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ABSTRACT

Objectives. To estimate how adding mass, in the form of a passenger, to acar crashing
head-on into another car, affects fatdity risks to both drivers, and thereby distinguish between
the causa roles of mass and sze.

Methods. Head-on crashes between two cars, one with aright-front passenger and the other
with only adriver, are examined usng Fatdity Analysis Reporting System data.

Results. Adding a passenger to a car leads to a 14.5% reduction in driver risk ratio (risk to
one driver divided by risk to the other). In order to divide this effect between the individua
drivers, equations are developed which express each driver’ srisk as afunction of causa

contributions from the mass and size of both involved cars.

Conclusions. Adding a passenger reduces adriver’sfronta crash fatdity risk by 7.5%, but
increases the risk to the other driver by 8.1%. The findings are gpplicable to some single-car
crashes, where the driver risk decrease is not offset by any increase in harm to others. All cars

carrying the same additiona cargo reduces total population risk
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I ntroduction

More than 25 years ago research established that drivers of larger, heavier cars have lower
risks in crashes than drivers of smdler, lighter cars[1-5]. However, the question of how adding
mass to an exigting car affects safety has remained unanswered. One common way to express
thisquestionis“Am | safer if | put bricksin my trunk?” While kinemétic consderations [6,7]
suggest an answer, there are no empirical studies. Data setsrardly contain information on cargo,
or on actua mass during crashes. All that is generdly coded is a curb massthat isidentica for

al cars of the same make and modd. Information is, however, available on occupants.

The present investigation estimates how adding mass to existing cars affects driver fatdity
risk by interpreting the addition of a passenger to be equivaent to the addition of cargo. Head-
on crashes between two cars are examined using 1975-1998 Fatality Analysis Reporting System
(FARS) data[8]. One car contains only one occupant, adriver, while the other containsaso a
right-front passenger. If dl other factors are the same, the masses of the cars differ by the mass
of the passenger.

The results contribute to the development of an equation which distinguishes between
causa contributions from mass and Sze. The many relationships reported between fatality risk
and car mass [1-7, 9-24], and between fatdity risk and car size [3,9-10,17-26] cannot distinguish
between such causal contributions because mass and size are so highly corrdlated [19]. The
equation derived expresses the risk to a driver as a function of the size and mass of both involved

cars.

Empirical Study

Method
The method, from an earlier study [11], is described briefly below. From aforma

perspective, each car involved in atwo-car crash can be considered to play a symmetrica role --
they crash into each other.

For every crash between two cars of known mass, car and cary,, we can define amass

raio, |, as
Mass of cary,
(@) UM = Y%¥a¥a¥YaYaSa
Mass of cary

and adriver fadity rik ratio, R, as
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Probability of driver fatdity in carg
2 R = ¥%¥%%¥¥%YaYa¥a¥YaYaYaYaYaYaYa
Probability of driver fatdity in car,

Earlier studies[10, 12, 19] found that
€) R=p

fitted well data for many categories of two-car crashes. For the case of interest here, cars
crashing head-on into each other, the value of the parameter isu=3.58 (Figure 1). Equation 3
gppliesto cars which are not differentiated by any attribute other than mass, so, by definition,
R=1 when p =1. Therdationship isthus consirained to pass through the point p=1, R=1 Fitting
data to Equation 3 yields only one parameter, u.

When cars of the same mass crash into each other, Equation 3 provides no useful
information. However, five sets of data [9,10] and a caculated relationship [7] support
(Figure 2) that the relative driver risk, Rum, when two cars of the same mass, M, crash into each

other isgiven by
(4 Ruym=0dM,
where cis a constant.

Equations 3 and 4 and their associated Figures 1 and 2, may be regarded astwo “laws’;
both refer only to relativerisk. Later they contribute to an equation to estimate risks to
individud drivers

If the cars are differentiated by some attribute other than mass, say cara isold and cary, is
new, then the vaue of R when =1 in Equation 3 measures the influence of car age on fataity
risk. The earlier sudy [11] found that the relationship

() R=Au

fitted well such cases; the parameter A estimates the influence of the attribute when the masses
areequa. Inthe present gpplication, the cars differ in the attribute that car, contains a passenger

and carp, does not.

Data
Two-car crashes stisfying the following criteria were extracted from Fataity Anayss

Reporting System [8] datafor 1975-1998 .
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One car carries adriver and aright-front passenger, whereas the other has only adriver.

Frontal crashes only, defined as principa impact point [8] = 11, 12, or 1 o' clock for both
cars.

At least one of the drivers was killed (crashesin which the passenger was the only fatality
were excluded).

All three occupants were coded as unbelted.

Thisfiltering process produced a sample of 3118 crashes. Each of the 15 points plotted in
Figure 3 uses at least 200 crashes.

Results
Thelinein Figure 3 isaweighted least squaresfit to

(6) Ln(R) = Ln(A) +uLn (W),
the naturd logarithm transformation of Equation 5.

Thefit givesu = 3.36 £ 0.10, and, more central to the present study, A = 0.855 + 0.023. It
is convenient to discuss A in terms of 7R = 100* (A-1)/R, the percent changefromthe R=1
value. The finding from Figure 3 isthat the presence of a passenger gives R =-(14.5 + 2.3)%.
This effect arises from an undetermined decrease in the accompanied driver’ srisk and an
undetermined increase in the lone driver’ srisk. None of the equations above apply to adding

mass to exigting cars. They are dl based on datain which heavier cars are larger.

Calculation of intrinsic mass and size effects

When two cars, car, and car,, of curb masses m, and m, crash into each other, the first of

the two “laws’ (Equation 3) gives

(7) R= (m/m)’

whereR = theriskin car, divided by therisk in car,. In what follows, m, will generdly be
larger than m,,, so R will be less than one.

Now compare driver risksin the following two crashes. Thefirst crash is between two cars
each of equal massm,. The second is between two cars each of equal massm,. The second
“law” (Equation4) gives

Risk when two m, cars crash into each other

(8 Y0YaYaYaYaYaYaYnYaYnYaYaYaYaYaYaYaYs = mz/m1
Risk when two m, cars crash into each other
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When two bodies of the same mass crash into each other, Newtonian Mechanics shows that
the value of the mass does not affect their post-crash trgectories. So, dthough Equation 8 is
expresd in terms of mass, the causdl effect isintringcaly sze.

The relationships above suggest expressing therisk, r, faced by the driver of car, in

collisons with car, as

— K t
9 = ?#113/1 ?ﬁéﬁ X (m/m,)
wherek is an arbitrary scaling constant and t is a parameter. Choosing k = 2800 kg leads to the
convenience of adriver risk of one for the base case of two 1400 kg cars crashing into each
other. Therisk, r,,, to the driver of car, in this same crash is given by Equation 9 with m, and m
interchanged.

Therisk ratio, R =r /r, reproduces the first “law” (Equations 3,7) provided t = w2 (= 1.79).

If car, and car, have the same mass, say m,, and crash into each other, the risk to each driver is
k/(2 ml). If the cars have identicd mass m, thentherisk isk/(2 n12). Theratio of these
reproduces the second “law” (Equations 4,8).

Based on the above, we decompose Equation 9 into two components, one reflecting
intringc sze effects, and the other intrinsic mass effects.

(10) r = k x  Im+m) x (m/m)!

[net effect] = [intrindcsze] x  [intringc mass|

Theintrinsic mass effect is what hgppens if mass changes, but Size does not. Theintrinsc Size
effect iswhat happensif sze changes, but mass does not.

Although presented as a function of mass, the intringc size effect should be considered
exclusvely afunction of the szes of the cars associated with the indicated masses. For example,
mass and whed base are approximately related by m = 109 W251, where mis massin kg and W
iswhedbase in meterq18]. Whileit isformaly superior to subgtitute whedbase vauesinto the
intringic Sze component, we do not do this because of the resulting increase in equation

complexity.
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Derivations from relation between driver risk and both car masses

Equation 10 can be used to explore how changing the mass and/or Size of cars affects the
risk to driversin each car, the totd risk in the crash (the sum of the risks to both drivers), and the
totd risksin the populations. Reducing tota risk is generdly agod of safety policy. However,
areduction in total risk may dill involve an increasein risk to some drivers. Some examplesin
which both cars are initidly 1400 kg, are presented below and summearized in Table 1.

Adding cargo (or passengers) to a car
When 75 kg cargo is added to a car;, the Size term remains fixed at 1/(1400+1400), but the

intrinsic mass term becomes (1400/1475)*"° = 0.911 for one driver and (1475/1400)*° = 1.098
for the other. Thus the cargo reduces the risk to driver; by 8.9%, but increases the risk to driver;
by 9.8%, leading to atotal risk increase of 0.4%. For any added cargo, total risk exceedsthe
initid vaue of 2 (the horizonta line in Figure 4) by amounts that increase with cargo mass.
However, thisisfor the cases of carsthat are initidly the same mass. If the masses are not

initidly equd, there is dways a range of cargo mass that, when added to the lighter car, reduces
total risk.

The risk ratio associated with adding 75 kg cargo is R = 0.911/1.098 = (1400/1475)%°8 =
0.830, or 7R = -17%, compared to the observed (Figure 3) value associated with adding a
passenger, 7R = -14.5%. The -14.5% vaue can be divided between the two drivers by rescaing
the individua risks to match the proportions for the calculated addition of 75 kg cargo. This
leads to the conclusion that adding a passenger reduces driver risk by 7.5%, but increases risk to
the other driver by 8.1%, for an increase in total risk of 0.3% (Table 1).

For cars of the same crash mass crashing into each other, adding identica cargo to each
does not affect risk. However, for crashes in which crash massis not identical, adding identical
mass to each car reduces total risk. For example, a crash between 900 k and 1800 kg cars gives
driver crash risks of 3.95 and 0.34, for atota risk of 4.29. If 75 kg is added to each car, the
risks become 3.68, 0.36, and 4.04. Adding 75 kg to both cars reduces tota risk by a 6%.

Items that can move within a car during a crash influence crash dynamics less than items
fastened to the car structure. The somewhat smaler empiricd effect for passengers compared to
the predicted effect for increasing mass by 75 kg (DR = -14.5% compared to -17.0%) is
cons stent with reduced dynamic effect due to passenger motion, but too uncertain to justify
gpecific conclusions. All occupants were unbelted because there were insufficient belted cases.
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Replacing a car by a different car

When acar isreplaced by adifferent car, dl quantitiesin Equation 10 are replaced by the
masses of the new car, reflecting thet if it is heavier, it will dso belarger. Replacing a 1400 kg
car with a 1475 kg car leads to lower risks to both drivers compared to when 75 kg of cargo is
added (Table 1). In particular, the total risk declines by 2.2% compared to the 0.3% increase for
adding cargo.

Asthe car is subgtituted by another, total risk continuesto decline as car mass increases
until reeching a maximum decrease of 4.2% at my = 1670 kg (Figure 4, top). Totd risk is
reduced when a 1400 kg is replaced by any car with mass less than 2015 kg. As only about 3%
of carsin FARS are heavier than this, replacing a 1400 kg car by amost any heavier car reduces
totd risk. Replacing any individua car by aheavier one will in the vast mgority of cases reduce
tota population risk; quantitative estimates require detailed modeling incorporating Equation 10

and the digtribution of cars by mass.

For any two-car crash, replacing both cars by others heavier by afixed percent, or by a
fixed amount, aways reducesrisk. It followsthat replacing dl the carsin a population by cars
lighter by afixed amount or percentage will necessarily increase population risk.

Equation 10 shows that when the Size of ether car increases (with masses kept constant),
risk decreases for both drivers. The plausibility of this can beillustrated by considering what
would happen if adeformable object (think of avery siff mattress) were placed between the cars
just prior to impact. Thetime for the carsto complete their (unchanged) speed changes will be
increased, approximately, by the time taken to crush the object, thereby reducing forces on both
drivers. Therisk reduction issmilarly avallable if the deformable object is transported to the

crash scene in the form of increased sze of @ther of the cars.

Correction when one mass becomes very large
Equation 10 predicts that as mass increases indefinitely, risks increase without limit. This

cannot happen. Consider cars of equa mass crashing head-on into each other at, say, 40 knmv/h.
Each will undergo a speed change of 40 kmvh (using some smplifying assumptions). As one of
the cars becomes heavier and heavier, its speed change approaches zero and the lighter car’s
gpproaches 80 kmvh. A rdationship (Figure 3 of Reference 19) indicates that doubling the speed
change increases fatality risk by (at most) afactor of 23. Estimated driver risk can be
congtrained to never exceed 23 times the base case by multiplying by a correction multiplier to

gve
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k 11.5
(11) r. = % 3/4 ¥ x (m/ ) X ?/4 ?/4 Y. ?/4 ?/4 ?/4 3 4 Y. 3/4 3/4 3/4

The correction multiplier isvery closeto 1 unless mZ/ml or ml/m2 become large. For the

range of masses in this paper, differences between estimates using Equation 11 and Equation 10
generdly agree to within about the thickness of the lines plotted in Figure 4. As mass

differences increase, difference between the estimates from the two equations increase. For my =
600 kg and np= 2400 kg, Equation 10 predicts r; = 11.16, whereas Equation 11 predicts 10.01
(asabove, k =2800 kgand t = w2 = 1.79). For expository clarity, dl vaues presented in this
paper were computed using Equation 10. In no case was the value materidly different from that
computed from Equation 11. Equation 11 is preferable because it not only satisfies the two
“laws’, but also has unobjectionable asymptotic behavior. Satisfying dl these conditions does
not guarantee its accuracy. However, inferences using equations that do not satisfy these

conditions are necessarily deficient [28,29).

Comments
Asthe study is confined to frontal crashes, the passenger is unlikely to affect the driver’'s

trgectory during the crash. This supports the interpretation thet the mechanism leading to the
observed effect isthe passenger’ smass. The andysis was dso performed with amore restrictive
definition of frontal crash (12 o' clock principa impact point) with smilar results ("R =-13.7%
compared to -14.5%). For crashesin dl directions, 7R = -8%. Thislower magnitude may
reflect that the role of passengersin non-fronta crashesisless clear than in fronta crashes. Ina
left-side impact, an unbelted passenger can become a missile which increases driver risk.

This study addresses only how the presence of a passenger affects outcome, given that a
crash occurs. Passengers may exercise larger influences on crash+involvement rates by, on the
one hand, providing an extra pair of 1ook-out eyes, but on the other hand, by distracting drivers.
Accompanied drivers are observed to choose longer following headways [30], perhaps because a
portion of their tota attention is transferred from the driving task to the passenger.

Conclusions

Empiricdly, it isfound that adding a passenger to one of two identical carsinvolved in a
two-car crash reduces the driver fatality risk ratio (risk to the accompanied driver divided by the
risk to the lone driver) by (14.5 + 2.3)%.
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In order to dlocate this effect to the driversindividualy, an equation was developed which
reflects well-established empiricd findings reaing to two-car crashes. The equation expresses
each driver’srisk as afunction of causa contributions from the mass and size of both involved
cars. Some examples from using this equetion are given below.

Conclusons relating to adding cargo

A driver with a passenger is 7.5% less likely to die when two otherwise identical 1400 kg
cars crash into each other

Therisk to the other driver increases by 8.1%, with total risk increasing by 0.3%.

If the cars differ in mass by more than a passenger’ s mass, adding a passenger to the
lighter car reduces tota risk.

The answer to the question “Am | safer if | put bricksin my trunk?’ is*Yes, provided
that the added mass does not move relative to the car structure during the crash,
and is not large enough to adversdly affect braking, handling or stability.”

Adding equa cargo to al cars reducestotd risk.

Concdlusons rdating to replacing acar by one of different mass

Increasing the Size of one car decreases the risk to both drivers

Replacing dl cars by otherslighter by afixed amount (or percent) increasestota risk in
every crash, and therefore must increase tota risk for any population.

While two-car crashes provide the data for this study, the results are expected to apply to
other types of crashes. Thisis particularly important because more than 40% of car occupants
killed are killed in Sngle-car crashes[20,31]. Therisk reduction due to the presence of a
passenger or other cargo is expected to apply to single-car fronta crashes into objects that
deform in ways not too different from cars. The addition of cargo increases damage to the struck
object, but with no corresponding increase in human harm. When dl crashes are considered,
adding massin the form of passengers reduces totdl driver degths.

The finding that everyone carrying extra cargo generates a safer traffic systemisclearly a
technical finding and not a policy recommendation; likewise, the much grester reduction in risk
resulting from replacing al cars by heavier ones. Such changes impose extra costs on drivers,
resources and environment, and, for adding cargo, reduce the room, useful life, and acceleration
and braking capabilities of the car (if not properly restrained, cargo can increaserisk). However,
when policies are expected to influence the mix of cars, effects on safety should not be ignored.

Return to SSS home page
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Tablel. Risktodriversincar, and car, when these cars crash head-on into each other,

cdculated from Equation 10.

Car, description

(car, isa 1400 kg car)

Add cargo to 1400 kg car

1400 kg car (base case)

1400 kg car with 75 kg cargo added

1400 kg car with passenger (empiricd result)

Adjust 75 kg cargo caseto make R = 0.855

Replace by adifferent car
1475 kg car

1670 kg car -- largest reduction in total risk

2015 kg car -- no effect on total risk

Page 11

1.000

0%
0.911

-8.9%

0.925
-1.5%

0.887

-11.3%
0.665

-33.5%
0.427

-57.3%

1.000

0%
1.098

9.8%

1.081
8.1%

1.069

6.9%
1.251

25.1%
1.573

57.3%

Total

2.000

0%
2.009

0.4%

2.006
0.3%

1.956

-2.2%
1.916

-4.2%
2.000

0.0%

1
R=3

1.000

0%
0.830

-17.0%
0.855

-14.5%
0.855

-14.5%

0.830

-17.0%
0.532

-46.8%
0.272

-72.8%
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15,356 unbelted drivers killed in
front-impact two car-crashes
FARS 1975-1998
1 11 12 13141516 18 20 22
Mass ratio, m
Theratio, R, of driver fatdities in the lighter compared to in the heavier car versus

the ratio, m of the mass of the heavier to the mass of the lighter car for fronta
crashes (both cars with principal impact point a 11, 12 or 1 o'clock). The
relationship isthe firg of thetwo “laws’ of two-car crashes.
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assign arisk of 1.3to M=1400 kg. The relationship is the second of thetwo “laws’.
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Injuriesin New York State [9]

Injuries on rurd roadsin Germany [10]

Injuries on roads in built-up areas in Germany [10]
Computed from structura considerations, €tc. [7]
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10
3692 unbelted drivers
killed in front-impact

S two-car crashes
2 L
R=0855m"°

FARS 1975-1998

0.5 0.6 0.8 1 1.2 1.5 2
Mass ratio, m

FIGURE 3. Theratio, R, defined as the number of accompanied drivers killed divided by the
number of lone driverskilled in the same crashes, versus 4, the curb mass of the
lone drivers cars divided by the curb mass of the accompanied drivers cars. When
the cars are of equal mass, the presence of a passenger is associated with a change
inRof -14.5%.

Page 14



2.0 |

1.5}
r i
1.0}

0.5}

0.0 -I PR ST SR N NN U WA ST S N VT SR U SN N SN ST SR WA [N VT SHNT U SO [N N ST SO W N ST T N S [ ST SN S T |
1400 1500 1600 1700 1800 1900 2000 2100 2200
Mass (kg) of car that replaces 1400 kg car

2.0 _"
1.5} 2
o
1.0 <] r
5 \
05F  75kg
0.0 -I " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1

0 100 200 300 400 500 600
Mass (kg) of cargo added to m, = 1400 kg car

FIGURE 4. Risksto each driver when two cars crash head-on into each other calculated using
Equation 10. Initidly, the mass of each car is 1400 kg. The top graph uses the net
mass relationship to estimate how risks change when the first car is replaced by a
different heavier car (which will be larger). The bottom graph usestheintringc
meass relationship to estimate how risks change when cargo is added to the firgt car;
Thisincreases the mass of the first car without changing its size.

SerVing SOCIEty Devoted to adding reason and knowledge to public policy

Information about -gme ~ ~ More info on this subject in Ch. 4 of
2004book Traffic Safety Traffic Safety SSHomE
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