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Safety features and the degree. of safety expected of dual-mode systems are reviewed. Some of the inherent advantages 
and disadvantages of dual-mode transportation are also outlined. Possible categories of vehicle safety are defined to 
aid in developing measures of collision survivability in terms of human tolerance. The available analytical tools for 
crash worth in ess prediction are discussed, and the type of parameter studies that can be performed with computer pro-
grams of simplified simulation models are suggested. The importance of energy-absorption devices and impact energy 
management concepts is emphasized so that optimum design conditions can be attained. Finally, a review is made of 
some biomechanics dynamic models useful for the assessment of injury potential. 

The increase in automobile population and automobile 
use during the past decade combined with a correspond-
ing decline in the use of public transportation has re-
sulted in a severe strain on urban road and highway 
systems. The resulting traffic congestion has produced 
increased air pollution, travel times, and fuel con-
sumption. The reduction in public transportation ser-
vices in urban areas has resulted in a decreased mobil-
ity for the young, elderly, poor, and handicapped who 
cannot drive or purchase an automobile. The conven-
tional solution to traffic congestion is to construct new 
highways and increase the number of lanes of existing 
highways. This approach has not proved to be success-
ful in urban areas and has frequently resulted in an in-
crease in traffic congestion. Constructing new highways 
or widening existing highways is extremely expensive in 
terms of construction costs, land acquisition costs, and 
social and economic disruptions in urban communities. 

The dual-mode and personal rapid transit system 
concepts offer another àption for increasing the flow of 
people and goods. At the same time they provide the 
safety and convenience of the automobile and do not re-
quire excessive amounts of land and extensive new road 
construction. The use of automatic control of vehicles 
could result in a sevenfold increase in the capacity of a 
lane of traffic as discussed below. Two lanes of a dual-
mode operation would provide the equivalent service of 
a 14-lane highway. 

Highway capacity is currently limited by the driver's 
perception of his or her ability to detect an emergency 
condition and take appropriate corrective action. Fig-
ure 1 shows the relation between vehicle speed and ve-
hicle density for a simplified model of driver behavior. 
This model assumes that the vehicle acceleration is a 
function of the difference between the maximum speed 
a driver would travel on a given road and the distance 
and closing velocity between the vehicle and the one in 
front of it. The parameter a is a driver caution factor 
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that could depend on road conditions, weather conditions, 
or world tensions. Experimental data indicate that the 
curve for oe = 4 is a good approximation for freeway driv-
ing. The California highway rule recommends a separa-
tion of one car length for each 10-mph (16-km/h) speed 
increment. 

As shown in Figure 2, this decrease in speed as a 
function of traffic density results in a maximum through-
put of the highway lane for a = 4. The maximum capac-
ity is about 2000 automobiles/hour at an average speed 
of 30 mph (48 km/h). An attempt to increase the num-
ber of automobiles on the road will result in a further 
decrease in speed and a decrease in the net flow of traf-
fic. Above this critical density the traffic flow becomes 
unstable with stop-and-go driving conditions, resulting 
in further decreases in throughput andincreased likeli-
hood of low-speed accidents due to traffic congestion. 
Current efforts toward metering of freeway traffic by 
control of on-ramps and in some cases traffic control 
signals interrupting traffic flow are directed toward 
keeping lane densities below this critical value. 

In dual-mode operation the computer that controls 
the vehicle would have sufficient knowledge of the current 
and planned changes in the trajectories of the vehicles in 
front of another vehicle to permit headways closer than 
could be permitted were there a human operitor. The 
close control of speed would permit headways approach-
ing zero without risk of collision. The dual-mode sys-
tem could therefore have potentially the speed through-
put relation shown in Figure 2, making travel speed 
independent of density. 

The dual-mode vehicle operating on its own guideway 
provides some strong potentials for improved highway 
safety. 

Head-on collisions are impossible. 
Human error (or vehicle operation by drivers 

under the influence of drugs or alcohol) is eliminated. 
The computer can anticipate events that are miles 

ahead of the vehicle and take corrective action in a con-
trolled and programmable fashion, thus eliminating sur- 
prises and near misses. 	. 

Vehicles are inspected regularly, and maintenance 
is under central control. 	 . 
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The engineers concerned with the safety of such a 
system have asked the questions: What happens if some-
thing goes wrong? If there is a failure of a component 
in the control system, what is the likelihood of a colli-
sion? If the collision can occur, what injury will it pro-
duce? The permissible headways and component reli-
abilities are directly related to the crashworthiness of 
the vehicle. 

Accordingly, Transportation Systems Center is con-
ducting for the Urban Mass Transportation Administra-
tion design trade-off studies to evaluate the significant 
parameters affecting vehicle crashworthiness. The 
basic requirements for vehicle crashworthiness are that 

The vehicle be able to sustain low-speed impacts 
(under 10 mph, 16 km/h) with no occupant injury or func-
tional damage, 

The vehicle provide the occupant with injury pro-
tection at least equivalent to the automobile, and 

Overall system safety be at least equivalent to 
transit system standards and experience. 

While operating off the guideway, the vehicle must also 
conform to highway safety standards. 

This paper reviews some of the parameters relevant 
to this study and the status of the analytic tools to be 
applied in predicting dual-mode crashworthiness. 

INFLUENCE OF HEADWAY ON 
VEHICLE IMPACT VELOCITIES 

If an obstacle were to be introduced on the guideway and 
the maximum deceleration under emergency conditions 
was 0.34 g (11 ft/sec2 , 3.4 m/s'), the minimum warning 
that a dual-mode vehicle traveling at 60 mph (96.6 km/h) 
would require to permit stopping with no impact velocity 
is 

h=V 2/2(I1)=882/22=352ft 	 (1) 

If there were a delay in detecting the obstacle and acti-
vating the vehicle emergency-braking system, the im-
pact velocity would be given by 

V = (88)2 - 22h 	 (2) 

so that, if the emergency-braking system was activated 
at a distance of 176 ft (53.6 m) from the obstacle, the 
impact velocity would be 62.2 ft/sec (19 m/s) or 42.4 
mph (68.2 km/h). If the braking system was activated 
at 350 ft (106.7 m), the impact velocity would be 6.6 ft/ 
sec (2 m/s) or 4.5 mph (7.2 km/h). 

For a 20-ft (6.1-rn) automobile length, a requirement 
that the headway be greater than this emergency stopping 
distance (i.e., 352 ft, 107.3 m) would result in a require-
ment of 18 automobile lengths between vehicles com-
pared to the 6 automobile lengths proposed by the Cali-
fornia highway rule. Human drivers can operate at 
closer headways than the emergency stopping distance 
because the automobiles in front of them require a finite 
period of time to effect a velocity change. If the braking 
characteristics of the vehicles are identical, the mini-
mum headway required to produce a zero-impact veloc-
ity is the distance required for a driver to perceive that 
the automobile in front is decelerating and to brake his 
or her vehicle. If this reaction time is 0.75 sec, the 
minimum headway would be 66 ft (20.1 m) to avoid colli-
sion, which would be about 4'/3 automobile lengths. 

Equations for determining the impact velocity, V1 , 
as a function of headway, Do, involved in the collision 
of the rear of one vehicle and the front of another ve-
hicle 

e-
hide with initial velocities of V01 and V02  (at to, time of 

brake initiation of the leading vehicle) respectively, con-
stant deceleration rates of a, and a2  respectively, and a 
driver reaction time, tR, in the following vehicle (as 
shown in Figure 3) are as follows: 

V, = V12 - V11 	 (3) 

V11 = Vol - a, t, 	V11 = 0 fortj (Voj/a,) and a1 = 0 

V12V02-a2(tI-tR) 	tR < t1 

V12V02 	t1 4  t 

D0  + D = V02t1 - 1/2a2(t1 - tR )2 	D = V01t1 - Y2a1 (t1)2  

= (V02 - V01)t1 + '/2 [a1 t -22  01 - tR)21 	 (4) 

Variations of impact velocity with headway distance 
are shown in Figure 4 for three situations. In each situ-
ation both vehicles are assumed to have the same initial 
velocity. Initial velocities are 60 mph (88 ft/sec), 30 
mph (44 ft/sec), and 10 mph (14.7 ft/sec) [96.6 km/h 
(26.8 m/s), 48.3 km/h (13.4 m/s), and 16.1 km/h (4.5 
m/s) 1. Both vehicles decelerate at lift/sec (3.7 m/s), 
and driver reaction time is 0.75 sec. Figure 5 shows 
a comparison of impact velocity with headway distance 
when there is no deceleration (braking failure) by the 
following vehicle. As might be expected from Figure 3, 
maximum impact velocity is the same for the three situ-
ations shown in Figure 4; with that length of headway 
distance, maximum impact velocity decreases as initial 
velocity decreases. As also might be expected from 
Figure 3, the initial and final portions of the plot in 
Figure 4 are symmetrical. Tailgating reduces impact 
velocity rapidly with decreasing headway below 3 ft (0.9 
m). The distance involved, however, would seem im-
practical for the human vehicle operator; but, if dual-
mode instrumentation and computer automation could be 
designed to detect particular closing speeds and distances 
and give relevant decisions, close headways are feasible. 
However, in the event of a major system malfunction, 
such as braking failure, relatively large impact veloc-
ities could occur, as indicated in Figure 5. 

CRASHWORTHINESS AND CATEGORIES 
OF VEHICLE SAFETY 

Since dual-mode system (DMS) development, even with 
shorter headways, must reproduce or improve on the 
degree of safety that is expected for the automobile, the 
definitions of safety in terms of past research for auto-
motive vehicles must, at the least, be adopted in DMS 
crashworthiness studies. The vast amount of work that 
has already been carried out for automobile and rail ve-
hicles (1, 2, 3,4) has given rise to analytical simulation 
models that have proved to be important aids in the pre-
diction of vehicle crashworthiness. The availability of 
such tools can also be useful for DMS studies. The 
more recent possibility of using scale-model crash 
testing should also form an important adjunct to such 
studies (5). 

The crashworthiness of dual-mode vehicles must be 
designed so that it may accept controlled collision possi-
bilities and be useful in delineating possible categories 
of vehicle safety that can be used in conjunction with 
various design and automatic control strategies. For 
convenience, the following qualitative categories can be 
defined: operational (no injury or damage), operational 
(no injury, minor damage), and safe (no fatalities, minor 
injury, nonoperational damage). Trade-off studies, 
using computer simulation models, can allow a more 
quantitative separation of these levels. Collisions at 
different speed ranges will be associated with the above 
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Figure 5. Variations of impact velocity with headway distance for two vehicles that have initial velocities but only one 
decelerates. 
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'categories, which may or may not include passenger-
restraint devices. Now, research and tests by human 
volunteers (6) indicate that deceleration levels as high 
as 35 g can be tolerated by humans under proper re-
straints and no impacts from sharp edges or packages. 
Automobile tests of adequately restrained bodies indi-
cate tolerable acceleration levels as high as 35 mph 
(56.3 km/h) for frontal collisions with fixed objects; 10 
mph (16.1 km/h) for side collisions with a tree or utility 
pole; and 25 mph (40.2 km/h) for side collisions with 
similar size vehicles. 

This discussion indicates the particular importance  

of energy -absorption devices for optimum energy man-
agement to allow reduction of peak g levels. For in-
stance, by increasing the impact deflection via appro-
priate crush devices, peak g levels can be decreased, 
and, together with selective use of several levels of 
energy absorption in the vehicle design, a nearly con-
stant acceleration could well be attained. The various 
safety levels alluded to must necessarily be derived by 
properly correlating injury criteria with the vehicle 
structural response, which can be calculated by using 
appropriate analytic tools to p.erform parameter studies. 

In design trade -off studies by the Transportation Sys - 

Figure 4. Variations of impact velocity with headway distance for two 	8 
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tems Center, some of the parameters being considered are 

Bumper and energy absorber deformation char-
acteristics (i.e., in terms of force levels and stroke 
lengths), 

Relative locations of absorbers and large masses, 
Restraint systems and biomechanics parameters 

(i.e., peak g levels tolerable), and 
Overall allowable vehicle crush distances. 

The available analytical tools used to conduct these 
studies are described in the next section. 

ANALYTICAL TOOLS FOR 
CRASHWORTHINESS PREDICTION 

In recent years various simulation programs have been 
developed to model the dynamic structural response 
under vehicle impact conditions. The models vary from 
the simple ones that give only average features of the 
overall response to the complex ones that provide greater 
detail in the response. Limited success has been 
achieved by using simplified spring-mass configura-
tions with nonlinear resistances modeled by means of 
individual or group-component testing or other avail-
able information (7, 8, 9, 10, 11). Good overall agree-
ment with vehicle-impa ct tests has shown that such 
simple models can be used successfully for specific 
configurations in conjunction with engineering judgment. 
In many cases they will be sufficient where "ball-park" 
predictions will serve to clarify the alternatives in any 
decision involving designs and standards. As will be 
discussed later, any dynamic response or crashworthi-
ness analysis or both will serve to yield information 
helpful toward the identification of significant param-
eters 

aram-
eters that would allow extrapolation of available crash 
test data and the judicious planning of future tests; cor-
relation with injury criteria in the development of safety 
limits and design standards; and proper design for en-
ergy absorption to optimize energy management during 
impact. 

Of the simplified spring-mass models, representa-
tives are the Tani-Emori (7) and the Kamal (8) models. 
In the Tani-Emori barrier impact model, there are two 
masses and four nonlinear resistive elements that rep-
resent gross structural properties. The model is ca-
pable of establishing general trends, and good correla-
tion with test results of peak-body deceleration has been 
shown to be within 10 percent. i In the Kamal model, 
there are three masses and eight nonlinear resistive 
elements. Masses represent the passenger compart-
ment, engine transmission unit, and engine cross mem-
ber. The resistances are determined experimentally 
by crushing gross vehicle components quasi-statically. 
In addition, an empirical strain rate correction factor 
is used in the program. The model can be used to per-
form parameter studies for existing designs and to pre-
dict general vehicle behavior (average values of accel-
eration are predicted). Good correlation with test re-
sults has been shown for body displacement and velocity. 

A larger spring-mass model that can handle a greater 
number of parameters is embodied in the Battelle com-
puter simulation program (9, 10). The Battelle model, 
shown in Figure 6 (10), handles collinear vehicle-to-
vehicle as well as vicle -to-barrier impact conditions. 
It can include 4 masses and as many as 35 nonlinear re-
sistances in the form of elastoplastic springs, hydraulic 
energy absorber elements, and viscous dampers. The 
load deformation characteristics are obtained from theo-
retical or experimental data or both. An empirical 
strain rate correction factor is also included in the pro-
gram. Rebound characteristics are programmed into  

the model for the purpose of handling impact between ve-
hicles of different sizes in aggressiveness studies. This 
aspect of the program has yet to be checked out. The 
model has shown good simulation ability and in its pres-
ent form is a useful tool for predicting general and spe-
cific behavior; for making preliminary evaluations and 
comparisons of vehicle energy -absorption devices; and 
for aiding in planning and evaluating crash tests. 

With regard to the Battelle FMCCM model simulation 
ability, predicted values of peak vehicle crush using 
FMCCM runs fall close to a median line (Road Research 
Laboratory data curve) for a large variety of current 
production automobiles (Figure 7). Also, good correla-
tion is indicated for predicted engine deceleration/time 
response for an FMCCM run and an experimental result 
obtained by Emori and Tani (7). 

The next step in complexity for analytical simulation 
models involves the frame models (12, 13, 14, 15, 16). 
The Calspan model (12), which represeRs T e earliest 
development in this regard, is applicable to two-
dimensional frame structures. It is essentially a finite-
element model with straight-beam elements, lumped 
masses at nodes, and localized plastic hinges at pre-
selected nodes. The program is operational and at pres-
ent can be useful for simple front frame and bumper con-
figurations (Figure 8). 

The 3 -D TSC model (13), being developed at the 
Transportation Systems Center, can be regarded as a 
three-dimensional extension of the Calspan model in the 
sense that the assumptions on ideal plastic hinges and 
lumped masses at nodes are the same as those given by 
Shieh (12). The analysis and computer implementation 
of the TSC model are more heavily based on finite-
element techniques (17, 18, 19, 20,21,22), which are 
being used to also include lumped parameter elements 
in the program by means of substructuring concepts (23, 
24). Another three-dimensional frame model, developed 

Lockheed and referred to as KRASH (14), has been in-
stalled and is running on TSC equipment. It is, however, 
operational only for specific aircraft applications at the 
present time. Much more work is needed for these and 
other more complex models (15, 16) to make them opera-
tional. By and large they are still in the prototype stage 
and have a limited number of check cases to their credit. 
It appears then that for the present the simplified mass-
spring models, tailored specifically for dual-mode con-
figurations, will form the initial analytical tools. 

In summary, the simplified lumped parameter models 
are to be regarded as especially useful in making design 
trade-off studies in which many parameters are involved 
and larger models would be expensive. On the other 
hand, the large finite-element models are more suitable 
when a proposed design is studied for which parameter 
values are relatively fixed. 

PARAMETER STUDIES AND 
ENERGY MANAGEMENT 

By using analytical tools oriented specifically toward 
DMS configurations, parameter studies can be performed 
to yield useful data, especially during the feasibility 
stage of new ideas. Such studies will aid in identifying 
the important parameters characteristic of dual-mode 
vehicles and be useful in future crash testing, standard 
formulation; and structural design and optimum energy 
management concept development. The several design 
parameters will be defined, among other things, with 
respect to (a) bumper configurations, (b) energy ab-
sorbers and their relative locations, (c) shape and ori-
entation of structural members (i.e., frames, compart-
ment, engine or motor mounts), (d) overall and indi-
vidual mass c.g. locations (i.e., engine or motor, pas- 
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Figure 6. Battelle collision models. 
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senger compartment, (e) weight of payload relative to 
structural weight, and (f) guideway elasticity. 

To contribute data for purposes of defining useful 
measures of safety and collision survivability, other im-
pact parameters will consider (a) permissible overall 
crush distances and stroke lengths of absorbers, (b) 
maximum acceleration levels at selected points, (c) 
parameters that can be used in conjunction with injury 
criteria related to critical body regions (i.e., head, 
chest, pelvis, and femurs), and (d) restraint-system 
characteristics. 

The model studies can be made to simulate various  

types of collisions, which can be classified according to 
the following impact arrangements: (a) impact into a 
rigid pole or line barrier, (b) impact into a flexible pole 
or line barrier, and (c) impact of two simulated vehicles 
that are of the same size or of different sizes and are 
involved in bumper -to-bumper and head -on collisions. 
The spring-mass models can be used in parameter 
studies in which stroke lengths and absorber activation 
forces will be design variables and the effects of differ-
ent absorber characteristics and their location on peak 
acceleration can be evaluated. 

The results of the various studies of simplified im-
pacts between vehicles of different sizes can help in de-
signing for least damaging aggressivity. For instance, 
a particular alternative might be to favor small vehicles 
and use different absorber force levels in each vehicle 
weight class. Studies can also be made to differentiate 
between high and low-speed impacts. For instance, in 
a defined "low" speed collision, the absorber will not be 
activated and the bumper with an auxiliary "oleo strut" 
device might be sufficient. It will also be possible to 
study the concept in which activation "multistage" ab-
sorbers can be defined to occur at certain established 
impact speed levels. 

Proper energy management (i.e., optimum location 
of absorbers in the vehicle, force -deformation charac-
teristics, proper use of restraint systems) can be in-
strumental in achieving safety at high-speed levels. In 
regard to energy -absorption devices, a general classifi-
cation includes (a) innovative bumpers, (b) collapsible 
frames and structures, and (c) passenger-restraint sys-
tems. For high-speed collisions, devices in the second 
category play an important role and are discussed at 
length in other reports (4,25,26,27,28,29). The param-
eters that define different sibFs ariTa) maximum 
energy absorbed in a given stroke (determines the speed 
of impact that can be decelerated), (b) peak force in a 
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Figure 9. Energy-absorber characteristics. 
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given stroke (leads to peak deceleration to be experi-
enced by occupants), and (c) stroke length. The favored 
device attains least peak force for a given absorption 
energy and stroke. 

A typical force-stroke curve is shown in Figure 9. 
The linear portion of the curve is desirable in that the 
jerk rate is limited. Another desirable feature is to 
have a substantial flat portion. Since the area under the 
curve equals the kinetic energy that can be absorbed, 
the flat part of the curve implies uniform force levels 
during absorption. Selection of an appropriate device 
depends on the application. For instance, a variable 
force device could provide lower stroking forces for 
low-speed impacts while avoiding the extremely long 
strokes necessary for high-speed impacts. A low ini-
tial force followed by a higher force (at longer strokes) 
could be achieved with a velocity-sensitive device, but 
it could also be achieved with multiple-stage, constant-
force devices (4). As detailed in other reports (4, 25), 
selection can be made from extrusion devices, material 
deformation devices, and friction devices. In any case, 
some devices can yield shorter stroke lengths for a 
given amount of energy, while others are more easily 
adapted for reusability. Both will influence DMS design. 
On the basis of weight and cost, crushable honeycomb 
appears to be the simplest, lightest, and least expensive 
system that can provide a constant deceleration (4). 

BIOMECHANICS DYNAMIC MODELS 
AND ASSESSMENT OF INJURY 
POTENTIAL 

Well-defined ranges for certain parameters that will 
allow quantitative evaluation of passenger safety need 
to be developed. In this regard biomechanics dynamic 
models are essential so that the structural dynamic re-
sponse can be related to injury criteria. As such, 
mathematical models of different aspects of the accel-
eration response of the human body have been developed. 
Some results to date have yielded the acceleration wave-
form for the passenger compartment most beneficial to 
the occupant, as shown in Figure 10. Simple studies of 
an articulated model of the occupant bear this out (30, 
31). In a frontal impact, for a fully lap- and 
E—elted occupant, these studies show that an early high 
deceleration pulse followed by a lower sustained decel-
eration level (Figure 10) is least damaging to the passen-
ger. Experimental investigations have substantiated 
these studies (33). Excellent reviews on various models 
are given elseEere (34, 35). For instance, the mathe-
matical model of the head and neck that is described by 
Martinez and others (36) and shown in Figure 11 can be 
viewed as a development aimed ultimately at direct in-
jury prediction in the sense that it simulates the body 
mechanism (i.e., the head-neck action) associated with 
the specific injury of interest, whiplash. As more de-
finitive injury criteria are developed for this type of in-
jury, the analytically predicted actions can be compared 
with injury thresholds. The head-neck model (36) is 
limited to planar motions in rear collisions anciTh linear 
system characteristics. 

Another highly simplified situation considers point-
mass models that have been used in fundamental studies 
(37, 38) of the behavior of a restrained occupant in a 
frontal automobile collision (Figure 12). The evaluations 
of injury potential (38) were based entirely on considera-
tion of the occupantI.e., point mass) deceleration. The 
evaluations of relative injury hazards (37) were based 
on predictions of the velocity with whichihe simulated 
occupant would strike the vehicle interior, with consid-
eration also given to the level of occupant deceleration 
produced by the restraints. These models, although  

simplified, can be used with analytical computer simula-
tion of vehicle structural dynamic response to obtain 
useful indexes of injury. 

RECENT STUDIES IN PREDICTING 
OPTIMUM CRUSH CHARACTERISTICS 
OF VEHICLES 

An important area, being studied at the Transportation 
Systems Center, involves the ability to design for opti-
mum crush characteristics of vehicles of various sizes. 
It is related to energy management concepts and the 
proper use of energy-absorption devices. For instance, 
depending on the strategy, lighter vehicles in a collision 
may require absorbers that must deform with larger 
crush distances than may be required by heavier vehicles. 
Two possible strategies are indicated in Figure 13. In 
strategy 1, all new vehicles should be capable of collision 
with a rigid 8000-lb (3629-kg) vehicle closing at 100 mph 
(160.9 km/h) and colliding at 50 mph (80.5 km/h) with a 
rigid barrier. In strategy 2, all vehicles should be ca-
pable of collision with a rigid barrier at 50 mph (80.5 
km/h), and all smaller automobiles that are closing at 
100 mph (160.9 km/h) and are designed to this criterion 
must be protected. Other trade -offs are currently under 
study at the Transportation Systems Center. 
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