
(more than 1250 kg).

Evans has many publications on the effects of the vehicle mass on the injury risk of the occupants
using accident data. He (1983) reported that in crashes between 900 kg cars and 1800 kg cars, eight
times as many occupants of the smaller cars were killed in comparison to the larger cars. In accident
analysis, there is an exposure problem such that the heavier cars are more inclined to be involved in
severe accidents. To solve this problem, Evans used the number of pedestrian fatalities for a measure
of exposure [Evans 1991b]. He assumed that the number of pedestrian is independent of the vehicle
mass and it can reflect the car velocity. Thus, the number of driver fatalities divided by that of
pedestrian fatalities in the same mass categories was examined. Based on the analysis of head-on
collisions using the Fatality Analysis Reporting System (FARS), he concludes that when 900 kg and
1800 kg cars crash into each other, the risk of driver death in the small car is about 14 times what it is
in the large car. The correctness of using pedestrian fatalities as an exposure measure has not been
confirmed yet.

Delta-V is defined as the velocity change of the car passenger compartment during an impact and is
used as an indicator of impact severity. Generally, the injury severity of the occupant in a car is
strongly related to delta-V. In two-car crashes, the ratio of delta-V is inversely proportional to the mass
ratio of the cars. Evans (1993, 1994) showed that the ratio of the driver fatality risk in the lighter car to
the risk in the heavier car increases as a power function of the mass ratio as follows:

k

Ry a(i’li) (1.1)

R, m

He determined the parameter k for various crash configurations. For example, the parameter k is 3.53
for all driver fatalities. Since the FARS that he used for the analysis includes only fatalities without
including the data of the injuries and no-injuries, the absolute injury rate of the occupant could not be

evaluated.

Cars of similar mass
When cars with identical mass crash, the mass does not influence the crash dynamics. However, some
analyses using accident data have shown that the injury risk is lower when two heavy cars crash
compared with two light cars [Evans 1987, Ernst et al 1991], and vice versa [Dreyer 1981]. This
problem is difficult to analyze using accident data because heavy cars in general travel at higher
velocity than smaller cars.

Evans and Waielewsk (1987) evaluated the likelihood of driver fatalities in head-on collisions
using the estimating exposure approach, in which they used pedestrian fatalities as a measure of
accident involvement. A driver in a 900 kg car crashing head-on into another 900 kg car was 2.0 times

as likely to be killed as was a driver in an 1800 kg car crashing head-on into another 1800 kg car. They



concluded that this could be interpreted as a size effect where crush material and space are different
between small and large cars.

On the other hand, there have been some investigations which indicated that there is not a
significant difference of the injury risks in collisions of vehicles with identical mass [Grime and
Hutchinson 1982, Thomas et al. 1990, Fontaine 1992, Bloch 1994]. However, the basic theory has not
been presented up to now on whether the vehicle mass has effects on the injury risk of the driver in a

crash of two cars with equal mass.

1.2.4. Stiffness Compatibility

Stiffness and deformation

The stiffness of the car front structures also has a large effect on the vehicle compatibility. Since the
accident data have shown that the intrusion into the compartment is one of the main causes of death of
the occupants, the stiffness is an important factor for compatibility.

From a frontal crash test into a rigid barrier, it was found that the force-deflection characteristics of
the car can be approximated by a line [Emori 1968] and its coefficient is called linear stiffness. Gabler
and Hollowell (1998) reported that there is a wide variation in relations between linear stiffness and
car aggressivity compared with factors of mass. Because the stiffness of a vehicle is related to its mass,
stiffness may not be proved to be a factor as dominant as mass for compatibility.

In general, the stiffness of a car is lower for a lighter car. Based on the results of full rigid barrier
crash tests, the linear stiffness of the car k (kN/m) is proportional to the car mass m (kg) to the power
of 1/3 as follows [Ishikawa 1990].

k=78m"> (1.2)

This situation is not desirable for the safety of a small car because intrusion is larger for a smaller car
in a crash into a larger car. In crashes between small and large cars, when the force-deflection curve of
the small car has a plato region, the deformation of the small car becomes particularly large [Marumo
1974]. Therefore, it is suggested that for small car the force-deformation curve has a triangular shape
without the plato region.

The countermeasures for the vehicle compatibility have been mainly focused on modifying the
stiffness to compensate for the mass difference. The compatibility between two cars is measured by
the energy absorbed by each car. There are several proposed ways for the relationship between the
absorbed energy and the car mass m to accomplish compatibility, as follows [NHTSA 1975, Tarriére
1997]:

L E,/E =my/m, (1.3)
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This condition can be said to be complete compatibility [Tarriére 1997]. At a certain velocity, a
heavier car has larger kinetic energy than a lighter car. The assumption that the car should
absorb the kinetic energy by the mass ratio yields this equation. When equivalent barrier speed

EBS is considered, the internal energies of car 1 and 2 can be expressed as:

E, =1/2m,(EBS,) (1.7)
E, =1/2m,(EBS,)* (1.8)

where EBS, and EBS, is the EBS of car 1 and 2, respectively. When the EBS is the same for each
car EBS, = EBS,, the equation of condition (I) can be obtained. Car 1 and 2 will be compatible
if the absorbed energy during car-to-car collision is the same as that against the rigid barrier.
This condition comes from the idea that the upper limit of the closing speed is 2 times the EBS
of car 1.

If the stiffness of each car is the same, the absorbed energies for light and heavy cars are the
same. In this case, the deformation of the cars is equal for both cars. This design condition is
easier to realize than the above two conditions.

Using Eq. (1.2), the ratio of the absorbed energy for both cars in the current car population is

obtained as condition (IV).

Figure 1.3 shows the compatibility scenario based on the force-deformation characteristics

according to conditions (I) to (IV). In this analysis, the ratio of car mass is two, the slope of the

heavier car (car 2) is varied and the stiffness of the lighter car is constant (car 1). In order to

accomplish the complete compatibility of (I), the deformation of the heavier car is two times larger

than that of the lighter car. In the situation of the current car (IV), the deformation of the lighter car is

larger compared to the heavier car, though in general the crushable zone is limited for the lighter car.

There have been some investigations into the effects of the car stiffness on the deformation in car-

to-car frontal crashes using basic theory, however, there are only a few that investigated these effects

on the risk to occupant injuries by accident, experiment or simulation.

car 2 car 1
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Figure 1.3. The force-deformation characteristics for various compatibility scenario (m,/m,=2.0).
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Local stiffness

The stiffness uniformity is also important since the stiff parts of one vehicle penetrate the weaker part
of the other. This may result in penetration fork effect or over-ride. Thus, the stiffness uniformity is
also related to the geometry compatibility. There is a case when the poor structural interaction has a
dominant effect on over-ride compared to stiffness and mass.

From the offset deformable crash test, Bloch (1994) indicated that the deformation of the barrier
element can be used as an evaluation of aggressivity. High uniform deformation shape shows that the
investigated vehicle is compatible with other cars. (Figure 1.4). High local stiffness parts such as
longitudinal beams penetrate the honeycomb of the deformable barrier (Figure 1.5). Bloch (1996) also
suggested that the aggressivity due to the combination effect of mass and stiffness may be estimated
by this type of crash. He also tried to use car stopping time or energy loss for this estimator. However,

the effectiveness of this measure is not confirmed.

(®)

Figure 1.4. Deformable element hit by a soft vehicle [Bloch and Chevalier 1996]. Left figure (a) shows the
barrier face, and right figure (b) shows the deformed car.

(a) (b)

Figure 1.5. Deformable element hit by a vehicle with very stiff front parts [Bloch and Chevalier 1996]. Left
figure (a) shows the barrier face, and right figure (b) shows the deformed car.
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Geometry Compatibility

The geometry difference, especially the height of the main energy-absorbing elements influences
compatibility. If the front side member of the heavier vehicle is higher than that of lighter vehicle, both
vehicles’ member will not absorb the crash energy. One vehicle will override the other, diminishing
the effective energy absorption.

The geometry incompatibility between a car and a Sports Utility Vehicle (SUV) is often discussed
[Gabler and Hollowell 1998, IIHS 1998]. The heights of bumper and front side members of the SUVs
are higher than those of cars. This creates a mismatch in the structural load paths in frontal impacts by
override of the SUV.

Usually geometry compatibility is discussed together with mass and stiffness compatibility. Wykes
et al. (1998) showed by two-crash tests that the geometry interaction is important for car compatibility.
They indicated that in a frontal crash the upper load stiffness should be increased to prevent underride.
They also performed the FE analysis for a side collision changing the stiffness distribution and
geometry of the MDB (Moving Deformable Barrier). They recommended for a side collision that the
upper load path of the striking car should be reduced for the safety of the occupant in the struck car.

However, both requirements for frontal and side collision are contradictory.

1.2.56. Compatibility by Combined Mass, Stiffness and Geometry

Mass, stiffness and geometry incompatibility can be combined, and lead to a worse outcome. An
example of combined incompatibility can be seen in light trucks and vans (LTV). LTV consists of
SUYV, pickup and vans. The difference in weight between passenger cars and LTVs is increasing and
currently over 454 kg [NHTSA 1998]. Using crash data from the New Car Assessment Program

(NCAP), it was shown that in general SUVs are stiffer than passenger cars (see Figure 1.6) [Kubota
and Kokubu 1995].
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Figure 1.6. Force-deformation characteristics of passenger cars and SUVs [Kubota and Kokubu 1995].

From Figure 1.6, Kubota and Kokubu (1995) calculated the crush energy (E) based on the deformation

(8) of a passenger car and a SUV as follows:
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E =274658" + 49485+ 210  for passenger car (front wheel drive) (1.9)
E =5014387 + 46376 +107  for SUV. (1.10)

In the US, the population of LT Vs is growing and occupies over 1/3 of all light vehicle registrations
[Gabler and Hollowell 1998]. The rapid growth in LTV population in recent years in the US has raised
the problem of “vehicle aggressivity”.

There are two characteristics of LTVs that have the potential to increase fatalities: compatibility
and rollover propensity. Gabler and Hollowell (1998) showed that the risk of fatal injury of the drivers
in passenger car is higher than that in the LTV in car-LTV frontal crashes. They examined the ratio of
driver fatalities in the subject vehicle to driver fatalities in its collision partner for car-to-car frontal
impacts (Figure 1.7). In collisions between full-size vans and cars, six drivers died in the car for one

driver killed in a van.

Car

Full Size

Van 1:60

Full Size

Pickup 1:5.3
Sports Utility ,
Vehicle 1:4.1

Mini van 1:33

Small - i .

Pickup m Ll 1:16

Figure 1.7. Ratio of fatally-injured drivers in LTV-to-Car Frontal Collisions. FARS 1992-96
[Gabler and Hollowell 1998].

1.2.6. Current Test Procedures for Frontal Crash

It is necessary that the car compatibility is evaluated from crash tests. There are several established
crash tests for evaluating occupant injury risk in frontal crashes (see Table 1.1). However, the crash
test procedures to evaluate the compatibility of cars in frontal crashes are currently under investigation
by several researchers.

The full frontal crash test into a rigid barrier is currently adopted in the US, Japan and Australian
regulations. The head and chest accelerations of the dummy are high due to high acceleration of the
car because the car crashes into the rigid barrier with a full overlap. Thus, this crash test is useful for

evaluating life saving injuries. This full rigid barrier crash test is a more severe evaluation of restraint
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Table 1.1. Test procedures in frontal crashes.

Test procedures Organization Impact velocity (km/h) Configuration
. : US regulation 48 km/h .
Full rigid barrier crash test Yapan regulation 50 km/h Overlap ratio
Australia regulation 50 km/h 100%
US NCAP 56 km/h
Japan NCAP 55 km/h
Australia NCAP 56 km/h
- EU regulation 56 km/h
g)fgg)d;‘:;ﬁigzc barrier Euro_ﬁuCAp 64 km/h Overlap ratio
Australia NCAP 64 km/h 40%
' 1IHS 64 km/h
ADAC (Automobile club) 60 kmv/h
US regulation 48 km/h Impact angle 0°-30°
ECE Proposal (1983) 50 km/h Impact angle 30°
AMS (Auto Motor Sports) 55 km/h Overlap ratio 50%
Barrier R=190 mm
(ISO/DIS 3560)
NHTSA (1998) 112 km/h Impact angle 0°, 20°,
Sugimoto et al. (1998) 112 km/h 30°
(Closing velocity) MDB 1360 kg, 950 kg

system performance than the offset deformable barrier crash test to be mentioned below [Planath et al.
1994, 1IHS 1995, Hackney et al. 1996, NHTSA 1997].

The EU developed an offset deformable barrier (ODB) crash test procedure and has started to use it
for car approval since 1998 [Lowne 1994]. This test is designed to duplicate the crush patterns and
compartment intrusion of offset frontal collisions seen in the real world since the intrusion into the
passenger compartment is considered the major cause of fatal and serious injuries. Thus, this test
address intrusion-induced injuries like lower leg injuries that are currently not evaluated by a full
frontal crash test [Lowne 1994, NHTSA 1997].

In order to evaluate the stiffness compatibility, the test procedure based on the ODB crash has been
proposed [ISO 1999]. The tests will be carried out in two procedures with different crash velocities. In
crush capacity procedure with high crash velocity, the crush force (F1) is measured to estimate the
self-protection. In energy control procedure with low crash velocity, the crush force (F2) is measured
to estimate the aggressivity. The force F1 should be higher and F2 should be lower than the prescribed
force based on compartment collapse. Further research will be necessary to determine the parameters
such as F1, F2 and crash velocities. This test procedure will not be able to evaluate the mass

compatibility.
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In rigid barrier crash at a constant velocity, a heavy car has to absorb more energy than a small car
because the car structure has to absorb the whole of the kinetic energy (1/2mvy’). In addition, in an
offset deformable crash test the heavy car has to absorb more energy because the energy absorption
capacity of a deformable barrier is constant (40 kJ) and the net energy should be absorbed by the car
structure. Since the heavy car has to absorb more energy, these test procedures may have the potential
to make a heavy car stiffer than a light car [NHTSA 1997, Sugimoto et al. 1998, Kallina 1998]. Thus,
these test procedures may increase the incompatibility of the car and make for an incompatible car
fleet.

NHTSA has conducted a crash test program to develop a crash test procedure for the car
compatibility [Ragland et al. 1991, NHTSA 1997, Ragland 1998]. According to the results of the test
program, the MDB test procedure was found to give closer crash pulse and dummy response to a car-
to-car crash test than the offset crash test [Ragland 1998]. In the EU test procedure, the peak
acceleration comes later and shows a much lower dummy response including leg injury parameters.
The MDB test seems to be a good method to assure better front-to-front compatibility [Ragland 1998,
Sugimoto et al. 1998). Though the MDB impact angles of 0°, 20° and 30° have been ¢xamined, they
have not been fixed yet. It is necessary to discuss further whether this crash configuration of impact
angle and overlap ratio can be representative of the car-to-car frontal collisions. Since the MDB tests
have been carried out for medium and large cars in the US, small cars have not been tested yet for
evaluating the compatibility in Japan.

Though the MDB test procedure has several advantages for reproducing the car-to-car crashes,
some research has indicated several problems like the override or the stiffness of the MDB. Sugimoto
et al. (1998) suggested that the force-stroke characteristic of currently used honeycombs of the MDB
is not suitable for car-to-car crash tests in view of the bottoming out problem in particular.
Compatibility consists of the self-protection and partner-protection, however, only injury risks of the
driver in the subject car have been evaluated in this test procedure. It should be considered that not
only self-protection but also aggressivity should be estimated in this crash test procedure.

Because a crash test using a single car is simple and reliable compared with the MDB test
procedure, single-car crashes into a fixed barrier were examined in the I[HRA as the alternative of
MDB test procedure. In this test procedure using a single-car, the mass difference in a car-to-car crash
is reflected by changing the crash velocity of the car. The possibility of this alternative has not been

clarified yet.

1.2.7. Countermeasure for Compatibility of Mini Car

To achieve the compatibility of a mini car, a low mass vehicle (LMV) with a mass of 600-650 kg and
length of 2.5-3.0 m was proposed [Waltz 1991, Kaeser 1992, 1995, Frei 1997]. The front structure of a
LMYV is designed to be stiff in order to reduce the intrusion into the passenger compartment. As the

acceleration of a LMV becomes high due to the stiff structure, it needs a specially designed restraint
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system to ensure the occupant’s safety. Optimum restraint systems were analyzed using the crash
victim simulation program MADYMO [Muser 1996]. The crush force level of 400 kN for the front
structures and optimum restraint (seatbelt force limiter, seatbelt pretensioner and energy absorbing
steering system) were recommended.

A small car, Daimler-Benz A-class, was developed taking compatibility aspects into consideration
[Kallina 1998]. The A-class is stiff and the front end is homogenous in height and width to withstand a
car-to-car collision with a heavier car. In a crash test with an A-class against a SUV with a mass ratio
1:1.7 and an overlap degree of 50% at 50 km/h each, the load for the dummies in the A-class is less
than the injury criteria level (HIC: 410, chest 3 ms: 49g, femur force: 1.8 kN). However, the A-class
weight is more than 1000 kg, which is only 100 kg less than average mass of the passenger cars in
Japan. This stiff car with average weight may be aggressive to lighter cars than the A-class, especially
to mini cars in Japan.

The compatibility of the mini car may be also accomplished by changing the stiffness of the
opposite car. Using a simple mass-spring model, Tarriére et al. (1994) suggested that the maximum
crush force of a large car in a given impact be limited in order to reduce the deformation of a small car.
However, the influences of this partner-protection on the injury risks to both drivers have not been

examined.

1.2.8. Vehicle Population

It was shown that the homogeneous car fleet will be most compatible when compared to the car fleet
with various sized cars using the accident rate, car registrations and the injury risk by delta-V
[Marumo et. al 1974, Buzeman 1998a]. Using accident data for the driver and the pedestrian fatalities
of FARS to measure exposure, Evans et al. (1991a) examined the effect of car population on the

number of fatalities of the driver. He showed that driver fatalities increases if:

* Any car in the population is replaced by a lighter car.
* One population of identical cars is replaced by another population of lighter identical cars.

* The car population becomes of uniform mass while maintaining the average mass constant.

As the exposure evaluation by the pedestrian fatalities has not been confirmed, it is difficult to be sure
of these results. The effect of vehicle fleet has not been analyzed using the domestic accident data in
Japan.

Down-sizing of the vehicle in the USA occurred between 1970 and 1980 and was motivated by the
fuel crisis. The regulation of vehicle emissions may also cause downsizing of the vehicle. Small cars
have environmental benefits of a reduced need for materials, reduction of cost of manufacturing,
reduction in fuel consumption, reductions in road maintenance cost, reduced parking requirements,
and less emissions [Filders et al. 1993]. Downsizing of cars during ten years has not led to an increase
in the number of fatalities. The influences of downsizing of the car on the number of fatalities have not

been shown clearly.
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1.2.9. Side Collision

There are insufficient research projects on the compatibility for side collisions. Dalmotas (1983)
conducted an analysis of injuries in a passenger car occupant in near- and far-side impacts in which
restrained occupant was injured at AIS 2 or greater severity. Injury severity and injury probabilities
were inversely related to the mass of the vehicle for occupants on the near-side. However, the mass of
the striking vehicle had no significant effects for occupants on the far-side. On the other hand,
Watanabe et al. (1989) carried out side impact tests and found that the mass of the struck car has little
effects on the injury parameters of the Side Impact Dummy (SID).

Since the stiffness of the front of cars is generally higher than that of the side structure of the car,
the struck car absorbs more energy in a side collision [Tarricre 1984]. Yonezawa et al. (1994)
examined the energy consumption in side impact tests, and 63% of the deformation energy was
absorbed by the struck car and 37% by the striking car. A less-stiff front structure of the striking car is
preferable to improve the compatibility in side collisions [Tarriére 1984].

The incompatibility of geometry in a side collision of the car struck by the SUV has been reported
[Shearlaw and Thomas 1996, ITHS 1998]. The front bumpers of the SUV impacted above the side sill
of the struck car, and causes large door intrusion which results in a high injury risk to the occupants in
the struck car.

In Japan, the regulations of side impact tests have been introduced in 1998. The US and EU also
prescribe the injury parameters in side impact tests (see Table 1.2). Although the US and EU employ
different test procedures, the MDB are used in both tests. The MDB mass, stiffness and geometry
(height of the deformable barrier) are based on the average car. So only self-protection from impact by
an average car can be evaluated. The compatibility of the car in a side impact can not be evaluated

based on these test procedures.

Table 1.2. Test procedures for side impact.

Country Japan, EU uUs
Impact Velocity 50 km/h 54 km/h
Impact Angle 90 deg. 90 deg. (Crab 27deg)
MDB Mass 950 kg 1366 kg
Width 1500 mm 1676 mm
Length 500 mm 559 mm 270 €
Depth 500 mm = = Front scat 483 mm %\k = Wheelbase
Ground Clearance 300mm TR CRpointtie 279 mm | =] . " center fine
Stiffness (Dfl 100 mm)  60-110kN = = 245 kN S Sy
(Df1 200 mm)  140-190 kN 380 kN
(Df1 300 mm)  210-260 kN 380 kN
Dummy EUROSID-1 SID
Dummy Sitting Position Front seat (impact side) ~ Front & Rear seat (impucl side)
Injury Criteria HPC{ 1000) TT1 (d) ( 85g for four doors and 90g
Rib Deflection ( 42 mm) for two doors)
Viscous Criterion { 1.0 m/s) Pelvis Acceleration ( 130g)

(Not in Japan regulation)
Abdomen Force { 2.5 kN)
Pelvis Force ( 6.0 kN)
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1.2.10. Single-Car Accident

Single-vehicle crashes give the best indication of vehicle protection for occupants because no other
vehicles are involved. Campbell and Reinfurt (1973) found that for single-vehicle crashes, there are
insignificant differences for injury frequency by vehicle weight. However, many studies [Stewart and
Stutts 1978, Evans 1982, Partyka 1989] found that in single-vehicle crashes, the fatality rate decreases
with increasing car mass if we consider the exposure such as vehicle velocity and registration. Many
factors such as driver age, sex and vehicle velocity are associated with the effect of vehicle properties.
Based on the corrected fatality rate using car velocity, it can be found that the fatality rate decreases
with car mass. High injury risk to the occupants in small cars can be explained from the fact that
heavier cars are more likely to destroy the struck object than smaller cars [Evans 1991b]. However, the
reduction of the fatality rate by increasing car mass is smaller than that in car-to-car crashes.

In 1984, Joksch and Thoren conducted an analysis of FARS (1981-1982). By correcting the data,
they found that only the smallest cars (subcompact) differed significantly from any other size class. In
single-vehicle accidents, large cars (wheelbase greater than 3048 mm) were found to have no more
protection than small compacts (wheelbase between 2565 and 2692 inches). They found that plotting
death rate as a function of wheelbase showed a much smoother relationship than plotting death rate as
a function of mass. Joksch and Thoren concluded that wheelbase and crush space is needed for
protection rather than vehicle mass. However, increasing the wheelbase beyond that of the small
compact did not appear to provide increased protection.

Fontaine (1992) and Tarriere et al. (1994a) reported that in single-vehicle crashes, the injury risk to
the driver in a high-powered car is high. They explained that the higher the power/weight ratio of the
car, the greater the risk to the driver of losing control of his car and crashing into a tree or another
fixed object.

In rollover crashes, the size of the vehicle is more dominant than its mass because the propensity to
rollover is associated with probabilities that are closely related to vehicle size [Filders et al. 1993]. The
probability of getting into a situation which makes rollover possible, typically losing directional
control is a function of wheelbase. The probability of rolling is a function of track and height of center
of gravity. Thus, the SUV and pickups have a high risk of rollover [ITHS 1998].

1.3. CAR-TRUCK COMPATIBILITY

The car-to-truck frontal crash may be the worst example of incompatibility for vehicle-to-vehicle
collisions. In the US, from the lightest to heaviest cars, 17 through 26% of occupant death in the car in
two vehicle crashes involves medium and heavy trucks [IIHS 1998]. Even the pickup and SUV are
lighter in comparison with large trucks. The EEVC WG14 Working Group report of March 1995
indicates that in European countries, 7000 car occupants were fatally injured in traffic accidents and
about 4200 of them were killed in car-to-truck accidents [Adalian et al. 1998].
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Deloffre et al. (1998) classified the causes of incompatibility between cars and trucks as follows:

* the front-end design of trucks and passenger cars are incompatible due to major difference in
ground clearance of the vehicles’ stiff zone, causing underride of the cars under the truck;
* the stiffness of a truck front end is larger than that of a passenger car;

*» the mass ratio between passenger cars and a truck ranges from 3:1 to 50: 1.

The mass difference between trucks and cars cannot be changed, but front underrun protection
devices have been proposed to prevent truck front ends from overriding passenger vehicles. One
prototype design is a truck bumper which is an energy absorbing element mounted on a strong, support
frame [Yamanaka et al. 1978, Mendis 1996]. This structure would prevent a car from underriding a
truck and transfer some of the energy of impact to the truck chassis. Such design proved effective, and
this indicates that, despite large weight mismatches, changes to front-end geometry and stiffness can
improve compatibility.

The ECE/EU Regulation No. 93 that consists of a rigid beam in front of the truck has been created
to avoid car underriding. For this purpose, the compatibility between cars and trucks with the front
underrun device was examined [Adalian et al. 1998, Deloffre et al. 1998]. This device was called the
Front Underrun Prevention System (FUPS), which was a special device added laterally in front of the
truck, behind the bumper and underneath the actual chassis. The FUPS consisted of a U-shaped beam,
made of high strength steel. The FUPS was optimized using FE analysis in terms of deformation mode
and energy absorption on the truck side. The medium car to truck collision test was conducted for a
truck with the FUPS at 65 km/h with 2/3 car overlap. The car did not run under the truck and kept its
cabin intact. The injury parameters of the occupants in the car were less than injury thresholds. They
concluded that 30% of lives could be saved in head-on collisions between cars and truck fitted with
FUPS.

In Japan, there have been little research projects on car-to-truck collisions and their
countermeasures. The trucks are prescribed by the regulation of Japan to install a rear under-bumper to
prevent underride of the car in rear-end collision. The regulation also requires the truck to have a side
guard to prevent the involvement of cyclists and pedestrians in turning. However, there are no
regulations which require the truck to install the front underrun guard for frontal crashes, and no trucks

have this guard.

1.4. PEDESTRIAN ACCIDENTS

1.4.1. Problem Scope

In a larger sense, the compatibility can be extended to the impact of vehicles with unprotected road

users such as pedestrians because the injury risk of the crash partners in these cases are too different
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[Appel 1995, Schimmelpfenning 1996, Tarriere 1997]. This type of compatibility is accomplished
only by partner-protection of the vehicle.

In Japan, there are approximately 2,700 pedestrian fatalities each year. These pedestrian fatalities
occupy about 28% of all fatalities in traffic accidents. This ratio is higher than that of other motorized
countries. Moreover, Japan takes a leading part in responsibility at the [HRA of ESV and it is required
to take the lead for pedestrian protection. Since the pedestrian accident analysis and the proposition of
countermeasures are expected, one of the purposes of this thesis is to clarify the injury risks of
pedestrians in pedestrian-vehicle accidents.

In a vehicle-pedestrian impact, the pedestrian injury risks depend on the vehicle shape because the
impact locations and velocities of body regions for pedestrian vary with vehicle shape. There are some
publications which discussed the effects of the shape of the bonnet-type car such as bumper height,
bumper lead and hood edge height on the injury risk to the pedestrian [Cavallero et al 1983, Ishikawa
et al. 1991, Higuchi et al. 1991]. Although, the registrations of various shapes of vehicles such as the
van, mini van and the SUV are increasing, the pedestrian behavior and injury risks have not been

compared for these different types of vehicles.

1.4.2. Impact Test Method

In order to evaluate the injury risks of pedestrians in impact by vehicles, the impact tests using
anthropometric test devices are effective. The pedestrian dummies based on the Hybrid II and III types
were developed for full scale dummy tests. However, the repeatability of impact test of pedestrians
using the pedestrian dummy is insufficient because the dummy behavior and injury parameters in
impact is strongly affected by small differences of initial posture and its configuration. Furthermore,
when the stiff shoulder of the dummy contacts the car body, the behavior of the dummy changes, as a
result the contact position and impact severity of the head can be different from those of human. It is
also indicated that the joint stiffness of the dummy is higher than that of a human. The pedestrian
dummy with a higher biofidelity was developed by Akiyama et al. (1999), and kinematics of the
dummy was validated with that of postmortem human subjects.

Although the head impacts onto the various car body regions in real-world accidents, the impact
locations of the head are limited when using a pedestrian dummy [Harris 1989]. Thus, the sub-system
tests using impactors as a headform, upper legform and a legform are often adopted and impacted onto
the various locations of the car body to evaluate the injury risk to each body region. The European
Experimental Vehicle Committee (EEVC) proposed a test method for assessing the protection of a
pedestrian in an accident, and three sub-system tests are proposed: headform to bonnet top, legform to
bumper and upper legform to bonnet leading edge [EEVC 1998] (see Figure 1.8). The International

Standard Organization (ISO) also presents a similar sub-system of tests.
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Figure 1.8. Pedestrian impact test method [EEVC 1998].

Head injuries cause a serious threat to life and the recovery is often incomplete. Therefore, it is
most important to evaluate the injury risk to the head. The EEVC test method describes that the head
impact test shall be made with the bonnet top within the boundaries prescribes by the wrap around
distance (WAD) of 1500 mm and 2100 mm at a velocity of 40 km/h [EEVC 1998]. In this test method,
the windscreen and A pillars are excluded from the test area. The headform impactor should not
contact the windscreen glass before impacting the vehicle structure, even though the tested area is the
windscreen frame. A rear-end reference line (see Figure 1.9) has been defined as the most rearward
points of contact between a sphere and the bonnet top, and the adult headform impacts should be
conducted 82.5 mm (i.e. half diameter adult headform) forward of this line [EEVC 1998]. In the Euro
NCAP, as the pedestrian impact tests are carried out by following this test procedure, only head injury

risks from the bonnet-top area are evaluated.

Bonnet rear
reference line Sphere

?

Figure 1.9. Determination of bonnet rear reference line [EEVC 1998].

The EEVC presented the test methods in a first report of EEVC WG10 [Harris 1989]. In that time
when the pedestrian test methods were discussed, cars had upright frontal areas and a long hood. Since
the modern car has become smaller with a short and steep bonnet, the head impact locations has
changed from the hood to cowl or windscreen in real-word accidents. According to the ITARDA
report (1996), among the 26 accidents where the pedestrian head contacted the car body, 57.7% of
head contact was against the windscreen, 19.2% against hood, 11.5% against the A pillar and 11.5%

against roof edge.
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Because of the changes of the head contact locations caused by modern car shapes, it was pointed
out that the injury risks to the head by contact around the windscreen should be investigated [NHTSA
1993, EEVC 1998]. Especially, for the mini car the pedestrian may have a high possibility that the

head makes contact around the windscreen.

1.5. AIMS OF THE PRESENT STUDY

Each country has various traffic environments. In the US, the number of LTV and SUV is large and
vehicles travel at high velocity. There are a number of small cars in the EU, however, they are not so
small as mini cars in Japan. Japan has special traffic condition of mixed traffic with many mini cars
and trucks, and the roads are narrow with many poles at the roadsides. The number of accidents
involving pedestrian is the largest among motorized countries. Since the compatibility strongly
depends on vehicle size and population, the compatibility should be investigated in each country.
Since no research has been carried out on vehicle compatibility in Japan, in this thesis various aspects
of compatibility in Japanese traffic situation will be investigated.

Previous studies have dealt with one element of compatibility such as car-to-car, car-to-truck and
car-to-pedestrian. In this thesis, a new methodology of combination of accident analysis and
simulations is introduced to analyze the total compatibility including car, truck and pedestrian. The
interaction between each compatibility will be discussed. A new analysis of accident data from Japan
will be performed to describe the total compatibility. A mathematical simulation can describe the
cause of high injury risk. Based on the accident analysis and simulation, a test method of the
compatibility will be proposed. The main goal of this thesis is also to propose countermeasures to
obtain a better level of total compatibility through this methodology.

This thesis discusses the following subjects.

In Chapter 2, the compatibility of the car will be discussed based on accident analysis and
mathematical simulations. Although the vehicle mass has the largest effect on the vehicle
compatibility, an absolute injury rate of the occupant according to vehicle mass has not been obtained.
Therefore, the relation between injury rate and vehicle mass will be formulated based on delta-V. The
stiffness, geometry compatibility and effectiveness of the seatbelt will be discussed from the accident
data in Japan.

The effects of mass, stiffness and geometry are combined when the compatibility is analyzed by
car classes. In the US, injuries related to SUVs were found to be the most serious problems for
compatibility [Gabler and Hollowell 1998, ITHS 1998]. The most compatible and incompatible car
class in Japan will be investigated in this thesis.

There are not sufficient research projects which investigate the compatibility in side impact and
single-car crashes. By using accident data, the compatibility in side impact and single-car crash will be

also discussed from the point of view of vehicle mass and impacted objects.
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Many previous studies on the compatibility of car-to-car crashes focused only on vehicle
acceleration and deformation of a car without examining an occupant injury risk [Ragland 1998,
Tarriére 1997, Sugimoto et al. 1998, Wykes 1998]. Although, some studies evaluated the injury risk to
the driver, they used a one-dimensional simple mass-spring model [ Ventre 1972, Tarriére et al. 1994].
On the other hand, though the injury risk to the driver in full rigid barrier crashes have been discussed
in may studies from simulations and tests, only acceleration-related injury was examined [Sakurai
1989, Suzuki 1992]. However, in order to investigate the compatibility of the mini car in car-to-car
crashes, the effect of intrusion on the injury risk should be considered. Therefore, in this study, a
mathematical model of a mini car with driver that can estimate both effects of acceleration and
compartment intrusion will be developed. Using this model, the injury mechanism of the driver due to
acceleration and intrusion will be clarified.

For countermeasures to improve vehicle compatibility, improvement of the mini car will be
proposed by using the mathematical model. Since there are no research projects which investigated the
effect of the other car in car-to-car crashes, the partner-protection of the other car will be also
examined.

In Chapter 3, the crash test procedures to evaluate the compatibility will be discussed. Currently a
full rigid barrier crash and an offset deformable barrier crash test are carried out in the regulations
[NHTSA 1997, Lowne 1994]. There have been little research that discuss the full rigid barrier crash
and the offset deformable barrier crash tests to evaluate the vehicle compatibility. From mathematical
simulations by changing the crash velocity based on car mass and stiffness, these crash test procedures
will be examined in order to reproduce the car-to-car collisions.

A MDB crash test has been proposed by the NHTSA in order to evaluate the compatibility
[Ragland et al. 1991, NHTSA 1997, Ragland 1998]. Since the MDB crash tests have been carried out
mainly in the US, the medium and large cars were evaluated and the compartment intrusions were not
large. Therefore, in this study by considering the Japanese traffic conditions, the MDB crash test will
be performed using a small car. The results will be compared with those of large cars in the MDB
crash test as well as with those of the same type of the small car in a full rigid barrier crash and an
offset deformable barrier crash tests. The importance and problems of the MDB crash test for the mini
and the small car will be pointed out.

In Chapter 4, the compatibility between truck and car will be discussed. Since the accident situation
of car-to-truck collision has not been clarified in Japan, the compatibility of vehicles including car,
trucks and buses will be examined by using micro and macro accident data. There have been some
research projects on a front underrun guard of the trucks in the EU [Adalian et al. 1998, Deloffre et al.
1998]. These studies focused on the compatibility between a truck and a medium car. Since there are a
number of collisions between a truck and a mini car in Japan, the optimum stiffness of the front
underrun guard on the injury risk to the driver in the mini car will be discussed based on mathematical

simulations.
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In Chapter 5, the compatibility between a vehicle and a pedestrian will be investigated. The number
of vehicles with various shapes such as minivans and vans is increasing [ITARDA 1996]. A bonnet-
type car has also changed to having a short and steep bonnet. However, there has been little research
on the influence of the current vehicle shape on the pedestrian injuries.

The analysis of pedestrian impact will be carried out by using the current accident data. The injury
risk, injured body regions and head contact locations will be examined for various type of vehicle. In
order to clarify the influence of vehicle shape on the pedestrian injury, a mathematical model will be
developed based on the characteristics of a human body. Pedestrian kinematics and injury parameters
will be compared for two different vehicle shapes such as a bonnet-type car and a van.

Since the head impact test procedures of a pedestrian proposed by EEVC and ISO are based on the
shape of a car that is 10 years old, only the bonnet area is tested [EEVC 1998, ISO 1999]. However,
the current accident data have shown that the head makes contact frequently with the windscreen and
its surrounds [ITARDA 1996]. Therefore, in this study the head impact tests will be carried out onto a
windscreen, windscreen frame and A pillar, and the injury risk will be clarified. Based on the accident
analysis, mathematical simulations and head impact tests, recommendations concerning the design of

the vehicle that is compatible with pedestrians will be proposed.
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2. CAR COMPATIBILITY

2.1. INTRODUCTION

Since the number of the passenger car accidents is the largest, the compatibility of passenger cars is
most important. In the compatibility subject of the IHRA, the passenger car compatibility is discussed
as a matter of first priority [NHTSA 1998]. The car mass has the largest effect on the compatibility.
The stiffness and geometry incompatibility can have potential to cause serious results.

Mini cars occupy 14% of the total passenger cars in Japan, and the registrations of this type of car
are increasing [[TARDA 1995]. Though the compatibility of this car type has not been investigated,
the injury risk to the occupants in the mini car is likely to be severe due to its light mass and small size.
Therefore, from the traffic conditions in Japan it is necessary to clarify the current situations and to
propose countermeasures for improving the compatibility of mini cars.

The purpose of this chapter is to clarify the characteristics of the car compatibility in Japan and to
propose countermeasures for incompatible cars. In Section 2.2, the compatibility of the car in car-to-
car frontal collisions will be discussed. The crashes of the mini car are simulated and the
countermeasures for the compatibility of the mini car are proposed (Section 2.3). The compatibility in

side and single-car crash is also discussed in Sections 2.4 and 2.5, respectively.

2.2. ACCIDENT ANALYSIS

The compatibility of vehicles in vehicle-to-vehicle frontal collision is classified as the mass, stiffness
and geometry compatibility [Ventre 1972]. We examined the mass compatibility by using the relations
based on delta-V from macro accident data. Then the geometry compatibility is discussed by using the
in-depth micro accident data. Since various kinds of cars are involved in the real accidents, the
phenomena of the mass, stiffness and geometry incompatibility occur at the same time. Therefore, the
compatibility according to car class are analyzed because each vehicle class has a different distribution
of these three parameters.

The macro accident data were obtained from the integrated database of ITARDA from 1992 to
1995 which consists of accident, vehicle and road data. This database includes the data of accidents
reported to the police throughout Japan. The police collect the data only on accidents where at least
one occupant suffered injury or death. Accordingly, in this paper the probability of injury means the
fraction of injuries to occupants involved in such accidents. Micro data were obtained from the
database of the in-depth accident investigation of the Japanese Ministry of Transport dated 1987 to

1992. Only injuries to drivers were examined to simplify the analysis.
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2.2.1 Mass Compatibility

Mass distribution

The compatibility problems that are caused by vehicle mass depend on the vehicle mass distribution in
the car fleet. We examined the distribution of passenger vehicles in Japan according to mass and the
results are shown in Figure 2.1. The data were collected from the vehicle registration database in the
Japanese Ministry of Transport. The car masses range from 500 kg to 2000 kg. The average mass of
passenger cars is 1131 kg, which is smaller than that of cars in the United States. One reason that the
average mass is so small in Japan, is the existence of the mini car, whose mass average is only 639 kg

and the size of which is defined by Japanese law.
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Figure 2.1. Registered passenger vehicles versus vehicle mass in Japan (Dec. 1994)

Vehicle mass and injury rate

Vehicle mass has a greater effect on the severity of occupant injuries in car-to-car frontal collisions
than in other accident configurations. In order to examine the relation between vehicle mass and injury
rate, the macro database of ITARDA from 1992 to 1995 was used. For a car-to-car frontal collision,
accidents were collected in which the impact location on both vehicles is on the front end.

Figure 2.2 shows the probability of serious and fatal injury to the driver of car 1 in a car-to-car
frontal collision between car 1 and car 2. The probability of serious and fatal injuries increases as the
mass of car 1, m,, decreases and that of car 2, m,, increases. When m, is less than 700 kg and m, is
greater than 1401 kg, the probability of serious and fatal injury to the driver of car 1 is 9.5%. In
contrast, when m, is greater than 1401 kg and m, is less than 700 kg, the probability of serious and
fatal injury to the driver of car 1 is 0.95%. Therefore, when a 700 kg car collides with a 1401 kg car,
the driver in the 700 kg car is 10 times as likely to be seriously and fatally injured as in the 1401 kg

car.
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Figure 2.2. Probability of serious and fatal injury to driver of car 1 in car-to-car frontal collision.

Evans (1993) found that the ratio of the injury rate in a lighter car to that in a heavier car may be
expressed by the power ratio of the car mass of the heavier car to that of the lighter car. In the current
study, the individual injury rate is expressed by the average car mass ratio. According to Joksch (1993),

the injury rate R can be expressed by delta-V (Av) as:
R=|tv/al" 2.1

where o and k are parameters obtained by curve fitting. For many car-to-car frontal collisions, delta-V
is approximated for a central collision. Assuming that the restitution coefficient is zero, the delta-V

can be expressed by using the average mass ratio as:

Av, =— T2y (2.2)
my +m,

where Av, is the delta-V of car 1, v, is the closing speed, and m, and m, is the mass of car 1 and 2,

respectively.
Substituting Eq. (2.2) in Eq. (2.1), the injury rate of driver 1, R,, can be obtained as follows:
k k
R =M Ye| . a(__’i’_zu) 2.3)
m, +m, o my, +m,

where a=|vc/alk.

Before discussing the applicability of Eq. (2.3), the relationship between the coefficient a, closing
speed and vehicle mass must be examined. The average travelling velocity versus vehicle mass in car-

to-car frontal and single-car collisions were examined (Figure 2.3). The travelling velocity is one of
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the items included in the accident data, which is defined as the velocity at the moment when the driver
perceives the danger of accident. Therefore, the velocity implied is that of the car before the driver
brakes or steers to avoid the accident, and is usually compiled mainly from drivers' testimony. In car-
to-car frontal collisions, the travelling velocity does not change significantly with vehicle mass (32.5-
35.2 km/h) as shown in Figure 2.3. On the other hand, in single-car collisions, this velocity increases
from 48.4 to 68.6 km/h as the vehicle mass increases. It has been observed that younger people are
involved in single-car crashes more often than car-to-car frontal collisions, and furthermore these
single-car crashes frequently occur during the night [ITARDA 1996]. This difference of the
occurrences between single-car and car-to-car crashes leads to these different inclinations of travelling
velocity.

It has been shown that the travelling velocity is closely related to the crash velocity [IHRA
Pedestrian 1997]. Thus, in car-to-car frontal collisions, the coefficient @ in Eq. (2.3) is assumed to be

independent of vehicle mass.

Single-car crash

_.’._.___.._._'-—m“.“.-.

Car-to-car frontal
collision

Average traveling velicity (km/h)

O I} 1
500 1000 1500 2000

Vehicle mass (kg)

Figure 2.3. Average traveling velocity and vehicle mass.

By applying Eq. (2.3) to a real accident, the probability of serious and fatal injury to the driver
(belted and unbelted) of car 1 can be calculated as shown in Figure 2.4. The parameters k and a were
calculated to investigate the effect of seatbelts for two levels of injury severity as shown in Table 2.1.
Based on this method, the parameter k obtained was 2.64 for the belted drivers sustaining fatal and
serious injury. This value is almost the same as the 2.62 shown by Evans [1994]. However, he
obtained this value based on Eq. (1.1) by calculating the injury ratio of belted car drivers in the heavier
car to those in the lighter car, and considered all directions of impact. Equation (2.3) also indicates that
the average mass ratio m,/(n,+m,) affects the probability of injury in the same way as the closing

velocity v,. Therefore, heavier cars as well as cars at a high velocity are aggressive to other cars.
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Figure 2.4. Average mass ratio and probability of injury to driver in car 1 (Belted and unbelted driver).

Table 2.1. Parameter k and a

Injury severity Seatbelt k a

Fatal and serious Belted 2.64 139
Unbelted 2.49 334

Fatal, serious and minor Belted 1.08 107.8
Unbelted 0.955 123.5

The injury risks to the driver in a two-car crash with identical mass can be discussed from Eq. (2.3).
The average mass m,/(m,+m,) takes the same value of 0.5 for light/light cars and heavy/heavy cars if
the car mass are identical (m,=m,). Thus, in a crash of two cars with equal mass, the vehicle mass has
no effect on the injury risk of the driver. This is true if it can be assumed that the cars have the same
safety levels from the full rigid barrier crash test such as the FMVSS. The injury risks to the drivers in
a two-car crash with identical mass are independent of car mass, since the barrier crash is equivalent to
a two-car crash between the same cars. The car size is different for a heavy car and a light car. We may
say that if similar restraint systems are used, the injury risk of the driver is the same in either case of
two heavy cars and two light cars, as far as the intrusion into the compartment does not affect the
injury risk. However, as the intrusion is larger for a smaller car due to its size, the risk of intrusion-
based injury to the occupant can be higher for two-light car crashes than that for two-heavy car

crashes.

Seatbelt effectiveness and car mass

Since the influence of the vehicle mass and the seatbelt on the injury rate is large, we discuss the
combined effects of the vehicle mass and seatbelt. The probability of serious and fatal injury versus
vehicle mass is shown in Figure 2.5. Wearing a seatbelt reduces the risk of serious and fatal injury
over the entire range of vehicle mass. The probability of fatal or serious injury for belted drivers is
between 1.5 and 5.1%, whereas that for unbelted drivers is between 4.3 and 11.6%, which shows that
the effect of the vehicle mass is large for unbelted drivers. Thus, wearing a seatbelt is more important

for the occupants of a lighter car in order to mitigate the severity of injury.
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Figure 2.5. Effect of seatbelt on probability of serious and fatal injury to driver in car-to-car frontal collision.

It is well known that an unbelted driver is apt to travel at higher velocity and to be involved in a
more severe crash than a belted driver [Evans 1991]. Therefore, in the results of Figure 2.5, the
effectiveness of the seatbelt is overestimated because unbelted drivers travel at much higher velocity
on average. In order to evaluate the effect of the seatbelt correctly, it is necessary to exclude the
influence of the crash severity. For the reduction of this exposure problem, a double pair comparison
method [Evans 1991] was used to compare the injury rates between belted and unbelted drivers.

When the relative injury risk to the driver is evaluated by the ratio of the number of fatalities in
car 1 to that in car 2, there are no effects of vehicle closing velocity because both car 1 and 2 are
involved in the same collisions. The ratio of serious and fatal injury rate of the driver in car 1 to that of
the driver in car 2, R//R,, is obtained by the ratio of the number of serious and fatal injuries of the
drivers in car 1 to that of the drivers in car 2. By using this method, the injury rate is not affected by
the differences in crash velocities between two cars driven by belted and unbelted drivers.

Figure 2.6 shows the ratio of injury rate classified by seatbelt wearing of the driver in car 1 and
car 2. To simplify the comparison, the same approximation value for parameter £ of 2.67 was used.

When both drivers wear seatbelts or do not wear seatbelts, R,/R, is expressed as:

2.67
Ry petied I Ry petred = R pmbetiea ! Rapmbetrea = (My /my) (2.4)

where R; 5.4 1S the injury rate of the belted driver in car i, and R; ;4.4 1S that of the unbelted driver in
car i. The data obtained by the double pair comparison method for belted/belted and unbelted/unbelted
drivers is distributed along the approximate curve in Figure 2.6. In the case where the driver in car 1
does not wear a seatbelt and the driver in car 2 wears a seatbelt, the ratio of serious and fatal injury is

approximated as:

R, yuvetied ! B2 petea =1.89(my / '”1)2‘67 =(1.27m,/ ml)z.m

2.5)
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This result shows that, when the combination of striking and struck car mass (m,, m,) is equal, the
serious and fatal injury rate for unbelted drivers is 1.89 times higher than that for belted drivers.
Equation (2.5) also shows that in order to gain the same probability of serious and fatal injury, the

unbelted driver requires a vehicle mass 1.27 times that of vehicle mass driven by the belted driver.
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Figure 2.6. Ratio of probability of serious and fatal injury for driver’s restraint condition in car 1 and 2.

Compatibility of car mass
The number of driver fatalities per collision is also important in the compatibility. The percentage of
driver fatal injuries in the subject car plus that in the other car corresponds to the driver fatalities per

accident. From Eq. (2.3), we obtain

ko ok
my +m,

R, +R, = (2.6)

(m, +m,)"

R +R, has a minimum of 2'*a (k>1) when m, =m,. Thus, cars with equal masses are the most
compatible in a collision since the injuries per accident are minimal and the injury rate is equal for
both cars.

The percentage of driver fatalities in the subject and other car is shown in Figure 2.7. As the mass
of the subject car increases, the fatality rate of the driver in the subject car decreases; on the other hand,
that of the driver in the other car increases. The sum of the percentage of driver fatalities in the subject
and the other car indicates the number of driver fatalities per accident where the subject cars are
involved. When the car mass is 1150 kg, the number of fatalities per accident takes a minimum value
while the fatality rate of the subject car and that of the other car are almost the same. Thus, the car
with a mass of 1150 kg is considered most compatible in the current car population in Japan. The
compatible car mass of 1150 kg is almost the same as the average mass of cars in Japan, which is 1131
kg (see Figure 2.1). This is because there is a high possibility that the subject car with mass close to

the average will crash into another car with a small mass difference from the subject car.
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When the mass of the subject car is in the range of 750 kg < m < 1350 kg, the number of fatalities
per accident is small. However, when the subject car mass is less than 750 kg or greater than 1350 kg,
the number of driver fatalities per accident increases. Thus, in order to decrease the total number of
fatalities, it is necessary to design a lighter car by allowing for the safety of the drivers in the subject

cars, and to design a heavier car by allowing for the safety of the drivers in the other cars.

Necessity to consider Necessity to consider
1.0 safety of subject car safety of other car

05k

{ Driverof
i other car

The probability of fatality (%)

500 1000 1500 2000
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Figure 2.7. Car mass and the driver fatality of subject and other car in car-to-car frontal collisions.

2.2.2. Stiffness Compatibility

The stiffness of a car also affects driver injuries. Low stiffness results in large deformation and in the
reduction of survival space for the driver. High stiffness induces in large acceleration of the car. Thus
we decided to examine the relation between stiffness and injury risk. Since the stiffness of the car in
accidents is difficult to obtain, the crush depth was used.

The data were drawn from the micro accident database of the Ministry of Transport (1987-1992).
In real-world accidents, the crush profile of the car varies because the overlap and principal direction
of force (PDOF) are different. Thus, there are many ways to evaluate the crush depth of a car in a
collision. In order to clarify the effect of the crush depth on the compartment intrusion, we used the

average crush depth C to represent the crush profile of the car as:
_ f" ' Cdw
Cato 27
wy

where C is the crush depth and wy is the width of the crush profile.

The crush depth of the subject car depends on the stiffness of the other car. Figure 2.8 shows the
combination of crush depths of the lighter car €, and heavier cars C,, in each collision. Among 71
car-to-car frontal collisions, the number of collisions in which C, , 1s larger than C y 18 47 (66.2%). It

is believed that this is because lighter cars are inclined to be less stiff.
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Figure 2.8. Relation between the average crush depth of the lighter car and the heavier car in crash (N=71).

The intrusion into the passenger compartment is larger as C increases (Figure 2.9). For light cars
with a mass of less than 750 kg, the intrusion into the passenger compartment corresponding to the
crush depth seems to be larger compared to that of other cars. A light car is almost always a small-
sized car. Due to the large crush depth, a small-sized car results in a large intrusion into the passenger

compartment and a high injury risk to the driver such as femur fractures.
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Figure 2.9. Relation between average crush depth and intrusion (N=147).

The combination effect of the mass and the stiffness of the car on the injury risks to drivers was
examined here. The injury severity of the driver in the lighter and heavier cars was examined by the
crush depth of the lighter car C, and that of the heavier car C,, (Figure 2.10). Due to high

acceleration, the percentage of the severe injury (MAIS 3+) is higher in the lighter car regardless of
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the crush depth of the car. The percentage of serious injuries to the driver in the lighter car is about
75% for Ci <1.5Cu . However, when the crush depth of the lighter car is much larger than the
heavier car (1.5Cy <C; ), the risk of severe injury in the lighter car becomes extremely high: in the
lighter cars, 18 drivers were severely injured and only one driver was slightly injured. It can be
concluded that cars with small mass and low stiffness have the highest risk to the driver in car-to-car

frontal collisions.

Average crush
depth MAIS 1,2 MAIS 3+ MAIS 3+ MAIS 1,2

Ci<Crs15Cy | (N=27)
EL = E H (N=24)
100% 50 0 50 100%
- P
Injury severity of the driver Injury severity of the driver
in the lighter car in the heavier car

Figure 2.10. The injury severity of the driver classified by the crush depth of the car.

When the crash configurations, such as the velocity, the angular velocity and the position of each
car, are the same, the maximum crush energy absorbed by the deformation of both cars E|, E, is given
by [Ishikawa 1993a]:

E +E, = -—»——3——— lm,,RDsg + ~l~m,RSS§ +m,m,myRDS, RSS, (2.8)
1-m,mmg \2 2

where, RDS; =Vy, —a,05 =V, ~ a0,

RSSy = vy + by = vy, =Dy,

m, m m m
mn - Yln 1Y2n 2 , mr = Yll 1Y2! 2 ,
YTy + Y 2,12 Yulty + Y2/,
k?. k2 kZ kZ
1 2 1 2
Yin =55 7 Yo =73 7 Y =73 5 Y =3 5"
ki +a, ki +a; k; +b; ki +b;

In a central collision, Eq. (2.8) yields:

E, +E,=—
2m +m,

(2.9)

The total absorbed energy depends only on car mass and closing velocity, but the stiffness of both cars
has no effect on this energy. The absorbed energy is shared by the lighter and heavier cars according to
its stiffness. It is therefore important that the smaller car does not absorb much crush energy, so that
the integrity of the passenger compartment should be maintained. The large car should absorb more

energy than the smaller car because it commonly has a larger deformation area.
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2.2.3. Geometry Compatibility

Incompatibility between cars occurs not only due to its mass and stiffness but also due to front
geometry. We discuss the geometry compatibility through micro accident data from the Ministry of
Transport. Figure 2.11 shows the geometry incompatibility between a SUV and a small sedan. The
bumper and frame height of SUVs are higher than those of a small sedan. This incompatibility of the
frame height can cause differences in the deformation mode between cars.

Figure 2.12 and Figure 2.13 show crushed cars in a head-on collision. Car A (SUV, 1820 kg) went
beyond the centerline of the road and collided with car B (Small car, 1160 kg) with a 30% overlap. Car
A overrode car B due to the difference in the front frame height. The maximum crush depth of car A
was 43 cm and the passenger compartment remained intact. On the other hand, the front frame of car
B could not absorb the crush energy as it was designed for a crash against a rigid barrier. The hood
deformed in the upward direction. The maximum crush depth of car B was 60 cm, and the
compartment deformed so that the bottom of the A-pillar moved backward 10 cm and the intrusion of
the dashboard on the driver’s side was 10 cm.

Both drivers in the two cars failed to wear a seatbelt. The driver in car B suffered a brain contusion
(AIS 5) by contact with the windscreen, fracture of seven ribs (AIS 3) by contact with the steering
wheel, and also fracture of the tibia (AIS 2) due to intrusion of the whole front panel. On the other
hand, the driver in car A suffered a wrist fracture from the steering wheel (AIS 2). There are reports of

many other cases in which those incompatibilities of geometry cause very serious damage.

Small sedan

Figure 2.12. Car A.

35



Figure 2.13. Car B.

2.2.4. Compatibility Analyzed by Car Class

Car class

The effects of mass, stiffness and geometry are combined when the compatibility is analyzed by car
classes. We examine the compatibility by the car class using macro accident data of ITARDA for the
four years from 1992 to 1995. The analysis is conducted only for cars with a model year of 1988 or
later. In the current research, cars are categorized into eight classes; mini, small sedan, medium sedan,
large sedan, sports and specialty, wagon, van and Sports Utility Vehicle (SUV). Vehicle examples with
their classes are shown in Table 2.2.

The number of cars accounts for about half the total vehicle registrations. Figure 2.14 shows the
distribution of registered cars according to their classes in 1992 and 1995 [ITARDA 1996]. The
number of cars increased by a factor of 1.4 from 27,772 to 39,657 thousand. Moreover, the distribution
of the car classes changed. The proportions of the registered numbers of wagons, vans and SUVs have
increased. On the other hand, the proportion of sedans has decreased, especially the medium sedan
which reduced from 19.5 to 15.8%. As the variety of cars is increasing, the frequency of collisions
between various classes of cars is increasing. Thus, the compatibility for various types of cars is

becoming a topic of more important consideration.

Table 2.2. Car classes [ITARDA 1996].

Vehicle class Vehicle example

Mini car &1 Allo, Mira, Today, Minica, Vivio, Wagon R
Small sedan ﬁ@ March, Corolla, Sunny, Civic, Familia
Medium sedan (L3  Corona, Bluebird, Accord, Galant
Large sedan &gl Mark IL, Crown, Celsior, Skyline, Cedric
Sports and Specialty ¢5f=Fgy  Cappuccino, MR2, 180SX, FTO, RX-7
Wagon & To>  Legacy, Odyssey, RVR, Mark Il wagon

Van Estima, Townace, Serena, Delica
SUV ﬁ}g Land cruiser, Pajero, Jimny, Rav-4
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Medium sedan Medium sedan
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1992 N=27,772 thousand 1995 N=39,657 thousand

Figure 2.14. Distribution of car registrations in Japan [ITARDA 1996].

Distribution of Fatalities

The distribution of fatalities was calculated from the macro accident data in Japan. This distribution is
examined by the number of fatalities internal and external to the subject car in various types of
accidents. Figure 2.15 shows the number of fatalities in relation to the subject car per million
registrations.

Sports and specialty cars, SUV, van and large sedan types cause more external-type fatalities than
any other type of vehicle. SUV and sports and specialty cars, in particular, cause the largest fatalities
in the other cars in car-to-car collisions. Cyclists sustain more fatalities when struck by sports and
specialty cars and vans, while more pedestrians are killed by accidents involving sports and specialty
cars and the SUV.

From the analysis of distributions of fatalities, it is found that the total number of fatalities of mini
cars is the lowest, and so this car type could be considered as the most compatible vehicle. However,
this conclusion cannot be drawn because it was shown that the mini cars are used for short-distance
travel at a relatively low velocity [ITARDA 1996], and also because the frequency of internal driver
fatalities in car-to-car collision is high. It is also necessary in the analysis of compatibility to exclude
the influence of the factors which are not related to the car itself, such as driver behavior, car velocity
and accident rate.

The number of fatalities in single-car accidents involving sports and specialty cars is especially
large, which can be accounted for by their higher crash velocity and accident rate compared to any
other car classes. As a result, the number of fatalities involving sports and specialty cars is large for all

types of accidents.
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N: Number of fatalities in 1992-1995

Figure 2.15. Internal and external fatalities of various subject cars for different types of accidents.

Probability of injury

Table 2.3 shows the percentage of serious and fatal injuries to the drivers in cars according to their
class. The fatality rate in mini cars is high when they collided with a van or SUV. The total percentage
of serious injury to the drivers in the van is high (3.69%) compared to that of fatal injury (0.18%). For
example, the total percentage of fatal injury to the drivers in a large sedan (0.18%) is similar to that in
a van. However, the total percentage of serious injury (2.41%) is lower than for the van. This is related
to the fact that the percentage of serious injury to driver’s legs is higher for the van due to the large
intrusion compared to other car classes [[ITARDA 1996]. It is observed from Table 2.3 that there are no

fatalities of the drivers in a SUV in car-to-car frontal collisions, though the percentage of driver

fatalities is high when the other car is a SUV.

Table 2.3. Driver fatality (%) in car-to-car frontal collisions (1992-1995).

Other
Subject Small  Medium Large Sports &
Mini car sedan sedan sedan Specialty  Wagon Van Suv Total
Mini car 0.03 0.26 039 0.72 0.64 0.22 1.31 1.26 0.45
(2.62) (4.59) (5.47) (6.87) (5.83) (6.01) (7.84) (8.50) (5.33)
Small sedan 0.04 0.20 0.20 0.38 0.36 0.34 0.66 0.58 0.27
(1.42) (2.98) (3.34) (3.91) 4.39) (3.38) (5.09) (5.14) (3.36)
Medium sedan 0.05 0.04 021 035 0.29 0.07 0.50 1.23 0.21
(0.87) (2.36) (2.81) (3.02) (3.58) (3.12) (4.28) (4.39) (2.70)
Large sedan 0.04 0.04 0.09 0.26 048 0.06 0.30 0.68 0.18
(1.05) (1.92) (2.35) (2.83) (3.10) (2.61) (3.08) (4.90) (2.41)
Sports and Specialty 0.13 0.0s 0.26 0.40 0.30 0.13 039 0.32 0.23
0.72) (2.05) (2.68) (3.16) 3.51) (3.83) (3.22) (6.55) (2.67)
Wagon 0.11 0.04 0.07 0.22 0.38 0.84 0.00 0.38 0.17
0.87) (1.84) (2.30) (2.38) (2.81) 3.07) (3.70) (3.80) (2.23)
Van 0.09 017 0.00 0.17 0.29 0.25 0.29 0.80 0.18
(1.03) (2.27) (4.47) (4.80) (3.61) (3.21) (6.03) (8.51) (3.69)
Suv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(0.47) 127 (174 (L.73)  (1.28)  (2.66) (2.93) (0.93) (1.51)
Total 0.05 0.12 0.19 0.36 0.39 0.21 052 0.73 0.24
(1.29) (2.63) (3.18) (3.66) (3.84) (3.46) (4.54) (5.46) (3.12)

(

) Serious injury
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Compatibility

The goal of vehicle compatibility in vehicle-to-vehicle frontal collisions is to minimize the number of
fatalities while maintaining the injury rate of occupants in each vehicle at the same level. Since the
aim of this study is to estimate compatibility in a vehicle-to-vehicle frontal collision, a method is
employed to determine the total number of fatalities in both vehicles per accident by comparing the
ratio of the fatalities occurring in each vehicle.

The number of driver fatalities in the subject and other car per thousand accidents is shown in
Figure 2.16. For the SUV and van, the total number of driver fatalities is large and the proportion of
the fatalities in other cars is high, and so the SUV and van can be considered to be incompatible cars.
On the other hand, for mini cars, the number of fatalities in the subject car is the largest in all car
classes. Therefore, mini cars cannot be said to be compatible in car-to-car frontal collisions. The
wagons and medium sedans are compatible cars in car-to-car frontal collision because the proportion
of the number of fatalities in the subject cars to that in other cars is almost the same, and the total
number of fatalities in the subject and the other cars per accident is small. However, the number of
incompatible car types such as the SUV and van is increasing in the current traffic environment, while

that of the compatible medium sedan car type is decreasing (see Figure 2.14).

. [JFatalities in the subject cars [l Fatalitics in the other cars
Subject car

Mini car : -
Smallsedan " " NN

Medium sedan :-
Large sedan [ S—
Sports and Specialty car w
Wagon | Imm—
Van [ —
S ——— ‘

0 2 4 6 8

Driver fatalities in both cars per thousand accidents

Figure 2.16. Car compatibility.

Car aggressivity

In the present study, the following measures were used to evaluate the aggressivity in vehicle-to-

vehicle frontal collisions:
1. (Number of fatalities in the other vehicles)/(Number of fatalities in the subject vehicles);
2. Percentage of fatalities in the other vehicles;

3. Number of fatalities in other vehicles per million of the subject vehicle registrations.
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Measures 1 and 3 were suggested by Hollowell [1996]. Using Measure 1, the aggressivity of a vehicle
without the influence of human factors can be described. If the crash velocity of the subject vehicle is
high, the risk of injury to the occupants in the other vehicles as well as in the subject vehicle is high.
Thus, the influence of crash velocity on the aggressivity estimated by Measure 1 will be small. On the
other hand, the aggressivity of the vehicle including the influence of crash velocity is estimated when
the injury rate of the driver in the other vehicles is used in Measure 2. If the crash velocity of the
subject vehicle is high, the aggressivity obtained by Measure 2 will be higher because the number of
fatalities in the other vehicles will increase. The aggressivity estimated by Measure 3 includes the
influence of travel distances, vehicle velocities and accident rates, reflecting how they are used (Table
2.4).

The measure of examining aggressivity depends on the problem being investigated. For example,
vehicle manufacturers can use Measure 1 to estimate aggressivity of vehicles because this measure is
related to the vehicle itself. Measure 2, which includes the velocity effect, is usable in studies dealing
with road user behaviors. Measure 3 expresses the aggressivity of each registered vehicle, so it can be
used when insurance problems are investigated.

Table 2.4. Aggressivity evaluating measure and the effect of crash velocity and accident rate on
each measure.

Meusure Definition Crash velocity  Accident rate

Aggressivity __g

(Number of fatalitics in other vchicles)

1
/(Numbecr of fatalitics in subject vehicles) X X

2 Percentage of fatalities in other vehicles 6] X

3 Number of fatalitics in other vehicles per o 0 The subject The other
subject vehicle registrations vehicle vehicle

O= Large effect X = Small effect

The aggressivity estimated by Measures 1, 2 and 3 is shown in Figure 2.17, Figure 2.18 and Figure
2.19, respectively. In Measure 1, cars can be defined as aggressive when the aggressivity value is
greater than one, because the number of fatalities in the other cars is larger than in the subject cars.
Therefore based on Figure 2.17, the SUV, van, large sedan and sports and specialty cars can be
described as aggressive. According to the analysis of Figure 2.17, the aggressivity ranking of the car

itself is shown as:

Mini < Small sedan < Medium sedan < Wagon < Sports and specialty cars
< Large sedan < Van < SUV.

The aggressivity of a car according to its class has a similar tendency to the results using Measures
1, 2 and 3 except for the sports and specialty cars. The aggressivity of the sports and specialty cars is
large when estimated by Measure 3 using car registrations, although it is not so large when estimated

by Measure 1 using the ratio of driver fatality for both cars. This can be explained by the fact that the
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accident rate, crash velocity and travel distance of sports and specialty cars are so high that the number
of fatalities per car registrations becomes larger. It is possible to consider that the sports and specialty
car itself is not aggressive but when it is driven, it has high aggressivity due to human factors.
Hollowell (1996) showed that the aggressivity defined by Measure 3 in the US is 24 for sub-
compact, 38 for compact, 39 mid-size, 42 for large, 46 for minivans and 72 for SUV, which are greater
than the values shown in Figure 2.19. These rather significant differences cannot be explained even if
taking account of the assumptions that only driver fatalities are considered, while in the US study all
occupant fatalities in car-to-car collisions were included. This is related to the fact that in the US the
cars travel with higher velocity and over longer distances than in Japan. For example, the average
travel distance of a car per year is 17,862 km in US against 10,130 km in Japan (1994) [IRF 1995].
According to the results of the accident analyses conducted, in the case of car-to-car frontal
collisions, the mini cars and the SUV were found to be the least compatible car types in the traffic
situations of Japan. The self-protection of the mini cars is poor, whereas the aggressivity of the SUV is
high. Because of the environmental aspects such as its low fuel assumption and emissions and space
utility, mini cars are becoming important in the world. This situation contradicts the issue of

compatibility.

Mini car
Small sedan
Medium sedan
Large sedan :
Sports and Specialty car :
Wagon
Van
SUV § !
0 1 ' 4 5

(Driver fatalities in the other cars)
(Driver fatalitics in the subject cars )

Figure 2.17. Car aggressivity calculated by Measure 1.

Mini car
Small sedan f
Medium sedan !
Large sedan
Sports and Specialty car :
Wagon 8
Van #

Suv 3 : !
0.0 02 04 0.6 0.8 10

The percentage of fatalities of the driver in the other car (%)

Figure 2.18. Car aggressivity calculated by Measure 2.
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Small sedan
Medium sedan §
Large sedan
Sports and Specialty car
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Figure 2.19. Car aggressivity calculated by Measure 3.

2.2.5. Injured Body Regions by Car Size

Because mini cars are expected to increase in number and injury risk to the driver was confirmed to be
high, it is necessary to compare the injury pattern of this type of car with small, medium and large cars.
We examine the frequency of injuries to different body regions in order to clarify the influences of
different accident configurations and vehicle sizes. Figure 2.20 and Figure 2.21 illustrate the number
of injuries to major body regions of the drivers in passenger cars per thousand accidents, classified by
injury severity, vehicle size, and occupant restraint in car-to-car and single-car frontal collisions.

Some characteristic differences can be found in the frequency with which injuries of a given
severity level occur. For fatalities, injury to the head is a major cause of death, followed by the chest.
For serious injuries, the frequency of leg injuries is the highest, followed by chest and head. Wearing a
seat belt reduces the likelihood and the severity of the impact of the occupant's body against the car
interior, and prevents ejection from the car, thereby the severity of injuries become low.

We can also find differences in the pattern of body regions injured in different-sized cars. The
frequencies of head, chest and leg injuries are higher for smaller cars in car-to-car frontal collisions,
whereas the frequency of the head injury is lower for smaller cars in single-car crashes. In car-to-car
frontal collisions, delta-V increases when the car is smaller or lighter, whereas the crash velocity is
lower for smaller cars in single-car crashes. Therefore, it seems that the frequency of head injuries
strongly depends on delta-V. The chest and leg injuries are also affected by the compartment intrusion,
the frequencies of these injuries are higher for smaller cars. In car-to-car frontal collisions, due to the
high delta-V and the large intrusion into the compartment, the drivers in mini cars are apt to suffer
severe injuries to the head, chest and leg compared with other cars. The optimum restraint systems and
stiff compartment can reduce the severity of these injuries to the driver in the mini car. In order to
confirm the effect of the restraint system and stiff compartment, a mathematical simulation was

performed.
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Figure 2.21. Body regions of drivers injured in single-car crashes (Frontal impacts).
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2.3. MATHEMATICAL SIMULATION OF MINI CAR COLLISIONS

Accident analyses has indicated that the self-protection of the mini car is a key point to secure the
compatibility for passenger cars. Computer simulations of a crash of a mini car were performed in
order to clarify the injury risk to the driver of the mini car and to examine a compatible mini car.

The compatibility of a mini car in a collision with a large car has to be achieved without increasing
the injury risk to the driver of the mini car in a single-car crash. Therefore, the crash of a mini car into
a rigid barrier with full overlap, and the collision with a large car with a 50% overlap was simulated
using multi-body analysis program, MADYMO (Mathematical Dynamic Model). MADYMO
simulates the gross motion of systems of bodies connected by kinematic joints. The influences of front
stiffness and the restraint systems of the mini car on the injury risk to the driver was studied to secure

the compatibility of mini cars in frontal collisions.

2.3.1. Car model

The car model used in this thesis is based on a currently produced mini car. We simulated crashes of a
mini car into a rigid barrier and large car as shown in Figure 2.22 and Figure 2.23. The mass of the
mini car is 700 kg, which is slightly larger than the average mini car (639 kg, see Figure 2.1), and the

mass of the large car is 1400 kg.

Rigid barrier

\

Figure 2.22. Simulation model of a mini car in a frontal crash into a rigid barrier.

Large car Mini car

Figure 2.23. Simulation model for a frontal collision between a mini car and a large car with a 50% overlap for
mini car.
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Car front structures was represented by ellipsoids. In the present model, the force-deformation
characteristics of the mini and large cars are approximated by a straight line.

The regression of the stiffness of the car (k) is expressed by using car mass (m) as follows
[Ishikawa 1990}

k = 78m'" (kN/m). (2.10)

Using Eq. (2.10), the stiffness of the current mini car (700 kg) is evaluated as 693 kN/m. The stiffness
of the mini car is changed from 500 to 1000 kN/m in order to examine the effect of the stiffness in
crashes into a rigid barrier and into a large car. The stiffness of the large car (1400 kg) is assumed to be
872 kN/m by Eq. (2.10), which is used in the simulation of a car-to-car collision.

In an offset crash, the damage profile of the car is classified into direct damage and induced
damage. Due to the induced damage, the stiffness of the car in the offset crash increases by 30% per
width of the car [Ishikawa 1995]. Thus, the front stiffness of the car in an offset collision is estimated

as:

ke = 1.3k x{overlap ratio) (2.11)

where kg, is the stiffness of the car in the offset crash and £ is that in the full overlap crash. In car-to-

car collisions, the forces acting on both cars have the same magnitude but a different direction. The

deformation of each car is calculated using force-deformation characteristics according to this force.
According to Matsumoto et al. [1990], the intrusion of the firewall (x4, ) can be approximated

as:
Xeirewan = 0.75(x = xo) (2.12)

where x is the deformation of the car and x,is the car deformation when the engine contacts the
firewall. The deformation x, of the mini car is smaller than that of the large car due to its small size. In
the current model, x, is estimated as 0.175 m for a mini car and 0.350 m for a large car. Based on the
experimental results (Figure 2.24), the longitudinal displacement of the steering column (x,.;is,) Can be

expressed by the intrusion of the firewall (xg,.y) 2s:

Xgcering = 0.7T2(X irewan — 0.0566). (2.13)

In the model, the movements of the firewall and the steering column was simulated as the
displacement of translational joints based on Eqgs (2.12) and (2.13). To express the intrusion of the
firewall, the toe pan is designed to rotate first, and upon becoming perpendicular moves in the driver’s
direction.

The HYBRID 111 database from MADYMO was used for the driver. The seatbelt (10% webbing)
and airbag (35/) are used for the basic restraint system for drivers in mini and large cars. This
combination of restraint systems is commonly used in the current cars. This model of mini car was

validated using the results of the full rigid barrier crash and ODB crash tests.

45



’g 0.15 -

3 y =0.772 (x - 0.0566)
£

3]

& 010

&

2

=

£ oos

8

&y

=

-

§ O 5 1
] 0 0.1 02 0.3

Firewall intrusion (m)

Figure 2.24. Relation between the firewall intrusion and longitudinal displacement of the steering column.

The fatalities of the driver in single-car and head-on collisions account for a large portion of the
driver fatalities in mini car accidents. Crashes into a rigid barrier and car-to-car frontal offset collisions
are representative of many cases of single-car and head-on collisions. In the present study, the
simulations of the crash of the mini car into a rigid barrier and the crash between mini and large cars
with 50% overlap for the mini car were carried out.

In this simulation, the crash velocity is taken to be 50 km/h that is prescribed in the crash regulation
of the passenger cars. In the present simulation of the car-to-car frontal collision, the crash velocity of
each car is 50 km/h. We examined the influences of the stiffness of the mini car on the injury risks to
the driver in crashes into a rigid barrier or a large car. The injury parameters of the driver from the
simulations were compared with threshold levels (Head Injury Criteria: HIC 1000, chest acceleration
60g, chest deflection 75 mm, femur force 10 kN). HIC is an injury criterion which was introduced by

the US government [Versace 1972]:

T 25
HIC = (1, -1,) (Ti“?} fa(z)dt (2.14)
SRS VAN

max

where a(t) is the resultant head acceleration in g’s, and ¢, and ¢, are the initial and final times (in
seconds) of the interval during which the HIC attains to a maximum value. HIC value of 1000 is

associated with 15% of risk of life-threatening brain injury [Mertz 1984].

2.3.2. Simulation Resulis

Mini car crash into rigid barrier

The crash of a mini car into a rigid barrier at 50 km/h was analyzed in terms of various stiffness of the
mini car (k). Figure 2.25 shows the results of the variation of the acceleration, deformation and the
firewall intrusion of the car with the stiffness of the mini car. The acceleration increases with the
stiffness, while the deformation and the intrusion decrease. Thus when the stiffness increases, the
driver is exposed to a high injury risk due to high acceleration. On the other hand, when the stiffness

decreases, the driver is exposed to injury risk due to large intrusions.
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Figure 2.25. Maximum acceleration and deformation of mini car in crash into a rigid barrier with varying
stiffness of the mini car (k).

The driver behavior differs according to the differences in the acceleration and the compartment
intrusion of the car. Figure 2.26 shows the driver behavior where the stiffness of the mini car (k) is 500
kN/m and 1000 kN/m, respectively. When the stiffness of the mini car is 500 kN/m, the intrusion is
large but the acceleration of the car is small. As a result, the head and chest movement of the driver is

less, but the foot rotation angle at 500 kN/m is greater than at 1000 kN/m.

Intrusion .

\
<
. /
\ /
\
/ "\
- N

Before crash

k=500 kN/m k=1000 kN/m

Figure 2.26. Kinematics of the driver in a mini car in a crash into a rigid barrier (50 km/h).

Since the driver behavior differs with the mini car stiffness, the injury risks based on the
acceleration and intrusion may be also affected by this stiffness. Figure 2.27 shows the relation
between the injury risk to the driver and the stiffness of the mini car (k). When k is the lowest (500
kN/m), the HIC is 706, chest acceleration (3 ms) is 55.9 g and chest deflection is 0.042 m, all of which
are less than the injury tolerance levels. The HIC and chest acceleration increase consistently with the
stiffness of the mini car. On the other hand, the chest deflection, femur force, tibia axial force and
moment do not change so much with the stiffness of the mini car, and its level is less than the injury
threshold. These results suggest that in a mini car crash into a rigid barrier, the injury risks to the

driver decrease when the front stiffness is low.
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Figure 2.27. Driver injury risks in a crash into a rigid barrier with varying stiffness of the mini car (k) (50 km/h).

The transition to serious injuries of the lower extremities (AIS 3 or more) occurs when the
intrusion exceeds 0.25 m [Morris et al. 1997]. As shown in Figure 2.25, the intrusion of the mini car
firewall is less than 0.27 m in a crash into a rigid barrier at 50 km/h. Therefore, in this type of crash
configuration, the intrusion is a less important factor in determining the injury risk to the driver of a

mini car, whereas the acceleration causes the majority of injuries.

Mini car crash into large car
Simulations of an offset frontal collision between mini and large cars were carried out. The overlap
ratio of the mini car is 50% and that of the large car is 40%. Figure 2.28 shows the deformation of the
car and the intrusion of the firewall by the stiffness of the mini car (k). The acceleration level of the
mini car in this type of crash is lower than that in a crash into a rigid barrier, whereas the car
deformation and firewall intrusion of the mini car become large, especially when the stiffness of the
mini car is small. Thus, in this type of collision, the effects of the acceleration and intrusion are
combined, and the risk to the driver of the mini car becomes high.

As can be seen in Figure 2.29, when the mini car is less stiff (k=500 kN/m), the steering column,

the instrument panel and the toe pan intrude and hit the chest, knee and foot of the driver, respectively.
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Figure 2.28. Maximum acceleration and deformation of mini and large cars in a car-to-car frontal collision with
varying stiffness of the mini car (k).
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Figure 2.29. Kinematics of the driver in a mini car in a crash into a large car.

Figure 2.30 shows the variation of the injury risks to the drivers in mini and large cars with the
stiffness of the mini car (k). When a comparison is made with Figure 2.27 and Figure 2.30, the HIC
and chest acceleration of the driver in the mini car are lower in a crash with a large car than into a rigid
barrier, whereas the chest deflection, femur force, tibia force and tibia moment are higher. The chest
deflection and tibia force are strongly affected by intrusion. Thus, in a crash of the mini car with a
large car, the intrusion is an important factor in injuries. In addition, Figure 2.30 indicates that the
injury risk of the driver in a mini car is higher than for the driver in a large car, irrespective of the
stiffness of the mini car. This result corresponds to the findings from accident analysis that the injury
risk to the driver in a mini car is high, while in a large car it is low.

When the stiffness of the mini car increases, there is a decrease in the risk to its driver as estimated
on the basis of intrusion criteria such as chest deflection, maximum femur, tibia force and tibia
moment. However, the HIC and chest acceleration of the driver in the mini car increase with the
stiffness of the mini car because its acceleration becomes high.

As the stiffness of the mini car increases, the risk of injury to the driver in a large car become larger.
When the stiffness of the mini car is high, the chest acceleration, chest deflection, femur and tibia

forces of the driver in the large car increase because both acceleration and intrusion of the large car
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become high. Nevertheless, the risk of injury to the driver of the large car is less than that of the driver
of the mini car, and even less than the tolerance level of the relevant injury criteria.

This analysis of collisions between mini and large cars demonstrates that the mini car should be
stiff enough to prevent a large intrusion into the passenger compartment in a car-to-car frontal
collision because greater intrusion means a higher risk of chest deflection and injury to the driver’s

lower extremities.
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Figure 2.30. Driver injury risks in mini and large cars in a car-to-car frontal collision with varying stiffness of the
mini car (k).

Effect of restraint systems
We examined the effects of restraint systems, including a seatbelt force limiter, pretensioner (4 kN,
0.15 m), energy absorbing (EA) steering system (4 kN, 0.15 m), knee bolster and their combination,
on the injury risk of the driver in a mini car. The stiffness of the mini car model is 1000 kN/m, which
is larger than that of current mini cars to reduce the intrusion into the passenger compartment in a
crash. This high stiffness is applied for the mini car because the chest deflection, femur, tibia forces
and tibia moment became low at this stiffness level as shown in Figure 2.30. The injury risks to the
driver in the mini car in crashes into a rigid barrier or a large car was studied when each restraint
system or its combination is used with the basic restraint system (airbag and seatbelt).

Figure 2.31and Figure 2.32 show the effect of restraint systems on the injury criteria of the driver
of a mini car in crashes into a rigid barrier and a large car, respectively. The injury-reducing effect of
each restraint system for the driver of mini car differs between the two kinds of crashes. In the crash

into the rigid barrier, the seatbelt force limiter effectively decreases chest acceleration and HIC by
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reduction of force transfer from the seatbelt to the torso of the driver. Nevertheless, the force limiter
has a little effect on the injury risks of the driver of the mini car in collision with a large car. In this
type of crash, a large force is applied to the driver’s chest by the steering wheel, not by the seatbelt.
Thus, the seatbelt force limiter has a little effect on reduction of the chest acceleration in a collision
with a large car.

The EA steering system is shown effective for both of the above-mentioned crashes. The
movement of the steering column can decelerate the driver’s head and chest by absorption of energy.
The seatbelt pretensioner can reduce the femur force. The knee bolster can also reduce the femur axial
force, particularly in a crash with a large car. The restraint systems have little influence on the tibia
force of the driver in a crash into a rigid barrier or a collision with a large car. Thus, to reduce the tibia
forces, the intrusion of the toe pan must be reduced.

When a mini car with high stiffness is equipped with restraint systems combining airbag, seatbelt
force limiter with pretensioner, EA steering system and knee bolster, the injury criteria levels for the

driver are below the thresholds in either crashes into a rigid barrier or a large car.
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Figure 2.31. Effect of the restraint systems on the injury risks to the driver of the mini car in a crash into a rigid
barrier (k=1000 kN/m).
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Figure 2.32. Effect of the restraint systems on the injury risks to the driver of the mini car in a collision with a
large car (k=1000 kN/m).
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Additional crush space of large car

When a large car has been designed to have additional crush space to secure the partner-protection in
collisions with a mini car, the injury risk to the driver in the mini car may decrease. Tarriere et al.
(1994) proposed a maximum force level 200 kN of a heavy car for compatibility with small car. Thus,
in the present study, the additional crush length (c) of 0 to 0.4 m with a force level of 200 kN was
simulated (Figure 2.33) without changing the front length of the large car.
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Figure 2.33. Additional crush space of a large car.

It was found that the additional crush space of the large car can reduce the injury risk to the driver
in the mini car due to reduction of acceleration and intrusion of the mini car in a collision. Figure 2.34
shows the chest acceleration, chest deflection, femur and tibia forces of drivers in the mini and large
cars in terms of the length of additional crush space (c) of a large car (200 kN). The additional crush
space reduces the chest acceleration and femur force of the driver in a mini car, when the stiffness of
the mini car (k) is high. Particularly when k& is small, the chest deflection and tibia force of the driver in
the mini car decrease due to the small intrusion into the mini car, as the additional crush space of the
large car increases.

The chest acceleration of the driver in a large car decreases when the additional crush space of the
large car is large due to the low acceleration of the large car. The chest deflection slightly increases by
the additional crush space of the large car. The femur and tibia forces of the driver in the large car
increase with the additional crash space of the large car, and have large values when the mini car is
stiff. Thus, the analysis indicates that the additional crush space of the large car is effective in reducing
injury risk to the driver of the mini car. However, when the mini car is stiff, the risk to the driver in the

large car, especially for injuries to lower extremities, becomes high.
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Figure 2.34. Driver injury risks in mini and large cars with the length of additional crush space (c) of the
large car

Low velocity crash

Since many mini cars are used in the city, a low velocity crash in the range of 20 km/h is important. In
a low-speed crash, the airbag must not deploy because the airbag itself may cause injury to the driver.
In such a case, only the seat belt should provide an effective restraint.

We simulated the crash of a mini car into a rigid barrier at 20 km/h. This low-velocity crash was
performed under the condition that the seat belt was used for the driver and the airbag did not deploy.
The neck shear force and head displacement are used as injury criteria, and the results are compared
for different front stiffness of the mini car (k) to estimate the risk of minor injuries.

Figure 2.35 shows the shear force on the lower neck level of the driver with two front stiffness,
k=500 kN/m and 1000 kN/m. The maximum force on the lower neck level is larger for k&=1000 kN/m
than for k=500 kN/m. Thus, the risk of minor injury to the neck is large when the initial force level is
high. Figure 2.36 illustrates the head movement of the driver of the mini car in a crash. The forward
movement of the driver is larger for k=1000 kN/m than for k=500 kN/m. When the stiffness (k) is large,
the mini car has relatively high acceleration, and the risk of the driver neck injury and head contact
with the steering wheel become high. Thus, the initial force level of the mini car should preferably be
low in order to prevent minor injury.

The maximum force of the shoulder belt of the mini car is 6.1 kN for k=500 kN/m, and 7.21 kN for
k=1000 kN/m in this simulation. When the seatbelt force limiter is attached, the force of the seatbelt
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may exceed the limit even in a crash at low velocity. In such a case, the seatbelt force limiter allows

the driver to move forward, and then the risk of head contact with the steering will increase.
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Figure 2.35. Neck shear force of the driver of a mini car in a crash into a rigid barrier at 20 km/h.

Figure 2.36. Head movement of the driver of a mini car in a crash into a rigid barrier at 20 km/h.

2.4. SIDE IMPACT

2.4.1. Accident Analysis

Mass effect

In side collisions, the factors of mass, stiffness and geometry also induce in vehicle incompatibility,
and the occupants in the struck car are at high risk of injuries. However, there has not been
considerable number of research on these factors.

We examined the effect of the mass of the struck and the striking vehicle on the probability of
driver injury in the struck car. From the macro accident database of ITARDA (1992-1995) the
accidents where the front of one vehicle collides with the side of another vehicle was collected. The
results are shown in Figure 2.37 and Figure 2.38, respectively. The belted and unbelted drivers were

examined together because it is observed in the side impact tests that the seat belt has less effect on the
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injury risks to the drivers in side crashes than in frontal crashes [Akiyama and Takahashi 1992]. As the
mass of the struck vehicle decreases and the mass of the striking vehicle increases, the probability of
injury increases. The probability of driver injury ranges from 3.0 to 6.3% relative to the struck vehicle
mass, in contrast to the range from 2.1 to 7.0% for a car-to-car frontal collision. Thus, we can say that
the mass of the struck vehicle has more significant influences on injury probability in a car-to-car

frontal collision than in a side-impact collision.
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Figure 2.37. Struck vehicle mass and probability of driver injury in side-impact collision. Location of impact is
driver side of car (belted and unbelted).
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Figure 2.38. Striking vehicle mass and probability of driver injury in side-impact collision. Location of impact is
driver side of car (belted and unbelted).

Car class
The combination effects of mass, stiffness and geometry in side collisions can be examined by using

car class. The probability of the fatal and serious injuries to the driver in the struck car in a side
collision was examined according to the striking and struck car class. Table 5 shows the percentage of
the driver fatalities in a struck car in side collisions. The overall average fatal injury rate is 0.32%,

which is higher than in a car-to-car frontal collision (0.24%). However, the total driver fatal injury rate

55



when a mini car is struck is 0.34% in a side collision, which is lower than in a car-to-car frontal
collision (0.45%).

Table 2.5. Driver fatality (%) in the struck car in side collisions (1992-1995).

Other
Subject Small Medium Large  Sports and
Mini car sedan sedan sedan Specialty  Wagon Van Suv Total
Mini car 0.06 0.11 0.24 0.53 0.48 0.87 1.09 0.78 0.34
(2.63) (3.14)  (3.62)  (504)  (549)  (5.46) (717 (6.72) (4.17)
Small sedan 0.10 0.25 0.19 0.55 0.48 0.09 071 0.70 035
(1.78) (2.44) (2.85) (3.55) (4.47) (3.72) (4.36) (6.07) (3.14)
Medium scdan 0.00 0.13 0.25 0.41 0.29 0.17 0.48 0.78 0.25
(1.69) (2.69) (2.60) (3.44) 2.73) (3.27) (4.10) (4.11) (2.88)
Large sedan 0.00 0.15 0.29 0.36 0.62 0.23 043 1.34 032
(1.09) (203) (230) (2.42) (349)  (1.95) (3.73) (5.21) (2.42)
Sports and Specialty 0.21 0.39 021 045 0.94 0.65 0.61 242 0.50
(1.07) (216) (259 (317 (281)  (2.61) (428)  (5.19) (2.65)
Wagon 0.00 0.00 0.34 0.00 0.26 0.00 0.00 0.73 0.11
(1.30) (1.45) (2.35) (1.80) (3.34) (0.70) (3.24) (8.76) (2.18)
Van 0.00 0.00 0.26 0.33 043 0.00 035 0.61 0.20
(107 177y (167 (2.50) (343 (256) (17D (3.05) (2.10)
SuUv 0.00 0.00 0.24 0.32 0.00 0.00 0.62 0.00 0.15
(2.36) (1.52) (1.91) (2.24) 2.77) (0.00) (1.23) (0.00) (1.85)
Total 0.06 0.18 0.24 0.43 0.51 0.27 0.60 1.01 032

(165)  (236)  (266) (3.23) (377 (309  (424)  (539)  (2.90)

{ ) Serious injury

In side collisions, the vehicles are classified as striking and struck. The aggressivity of the striking
vehicle in side collisions is estimated by the fatalities in the struck vehicles. The aggressivity can be
defined for a side collision by changing ‘subject’ to ‘struck’ and ‘other’ to ‘striking’ in Measures 2 and

3 of car-to-car frontal collisions as follows (see page 39):

2" Percentage of fatalities in struck vehicles;

3" Number of fatalities in struck vehicles per million striking vehicle registrations.

If the aggressivity by Measures 2’ and 3’ is high, the striking vehicle is aggressive in side collisions.
Figure 2.39 and Figure 2.40 show the aggressivity of the striking car on the fatal injury rate of the
driver in the struck car using Measures 2’ and 3'. The order of aggressivity of each class has almost the
same tendency as for a car-to-car frontal collision. The aggressivity of the SUV is the largest when
estimated by Measures 2" and 3'. It is thought that this is due to the incompatibility of the SUV owing
to its large mass and stiffness in conjunction with geometry. The front side members of the SUV are
higher than the side sill of a mid-sized car [Shearlaw and Thomas 1996]. The sports & specialty cars
also have a large aggressivity for drivers in the struck car, although this is due to its high velocity and

accident rate.

56



Mini

Small sedan
Compact sedan
Large sedan
Sports and Specialty
Wagon

Van

SUV

00 0.2 0.4 0.6 08 1.0 1.2

Fatality of the driver in struck cars (%)

Figure 2.39. Car aggressivity in side collision by Measure 2’
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Figure 2.40. Car aggressivity in side collision by Measure 3°

As shown in Table 2.5, when the struck car is a mini car, the driver fatality rate in the struck car
reaches a large value of 0.34%, although the aggressivity of the mini car is small (Figure 2.39 and
Figure 2.40). On the contrary, the aggressivity of the SUV is the largest among all car types.
Accordingly, in side collisions as in car-to-car frontal collisions, the mini car and the SUV are also
considered incompatible car types.

When a medium sedan is struck from the side, the driver fatality rate is 0.25%, which is less than
the overall average fatal injury rate of 0.32%. When the striking car is a medium sedan, the fatality
rate in the struck car is 0.24%, which is also less than the overall average fatal injury rate of 0.32%.
Thus, it is considered that a medium sedan is a compatible car type in a side collision because when a
medium sedan strikes or is struck, the driver fatality rate in the struck car is less than the overall
average fatality rate. For the same reason, a wagon is also regarded as a compatible car type in side

collisions.
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2.4.2. Computer Simulations

In order to evaluate the effects of the mass of the striking and struck cars, we used the side impact
computer simulation model of the Component Test Procedure (CTP) [Yamaguchi et al. 1991]. This
CTP model is illustrated in Figure 2.41. It consists of springs and masses to represent the vehicle side
structures and side impact dummy (SID). By the use of this model, the influences of the car mass on
the SID response were examined. The mass of the struck car is varied from a baseline car, with a mass
of 875 kg. The mass and force/deformation characteristics of the car model are not modified.

The effects of the struck and striking car mass on Thoracic Trauma Index (TTI) and maximum
pelvis acceleration of the dummy are shown in Figure 2.42. While the TTI and pelvis acceleration of
the dummy decrease slightly as the mass of the struck car increases, they become higher as the mass of
the striking car increases. In this simple model, the dummy is accelerated by the door immediately
after impact, thus the effect of the struck car is small on the dummy response. This small effect of
struck car mass and the large effect of striking car mass on the dummy injury parameters has been also

confirmed experimentaly [Watanabe et al. 1989].

Striking car Struck car

Figure 2.41. Side impact model (CTP).
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Figure 2.42. The effect of the struck and striking car mass on the dummy response.
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In real world accidents as shown in Figure 2.37, the injury rate of the driver decreases with
increasing struck car mass. This accident data for side collisions include oblique collisions, and the
impact locations include the front and rear fenders, whereas the simulation model in Figure 2.41 is a
90-degree side impact on the passenger compartment. Furthermore, the dummy head was not included
in the model because the head does not contact the interior in 90-degree side impact tests. In the real
world accidents, however, the head is also a major injured body region in side impacts. An accident
analysis was carried out by using the micro data to examine the vehicle mass effects in which side
collisions are defined such that the fronts of the striking cars impact the passenger compartments of
the struck cars [Mizuno et al. 1996]. The results showed that the injury severity of the impact side
occupants does not depend on the struck car mass except for the mini car.

In the case of macro data, on the other hand, injury risk showed significant dependent on the mass
of cars. Whereas the injury risk simulated by CTP was not affected by the car mass just as in the case
of the micro data. This difference between the results of the simulation model and accident data may
be accounted for by the fact that macro data are comprised of accidents with various impact angles and

locations of the striking and struck cars.

2.5. CAR FLEET ANALYSIS

The total number of injuries in collisions will be influenced by the number of cars involved and the
distribution of their respective masses. We discuss the relation between the distributions of car masses
and the total number of fatalities. We used the macro accident data of the ITARDA (1992-1995) and
the vehicle registration data of the Ministry of Transport (see Figure 2.1).

The total number of injuries N is calculated as [Evans and Frick 1991a]

N = 2 pnn R, (m;,m;), (2.15)
!‘3,’
where [, j: vehicle category classified by mass, m,, m;,
n; : number of vehicles in category i,
R/(m;, m;): probability of injury to occupant of vehicle i struck by vehicle j,

p : probability of accident.

Sensitivity analysis was conducted to clarify the effect of the number of vehicles of similar mass on

the total number of seriously and fatally injured occupants. The sensitivity Y; of the number of vehicles

n, to the total number of injuries N is calculated as:

v, = Tim &Y (2.16)
Any 0 A”.‘
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To simplify the analysis, we assumed that the probability of accident p is the same for all vehicles,
though this is not true, strictly speaking, for the actual vehicle population. In the present analysis, the
probability of occupant injury in a bonnet-type car is used for R,(m,,m;) and the numerical distribution
of passenger cars is used for n,. The total number of cars is assumed to be constant ( 2 n, = const.). The
probability of the injury to the driver in a side-impact collision, in particular, has been defined by
taking account of strikes from both sides.

Figure 2.43 shows the results of the analysis for car-to-car frontal and side-impact collisions. When
the sensitivity is positive, the number of serious and fatal injuries increases. In both car-to-car frontal
and side-impact collisions, the number of serious and fatal injuries decreases when the number of cars
with mass from 700 kg to 1400 kg increases. Again it is found that the influence of the number of
lighter cars is larger in car-to-car frontal collisions, while that of the number of heavier cars is larger in

side-impact collisions.

| —e— Car-to-car frontal | .0
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Sensitivity (%)
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Figure 2.43. Sensitivity analysis of the effect of the numerical distribution of vehicles of given mass on the total
number of seriously and fatally injured drivers.

The total number of serious and fatal injuries per year was calculated by Eq. (2.15) using the actual
numerical distribution of passenger cars as a baseline, and was found to be 2,645 in car-to-car frontal
collisions and 1,234 in side-impact collisions. The numerical distributions of cars which minimize or
maximize the number of injuries in car-to-car frontal and side collisions are given in Figure 2.44 and
Figure 2.45, respectively. The number of serious injuries and fatalities in car-to-car frontal collisions
has a minimum value when the cars are concentrated in the mass region of 901-1100 kg and decreases
injuries by 16% compared to the baseline distribution. On the other hand, the numerical distribution of
cars with large variation in car mass maximizes the serious injuries and fatalities.

In side collisions, the number of serious injuries and fatalities has a minimum value when the cars
are concentrated in the mass region of 801-1000 kg. However, when all cars have an identical and
large mass of 1601-1700kg, the number of serious injuries and fatalities has a maximum value. The

numerical distribution of cars which gives the minimum or maximum number of injuries is different in
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car-to-car frontal and in side collisions because the effect of vehicle mass on the injury severity is

different from each other.

Number of cars (million)

L/ Min. (-16%)

@! ﬁd/MaX (+39%)
i~ " Bascline

g%c
& & < Lo
~SZ888g8g o™
t%.-«_;",‘.«ﬁln\og_d
8\85‘—‘-;2‘-«2:9
=2 o = A4
SCERaEg g
Vehicle mass (kg) - 4%

Figure 2.44. The number of car distributions that gives the minimum or maximum number of serious and fatal
injuries in car-to-car frontal collisions.
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Figure 2.45. The number of car distributions that gives the minimum or maximum number of serious and fatal
injuries in side collisions.

2.6. SINGLE-CAR CRASH

The fatalities of the drivers in single-car crashes occupy the largest portion of car accidents [ITARDA
1998]. In a rigid barrier crash, theoretically the car mass has no effect on the driver injury risk.
However, in the real world collisions, the stiffness and geometry of the object that the car crashes into
will affect the deformation and acceleration of the car. Moreover, the object that the car collides with
brakes and absorbs some of the deformation energy. These characteristics of the objects can be

considered as the compatibility of the fixed object with the car.

61



In order to clarify the compatibility of the fixed object with the car, we examined the fatality rate in
a single-car crash by car mass, class and the type of fixed object. The macro accident data of the
ITARDA (1992-1995) were used. The fatality rate of the driver was calculated from the number of
injuries divided by that of drivers involved in the accidents reported to the police.

The relationship between the fatality rate and the mass of a bonnet-type car with travelling velocity
was examined. This analysis was carried out for accidents in which the front ends of cars collided
against fixed objects. The results are shown in Figure 2.46. When analyzing the total fatality rate
involved in single-car collisions without considering car velocity, the fatality rate increases as the car
mass increases. However, if the fatality rate is calculated under the condition that the travelling
velocity is less than 50 km/h, the fatality rate decreases with car mass. The accident conditions are
different between light and heavy cars; the heavy car is more likely to crash at a high velocity. Thus,
when normalized by crash velocity, the fatality rate decreases with car mass. The same phenomenon
was also shown by Evans (1984) using the ratio of driver fatalities to pedestrian fatalities. As shown in

Figure 2.46, the analysis using vehicle velocity can clearly shows the effect of car mass.
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Figure 2.46. Relationship between fatality rate of the driver and car mass classified by travelling velocity in
single-car crash.

In a single-car collision, the fixed object with which the car collides has large effects on the fatality
rate of the driver. Figure 2.47 shows the fatality rate of the driver in single-car collisions, classified by
the fixed object and the location of the impact. Accidents on expressways were excluded because the
crash velocity and the fixed object are much different from those of general roads.

In a single-car collision with a fixed object, the fatality rate is high when a side of the vehicle
collides with the fixed object. This means that the side of a car has little compatibility with fixed
objects. In particular, when the car is impacted on the driver side into rather slender objects, such as a
light pole, road sign, or central reserve/median strip, the fatality rate is high at more than 25%. As
regards the impact by these slender objects, the fatality rate in a driver-side impact is about twice as
large as that in a passenger-side impact. When the impact location is on the driver side of the car, it is

considered that these objects cause a direct intrusion into a small area of the door, leading to the high
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fatality rate for the driver. The fatality rate in a collision with a guardrail is 19.0% on the driver side,
14.0% on the passenger side, and 3.8% in front, which is the lowest for all impacted locations
examined. Thus, the guardrail have the highest compatibility of the fixed objects. The compatibility of
the bridge, light pole, road sign and the central strip is lower. By putting up guardrails along roads, the
driver fatality rate can be reduced by about 60% and the road environment will be more compatible for
cars.

For each type of road, the velocity distribution of the cars and probability of a crash with certain
fixed objects is different. Figure 2.48 indicates that the fatality rate depends on the road types. In this
analysis, the accidents where impact locations of cars were front, side and left were examined. The
fatality rate decreases as the road width is smaller, irrespective of kind of road; national, prefecture or
municipal. These results are related to the velocity distribution of the cars. For all types of roads, a
guardrail is effective in reducing the fatality rate of the driver. The fatality rate due to the guardrail is
low: national highway (5.36%), municipal roads (4.26%). This demonstrates that the guardrail has a

high compatibility even at different velocities.
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Figure 2.47. Fatality rate of the driver in single-car collision with fixed object classified by location of impact
(excluding expressway)
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Figure 2.48. Fatality rate of the driver in single-car collision with fixed object classified by road type
(excluding expressway).
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2.7. DISCUSSION

The compatibility of the cars was discussed by taking account of three factors: mass, stiffness and
geometry. In car-to-car frontal collisions, the injury rate of the driver can be expressed by the average
mass of the car. The combination of low mass and low stiffness induces high injury risk to the driver.
The geometry incompatibility can cause the outcome that the car front structures cannot absorb energy
as it was intended to in the design of the car.

The number of fatalities per registered mini car in real accidents is small, and so the mini car may
be considered compatible. However, in the method used in such a study, the injury risk to the driver in
the mini car can be underestimated because the accident rate and crash velocity of this type of car are
usually low. When the injury risk to the driver is estimated using the probability of fatal injury in a
certain range of velocity, it is clear that the mini car is an incompatible car type. Based on the accident
analyses of Section 2.2.4, it can be concluded that in car-to-car frontal collisions, the mini car as well
as the SUV are the least compatible car types with low self-protection and high aggressivity,
respectively.

On the other hand, the medium sedan and the wagon are considered compatible cars in car-to-car
frontal collisions. The proportion of the number of fatalities in the subject cars to that in other cars is
almost the same and the total fatalities in the subject and other cars are few.

Two cars with identical mass are most compatible, because the injury rate is the same and the total
number of injuries is the smallest. Therefore, the cars with average mass in the car fleet are most
compatible. Among the current car population in Japan, a car with a mass of 1150 kg is considered the
most compatible. The effect of the numerical distribution of cars on the number of injuries was
discussed in Section 2.5. However, when the compatibility could be accomplished and smaller cars
would become safer, the numerical distribution of cars will not affect the results so significantly as the
analysis using the actual accident data of existing cars shows.

To estimate the safety of the driver in a mini car, simulations were performed using MADYMO for
crashes into a rigid barrier and into a large car. A high injury risk to the driver of the mini car in a
collision with a large car cannot be evaluated by the crash test into a rigid barrier that is currently
required by the law. In a crash into a rigid barrier, there is no influence of car mass on the injury risk to
the driver and the influence of intrusion is small. However, in a collision with a large car, the driver of
the mini car is at high risk of injury due to the high acceleration and large intrusion based on its small
mass and size.

In Section 2.3, countermeasures for the safety of the mini car in car-to-car frontal collisions were
also suggested based on the MADYMO simulations. Two methods are considered to reduce the injury
risk to the driver of a mini car. The first is to stiffen the mini car. Since the acceleration of this car
tends to be high, optimized restraint systems combining airbag, seatbelt force limiter, pretensioner, EA
steering system and knee bolster are necessary. The stiff front structure and special restraint systems of

the mini car can directly reduce the injury risk of the driver. In this method, no modifications of the
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large car are necessary to reduce the injury risk to the driver in the mini car. However, if the mini car is
stiff, the driver of the large car is at high risks of injuries to chest and leg due to the intrusion into the
large car. The aggressivity of a stiff mini car should be considered not only in car-to-car frontal
collision but also in other types of collisions, such as side and rear-end collisions. In a low-velocity
crash in which the airbag must not deploy, the risk of minor injury to the driver in the stiff mini car
may increase due to high acceleration.

The second method to reduce the injury risk for mini cars is to provide a large car with additional
crush space designed for a crash with a mini car. It is possible that by reducing the acceleration and the
intrusion of the mini car, the injury risk to the driver in the mini car would be reduced. Thus, in both
cases of whether the mini car is less stiff or stiff, this additional crush space in a large car is effective
in reducing the injury risk to the driver of the mini car. On the contrary, this additional crush space of
the large car causes intrusion into the compartment of the large car, and so the injury risk to the driver
of the large car, particularly to the lower extremities, increases when the mini car is stiff.

When optimum restraint systems such as an airbag and a seatbelt are installed to the mini car,
further improvement of self-protection of this car will be difficult. However, partner-protection of a
large car has a potential to reduce the injury risk to the driver in the mini car and to accomplish total
compatibility. The side effect of partner-protection of a large car such as increasing the compartment
intrusion can be managed more easily than modifying a mini car because it has a large front space. In
side collisions, the aggressivity of the large car is a serious problem. The partner-protection of the
large car for a frontal collision will be also effective for the protection of the occupants in the struck
car in a side collision. Further research will be necessary for a large car to provide partner-protection

without reducing self-protection.
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3. CRASH TEST PROCEDURES

3.1. INTRODUCTION

There are many crash test procedures for evaluating the injury risk to the driver of a car. At present,
mainly two kinds of the frontal crash test procedures are carried out in the regulations — full rigid
barrier crash and offset deformable barrier (ODB) crash tests [Lowne 1994, NHTSA 1997].

The studies on the crash test procedures have examined the validity of the individual crash test
procedure, but the single car crash test and the car-to-car crash test procedure were not directly
compared. The possibility that the single car crash test procedure can serve as an alternative to the car-
to-car crash test has not been investigated yet. The relationship between the full rigid barrier crash,
ODB crash and MDB crash test procedures has not been examined.

In this chapter, the crash test procedures for evaluating the compatibility will be examined. In
Section 3.2, the accident analyses will be carried out for car-to-car frontal crashes, and the most
frequent crash configurations will be clarified. In Section 3.3, we will compare the injury parameters
observed in the full barrier crash tests and ODB crash tests prescribed in the relevant regulations. In
Section 3.4, based on theoretical analyses and computer simulations, we will discuss the crash test
procedures which can evaluate the compatibility of car-to-car offset frontal collisions. The validity of
the MDB crash test procedures will be discussed in 3.5 from the view of computer simulation and
experiment. Finally, Section 3.6 discusses the relations between full barrier crash, ODB crash and

MDB crash test procedures for evaluating the compatibility of the car.

3.2. ACCIDENT ANALYSIS

In order to develop the crash test procedure for the compatibility, it is necessary to investigate the
accident configurations. However, in Japan there has been little investigation into the crash
configurations for car-to-car frontal collisions. Therefore, we examined the car-to-car frontal collisions
based on the micro accident data of ITARDA (1993-1997) [ITARDA 1999b] from the viewpoint of the
impact angle and overlap ratio defined in Figure 3.1.

The number of all accidents and that of severe accidents were examined by the impact angle and
overlap ratio (Figure 3.2). In all accidents, the impact angle varies from —-40 to 40 degrees. 67.1%
impacted on the right side, and 20.7% on the left side. Full overlap (100%) yields only 4%. In regard
to severe accidents for the driver (MAIS 3-6), the frequency of the collisions where the impact angle is

zero and overlap ratio is from 1/3 to 2/3, is the largest, and occupy 53.8% of all severe collisions.
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Tarriere (1994b) and Kahane et al. (1994) also found that the most severe injuries were observed in
accidents at low angles such as 0-15°,

In order to examine the overlap ratio more closely, the relation between overlap ratio and frequency
of the accidents was examined based on the micro data. The results are shown in Figure 3.3. For all
accidents, the frequency varies slowly and has a maximum at the overlap ratio of 21-30%. On the
other hand, the accidents with severe injury risk to the driver (MAIS 3-6) are caused by the overlap
ratio of 31-40%. This is consistent with the results of Thomas (1994) and O’Neill et al. (1994) and
Buzeman et al. (1998b), who found that for frontal crashes the highest injury risk is in 1/3 overlap
impacts. Therefore, this fact suggests that this overlap ratio at the highest injury risk may be the same
for all countries, irrespective of different car populations and road environments.

From the accident analysis for car-to-car frontal collisions in Japan, the frequency of the overlap
ratio of about 40% on the right side of the car with impact angle of O degree is the largest among the
severe collisions. This configuration should be reflected in the car-to-car frontal crash tests for

evaluating compatibility.

Impact angle Overlap ratio

Figure 3.1. The definition of impact angle and overlap ratio.
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Figure 3.2. Distributions of impact angles and overlap ratios of the car in car-to-car frontal collisions.
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Figure 3.3. Distributions of overlap ratios of the cars and injury severity to the driver in car-to-car frontal
collisions.

3.3. CRASH TESTS AND INJURY PARAMETERS

Currently, two crash tests for evaluating the occupant protection in cars are prescribed in the
regulations of the motorized countries. Generally in full frontal crash tests, the acceleration levels
become high, whereas in the ODB crash test, the intrusion into the passenger compartment becomes
large [NHTSA 1997].

The New Car Assessment Program (NCAP) have been carried out in the US, EU, Australia and
Japan for the consumers to select and buy safe cars. In the NCAP tests, the crash velocity is usually
higher than the regulations in order to reveal the differences of the crashworthiness of the cars. The US
and Japan NCAP perform the full rigid barrier crash tests, whereas the Euro-NCAP performs the ODB
crash tests. The Australia NCAP performs both full frontal crash test and ODB crash test for the same
types of cars. In the Australia NCAP, the full frontal crash test are conducted at a speed of 56 km/h,
and the ODB crash tests are at 64 km/h. Using the data from the Australian NCAP, the injury
parameters of the driver dummy for the full frontal and ODB crash tests can be compared.

We compared the injury parameters for full rigid barrier crashes and ODB crashes based on the
data of the Australia NCAP, and the results are shown in Figure 3.4. As observed in the figure, the
acceleration-related injury parameters such as the HIC and the chest acceleration in a full rigid barrier
crash are proportional to those in an ODB crash. The levels of the HIC and chest acceleration are
higher in the full rigid barrier crash than those in the ODB crash because the car accelerations are
higher in the full rigid barrier crash tests. On the other hand for the intrusion-related injury parameters
such as the chest deflection and femur force, the values of these parameters in full rigid barrier crashes
seems to be in inverse proportion to those in ODB crashes.

Each crash test procedure evaluates different features of the crashworthiness. It can also be
considered that a safe car in the full frontal crash test is not necessarily safe in the ODB crash test.
Furthermore, whether the occupant safety in the car-to-car crash can be evaluated by these crash tests

using single car is not clear, and will be discussed in the following section.
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Figure 3.4. Comparison of the injury parameters of the driver in full frontal crash tests (56 km/h) and ODB crash
tests (64 km/h).

3.4. SIMULATIONS OF CRASH TESTS

The crash test procedures which evaluate the compatibility in car-to-car offset frontal collisions can be
discussed using theoretical analyses and computer simulations. We compared the crash test procedures
such as full rigid barrier, offset rigid barrier, ODB and MDB crash tests to evaluate the car-to-car crash
compatibility (see Table 1-1). The crash velocity of an offset-rigid barrier crash to reproduce a car-to-
car offset frontal crash was examined in terms of the acceleration and the deformation of the car using
a simple-mass spring model. To compare the risk of injury to the driver when using different crash test
procedures, the injury parameters of the driver were also examined by the multi-body simulation
program MADYMO.
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3.4.1. Theoretical Analysis Using Simple Mass-Spring Model

By using a simple mass-spring model, we examined the crash velocity of a car in a rigid barrier crash

to reproduce the car-to-car collision. A one-dimensional car behavior in a rigid barrier and a car-to-car

crash can be approximated by a simple mass-spring model shown in Figure 3.5 and Figure 3.6.

For the rigid barrier crash, as shown in Figure 3.5, assuming the restitution coefficient is zero, the

maximum car acceleration (a,) and deformation (d,) of car 1 are calculated as follows:

o =‘f“k‘l‘ Vi, d, =1“”‘1‘]‘ Vi
m, k,

(3.1)

where m, is the mass of car 1, k, is the linear stiffness of the front structure of car 1 and Vj is the crash

velocity.

For the car-to-car frontal crash model shown in Figure 3.6, the maximum acceleration (a,, o) and

deformation (d|, d,) of car 1 and 2 are obtained as:

VKM V. od =«JKM
m, (o8] 1 kl

a, = Ve

where V. =v,, +vy, (closing speed),

mm., k.k
M=—t2 K12
my +m; ky+k,

Ve Rigid barrier

m,

Car 1

Figure 3.5. Simple mass-spring model for rigid barrier crash.
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Figure 3.6. Simple mass-spring model for car-to-car frontal collision.
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We consider the condition that either the acceleration or deformation of the car in a car-to-car

collision can be reproduced by the rigid barrier crash. Firstly, we assume that the maximum
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deformation is the same in a rigid barrier crash and in a car-to-car collision. Thus, from Egs (3.1) and

(3.2), we obtain the crash velocity as follows:

M f )
KM v kym,

VB = c = ]
vk,ml (ky +k5)(m, +m5)

V., = EBS. (3.3)

As is well known, this velocity is exactly the Equivalent Barrier Speed (EBS). By substituting the EBS
(=V3p) of Eq. (3.3) into Eq. (3.1), the maximum acceleration of the car o, in a rigid barrier crash leads
to that in a car-to-car collision as shown in Eq. (3.2). This result shows that the rigid barrier crash at
the EBS may reproduce not only the maximum deformation but also the maximum acceleration of the
car in the car-to-car collision.

Note that even if the maximum acceleration and deformation in an offset rigid barrier crash at the
EBS are the same as those in a car-to-car collision, the duration of impact is different. Thus, the curves
of the acceleration-time and deformation-time histories are different for both types of crash.

When the stiffness of the car 1 and 2 are the same, k,=k,, the EBS (we call this velocity the Mass-
related Equivalent Barrier Speed; MEBS) is calculated from Eg. (3.3) as:

Vy=|—"2 v (= MEBS). (3.4)
2(my +my)

In the rigid barrier crash at the MEBS, the mass difference in a car-to-car collision can be corrected.
Moreover, by the use of the MEBS it is not necessary to change the crash velocity with the stiffness of
the car contrary to the EBS.

A deformable fixed-barrier crash can also be examined using the model shown in Figure 3.5, by
replacing the stiffness of the car by the combined stiffness of the car and deformable barrier in series.
Assuming the linear stiffness of the deformable barrier k,, the maximum acceleration and deformation
are obtained when substituting k,k, /(k; +k,) instead of k; in Eq. (3.1). However, if both the
acceleration and deformation of the car in crashing into a deformable barrier are the same as in a car-
to-car collision, the stiffness of the deformable barrier should be infinity. This condition coincides with
the fixed-rigid barrier. Therefore the deformable fixed-barrier crash cannot reproduce car-to-car
collision in terms of the maximum acceleration and deformation in the same test.

Though simple spring-mass models are usually used for a one-dimensional crash, we applied the
model to frontal offset crashes for approximation. Since the maximum acceleration and deformation in
a car-to-car offset crash are reproduced by the offset rigid barrier crash at the EBS, the injury
parameters of the driver may also be reproduced. On the other hand, is it possible to reproduce the
injury parameters of the driver in car-to-car crash from an offset rigid barrier crash at the MEBS? To
answer these questions, computer simulations was conducted and the injury parameters of the driver
was compared for the car-to-car collision, the rigid barrier crash at the velocity of the EBS and the
MEBS.
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3.4.2. Mathematical Simulation of Mini Car Crash

In order to compare the injury parameters in crash tests, the mathematical simulation using
MADYMO was carried out. The car model used in the mathematical simulations is based on a
currently produced mini car. The model of the mini car and large car is the same one as used in Section
2.3. Figure 3.7 presents a model of a mini car used to simulate the offset frontal crash into a rigid
barrier. The overlap ratio of the mini car is 50%, and that of the large car is 40%. The closing speed for

the crash between the mini and the large car, v, is 100 km/h. A seatbelt (10% webbing) and airbag

(35 1) were used for the restraint system of the drivers in the mini car.

Rigid barrier

Mini car

Figure 3.7. Simulation model of a mini car in an offset rigid barrier crash (overlap ratio is 50%).

From Eqs (3.3) and (3.4), the velocities of the offset rigid barrier crash, EBS and MEBS, used to
reproduce the maximum acceleration and deformation in car-to-car offset frontal crashes was
calculated (see Table 3.1). The mass of the dummy (75 kg) is included in the mass of the cars m, and
m,, because an inertial load of dummy in impact is transferred to the car by the seatbelt and the airbag.
The crash velocity EBS varies with the stiffness of the mini car, while the MEBS is constant. The
injury parameters of the driver in the mini car are compared for the offset rigid barrier crash at the

MEBS and EBS, and also for the car-to-car offset frontal crash.

Table 3.1. EBS and MEBS for offset rigid barrier crash. Let m, 775 kg, m, 1475 kg (including dummy
mass) and V. 100 km/h.

Tk, crl k P et % EBS MEBS
1 Loffset 2 2,0ffsct
(KN/m)  (kN/m)  (KN/m)  (kN/m) (km/h) (km/h)
500 325 618
600 390 503
700 455 ) 572
800 520 872 453.4 . 573
900 585 535
1000 650 51.9
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By using Eq. (3.1), the maximum acceleration and deformation of the mini car in the offset rigid
barrier crash were calculated at the EBS and MEBS for the various stiffness, k. The results are shown
in Figure 3.8 and Figure 3.9. Note that the maximum acceleration and deformation of the offset rigid
barrier crash at the EBS coincide with those of the car-to-car offset frontal crashes.

At the MEBS, the maximum acceleration of the car in the offset rigid barrier crash is smaller for
lower stiffness and larger for higher stiffness than that at the EBS (see Figure 3.8). The same tendency
can be observed for the maximum deformation (Figure 3.9). Thus for the crash at the MEBS, the
injury risk of the driver specified by the maximum acceleration and deformation in the less-stiff car is

underestimated, whereas that in the stiff car is overestimated compared with the crash at the EBS.
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Figure 3.8. Maximum acceleration of the mini car in the offset rigid barrier crashes at EBS and MEBS.
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Figure 3.9. Maximum deformation of the mini car in the offset rigid barrier crashes at EBS and MEBS.

The injury parameters of the driver in the mini car are compared from the results of the MADYMO
simulation. The injury parameters of chest acceleration, chest deformation and tibia axial force of the
driver are shown in Figures 3.10, 3.11 and 3.12, respectively. As shown in Figure 3.10, the chest
acceleration of the driver increases with the stiffness of the mini car. The three plots of the different
crash test procedures almost agree with one another. However, the chest deflections and the tibia axial
forces of the driver in an offset rigid barrier crash at the MEBS have different trends to those in the
car-to-car offset frontal crash and offset rigid barrier crash at the EBS. The variations of the chest
deflection and lower tibia axial force of the driver are smaller at the MEBS than those at the EBS and

in the car-to-car collision.
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These results suggest that the acceleration-related injury parameters of the driver in the car-to-car
offset frontal crashes can be reproduced by the offset rigid barrier crash at both the EBS and the
MEBS. However, the intrusion-related injury parameters cannot be reproduced by the offset frontal
barrier crash at the MEBS because the stiffness of the car is not a factor in determining the MEBS.
Thus, the variation of the maximum deformation of the simulated stiffness of the mini car is smaller in

the offset rigid barrier crash at the MEBS than in the car-to-car offset crash.
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Figure 3.10. Chest acceleration of the driver in mini cars for offset rigid barrier and offset car-to-car crashes.
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Figure 3.11. Chest deflections of the driver in the mini car for offset rigid barrier and offset car-to-car crashes.
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Figure 3.12. Lower tibia axial forces of the driver in the mini car for offset rigid barrier and offset car-to-car
crashes.
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3.5. MDB CRASH TEST
3.5.1. Simulation

A MDB crash test may be one of the procedures able to reproduce car-to-car collisions. A simulation
of the MDB crash test was carried out for a mini and a large car. The MDB is the same as that used in
the EU side impact tests, whose mass is 950 kg. The mini and large car models are the same as those
used in Section 2.3. The crash configuration is shown in Figure 3.13. The initial velocity of the MDB
and car is 50 km/h in opposite directions. The overlap of the car is 40%.

The simulation results are shown in Table 3.3. The maximum deceleration and intrusion of the mini
car is larger than those of a large car due to its small mass and size. The intrusion-related injury
parameters of chest deflection and femur forces become high because the compartment intrusion is
large due to the small overlap ratio. The injury parameters of the driver in the mini car are higher than
those in the large car. This MDB crash test can evaluate the vehicle mass effect, whereas it is well
known there are no mass effects in a full rigid barrier crash test and the ODB crash test.

The aggressivity of the car can be evaluated based on the maximum force or maximum acceleration
of the MDB. In the simulation, the maximum force level of the MDB is 295 kN in a mini car crash,
and 371 kN in a large car crash (see Figure 3.14). If the maximum force level of the MDB is
prescribed as 295 kN in this simulation, the large car should be less stiff. In collision between a mini
car and this less-stiff large car, the maximum force level will be less than 295 kN. This is because
based on Eq. (2.9), the total crush energy in a collision between the mini car and the large car is
smaller than that in collision between a MDB and large car since the MDB is heavier than the mini car.
Thus, if this maximum force level is taken as the collapse force level of the mini car compartment, the

crash force will not exceed this level and the intrusion into the mini car can be small.

50 km/h 50 km/h
—_— -
- - - 50 km/h
-
- - -
MDB
MDB -
Mini car Large car
Figure 3.13. Simulation model of MDB crash test (overlap ratio is 40%, EU barrier).
Table 3.2 Simulation results
(a) Car parameters (b) Injury parameters
Mini car Large car Mini car Large car
Max. car deceleration (g) 41.8 26.0 HIC 638 419
Max. car deformation (m) 0.809 0.820 Chest 3ms-G 52.0 51.8
Firewall intrusion (m) 0.480 0.315 Chest deflection (mm) 89.8 589
Max. MDB deceleration (g) 323 40.1 Femur force right (kN) 12.2 72
Max. MDB deformation (m) 0.5 0.5 left  (kN) 13.7 6.9
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Figure 3.14. The force-stroke characteristics in simulations.

3.5.2. Crashtest

The MDB crash tests have been investigated [Ragland 1998, Sugimoto et al. 1998] in order to evaluate
the compatibility of the cars. However, since they used medium and large cars in the tests, the effects
of acceleration and intrusion are not as significant as in the case of the mini and small cars.

By focusing on the traffic in Japan, we then carried out the MDB crash test using a small car (curb
weight 1096 kg) at the closing velocity of 112 km/h and 40 percent overlap on the driver side. The
impact angle of the MDB is 0 degree. A Hybrid III dummy was positioned in the driver seat with a
seatbelt. A driver airbag was fitted to the car. The MDB (1368 kg) was the same type that is used for
FMVSS 214,

The test results are compared with those in full rigid barrier crash and in the ODB crash tests where
the same car type was tested. To compare the results with an ODB crash test (64 km/h), the aluminum
honeycomb element adopted in the ODB crash test was mounted on the MDB. For a large car, the
deformation of the car in the MDB crash test at 112 km/h was the same level as that in the ODB crash
test at 64 km/h [Sugimoto et al. 1998]. The results were also compared with those of the full rigid
barrier crash (55 km/h). The injury parameters in a full rigid crash test at this velocity can be
comparable with those in a ODB crash test at 64 km/h (See Figure 3.4). The data of the full rigid
barrier crash was taken from Japan NCAP and that of the ODB test was from Australia NCAP and
ITHS crash test report [IIHS 1997].

Rigid EU deformable HZkm/h gy geformable
barrier 55 kmv/h element 64 km/h element
/ /
( ) US MDB
— 1368 kg
Small car
Full rigid barrier crash ODB crash MDB crash

Figure 3.15. Crash tests.
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The deceleration-time histories of the car and MDB are shown in Figure 3.17. The bottoming-up of
the aluminum honeycomb element of the MDB occured at 30 ms, and the deceleration became high
(35g) at 40 ms. Due to the collapse of the compartment, the deceleration of the car became high (65g)
at 58 ms. The deceleration of the car in the MDB crash test was compared with the full rigid barrier
crash and ODB crash test (see Figure 3.17). The MDB crash test showed the highest deceleration peak
of the three crash tests. In the ODB test, the peak deceleration was lowest and the peak value was late.
The deformation and intrusion of the car in the MDB crash test were larger than those in other types of
crashes (see Figure 3.18). The three crash tests evaluate different crashworthiness and in the MDB
crash test both deceleration and deformation of the car is large.

The ratio of injury parameters in the ODB and the MDB crash to the full rigid barrier crash test are
shown in Figure 3.19. In the MDB crash test, both the acceleration and intrusion-related injury
parameters of the dummy were high. The chest acceleration, chest deflection, femur forces (right) and
tibia index (right) were above the injury thresholds, whereas in other crash tests all the injury
parameters were less than the injury thresholds except the tibia index (right) in the ODB crash. The
injury parameters of the dummy in this test were higher than those using large cars [NHTSA 1997].

Thus from experiment it is confirmed that the MDB crash test is more severe for small cars.
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Figure 3.16. Longitudinal deceleration of car and MDB in the MDB crash test.
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Figure 3.17 Longitudinal deceleration of the car from full rigid barrier, ODB [IIHS 1997] and MDB crash test.
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Figure 3.18. Deformation of the car for full rigid barrier, ODB [IIHS 1997] and MDB crash test..
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Figure 3.19. Injury parameters in various crash tests relative to the full rigid barrier crash. For tibia index, the
ratio is obtained based on ODB crash test. The data of full rigid barrier crash are from Japan NCAP and those of
ODB crash test are from the Australia NCAP.

3.6. DISCUSSION

Crash test procedures to evaluate the compatibility of the car in car-to-car frontal crashes were
examined. Based on the accident data from Japan, the configuration of car-to-car frontal crashes is
proposed. The collinear collision with an overlap ratio of 40% is recommended to evaluate the risk of
serious injuries to the driver in car-to-car frontal collisions in Japan.

Based on the results of the mathematical simulation, the injury parameters of the driver in a car-to-
car offset frontal collision can be predicted by the offset rigid barrier crash if the crash velocity is the

EBS, that is, the speed based on the mass and stiffness of the car. However, when we apply the crash
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velocity of the car in an offset rigid barrier crash by the MEBS (i.e., according to the mass of the car),
though the acceleration-related injury parameters can be estimated, the intrusion-related injury
parameters can not be estimated by this velocity. Thus, in estimating the intrusion related-injury
parameters of the driver in a car-to-car offset frontal collision, the stiffness of the car should be taken
to determine the crash velocity in the offset rigid barrier crash test. For the mini car whose
compartment intrusion can be large, EBS should be employed. The offset rigid barrier crash test with a
constant velocity of 50, 56 or 64 km/h specified in the regulations and NCAP, cannot be used to
estimate the risk of injury to the driver in a car-to-car offset frontal collision because these velocities
are independent of the mass and the stiffness of the car. This is true particularly when the subject car
deviate from the average car on which the developed crash test procedures are based.

Moreover in the actual conditions, it is difficult to estimate the EBS before the crash test. Thus, it is
difficult to evaluate the injury risk of the driver in a car-to-car offset frontal collision from an offset
rigid barrier crash. Especially for the mini car in which both the effects of acceleration and
compartment intrusion should be evaluated, the offset crash test into a rigid barrier can not be the
alternative to the car-to-car offset collision test.

Based on the analysis in this study, it was found that in order to evaluate the self-protection of the
mini car correctly, an actual car-to-car collision should be reproduced in some way. The setup to
simulate a car-to-car offset collision is the MDB crash test procedure. Only the MDB crash test can
evaluate the injury risk to the driver on the basis of the acceleration and intrusion, and can examine the
mass, stiffness and geometry factors of the compatibility. For the evaluation of the injury risk to the
driver in the mini car, where acceleration and the intrusion are apt to be large, the MDB crash test
should be conducted.

In the currently proposed MDB crash test procedure by NHTSA [Ragland 1998], only the self-
protection of the occupant was estimated. Since the compatibility consists of self-protection as well as
partner-protection, in the MDB crash test procedure, the aggressivity of the large car also has to be
estimated by measuring the maximum force level of the MDB. In order to protect the partner car, this
force level should be less than the collapse force level of the compartment of the partner car. It may be
also possible to evaluate also the geometry compatibility if the geometry and the stiffness of the MDB
are designed properly. In addition, the detailed specification of the MDB should be chosen carefully to
represent the average car in each country since each has a different car population and traffic situation.
The potential to evaluate the compatibility from full rigid barrier crash, ODB crash and MDB crash
tests was compared, and the results are summarized in Table 3.3.

In the real world, cars are involved in various types of crash configurations. Thus, in order to
evaluate the crashworthiness of the car correctly, the MDB crash tests should be carried out in addition

to the full rigid barrier crash and ODB crash test.
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Table 3.3, Crash fest procedures 1o evaluate the compatibility performances of the car.

) 'Cﬂmpatibili!y ' Injury risk

Mass Stiffness Geometry Acceleration  Inirus
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4 CAR-TRUCK COMPATIBILITY

4.1. INTRODUCTION

In a car-to-truck collision, the injury risk of the occupants in the car is extremely high due to the
differences in mass, stiffness and geometry of both vehicles. This high aggressivity of the truck is a
crucial problem for cars, for which effective countermeasures have not been sufficiently investigated.
There has been little research on the compatibility for all vehicles, including trucks, in Japan, thus the
accident analyses should be carried out by using both macro and micro data.

In order to reduce the injury risk in truck-to-car accidents, many studies have proposed the
effectiveness of the truck underrun guards [Mendis 1996, Adalian et al. 1998, Deloffre et al. 1998].
This guard is attached under the bumper of the truck and consists of a deformable material such as
aluminium honeycomb that can absorb the crash energy by deformation. However, most studies
focused on the compact car. Though the mini car is common in Japan, in Chapter 2 this car type was
confirmed to be incompatible in collisions. Therefore it is necessary to simulate mini car-to-truck
crashes and examine the effectiveness of the underrun guard is examined.

The compatibility between trucks and cars in frontal crashes will be analyzed by using accident
data and computer simulations. The accident analyses will be performed in Section 4.2 by using macro
data (Section 4.2.1) and micro data (Section 4.2.2). From the macro data, the aggressivity of the truck
will be examined by different measures including the effects of the vehicle mass, vehicle registrations
and traveling velocity. The current aggressivity of trucks will be also compared with that of 10 years
ago. Finally, the collision between the mini car and truck with an underrun guard will be examined

based on the MADYMO simulation.

4.2. ACCIDENT ANALYSIS

4.2.1. Macro Data Analysis

The compatibility between cars and trucks are examined by using the macro accident database of
ITARDA (1993-1997). In order to compare the compatibility between those vehicles with that in 10
years ago, the police data of 1989 were also used.

In Japan, 639 car occupants were fatally injured in head-on collisions in 1997 [ITARDA 1998]. We
examined the occupant fatalities in the cars by the types of the other vehicles. The results are shown in
Figure 4.1. The fatalities in car-to-car collisions occupy 31%, 23% in car-to-truck, and 8% in car-to-
dump truck collisions. Thus, for the fatalities of the occupants in the cars, the compatibility between a

car and a truck, as well as the one between cars, is an important problem.
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Figure 4.1. The distributions of occupant fatalities in the car classified by the other vehicles in head-on collisions
of Japan (1997, N=639)

Mass effect

Though it is well known that the vehicle mass has a large effect on the occupant injury in vehicle-to-
vehicle collisions [Evans 1991b], the effect of vehicle mass in a car-to-truck crash has not been
discussed sufficiently. Therefore, we examine the injury rate of the driver in the car by using the mass
of the trucks and passenger cars.

The probabilities of fatal and serious injury to the drivers of passenger cars in car-to-truck and car-
to-car frontal crashes were examined with reference to the subject passenger car mass (Figure 4.2).
The probability of the fatal and serious injury to the driver tends to decrease with car mass. However,
in the case of a car-to-truck crash involving an unbelted driver, this probability does not decrease very
much and the injury risk is extremely high. The effect of the subject car mass on the decrease of
probability of death and serious injury is smaller in a car-to-truck crash than in a car-to-car crash. The
probability of the fatal and serious injury to a belted driver in a car in car-to-truck crash is almost the

same level as for the unbelted driver in a car in a car-to-car crash.
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Figure 4.2. Effect of subject car mass (passenger car) in car-to-truck and car-to-car frontal crashes.
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The variation of the probability of fatal and serious injury to the driver in a passenger car (subject
car) with respect to the other vehicle mass is shown in Figure 4.3. This risk increases largely with
increase of the truck mass up to 5 tons. If the other vehicle mass is less than 2 tons, the probability of
fatal and serious injury to the driver in the subject car in a car-to-truck crash coincides with that in a
car-to-car crash. This result indicates that the aggressivity of a small truck is on the same level as for
cars, if the vehicle masses are identical. On the other hand, when the truck mass exceeds 5 tons, the

probability of fatal and serious injury to the driver in the subject car does not increase much.
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Figure 4.3. Effect of other vehicle mass in car-to-truck crashes.

The compatibility and aggressivity of the truck

The truck compatibility and aggressivity is examined in vehicle-to-vehicle frontal collisions including
whole 4-wheel vehicles. The vehicles are classified into 7 groups (based on the police accident data in
1997 and 1989); bus, trailer, large truck, ordinary truck, passenger car, mini truck and mini car. Trucks
are classified using Gross Vehicle Weight (GVW) as the ordinary truck (GVW < 8 ton), and the large
truck (GVW =z 8 ton).

The compatibility of vehicles including trucks was examined by vehicle classes and year transitions.
Figure 4.4 shows the number of fatalities in the subject and the other vehicle per thousand accidents in
1989, 1995, 1996 and 1999. The trailer, the large truck and the bus are incompatible because the total
number of driver fatalities is very large and the proportion of fatalities in the other vehicle is high. On
the other hand, the mini car and the mini truck are also incompatible due to poor self-protection
because the number of fatalities in the subject vehicle is larger than in the other vehicles.

With respect to the passenger car, the total number of fatalities in the subject and the other vehicles
per accident is the smallest, and the proportion of the number of the fatalities in the subject vehicles to
that in the other vehicles is almost the same. This means that the passenger car is the most compatible
vehicle. However, the large number of collisions between passenger cars can influence this

calculation.
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The truck compatibility has not changed much between 1989 and 1997. The self-protection of the
passenger car has been improved because the fatalities in this type of car are becoming fewer in
number. The crash regulation for passenger cars introduced in 1994 could be one of the causes for this
improvement of self-protection. However, there have not been very much change on the
aggressiveness of the passenger cars since 1989. Thus in order to secure the compatibility of the

passenger car, the aggressivity of the passenger car has to be reduced.
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Figure 4.4. Vehicle compatibility.

Truck aggressivity can be affected not only by the vehicle itself but also by human factors such as
the crash velocity and accident rate. Vehicle aggressivity was examined by the same Measures 1, 2 and
3 as described in Section 2.2.4. By Measure 1, vehicles such as ordinary trucks, large trucks, trailers
and buses are found to be considerably aggressive because the number of fatalities in the other vehicle
is far larger than that in the subject vehicle (Figure 4.5). The aggressivity of ordinary trucks and the
large trucks by Measure 1 is 2.5 and 13, respectively. Comparing this ratio between 1997 and 1989,
the situation has not been improved.

The aggressivity of vehicles of different vehicle types has a similar tendency when Measures 1, 2
and 3 are used. If we compare the large truck with the passenger car in Figure 4.5 and Figure 4.6, the
aggressivity of trucks based on Measure 2 is smaller. Therefore, it is found that the influence of the
crash velocity of the large truck is negative. From this result, it is supposed that large truck may travel
more slowly than the passenger car.

The aggressivity of the large truck according to Measure 2 in Figure 4.6 is about 18 times higher
than that of the passenger car, whereas, the aggressivity of the large truck based on Measure 3 in
Figure 4.7 is about 86 times higher than that of the passenger car. Since the effect of the accident rate
is included in Measure 3, the aggressivity of the large truck due to human factors such as accident rate
is higher than the passenger car. Therefore, it is concluded that the reason of high aggressivity of large
trucks is not due to the crash velocity but rather the vehicle itself together with the human factors such

as the accident rate.
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The aggressivity of buses by Measure 1 is the same as for large trucks and trailers. However, in
Measure 2, the aggressivity of the bus is less than half of that of the large trucks. This result indicates
that the crash velocity of buses is lower than that of large trucks. Similarly, the aggressivity of the bus
estimated by Measure 3 is less than a quarter that of large trucks. This low aggressivity of buses
estimated by Measure 3 is due to human factors such as accident rate, which is much lower than for
the large truck. These results imply again that the aggressivity of large trucks becomes high due to

human factors, and it can be reduced by changing the working environment of truck drivers.
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Figure 4.5. Vehicle aggressivity by Measure 1.
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Figure 4.6. Vehicle aggressivity by Measure 2.
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Figure 4.7. Vehicle aggressivity by Measure 3.
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Compatibility between trucks and passenger cars

Since the number of passenger cars account for a large proportion of vehicle registrations, the
compatibility of vehicles with such cars is important. Therefore, the vehicle aggressivity against a
passenger car is evaluated by using Measure 1. Vehicles are classified as classical car (sedan, sports
and specialty, and wagon) mini car, van, SUV and light/medium/heavy trucks (based on the [ITARDA
data in 1993-1997). Only driver injury is discussed to simplify the analyses.

As the number of the classical cars is the largest in the vehicle registration, the compatibility
between classical cars and trucks are important. We estimated the driver fatality ratios in both vehicles
in collisions of the passenger cars by vehicle class using the macro data in Japan (Table 4.1). When
passenger cars collide with a large-sized vehicle, the fatality ratio is larger. Particularly in a crash with
a heavy truck the fatality ratio reaches infinity (124:0). In a crash with the SUV and van, the fatality
ratio is also high due to high aggressivity. The number of classical car fatalities is the largest in car-to-
car crashes (215); and in crashes with large-sized vehicles such as medium or heavy trucks, the
number of fatalities in classical cars is also large (95 and 124, respectively). However, the number of
fatalities of classical cars in crashes with a SUV and van is smaller than that in crashes with trucks.

The fatality ratio of the drivers in mini cars based on the macro data is shown in Table 4.2. In
collisions between mini car and the other vehicle, the fatality ratio is so large (more than 10) that the
compatibility of mini cars seems very poor. Therefore, the drivers in mini cars have a higher risk of
death than in other vehicles. These results indicate that the compatibility of the mini car and the truck
is an important problem in Japan. In Japan the problem of the truck is more serious than that of the
SUV.

Table 4.1. Fatality ratio of the driver in frontal crash with passenger cars (1993-1997).

Crash partner Fatality ratio (Number of fatalities)
Classical car vs. Mini car 0.1:1.0 ( 5: 6D
Classical car vs. Classical car 1.0:1.0 (215:215)
Classical car vs. Van 3.8:1.0 (31: 8
Classical car vs. SUV 13.5:1.0 (27: D)
Classical car vs. Light truck (3<GVW=7 ton) 11.7:1.0 (35 3
Classical car vs. Medium truck (7<GVWs8 ton) L7000 (950 3)
Classical car vs. Heavy truck (GVW>8 ton) o 1.0 (124: 0)

Note: Classical car = sedan, sports and specialty, and wagon

Table 4.2. Fatality ratio of the driver in frontal crash with mini cars (1993-1997).

Crash partner Fatality ratio (Number of fatalities)
Mini car vs. Mini car 1.0:1.0 C 0: 0
Mini car vs. Classical car 12.2:1.0 (61: 5)
Mini car vs. Van 10.0:1.0 C10: D
Mini car vs. SUV o 1.0 C 5: 0
Mini car vs. Light truck (3<GVWs7 ton) o 1.0 (15 0)
Mini car vs. Medium truck (7<GVWx=S8 ton) e 1.0 Cl4: O
Mini car vs. Heavy truck (GVW>8 ton) o 1.0 (36: O

Note: Classical car = sedan, sports and specialty, and wagon
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4.2.2. Micro Data Analysis

Method

A countermeasure for the compatibility problem can be clarified by analyzing the crash configurations.
However, the configurations of the car-to-truck collision have not been discussed sufficiently,
especially in relation to the traffic conditions in Japan. Therefore, the distributions of velocity and
overlap ratio in crashes are examined. By using the micro accident data of ITARDA (1993-1997)
[ITRADA 1999b], in-depth studies of car-to-truck frontal collisions are carried out. In the database,
the number of car-to-car collisions was 70 and that of car-to-truck collisions was 27. The driver
injuries in cars that collided with the trucks are examined based on the crash configurations such as
crash velocity, impact angle and overlap ratio. The injuries to the drivers are examined by the injury

severity (AIS), injured body regions and their causes, and these results are compared with those of the

car-to-car collisions.

Crash configuration

The cumulative frequencies of a crash velocity of the car by the injury severity of the driver are shown
in Figure 4.8. For driver in the cars in car-to-car and car-to-truck collisions, the cumulative frequency
of 50% of sever injury (MAIS 3-6) is associated with a crash velocity of about 50 km/h. However, the
shapes of curves of the cumulative frequencies are dissimilar for both types of collisions. The
frequency of the injury severity increases gradually in the car-to-car collision, whereas in car-to-truck
collision it rises rapidly at the 40 km/h. Over this velocity, the injury risk to the driver is supposed to

increase due to large intrusion into the passenger compartment of the car.
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Figure 4.8. The crash velocity and the MAIS of the driver in the car for car-to-car frontal collisions and car-to-
truck collisions.

The overlap ratios of cars and trucks are shown in Figure 4.9. For severe injuries (MAIS 3-6), the
overlap ratios of cars are more widely distributed than those in car-to-car crashes. Therefore, in car-to-

truck collisions, the injury severity of the driver in the car may be by the intrusion due to underride of
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the car rather than that due offset impact. As the width of the truck is large, the overlap ratios of the
truck are likely to be small, and the number of accidents has a maximum at the overlap ratio of 11-

30%. With such a small overlap of trucks, cars do not contact the frame of the trucks and the risk of

underride of the cars increases.
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Figure 4.9. Overlap ratio of the cars and trucks in car-to-truck frontal collisions.

Injury risk

The driver injury risks of cars were compared for car-to-car and car-to-truck collisions by the use of
micro data. Figure 4.10 shows the distributions of the injury severity of the drivers for car-to-car and
car-to-truck collisions. In car-to-car collisions, 11.4% of car drivers are severely injured (MAIS 3-6),

and in car-to-truck collisions this ratio is 53.8%, which reflects the high injury risks to the drivers in
the cars when they have collided with the trucks.

Driver injury
severity of the car

Car-to-car
collisions

{7 No injury
I MAIS 1
El MAIS 2
B MAIS 3
B Mals 4
B MAIS 5
B MAIS 9

Car-to-truck
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Figure 4.10. Injury severity of the driver in the bonnet-type car.
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Injured body regions and injury sources of the drivers in cars were also compared for car-to-car

collisions with car-to-truck collisions. Number of injuries to the driver body regions was counted. The

results are shown in Table 4.3 and Table 4.4. The windscreens cause the largest number of injuries in

car-to-car collisions, whereas the steering assemblies are the largest in car-to-truck collisions. In car-

to-truck collisions, the intrusions into the passenger compartments of the car as well as the penetration

of the front bumpers and front panels of the truck are the causes of injuries. Belted drivers are

frequently injured on the head in car-to-car collisions, and on the chest in car-to-truck collisions.

These results indicate that in car-to-truck collisions the deformation and the compartment intrusion of

a car strongly affect the injury risk to the driver in the car.

Table 4.3. Car driver injured body regions and injury sources in car-to-car frontal collisions.

Belted drivers (No injuries=30) Unbelted drivers (No injuries=0)
Injury source Head Face Neck Chest Abdo Spine Arm Leg Un- | Total [Head Face Neck Chest Abdo Spine Arm  Leg  Un- | Total
men known men known
Steering assembly | 2(1) 4 1 1 1 2 11(2) 1 S(1) 3(1) PIa]
Windscreen 1 2 3 Iy 9 19(2)
A pillar 0 1 2 3
Floor 1 i 0
Seatbelt 4 1) 1 (1) 0
Instrument panel 1 2 3 I 1 3 5(1)
Console box 1 1 0
Pedal 1 i 2 2D
Door panel 0 1 1 1
No contact 12 12 2 2
Indirect 3 3 3(1) 1) a2)
Glass 1 1 0
Intrusion (1) 1(1) 22 |1yt (1) 2(2)
Ejection 0 |4y 1 (1)
Unknown 1 1 1 1.3 2 | 2
Total 42) 5 0 5 32 18 4 7 I 47(S) [15(5) 13 0 51 0 S 0 10@ 2 |s001)
Notes: () shows the injuries of MAIS 3-6
Table 4.4. Car driver injured body regions and injury sources in car-to-truck frontal collisions.
Belted driver (No injury =1) Unbelted driver (No injury =1)
Injury source Head Face Neck Chest Abdo Spine Arm Leg Un- | Total Head Face Neck Chest Abdo Spine Arm  leg Un- | Total
men knowrl men known

Steering assembly (1) n 5(2) 5(2y
Windscreen 1 1 2 1 3(1)
A pillar 0 1) iTe))
Floor 1 1 0
Instrument panel 1 1 HE)) 1(1)
Front bumper 0 | KD ¢))
Front panel 1(1) (1) 0
No contact 0 0
Indirect 1(1) 11 1 1
Glass 1 [} 1 1
Intrusion BT 22) 1 4(4)
Unknown 1 o 1 1 2
Total 2 1 0 0 0 1) 4 2 0 e lam 2 0 84 0 1 WY 32 0 1900

Notes: () shows the injuries of MAIS 3-6
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Case study
Typical accident of a large truck and a car is investigated as a case study of underride of the car. The
truck (10 840 kg) collided with a stationary car (1460 kg) at the velocity of 105 km/h. The overlap
ratio of the truck was so small (12%) that the truck frame did not contact the car and overrode the car.
Though the direct damage of the truck was apparent, the induced damage could not be observed
because the stiffness of the truck in the lateral direction is small {(direct damage is the deformation area
by contact with the crashed objects and induced damage is that caused by direct damage). The
maximum intrusion of the car was 35 cm at the instrument panel. In order to prevent underride of the
car, the stiffness in the lateral direction of the truck should be increased to enhance the energy
absorption into the truck frame.

Due to this large intrusion into the compartment, the driver in the car sustained lung injuries
(AIS 4), femur fracture (AIS 3), face laceration (AIS 1) and upper extremity abrasion (AIS 1). On the

other hand, the driver in the truck sustained no injury.

Figure 4.11. Vehicle damages from car-to-truck collision.

4.3. MATHEMATICAL SIMULATION

In order to examine the effect of the underrun guard on the injury risks to the driver of a mini car,
collision of a mini car with the truck was simulated by using MADYMO. The mini car model is the
same one as used in Section 2.3. The truck model is developed in a similar way to the mini car model.
The total mass of the truck is put at 8 tons because the greatest number of truck registrations are in this
class. The crash configuration in the simulation is a full frontal collision as shown in Figure 4.12. The

mini car collides at 50 or 60 km/h with a stationary truck.
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60 km/h
~_

Figure 4.12. MADYMO simulation mode! of truck and car collision

The force-deformation characteristics used in the simulation are shown in Figure 4.13. The front
underrun guard stiffness of the truck is defined to have a constant collapse force level (¥). This force
was simulated at various levels ranging from 30 to 250 kN. The maximum deformation of the
underrun guard is 400 mm due to the structural limitations of the truck. The mini car stiffness is

approximated to be linear (500 kN/m) for simplification of the simulation.

300

e i Truck
200} p7 | LT Minienr |

Force (kN)
\

100 ,

Deformation {m)

Figure 4.13. Force-deformation characteristics used in the simulation.

The maximum deformation of the underrun guard of the truck and the front structure of the mini
car are shown in Figure 4.14. The total deformation of both vehicles generally decrease with increase
in collapse force level (F). At 50 km/h, when the collapse force level (F) is less than 130 kN, the
underrun guard deforms entirely (400 mm); at more than 130 kN, it does not deform entirely. The
deformation of the mini car leads to a minimum at a collapse force level of 130 kN. This result shows
that when all of the deformation zone of the underrun guard is crushed, the deformation of the mini car
can be the lowest. At 60 km/h, this optimal force level increases to 170 kN.

Figure 4.15 shows the relationship between the collapse force level and the peak deceleration of the
mini car at the center of gravity. At 50 km/h, when the collapse force level is more than 130 kN, the
peak deceleration of the mini car increases. When the collapse force level is less than 130 kN, the
deceleration of the mini car is also higher than that at 130 kN. This is due to contact with the stiff
structure after entire deformation of the underrun guard. This phenomenon can be explained from the

time history of the deceleration as shown in Figure 4.16. With a collapse force level of 100 kN, there
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are two peaks on the deceleration curve. The latter peak is higher than the former due to contact with
the stiff structure of the truck. When the collapse force level is 160 kN, the whole deceleration level
becomes high. From the results of Figure 4.14 and Figure 4.15, it can be concluded that the collapse
force level that minimizes the deformation of the mini car can also minimize the deceleration. This can

be the optimal force level for the deformation and deceleration of the mini car. The optimal force level

is higher for 60 km/h than for 50 km/h.
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Figure 4.14. Maximum deformation as function of collapse force level.
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Figure 4.15. Maximum deceleration of a mini car.
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Figure 4.16. Time histories of the deceleration of a mini car (50 km/h).



The injury parameters of the driver in the mini car were also examined by the collapse force level
of the underrun guard of the truck (Figure 4.17). All injury parameters are minimal at collapse force
levels that differ at each velocity. The HIC and the chest acceleration (3ms) become minimal near the
optimal force level. The chest deflection and the femur axial force also become minimal at this force
level. This can be explained from the smallest deformation of the mini car at the optimal force level. If
we compare the femur force in case of 50 and 60 km/h, the underrun guard at 50 km/h is more
effective than at 60 km/h. This result shows that the underrun guard of the truck can reduce the
number of minor injuries to the femur as well as severe injuries. Furthermore, the underrun guard of

the truck combined with the optimum restraint system of a car can reduce the number of injuries.

1000 60
800 a8 50 F -
600 - o £ 0 F o
y - = O~
g %o ot £ 30F %0 oo™
400 + "o g o ey
o0 [—e—60km/h g 20r i«—o#am:mmt
200 | - 0-= 50 km/h < 10t | --0==50 km/h
0 H 1 L i i ﬁ) L - 4 3 i
0 50 100 150 200 250 300 0 SO 100 150 200 250 300
Collapse force level F (kN) Collapse force level F (kN)
HIC Chest acceleration (3 ms)
50 ~ 10
Z |
T 40t -2 S 81 %9 0,53
E %o. g v A
= 30 | ~00- P e 6 F o)
.2 g \\ i
g 20 r Z 4t O
g —a&— 60 km/h g Q% —&— 60 knv/h
10 -=0--50 km/h § 2T --0--50 km/h
0 i i i 1 i 0 1 L i ) i
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Collapse force level F (kN) Collapse force level F (kN)
Chest deflection Femur force

Figure 4.17. Injury parameters of driver in the mini car.

4.4. DISCUSSION

The aggressivity of trucks caused by mass and the geometry differences was evaluated by focusing on
the Japan traffic situations by using accident data. The underrun guard of trucks was examined on the
basis of a mathematical simulation.

In a car-to-truck collision, truck mass has a large effect on the injury severity of the driver in the

car. When the truck mass is more than 5 tons, this injury risk does not change much.
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As shown in Section 4.2, the aggressivity of large truck was estimated to be very high in terms of
the vehicle itself and human factors. This situation has not changed since 1989. Only the self-
protection of passenger cars has been improved. In Japan, the high aggressivity of trucks and the poor
self-protection of mini cars should be considered to obtain the total compatibility in vehicle-to-vehicle
collisions.

In many car-to-truck collisions, the frame of the trucks does not make contact with a car because
the overlap ratio of the truck is less than 1/3. Cars underride the truck due to the stiffness and height
difference of the bumpers. The intrusion into the compartment of a car due to underride is one of the
causes of injury to the driver in the car.

In order to improve truck aggressivity, the underrun guard was examined using MADYMO. The
stiffness effect analysis of the underrun guard showed that there is an optimal force level that can
minimise the deceleration and deformation of the colliding car. In this optimal force level, injury risks
to the driver in the car also become minimal. It should be noted that this optimum force level depends
on the crash velocity. The effective underrun guard should be investigated in order to reduce the injury
risk to the driver in cars with various sizes and for a wide range of velocity.

Japan Automobile Manufactures Association (JAMA) has guidelines on crash safety of trucks and
buses. The trucks and buses of GVW less than 20 tons are tested by a full rigid barrier crash. This
crash test aims at self-protection of the truck, and so the injury parameters of the dummy in the truck
are measured. Such a full rigid barrier test will lead to a stiff front structure of the truck. Bumper
height and inhomogeneous lateral stiffness of the truck that cause underride of cars will not be
improved. Therefore, this guideline will lead to more incompatible trucks. In Japan, more drivers are
killed in car-to-truck collision than truck-to-truck collision. Therefore, it is not the improvement in the
self-protection but the improvement in the partner-protection of trucks by the underrun guard that will

reduce the total number of fatalities.
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5. CAR-PEDESTRIAN IMPACT

5.1. INTRODUCTION

The concept of compatibility can be extended to the vehicle-pedestrian impacts since the crash
partners in these cases are very different from one another. Similarly to the compatibility between cars,
the incompatibility of the mass, stiffness and geometry (shape) between a human and a vehicle induces
serious injury to the pedestrian.

The current modern cars are different in shape from those of 10 years old. Many current cars have a
short hood length with a rounded wedge shape. Consequently, the injury types of the pedestrian have
become different. The vehicle fleet has also changed: the number of sedans is decreasing whereas that
of new types of vehicles such as the mini van is increasing.

In this study, the compatibility between vehicles and pedestrians is investigated. The influences of
the vehicle shapes on the pedestrian injuries are examined by accident analysis and mathematical
simulations. The injury risks to pedestrians are compared for two different car shapes such as the
bonnet-type car and the van. The human head is the most critical body part injured in pedestrian
accidents. As the pedestrian head contacts with various parts of the cars depending on the vehicle
shape and pedestrian height, the headform impact tests are conducted to clarify the head injury risk.

First, the accident analyses will be conducted and injury risks for two contrary vehicle shapes such
as the bonnet-type car and the van will be examined in Section 5.2. Second, a pedestrian model are
developed and applied to vehicle-pedestrian impact in order to clarify the influence of those vehicle
shapes on the pedestrian behavior and injury parameters (Section 5.3). The results of these simulations
are compared with those of accident analyses. In Section 5.4, the headform impact tests are conducted
and the injury risks to the head are evaluated for various areas of the front of the car including the

windscreen and the A pillar. Finally Section 5.5 discusses the results of the car-pedestrian impacts.

5.2. ACCIDENT ANALYSIS

We investigate the vehicle-pedestrian impacts using the current accident data. The macro and micro
accident databases of ITARDA are used for this analysis. The macro accident data is based on police
reports which offer the largest numbers of data from the whole of Japan. On the other hand, the micro
accident data is based on the in-depth investigation of limited number of accidents collected by
ITARDA. Using both types of data, information on current pedestrian accidents can be obtained. In
this study, the influence of vehicle shapes on the causes and patterns of pedestrian injuries is also

examined.
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5.2.1. Macro Data Analysis

The probability of fatal injury to pedestrians of different ages was compared for 1988 and 1997 as
shown in Figure 5.1. The probability of fatal injury slightly decreases from 1988 to 1997. Taking
account of the decrease in the traveling velocity from 1997 to 1988, it can be concluded that the
pedestrian safety has not been improved much. Figure 5.1 also indicates that the injury risk to the
pedestrian increases strongly with age. From 1997 to 1988, the number of pedestrian fatalities
decreased from 2967 to 2643. Among them, the number of pedestrian fatalities aged 65 or more
increased from 1381 to 1566. Due to the increase of the ratio of elderly people in Japan, the protection

of pedestrians, particularly for elderly people, is becoming important.
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Figure 5.1. The probability of fatality of pedestrian in Japan for 1988 and 1997.

Vehicle mass

The compatibility of cars with pedestrians is related to the mass, stiffness and geometry of the car. It
has been reported that the vehicle mass will have no effect on the pedestrian injury since the vehicle is
much heavier than pedestrian [Evans 1991b].

In order to confirm this assumption, we examine the relationship between car mass and pedestrian
fatality rate for a bonnet-type car. Figure 5.2 shows the pedestrian fatality rate and car mass classified
by travelling velocity. As the car velocity has a large effe,,ct on the pedestrian injury, the pedestrian
fatality rate increases with car velocity. Whereas, over the same range of car velocity, the fatality rate
is almost constant when the car mass is less than 1400 kg. The mass of the car is much larger than
those of pedestrian. Thus, in this range of car mass, the fatality rate of the pedestrians is not affected
by car mass. However, when the car mass is greater than 1400 kg, the fatality rate increases. This is
because SUV occupies large portion of heavy cars. It can be concluded that not the mass but the

geometry and stiffness incompatibility of the SUV causes the high fatality rate among pedestrians.
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Figure 5.2. Pedestrian fatality rate and car mass classified by the travelling velocity for a bonnet-type car. The
front site of the car impacted a pedestrian (1994-1996).

Car shape and pedestrian injury

From 1992 to 1996, 14761 pedestrians were killed in traffic accidents. Among them, 1041 (7.1%)
pedestrian fatalities were struck by mini cars, 6646 (45.0%) by bonnet-type cars, 3628 (24.5%) by
vans and 965 (6.5%) by large-sized vehicles. In order to examine the injury risks of the injury regions
by vehicle class, the number of the fatalities and the severe injuries per 1000 accidents were analyzed
(Figure 5.3). Only the most severely injured body region was considered. Vehicles were divided by
classes; mini car, small sedan, medium sedan, large sedan, sports and specialty car, wagon, van and
SUV. In order to reduce the influence of the impact velocity and the variation of pedestrian height, the
accident data was limited so that the level of travelling velocity was less than 40 km/h and the
pedestrian age was 13 years old or older. Using this method, the influences of vehicle shapes on the
pedestrian injuries can be clarified.

It is observed from Figure 5.3 that the head is a dominant body region in fatalities for all car classes.
The number of fatalities due to head and chest injuries is about double for van than for bonnet-type
cars (mini, small, medium, large sedan, sports & specialty and wagon). In a serious injury, the number
of head and chest injures which can be a cause of death is larger for a van than for a bonnet-type car.
Therefore, the front shape of a van seems to be more aggressive for a pedestrian than that of a bonnet-
type car. Whereas, the shape of a bonnet-type car is aggressive in relation to pedestrian legs because
the number of serious leg injuries is large in crashes with this type of car. Though leg injuries are not
so important in terms of threat to life, they often result in long term disability. Thus, the leg protection
should be considered for the bonnet-type car.

The risk of head injury to a pedestrian when struck by a mini car is higher than for other bonnet-
type cars. The SUV has high aggressivity in relation to the head and chest of the pedestrian due to the
height of the hood edge and bumper and the high stiffness of the vehicle body. As the body front shape
affects the distribution of injured body regions of the pedestrian, modification of the shape of the car

front can be effective in increasing the compatibility between cars and pedestrians.
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Figure 5.3. Distribution of pedestrian injuries per thousand accidents by body region, car shape and injury
severity for the travelling velocity < 40 km/h and pedestrian aged 13 or more. The front site of the car impacted
on pedestrian (1994-1996).

5.2.2. Micro Data Analysis

To get a better understanding of injury causes and types, another data set, the micro data, are used for
analysis. This micro accident data of pedestrian (1993-1997) are collected by the ITARDA [ITARDA,
TSNRI, Nagoya University 1999a], which consists of in-depth investigations of a limited numbers of

accident in Tsukuba area. In this database, the number of selected pedestrian accidents is 104.

Impact velocity and pedestrian injury

The injury of pedestrians becomes more severe as the impact velocity of the vehicle increases. The
cumulative distributions of the impact velocity for bonnet-type cars and vans were examined for injury
severity (MAIS 1,2, or MAIS 3-6). This is shown in Figure 5.4. When struck by the bonnet-type cars,
the impact velocity at a cumulative frequency of 50% is about 40 kmv/h for the severe injury (MAIS 3-
6), while this velocity is about 25 km/h for the minor injury (MAIS 1, 2). In the case of a van, on the
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other hand, the velocity of severe injury is 25 km/h, and that for the minor injury is 15 km/h,
respectively. The impact velocity of the 50% cumulative frequency of vans is much lower than that of
bonnet-type cars for both injury severities. According to these results, it is confirmed that the

pedestrian injury is likely to be severe when struck by a van, even though the impact velocity is lower
than that of bonnet-type cars.
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Figure 5.4. Vehicle shape and impact velocity

Head contact location

The head contact positions were examined for a bonnet-type car and van. This analysis may show the
effects of various vehicle front shapes on the head impact positions and on the potential head injury
risk to the pedestrian. The head injuries sustained by the contact with vehicle body were counted
whereas those in contact with the ground were omitted.

There were 69 cases of pedestrian accidents with bonnet-type cars excluding the SUV in the micro
data. Among them we chose 17 accidents, in which the head injuries occurred by direct contact with
vehicle body and the head contact positions were apparent. Head contact positions are shown in Figure
5.5 with indication of the pedestrian height and the injury severity. The most frequent head contact
positions are the lower part of the windscreen and its vicinity; the windscreen frame, cowl and A pillar.
Thus, to protect pedestrians, the aggressivity of those areas should be considered. In addition, the
accidents often occurred on the left side of the cars.

Furthermore, there were 18 pedestrian accidents with vans. Six accidents among them where the
head contact position is clear are shown in Figure 5.5. There were four fatalities where the head hit the
windscreen frame and A pillar. For short pedestrians whose height was less than 150 cm, the heads hit
the front panel because their heads did not reach the windscreen. From Figure 5.5, the frequency of the
head contact with the stiff parts such as the front panel and the windscreen frame in the accidents with
a van is higher than that of a bonnet-type car. In other words, the micro data analysis confirmed that

there was a high risk of sustaining head injuries in accidents with those vehicles.
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Figure 5.5. Head impact position

Wrap around distance

When a pedestrian is struck by a vehicle, the pedestrian wraps around the front of the vehicle. The
location of the head impact is approximately estimated by the wrap around distance (WAD), which is
the length measured along the vehicle profile from the ground to the head contact point (Figure 5.6).

The WAD gives us important information about vehicle body parts where the head makes impact.

Wrap around
distance

Figure 5.6. Wrap around distance (WAD)

The WAD has a close relation with standing height of the pedestrian. Figure 5.7 shows the relation
between the pedestrian height and the WAD of two vehicle types; a bonnet-type car and a van. The
WAD increases with the pedestrian height. The WAD is larger than the pedestrian height when the
pedestrian is involved in an accident with a bonnet-type car. However in the case of a van, the WAD
approximately equals the pedestrian height. Therefore, if the pedestrian height is available, the head
contact position can be estimated easily in accidents with a van and we can predict the zones where it

is necessary to take countermeasures and to perform tests for the pedestrian protection.
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Head injuries and their causes

As discussed above, head injury severity varies with impact location of the vehicle, The causes of
injury (including the ground) in accidents with bonnet-type cars are shown in Figure 5.8, and those
with vans are shown in Figure 5.9.

Head injuries occurred due to the impact against the vehicle body in accidents with bonnet-type
cars in 9 cases (50%) with severe and fatal injuries (AIS 3-6), and in 22 cases (54%) with minor
injuries (AIS 1, 2). The windscreen frame and A pillar have a high potential to cause severe head
injury (17%) followed by the hood (11%) and the fender (6%). As for the minor injuries, the
windscreen occupied the highest frequency (32%) among the injury causes of all the vehicle parts.
There are three cases where the windscreen caused serious injuries to the head, however, the impact
location was close to the windscreen frame. The A pillar, hood and fender lead to severe injury to the
head. Thus, for a reduction of head injury severity, vehicle body parts such as the A pillar, hood and
fender, should be considered to enhance the pedestrian protection. On the other hand, the ground
caused severe injury to the head in 17% of the cases, and may be one of the head contact locations
with a high frequency. In the case of minor injuries, the ground was the most frequent cause of injury
(41%). Countermeasures for head injuries due to the ground are difficult to take, which reflects the
limitation of pedestrian protection only from the design of car body.

In the case of the van, due to the head impact on the vehicle, 10 cases (83%) sustained serious and
fatal injury, and 8 cases (38%) had minor injuries. The front panel (42%) and windscreen frame (17%)
were the main injury causes for the severe and fatal injuries. In the case of the minor injuries, the
windscreen shows the highest frequency of the injury cause. Furthermore, there were two cases (17%)
of serious and fatal injuries and five cases (38%) of minor injury due to contact with the ground. For

vans, the front panel should be considered to improve pedestrian protection.
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Figure 5.9. Causes of head injury (van).

Various types of head injuries occur in the accidents. Figure 5.10 shows the distribution of head
injury classified by the injury causes, the injury types and the injury severity (AIS 3-6 and AIS 1,2).

Brain injury is a main cause of the severe and the fatal head injuries (AIS 3-6). On the other hand,
for the minor injuries (AIS 1, 2), the percentages of bruises and lacerations are high. Especially, in
contact with the windscreen, the pedestrian is likely to sustain bruise and laceration unless impact
locations are near the windscreen frame. Skull fractures occur frequently when a pedestrian’s head

contacts with a stiff part such as an A pillar, windscreen frame or the ground.

102



H _— 10thers
cad injury (AIS 3-6) Head injury (AIS 1.2) fUnknown

25 B Concussion

@Abrasion

P
&
_‘_—2 é B Nerve injury
£ 2
< 15 B Laceration
g 5
2 5 3 Bruise
E 2
2 E
z 5
Z

B Skull fracture

E3 Vessel injury

- Bes L Braip stem
T 3 = (% 2 oL =
2 2, =z g g E T 0B = 3 g t Cerebellum
2 3t 2 by g £ = = 4 injury
= = —
£ £ = £ E _;5 g < g W Brain injury

Figure 5.10. Head injury types and injury cause.
Case study

Some typical accidents where pedestrians sustained injury to the head in contact with different areas of
the car body were examined. Three accidents presented are with bonnet-type cars, and impact
locations were the windscreen, the lower area of the windscreen and the A pillar respectively.

In the accidents shown in Figure 5.11, a pedestrian (male, 46 years old, height unknown) was hit by
a bonnet-type car with an impact velocity of 20 km/h. The head contacted the windscreen. As the
deformation of the windscreen, made of laminated glass, was large (60 mm) there was only minor
injury to the head (AIS 1, headache or dizziness). The kinetic energy of the head was absorbed by the
large deformation of the windscreen.

A pedestrian (female, 64 years old, height 152 cm) was struck by a bonnet-type car at an impact
velocity of 35 km/h. The head hit the windscreen close to the windscreen frame (Figure 5.12). The
area of spider webbed marking is smaller to that when the contact is in the center of the windscreen as
shown in Figure 5.11. In this accident, the deformation of the windscreen (laminated glass) was small
(10 mm) and the energy absorption of the car at impact was small. Therefore, the pedestrian sustained
the serious injury of subarachnoid hemorrhage (AIS 3), oculomotor nerve NFS (AIS 2) and laceration
(AIS 1). By comparing the results of Figure 5.11 with Figure 5.12, it was observed that the windscreen
has different force-deformation characteristics, which cause various injury patterns to the head.

In the accident shown in Figure 5.13, a pedestrian (male, 31 years old, height 162 cm) was hit by a
bonnet-type car at an impact velocity of 55 km/h. The head made contact with the A pillar and the
windscreen, and the deformation of the A pillar was small (5 mm). The pedestrian sustained diffuse
axonal injury (AIS 5), epidural hematoma (AIS 4) and skull fractures (AIS 2).

From the results of these accidents, it is clear that the injury patterns of the head depends on the
stiffness of the contacted parts of the car. The head injury risk is low when contact is with the
windscreen, however, even if contact will be the windscreen, when the region is close to the frame or

A pillar, serious injuries to the head can occur.
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Figure 5.13. Deformation of A pillar by head impact. Both the windscreen and A pillar hit the head.
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5.3. MATHEMATICAL SIMULATION

Accident analysis in previous section indicated that the vehicle shape has large influences on the
pedestrian injury risk. Thus, mathematical simulations were performed and injury mechanisms are

discussed for three types of vehicles such as the mini car, the medium car and the van.

5.3.1. Model Development

The pedestrian model used in the mathematical simulations is based on the human-body model which
was developed by Yang et al. (1997). This is a multi-body simulation model which consists of
ellipsoids and joints. Similarly to the original model, joint characteristics are based on the human body,
and contact interactions between human body and car were obtained from experiments [Ishikawa et. al
1993b]. Figure 5.14 shows this model.

In Japan, many elderly people with heights ranging from 140 cm to 165 cm are involved in
pedestrian accidents [ Yoshida et al. 1998]. This height is lower than that of the AMS0 (American Male
50 percentile, 175 cm, 75 kg), which is commonly referred in the field of the crash safety. Therefore, a
pedestrian model has been developed by focusing on an average Japanese male aged 60 to 69 whose
standing height is 161.3 cm and weight is 59.0 kg [Management and Coordination Agency of Japan
1997]. The sizes, masses and inertia of the body segments of the pedestrian model are calculated using
GEBOD (Generator of Body Data). This mode! is called JEG6O in this study. The model consists of 21
ellipsoids, 2 planes and 12 spring-damper elements. This pedestrian model was validated using
cadaver tests from the literature [Ishikawa et al. 1993b].

The vehicle models consist of the bumper, hood edge, hood and windscreen. The bumper, hood
edge and hood are represented by ellipsoids, and the windscreen by a plane. The impact velocity in the
simulation is 40 km/h.

Body segment mass (kg)
3 <t e o e -
: ’ — l’; . Neck 1.1
’“q : — L Chest 14.7
= 2 !—%: é & Abdomen 2.4
2 — : Pelvis 9.7
] T Upper arms 32
B ’ Lower arms 1.6
- T Upper legs 119
- Lower legs 5.5
A4 EV e . . Feet 1.3
1 Joint location “mm Total 59.0

Figure 5.14. Pedestrian model (JE60).
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5.3.2. Simulation Results

The pedestrian shows various kinematics in impact with different vehicle shapes, as shown in Figures
5.15, 5.16 and 5.17. When a pedestrian is struck by a mini car or a medium sedan, the bumper hits the
leg and the hood edge hits the thigh, and then the upper torso of the pedestrian rotates toward the hood
of the car. The pedestrian’s head contacts the lower region of the windscreen at 118 ms when hit by a
mini car, and the hood rear area at 97 ms when hit by medium car. With a van, the whole body of the
pedestrian is struck by the vehicle front almost at the same time. The chest contacts the upper part of
the front panel, the head contacts the lower part of the windscreen at 41 ms, and then the whole
pedestrian body is projected ahead of the vehicle.

It was found that the pedestrian kinematics, when struck by a vehicle, consist of the translational
and rotational movement of the pedestrian. In the case of a bonnet type car such as a mini car and a
medium sedan, the pedestrian upper body rotates and this rotational movement is dominant. Whereas
with a van, the translational movement is dominant, and the pedestrian is pushed in front of the vehicle

as shown in Figure 5.17.

0 ms 50 ms 75 ms 97 ms

Figure 5.15. Pedestrian kinematics (mini car, JE60)

Oms 50 ms 100 ms

118 ms

Figure 5.16. Pedestrian kinematics (medium car, JE60).
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O ms 20 ms 41 ms 60 ms

Figure 5.17. Pedestrian kinematics (van, JE60).

The head impact velocity as well as the force-deformation characteristics of impact location affect
the head injury risk. The heads resultant velocity relative to the vehicle is shown in Figure 5.18.
Because the translational movement is dominant in pedestrian kinematics in a van impact, the head
resultant velocity relative to the vehicle decreases consistently after the impact. The head contacts the
vehicle at a velocity of 9.6 m/s that is lower than initial velocity. In the case of the bonnet-type car and
the mini-car, both influences of translational and rotational movement are large.

In the first phase, the head resultant velocity increases due to the rotational movement of the upper
body, then it decreases due to the translational movement of the whole body. The head resultant
velocity in contact with a car is 12.0 m/s for a mini-car and 9.6 m/s for a medium sedan. The head
resultant velocity of the bonnet-type car and the mini car is higher than that of the van. Based upon the

mathematical simulations, it is found that the head resultant velocity depends on the shape of vehicles.
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Figure 5.18. Head resultant velocity to the vehicle (JE60).

The pedestrian injury parameters such as the HIC, acceleration of the chest, pelvis and upper leg
(maximum acceleration of duration time 3 ms) are shown in Figure 5.19. For the impact with the van,

the HIC level is the highest because the head makes contact with the windscreen frame which is a stiff

107



structure. This result of high HIC level in the simulation is consistent with that of the accident analysis
that the injury risk is high when impacted by a van. On the other hand, the HIC level is lower in the
impact with the mini car because the head makes contact with the windscreen which is less stiff.

The threshold of the severe chest injury is 60g for the chest acceleration. As observed in Figure
5.19, the chest accelerations in all simulations are less than 60g. However, the chest acceleration on
impact with the van is twice as high as that with other vehicle types. This result agrees with that of the
accident analysis that the chest injury risk is higher when struck by a van. The pelvis acceleration on
impact with the van is the highest, though this level is lower than the injury threshold (80g). The
acceleration of the upper leg when struck by a bonnet-type car is higher than that when struck by a van.
This result is also consistent with that of the accident analysis that the leg injury risk is higher when
struck by a bonnet-type car.

In summary, the risk of head injury depends on the impact velocity of the head and the stiffness of
the vehicle structure where head made contact. Furthermore, the head impact velocity and position of
the vehicle are affected by the vehicle shape because the pedestrian kinematics depend on it. The
results of the accident analysis that the bonnet-type car induces high injury risk to the leg and the van
induce high injury risk to the head and chest, agree with those from the mathematical simulations.

Fundamentally, these simulations are able to predict the head contact position and the injury risk to
the pedestrian. However, these simulations could not confirm the high injury risk to the head of the
pedestrian when struck by a mini car. As the head can contact with various locations of the car, it is

necessary to evaluate the head injury risks in the case of impact onto these areas.
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Figure 5.19. Pedestrian injury parameter (JE60).
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5.4. HEAD IMPACT TEST

5.4.1. Headform Impact Test Methodology

The head injury risk depends on the stiffness of the vehicle as well as on the impact velocity of the
head. The pedestrian head impacts various locations of the vehicle with different stiffness. Therefore,
the headform impact tests were carried out to evaluate the injury risk to the pedestrian head for impact
on the car frontal areas. The adult headform impactor prescribed in the proposed EEVC pedestrian test
procedure [EEVC 1994] was used (Figure 5.20). The outer layer of the adult headform impactor is
composed of a skin and sphere, and the mass is 4.8 kg. The acceleration is measured at its center of
gravity. The impact velocity is 40 km/h and the impact angle is 65° from the horizontal plane. In order
to clarify the injury risk to the head due to different body regions of the car, various impact positions
such as the hood top (WAD is 1500 or more), cowl, fender and the lower area of the windscreen were
impacted. In the area of the windscreen, the impact positions were varied by the distance from the
windscreen frame and A pillar. The Head Injury Criteria (HIC 36 ms), acceleration-time histories and
force-deformation characteristics are measured at each area of the car.

The velocity has a large effect on the injury risk to the pedestrian. The results of simulation showed
that the pedestrian head hit the windscreen of the mini car at a higher velocity than the medium sedan
where the head hit the hood (see Figure 5.18). Therefore, we performed the impact tests onto the hood
and windscreen at different impact velocities of 30, 40 and 50 km/h, and the HIC values are compared.

The same types of sub-compact cars (Toyota Collora AE91) were used in the tests. The windscreen
of this car is of laminated safety glass, which consists of three layers; i.e. an outer glass layer, a
Polywinyl Butyral (PVB) interlayer and an inner glass layer. The thickness of the outer and inner glass
is 2.3 mm, respectively, and that of the interlayer is 0.76 mm, which is the most commonly used
specifications for the windscreen. The headform impact tests onto the windscreen is shown in Figure
5.21.
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Figure 5.20 Adult head impactor [EEVC 1994]
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Figure 5.21. Head impact test on the windscreen.

5.4.2. Test Resuits

Impact location and injury risk

The impact locations and the test results are shown in Figure 5.22 and Table 5.1, respectively. The 36
impact tests were carried out on the hood, fender, cowl, windscreen, windscreen frame and A pillar. In
the hood, cowl and fender area that is prescribed in the EU test method, the HICs for only two
locations (experimental No. 3 and 4 in Figure 5.22) are less than the injury threshold (HIC 1000). The
rear hood and hood/fender areas produce high HICs. The HICs are extremely high and greater than
5000 in the locations of the hood hinge, the hood at the hood stopper, the corner of the windscreen

frame and the bottom of the A pillar.

HIC

O 0-500

O 500-1000
A 1000-2000
b @ 2000-3000

B 3000-5000
% 5000-

o

WAD 1600
WAD 1500

Figure 5.22. Distributions of HIC and impact location by the impact position for the tested car (40 km/h).
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Table 5.1. The HIC (36 ms) at impact locations (40 km/h)

No.  Impact location HIC | No.  Impact location HIC | No. Impact location HIC
1 Hood 4071 | 13 Fender 1489 | 25  Windscreen 947
2 Hood 1131 | 14 Hood/Fender 2934 | 26 Windscreen (center) 426
3 Hood 795 | 15 Hood/Fender 4143 | 27 Windscreen 2236
4 Hood 805 | 16 Hood/Cowl 2435 | 28 Windscreen 710
S Hood 110s | 17 Cowl 1733 | 29  Windscreen 5133
6 Hood 1984 | 18 Cowl (wiper pivot) 2256 | 30 Windscreen 2730
7 Hood (hinge) 6663 | 19 Cowl 2875 | 31  Windscreen 850
8 Hood 1548 | 20 Windscreen frame/A pillar 6892 | 32 Windscreen/A pillar 2990
9 Hood 1064 | 21 Windscreen frame 3228 | 33 Windscreen 2232
10 Hood 2003 | 22 Windscreen 2270 | 34 Windscreen 451
11 Hood (wiper pivot) 4706 | 23 Windscreen 2284 | 35 Anpillar 5240
12 Hood (hood stopper) 7770 | 24 Windscreen 2126 | 36 Apillar 4158

The car body shows various force-deformation characteristics when hit by the headform. Figure
5.23 shows the force-deformation characteristics of the main locations of the car. In the hood region,
the force has a peak at deformation of 25 mm, and after the hood reinforcement separates from the
hood, the force shows a plateau. However, the hood at the hinge and the hood stopper leads to the high
force levels of 20 kN. In the cowl area, the force increases consistently, whereas at the wiper pivot, the
force is high due to the deformation of the wiper pivot axis. The A pillar has a constant force level due
to the collapse of its box shape, but its force levels are high enough to cause serious injuries to the
head.

In addition to the baseline force-deformation characteristics of each car body structure, it was
found that the local high stiffness of the hood hinge, hood stopper and wiper pivot had a large effect on

the force-deformation characteristics and the HIC in headform impacts.
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Figure 5.23. Force-deformation characteristics of the car from headform impact tests (40 km/h).
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Figure 5.24. Force-deformation characteristics of the windscreen from headform impact tests (40 km/h).

The force-deformation characteristics were compared at the lower windscreen frame, 50, 150 mm
above the lower windscreen frame, and at the windscreen center (Figure 5.24). In the windscreen area
which is 50 mm above the lower windscreen frame, the force shows the inertial spike of about 7.5 kN
in the initial phase when the glass breaks. After that, the force increases, and the force-deformation
curve is similar to that of the windscreen frame. For the impact on the center of the windscreen, the
initial spike of the glass breaking is followed by a low plateau force of about 3 kN. This plateau force
level is due to stretching of the PVB interlayer of the HPR glass. In this area, the effect of the stiffness
of the lower windscreen frame on the force-characteristics is small. These results show that the force-
deformation characteristics of the windscreen are mainly affected by those of windscreen frame.

The bonded width of the windscreen and lower windscreen frame is larger than that of the A pillar.
This difference of the boundary conditions between the windscreen frame and the A pillar affects the
HIC value in the windscreen area. Figure 5.25 shows the relation between the HIC and the distance
from the windscreen boundary for three paths.

The HIC value has a maximum at the windscreen boundary for all paths, and it decreases with
distance from the boundary. The inclination of decrease of the HIC varies with each boundary. The
HIC value decreases gradually with the distance from the lower windscreen frame and it reaches less
than 1000 at a location of 190 mm above the lower windscreen frame. This can be attributable to that
the bonded width is large around the lower windscreen frame. It is also due to the fact that the oblique
impact angle and the interaction force experienced by the impactor with the windscreen frame are
large. Whereas for the A pillar, the HIC decreases abruptly. As the windscreen bonded area to the A
pillar is small, the deformation of the windscreen becomes large in such a way that the windscreen
boundary of the A pillar works like a hinged joint. The corner of the windscreen boundary is so stiff

that the HIC in the windscreen around this corner leads to high value. The HIC of path C has a similar
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tendency to that of path A when the distance from the lower windscreen frame is over 100 mm, which

means that the influence of the boundary by the A pillar is small in this region.
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Figure 5.25. The relation between the HIC and the distance from the windscreen boundary for the tested car
(40 km/h). The path A is from the lower windscreen frame, the path B is from the A pillar, and the path Cis
from the corner of the windscreen. For path C, the lateral axis indicates the distance from the lower windscreen
frame.

The HIC near the windscreen boundary depends on the stiffness of the boundary structures. A
contour map on the windscreen is drawn based on the test results (Figure 5.26). The region where the

HIC value is below the injury threshold (1000) occupies a large proportion in the windscreen.

3000 /
4000 fi1
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Figure 5.26. The HIC in the windscreen region in the headform impact tests for the tested car (40 km/h)

If we determine the head impact test procedure for the windscreen, it is sufficient to test near the
boundary of the windscreen, and the center area of windscreen need not be tested. This is because the
HIC has a maximum at the boundary of the windscreen. It is necessary to take into consideration that

the HIC has a highest value at the lower corner of windscreen boundary.
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The HIC is greater than the injury threshold (HIC 1000) in the area of the windscreen where the
distance from the lower windscreen frame is less than 190 mm. Therefore, it is important to design the
rear area of the hood to prevent head contact with the lower windscreen area. The A pillar is so stiff
that the HIC in contact with the windscreen around the A pillar becomes high. It is difficult to change
the stiffness of the A pillar, thus one solution may be that the location of the A pillar be changed to the
side so that the head can not make contact with this structure while taking the visibility of the driver

into consideration.

Impact velocity and injury risk

In order to clarify the effects of impact velocity, the relation between impact velocity and the HICs
were examined for the hood and the center of the windscreen by the impact tests. The results are
shown in Figure 5.27. The hood produces linear increase of the HIC with increasing impact velocity,
and the HIC value exceeds 1000 at 50 km/h. Although the impact velocity is 50 km/h on the
windscreen, the interlayer of the windscreen is torn (there was no penetration of the headform), which
results in a HIC value less than injury threshold. The fragments of the broken glass become larger with
higher impact velocity.

The head of the pedestrian hits the windscreen at a higher velocity than on the hood because the
pedestrian head rotates toward the car and contacts the windscreen during this rotation. As the HIC for
contact with the windscreen is still less than the injury threshold even at the impact velocity of 50
km/h, it is considered that in car-pedestrian impacts the injury risk to the head is low in the center of

the windscreen.
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Figure 5.27. The effect of the impact velocity on the HIC for the tested car.

114



5.4.3. HIC and Dynamic Deformation

The deformation necessary to keep the HIC below 1000 is important in order that a car may be
designed to reduce the likelihood of pedestrian head injuries. MacLaughlin et al. (1990) found in
headform impact tests onto the hood top (37 km/h) that the HIC is related to the dynamic deformation.
Their study was concerned only with the hood top, and this relation has not been analyzed
theoretically. In the following, this relation was examined based on theoretical analysis as well as

impact tests for the windscreen and the hood top.

Theoretical HIC
Here we examine the relation between the HIC and dynamic deformation based on the approximation

of the acceleration curve. Let the deceleration-time history of the headform a(t) [m/s’] be

approximated based on the curve of second degree of time ¢ (see Figure 5.28):
a(t)=-at(t -2,) 4.1

where a is coefficient for curve fitting, and r, is the time when the deceleration becomes a maximum.
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Figure 5.28. The model of headform deceleration.

The velocity of the headform impactor v(¢) [m/s] is given by:

t
v(t) = v, +fa t'(t’ - 2ty)dt’
0

3
—v, 4|t t?|a
0 3 0

where v, is initial velocity. The velocity becomes zero when ¢ = 1,. Thus using Eq. (4.2), the coefficient

(4.2)

a is expressed using v, and ¢, as follows:

a="-2. (4.3)

Integration of Eq. (4.2) yields the displacement of the impactor x(¢) [m]:
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4 3
x(t)=v01+(~;~5—f9§~)a (4.4)

The displacement has a maximum x, [m] when ¢ =,
to
xy =x(ty)=vot, -~4~a =§v0t0 (4.5)
According to its definition (see Eq. (2.14)), the HIC is calculated using deceleration as follows:

2.5

HIC = max {——]m j‘ﬂﬁ’l dt} (t, ~1,) (4-6)

Ost,5r, <2ty ty _{1 , g
)

where g is the acceleration of gravity (=9.81 m/s%). By introducing the variable ©=t -1,, the HIC can

be computed as follows:

25

gl 2_,2
HIC = max {3— fMdt} 21,) 4.7)
Os1y sty 4 A g
5 25
m/a(?a) L. (4.8)
§]

By using Egs (4.3), (4.5) and (4.8), the relation between the HIC and dynamic deformation is obtained

as:
HIC = 27319523 g 725, 8 5219 = 0.001882 v x ;' (4.9)

We call this calculated value the theoretical HIC. The theoretical HIC increases markedly with

velocity (vy), and decreases with dynamic deformation (x,). The HIC value is below 1000 if

x, >00934 m (4.10)

Based on this analysis, a dynamic deformation of 93.4 mm can make the HIC value less than the

injury threshold.

Experimental Results

The HIC results obtained from the headform impact test onto the car body (excluding the windscreen)
and windscreen are shown as a function of dynamic deformation in Figure 5.29. The HIC correlates
well with the dynamic deformation of the car body and windscreen. The HIC of the windscreen is
larger than that of the car body. This tendency is apparent for HIC values below 3000. It can be
considered that the high HIC of the windscreen is due to the inertial spike of the acceleration in the
initial phase. Figure 5.29 also shows that the theoretical HIC calculated using Eq. (4.8) agrees with the

headform test results.
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The approximation curves were calculated for the windscreen and the car body and are shown in
Figure 5.29. Based on these approximation curves, a HIC value of 1000 is associated with a dynamic
deformation value of 76 mm for the car body, and 89 mm for the windscreen, respectively. In order to

reduce the HIC below 1000, dynamic deformations greater than those values are necessary.
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Figure 5.29. HIC versus dynamic deformation in headform impact tests for tested car (40 km/h).

5.5. DISCUSSION

The injury risks to the pedestrian were examined based on the accident analyses, simulations and
impact tests. From the accident analysis using macro data, it was shown that the shapes of the vehicle
have a large influence on injury risk of the pedestrian. When the pedestrians are struck by bonnet-type
cars, the pedestrians tend to have serious injuries to their legs. In impact against vans, the pedestrians
are at high risk to serious and fatal injury to the heads and thoraxes. The probability of severe injuries
to the pedestrian is higher for a van than for a bonnet-type car.

Accident analysis using micro data indicated that when the pedestrians are struck by bonnet-type
cars, severe head injuries are caused by the A pillar, the windscreen close to the frame and the hood.
Stiff structures such as the windscreen frame and the A pillar have a high potential to cause serious
injury to the head which can cause skull fracture in addition to brain injury. In van-pedestrian impacts,
the windscreen frame and front panel can induce severe head injuries. The energy absorption
characteristics of these structures should be examined for reduction of severe head injuries. It was also

confirmed from the micro data that the probability of severe injuries to the pedestrian is higher for a
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van than for a bonnet-type car. One reason for this high injury risk is that the pedestrian head is apt to
hit the stiff structures like the windscreen frame and the frame in the front panel in impact against a
van.

From the mathematical simulations, it was elucidated that the pedestrian behavior is influenced by
the vehicle shape. Consequently, the impact locations and velocities of the pedestrian’s body vary. The
injury risks are compared for two opposite vehicle shapes of a bonnet-type car and a van. The
acceleration of the upper leg is high in bonnet-type car impacts, while that of the chest and HIC is high
in van impacts. These results agreed with accident analysis for body regions likely to be injured by
these vehicle types.

Based on the micro accident data, the impact locations of the pedestrian head have been found to
have shifted from the car front towards the windscreen area because of the short and steep bonnets of
the modern cars. Therefore, the headform impact tests were also carried out for various locations of
the car including the windscreen. The cowl, rear hood, hood/fender and A pillar produced high HIC
values. The HICs were extremely high at the hood hinge and hood stopper. The windscreen center
produces low HIC even at a high velocity of 50 km/h, whereas the HIC value becomes high for the
windscreen close to the frame. Thus, for reduction of the likelihood and the severity of the head injury,
it can be effective to design a car so that the pedestrian head contacts the windscreen center region in
the case of an accident.

The dynamic deformation required for a HIC value below 1000 is 76 mm for the car body, and 89
mm for the windscreen. However, it will be difficult to ensure this deformation for stiff parts of the car
such as the A pillar, cowl and windscreen boundary. One feasible solution will be to design a car body
so that the pedestrian head does not contact these regions on impact. For example, it is possible that
the cowl and windscreen frame be covered by the hood panel, and the A pillar is located to the side
and rear compared with the current car.

Accident analysis using macro data indicated that in impact with a mini car, the head injury risk to
the pedestrian is high (see Figure 5.3). This high injury risk to the head could not be reproduced by the
mathematical simulation because the head made contact with windscreen. The headform impact tests
showed that the HIC values are high near the windscreen boundary. As the mini car has a small
windscreen area, the pedestrian has a high risk of contact onto the windscreen boundary. In particular,
the head of shorter pedestrians can make contact with the lower windscreen region. This could be the

reason for high injury risk to the pedestrian head in accidents with mini cars.
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6. CONCLUSIONS AND REMARKS

6.1. GENERAL DISCUSSION

We will now carry out a general discussion on the total compatibility based on the results obtained in
this study.

Self-protection of the car has been considered to be most important in injury control strategies, and
it has saved many lives. However, since seatbelts and airbags have been installed in cars, it will be
difficult to make significant improvement of self-protection. On the other hand, partner-protection is a
new concept for an injury control strategy and has great potential to reduce the total number of
fatalities. Therefore, compatibility should be one of the injury control strategies. From Chapter 4,
comparison of the accident data between 1989 and 1997 shows that, though the level of self-protection
of the passenger has improved, partner-protection remains at the same level. This concept of partner-
protection can be applied not only in car-to-car collisions but also in car-to-truck collisions and
pedestrian impacts.

Due to the different fleet of vehicles, the compatibility situation varies from country to country. In
the US, the aggressivity of the LTV is the most important. However, according to the results of
Chapters 2 and 3, the low self-protection of the mini car and high aggressivity of the truck is the most
significant problem in Japan. Therefore, different strategies are necessary for compatibility in each
country.

In Japan, mini cars occupy about 14% of the passenger car market, and this ratio is increasing. If all
drivers of mini-passenger cars were to trade their current cars for small cars weighing 701-800 kg, the
number of drivers seriously and fatally injured in car-to-car frontal collision accidents would fall by
108 from 2,645 per year, based on a calculation in Section 2.5 using the numerical distribution of
passenger cars. Considering the economical side of the problems, it seems to be reasonable that mini
cars should be made safer and compatible with large cars rather than replacing them with small or
medium cars.

In two-vehicle collisions, mass difference has the largest effect on the compatibility, however,
modification of stiffness and restraint system can reduce this incompatibility. The size of cars also
affects the injury risk to the driver due to compartment intrusion. Geometry incompatibility can make
the improvement of the stiffness and restraint system invalid. Thus, the geometry incompatibility is
also a basic factor for consideration.

There may be two methods for improving the compatibility of the mini car according to the
simulation presented in Chapter 2. The first method is to stiffen the mini car along with an optimized
restraint system. Though this stiff mini car accomplishes a high level of self-protection, some side

effects should be considered when introducing such a car. Due to the high acceleration of this type of a
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car, the injury risk to the driver will be higher when the cars are involved in a collisions beyond the
concept of the design, i.e. out-of-position occupants, unbelted drivers and elderly drivers. As was
pointed out in Section 2.3, in the case where the airbag does not deploy, like a low velocity crash or
oblique crash, the driver in this stiff mini car is at higher risk to injury than an ordinary mini car. The
aggressivity of this stiff mini car should also be considered. The injury risk to the pedestrian can be
high. Based on the headform impact, it was found that the dynamic deformation of 89 mm is necessary
for the head injury risk to be less than the injury threshold. Even for a mini car, this crush space can be
fitted under the hood. Designing a car with a large windscreen area can also reduce the injury risk to
the pedestrian.

The second method is to improve the partner-protection of the large car which collides with a mini
car. A large car should become less-stiff in order to enhance the partner-protection. This situation will
reduce the driver injury risk in a large car for a single car crash to within the range of crash severity
where the compartment intrusion is small. However, in severe crashes where the intrusion becomes
large, the injury risk to the legs of the driver in a large car can be high. This injury risk can be
controlled more easily than that of the mini car.

The partner-protection of the road environment should be modified to protect the drivers in mini
cars as well as large cars. It is effective for the reduction of the driver injury risk in a single car crash if
the roadside objects absorb sufficient energy to prevent compartment intrusion into the car. Not only
should the guardrail be installed around stiff slender objects such as bridge structures and walls, but
also the energy absorption of the guardrail has to be improved because guardrails are not optimized for
this purpose.

Since the current test procedures of crashes into a fixed barrier are designed to evaluate the self-
protection of the car, we found in Chapter 3 that they cannot evaluate the compatibility of the car, even
if the impact velocity is varied. In order to evaluate the compatibility performance correctly, it is
necessary that the MDB crash test procedure is introduced. Based on this test procedure, the self- and
partner-protection of the vehicle should be evaluated. If the performances of self- and partner-
protection is within a certain range, the vehicles with extremely low self-protection or high
aggressivity will be eliminated.

Although vehicle mass has little effect in the crash test into a fixed barrier, the simulation and test
results in Chapter 3 showed that it has a large effect on the injury parameters of the driver dummy in
the MDB crash test. Therefore, this test procedure has the possibility to change the size of cars in the
car population, especially when the injury risks to the drivers in mini cars are passed on to users via
the NCAP tests. Accordingly, it is important to decide the levels of self and partner-protection in this
test procedure. The limits of the minimum and maximum sizes of the cars depend on these levels. One
strategy is to fix the levels of self and partner-protection based on the average car like a medium sedan.
As the number of the average cars is the largest, modifications will be necessary mainly for mini and
large cars. To get the same levels of self- and partner-protection as the average car, a mini car can be

stiffened and incorporate an optimum restraint system and the stiffness of the large car can be reduced.
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As this level will be decided on the current average car, the size of mini cars will be larger and that of
large cars will be smaller.

Another strategy is to decide the compatibility levels based on the mini cars. Small, medium and
large cars should include crush space for a mini car. However, for a car designed based on this strategy,
it will be difficult to ensure self-protection in a crash with a truck. In this strategy, it is necessary to
separate the traffic flow between cars and trucks which is not realistic. Considering the total cost and
benefits, it will be reasonable to design cars based on the first strategy where all cars have a similar
level of self- and partner-protection to that of the current average car.

As was described in Chapter 4, since the outcome of car-truck collisions are sometimes so severe
and there are a large number of deaths in these collisions, the improvement of truck aggressivity may
be most effective for reducing the total number of fatalities. The aggressivity of the truck also has to
be reduced not only for the mini car but also for the less-stiff large car that was found to be more
compatible with the mini car. However, JAMA introduced the guidelines on full rigid barrier crash
tests for the truck, which may lead to stiffer front structures of the truck. Only self-protection of the
truck is considered in that guideline, therefore, the geometry of the truck will not be improved. This
kind of crash test will lead to a low level of partner-protection. The total compatibility can not be
accomplished unless all the vehicles are designed considering the compatibility of the average car.

In designing a compatible vehicle, the pedestrian protection also has to be considered. Pedestrian
kinematics are affected by vehicle shape, and the injury risk is also affected by vehicle shape as well
as the vehicle stiffness. As the HIC values in contact with the windscreen are low except close to the
frame, designing a car so that the pedestrian head hits this area will be effective for reducing the injury
severity of the pedestrian. Thus, a wide windscreen area is recommended. This kind of design can also
be useful for protection of cyclists.

In the traffic situation in Japan, compatibility can be improved significantly by introducing stiff
mini cars with optimum restraint systems, large cars and trucks with low aggressivity, and vehicles

with pedestrian protection.

6.2. CONCLUSIONS

There have been many research projects which investigate vehicle compatibility. However, they were
based only on one method such as accident analysis or computer simulation. Accident analysis makes
the current situation clear. From computer simulation, it is possible to examine the injury risk, injury
mechanism and its countermeasures. In order to examine and understand the vehicle compatibility,
both accident analysis and computer simulation should be performed.

This thesis discussed the total compatibility of cars, trucks and pedestrian for various crash

configurations by using accident analyses, experiment and computer simulations. It was found from
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accident data that in Japanese traffic, the mini car and the truck have the most significant problems of
compatibility.

Mathematical models to evaluate the vehicle compatibility in car-to-car, car-to-truck and car-to-
pedestrian impacts were developed. By using these models, the injury risk to the driver could be
clarified in various crash configurations where the influences of acceleration and intrusion are large.

The injury risk to the pedestrian was also investigated using mathematical simulations.

The main results of each chapter can be summarized as follows:

In Chapter 1, the literature of vehicle compatibility was reviewed. The vehicle compatibility should
be investigated in each country since the vehicle compatibility is related to vehicle size and

population.

In Chapter 2, by the use of the accident data, the aspects of car compatibility in Japan were
discussed for car-to-car frontal, side and single-car collisions. By using computer simulations, it was
found that a high injury risk to the driver in a mini car was related to its high acceleration and large
intrusion, and furthermore countermeasures to improve the compatibility of a mini car were proposed.
The results of the analyses are summarized as follows:

(1) From accident analysis, the absolute injury rate of the driver in car-to-car frontal collisions was
formulated using the average mass of the car. A car with a mass of 1150 kg is the most
compatible among the current car population in Japan. This compatible car mass coincides with
the average mass of cars.

(2) In car-to-car frontal and side collisions, the SUV and the mini car are the least compatible car
types with high and low aggressivity to other cars, respectively. The medium sedan and the
wagon are considered compatible cars in car-to-car frontal and side collisions.

(3) A mathematical model that can evaluate the effect of acceleration- and intrusion-related injury
parameters of the driver was developed. This model was found to be useful to evaluate the
compatibility of the car.

(4) Simulations to investigate the safety of the driver in a mini car were performed by using
MADYMO for crashes into a rigid barrier and into a large car. The crash test of a mini car into a
rigid barrier was found to be insufficient to assure the safety in a crash into a large car. This is
because in a crash into a rigid barrier the acceleration greatly influences the risk of injury to the
driver of a mini car, whereas in a crash with a large car the effect of intrusion as well as
acceleration is large.

(5) The countermeasures for the safety of the mini car in car-to-car frontal collisions were suggested
based on MADYMO simulations. Firstly, the combination of the restraint systems in conjunction
with high stiffness of the mini car provides good protection for the driver in either crashes into a

rigid barrier or into a large car. Secondly, when a large car has additional crush space, it is
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effective for reduction of the injury risk to the driver in the mini car in both cases where a mini
car is stiff and less-stiff.

(6) The guardrail is the most compatible fixed object struck by a single car. It can reduce the fatality
rate on the prefecture roads by about 60%. If the other fixed objects in the road environment are

equipped with a guardrail, many drivers’ lives could be saved.

In Chapter 3, crash test procedures to evaluate the compatibility of the car in car-to-car frontal crashes
were examined from accident analysis, computer simulations and crash tests. The results are
summarized as follows:

(7) Based on the accident data, the overlap ratio of 40% of the car and impact angle of 0 degrees are
recommended to evaluate the risk of serious injuries to the driver in car-to-car frontal collisions in
Japan.

(8) According to the data of the NCAP test, it was confirmed that a full rigid barrier crash test and an
offset deformable crash test can evaluate the different features of crashworthiness. The
acceleration-related injury parameters in the full rigid barrier crash test are proportional to those
in the offset deformable crash test, whereas the intrusion-related injury parameters are in
inversely proportional.

(9) From the MADYMO simulations, it was found that the single-crash car test, such as the full and
offset barrier crash, can not evaluate the injury risk to the driver in car-to-car collisions, even
though the impact velocity is changed according to car mass. Only the MDB crash test procedures
will be able to reproduce the injury risk of the driver in car-to-car collisions.

(10) The MDB crash test was carried out by using a small car at a velocity of 112 km/h. Both
acceleration and intrusion-related injury parameters of a driver in the small car become large.
These values are higher than those in a full rigid barrier crash and an ODB crash tests using the

same type of car.

In Chapter 4, the aggressivity of the truck caused by the mass and the geometry difference was
evaluated for Japan traffic situations. To reduce the aggressivity of the truck, the front underrun guard
of the truck was examined using a mathematical simulation. The conclusions are as follows:

(11) In a car-to-truck collision, when the truck mass is less than 5 tons, the injury risk of the driver in
passenger cars increases with the truck mass. When the truck mass is more than 5 tons, this injury
risk does not change much.

(12) The aggressivity of the large truck was estimated to be very high in terms of the vehicle itself and
the human factors. This situation has not changed since 1989. Only self-protection of passenger
cars has been improved. In Japan, the high aggressivity of the truck and the poor self-protection
of the mini car should be considered in seeking to obtain the total compatibility in vehicle-to-

vehicle collisions.
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(13) In many car-to-truck collisions, the frame of the truck does not make contact with the car because
the overlap ratio of the truck is less than 1/3. The cars are apt to underide the truck due to the
stiffness and the height difference of the bumper.

(14) In order to improve truck aggressivity, the effect of the underrun guard was examined by using a
simulation. Stiffness effect analysis of the underrun guard showed that there is an optimal force
level that can minimise the deceleration, deformation and injury risks to the driver of the mini car.

It should be noted that this optimum force level depends on the crash velocity.

In Chapter 6, the compatibility between vehicle and pedestrian was examined based on the accident

analyses, simulations and impact tests.

(15) From accident analysis, it was found that when the pedestrians are struck by bonnet-type cars, the
pedestrians tend to sustain serious injuries to their legs. In impact with vans the pedestrians are at
high risks of serious and fatal injury to their head and thorax. The probability of severe injuries to
the pedestrian is higher for a van than for a bonnet-type car. This is because in van-pedestrian
impacts, the head of the pedestrian hits a stiff location such as the windshield frame and A pillar.

(16) Accident analysis showed that the impact locations of the pedestrian head are now shifted from
the car bonnet to the windscreen area. The windscreen does not cause serious injury to the
pedestrians head. The stiff structures such as the windshield frame and A pillar have a high
potential to cause serious head injury.

(17) The mathematical simulation showed that the acceleration of the upper leg was found to be high
in a bonnet-type car impact, while that of the chest and the HIC is high in a van impact. These
results are consistent with accident analysis for body regions likely to be injured by these vehicle
types.

(18) Based on the results of the headform impact tests, the HIC value was found to be high at the hood
hinge, hood stopper and A pillar. The distribution of the HIC value in the windscreen was
obtained from this test.

(19) The relation between the HIC and dynamic deformation was formulated based on the
approximation of the acceleration curve. This result was confirmed by impact tests. In order to
reduce the HIC below 1000, dynamic deformations greater than 89 mm are necessary for the
windscreen and greater than 76 mm for the car body.

(20) For reduction of the likelihood and the severity of the head injury, it is effective to design a car so

that the pedestrian head make contact with the windscreen center region.

This thesis clarified the importance of partner-protection as well as self-protection for compatibility.
Increasing the number of compatible vehicles in Japan seems to be the most effective strategy for

significant reduction of traffic fatalities and injuries in the future.
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