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Objectives. This study estimated
how adding mass, in the form of a pas-
senger, to a car crashing head-on into an-
other car affects fatality risks to both
drivers. The study distinguished the
causal roles of mass and size.

Methods. Head-on crashes between
2 cars, one with a right-front passenger
and the other with only a driver, were ex-
amined with Fatality Analysis Reporting
System data.

Results.Adding a passenger to a car
led to a 14.5% reduction in driver risk
ratio (risk to one driver divided by risk to
the other). To divide this effect between
the individual drivers, the author devel-
oped equations that express each driver’s
risk as a function of causal contributions
from the mass and size of both involved
cars. Adding a passenger reduced a driv-
er’s frontal crash fatality risk by 7.5%
but increased the risk to the other driver
by 8.1%.

Conclusions. The presence of a
passenger reduces a driver’s frontal
crash fatality risk but increases the risk
to the driver of the other car. The find-
ings are applicable to some single-car
crashes, in which the driver risk de-
crease is not offset by any increase in
harm to others. When all cars carry the
same additional cargo, total population
risk is reduced. (Am J Public Health.
2001;91:1076–1081)

More than 25 years ago, research estab-
lished that drivers of larger, heavier cars have
lower risks in crashes than drivers of smaller,
lighter cars.1–5 The question of how adding
mass to an existing car affects safety, how-
ever, has remained unanswered. One com-
mon way to express this question is “Am I
safer if I put bricks in my trunk?” Although
kinematic considerations6,7 suggest an answer,
no empirical studies have been done. Data
sets rarely contain information on cargo or
on actual mass during crashes. Generally, only
curb mass, identical for all cars of the same
make and model, is coded. Information is
available on occupants, however.

By interpreting the addition of a pas-
senger to be equivalent to the addition of
cargo, the present investigation estimated how
adding mass to existing cars affects driver fa-
tality risk. The investigation used 1975 to 1998
Fatality Analysis Reporting System data8 to
examine head-on crashes between 2 cars. One
car contained only 1 occupant, a driver,
whereas the other contained a right-front pas-
senger also. If all other factors are the same,
the masses of the cars differ only by the mass
of the passenger.

The results contributed to the develop-
ment of an equation that distinguishes between
causal contributions from mass and size. The
many relations that are reported between fa-
tality risk and car mass1–7,9–24 and between fa-
tality risk and car size3,9,10,17–26 cannot distin-
guish between such causal contributions,
because mass and size are so highly corre-
lated.19 The equation derived expresses the risk
to a driver as a function of the size and mass
of both involved cars.

Methods

The method of deriving relative risk in 2-
car crashes, from an earlier study,11 is de-
scribed briefly in this section. From a formal
perspective, the cars involved in a 2-car crash

can be considered to play symmetrical roles:
they crash into each other.

For every crash between 2 cars of known
mass—cara and carb—we can define a mass
ratio, µ, as

(1)

and a driver fatality risk ratio, R, as

(2) .

Earlier studies10,12,19 found that

(3)

fitted well the data for many categories of 2-
car crashes. For the case of interest here, cars
crashing head-on into each other, the value of
the parameter u is 3.58 (Figure 1). Equation
3 applies to cars that are not differentiated
by any attribute other than mass, so, by def-
inition, R=1 when µ=1. The relation is thus
constrained to pass through the point µ=1,
R=1. Fitting data to equation 3 yields only 1
parameter, u.

When cars of the same mass crash into
each other, equation 3 provides no useful in-
formation. However, 5 sets of data9,10 and a
calculated relationship7 support (Figure 2)
that the relative driver risk, RMM, when 2 cars
of the same mass, M, crash into each other is
given by

(4) ,

where c is a constant.
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Note. The relation is the first of the 2 “laws” of 2-car crashes. FARS=Fatality Analysis
Reporting System.9

FIGURE 1—The ratio, R, of driver fatalities in the lighter compared with the
heavier car vs the ratio, µ, of the mass of the heavier to the mass of
the lighter car for frontal crashes (both cars with principal impact
point at 11, 12, or 1 o’clock).

Equations 3 and 4, and their associated
applications in Figures 1 and 2, may be re-
garded as 2 “laws” of 2-car crashes; both refer
only to relative risk. Later, they contribute to
an equation to estimate risks to individual
drivers.

If the cars are differentiated by an attri-
bute other than mass (e.g., cara is old, and carb
is new), then the value of R when µ=1 in equa-
tion 3 measures the influence of car age on fa-
tality risk. The earlier study11 found that the
relation

(5)

fitted well such cases; the parameter A esti-
mates the influence of the attribute when the
masses are equal. In the present application,
the cars differed in the attribute that cara con-
tained a passenger and carb did not.

Data

Two-car crashes satisfying the following
criteria were extracted from Fatality Analysis
Reporting System8 data for 1975 through
1998:

• One car had a driver and a right-front
passenger, whereas the other had only a
driver.

• Cars were involved in frontal crashes
only, defined as a principal impact point8 at the
11-o’clock, 12-o’clock, or 1-o’clock position
for both cars.

• At least 1 of the drivers was killed
(crashes in which the passenger was the only
fatality were excluded).

• All 3 occupants were coded as unbelted.

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

Results

The line in Figure 3 is a weighted least
squares fit to

(6) ,

the natural logarithm (logarithm to base e)
transformation of equation 5.

The fit gives u=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 ∆R=
100(A–1)/R, the percentage change from the
R=1 value. The finding from Figure 3 is that
the presence of a passenger gives ∆R =
–(14.5±2.3)%. This effect arises from an un-
determined decrease in the accompanied dri-
ver’s risk and an undetermined increase in the
lone driver’s risk. None of the equations above
apply to adding mass to existing cars. They
are all based on data in which heavier cars are
larger.

Ln Ln  LnR A u( ) = ( ) + µ( )

R A u= µ

Calculation of Intrinsic Mass and Size
Effects

When 2 cars—car1 and car2—of curb
masses m1 and m2 crash into each other, the
first of the 2 “laws” (equation 3) gives

(7) ,

where R=the risk in car1 divided by the risk in
car2. In what follows, m1 generally will be
larger than m2, so R will be less than 1.

Next, driver risks are compared in the fol-
lowing 2 crashes. The first crash is between 2
cars of equal mass m1. The second is between
2 cars of equal mass m2. The second “law”
(equation 4) gives

(8)

When 2 bodies of the same mass crash
into each other, Newtonian mechanics shows
that the value of the mass does not affect their
postcrash trajectories. Thus, although equation
8 is expressed in terms of mass, the causal ef-
fect is intrinsically one of size.
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The relations above suggest expressing
the risk, r1, faced by the driver of car1 in colli-
sions with car2 as

(9) ,

where k is an arbitrary scaling constant and t is
a parameter. Choosing k=2800 kg leads to the
convenience of a driver risk of 1 for the base
case of 2 cars of 1400 kg crashing into each
other. The risk, r2, to the driver of car2 in this
same crash is given by equation 9 with m2 and
m1 interchanged.

The risk ratio R=r1/r2 reproduces the first
“law” (equations 3 and 7), provided t=u/2 (=
1.79). If car1 and car2 have the same mass (e.g.,
m1) and crash into each other, the risk to each
driver is k/(2×m1). If the cars have an identical
mass m2, then the risk is k/(2×m2). The ratio of
these reproduces the second “law” (equations
4 and 8).

From the above information, we decom-
posed equation 9 into 2 components, one re-
flecting intrinsic size effects and the other in-
trinsic mass effects.
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Note. In all cases, the data are scaled to assign a risk of 1.3 to M=1400 kg. The
relation is the second of the 2 “laws.” FARS (Fatality Analysis Reporting
System)= fatalities in the United States9; NC= injuries in North Carolina9;
NY= injuries in New York State9; GER Rural= injuries on rural roads in Germany10;
GER Urban= injuries on roads in built-up areas in Germany.10 Analytic curve was
computed from vehicle-structural considerations, etc.7

FIGURE 2—Relative risk, RMM, of driver injury or fatality when cars of similar
mass crash head-on into each other vs M, the mass of each car.

(10)

The intrinsic mass effect is what happens
if mass changes but size does not. The intrin-
sic size effect is what happens if size changes
but mass does not.

Although presented as a function of mass,
the intrinsic size effect should be considered
exclusively a function of the sizes of the cars
associated with the indicated masses. For ex-
ample, mass and wheelbase are approximately
related by m=109 W2.51, where m is mass in
kilograms and W is wheelbase in meters.18 Al-
though it is formally superior to substitute
wheelbase values into the intrinsic size com-
ponent, we did not do this because of the re-
sulting increase in equation complexity.

Derivations From Relation Between
Driver Risk and Both Car Masses

Equation 10 can be used to explore how
changing the mass or size, or both, of cars af-
fects the risk to drivers in each car, the total
risk in the crash (the sum of the risks to both
drivers), and the total risks in the population.
Reducing total risk is generally a goal of safety
policy. However, a reduction in total risk still
may involve an increase in risk to some driv-
ers. Some examples in which both cars are ini-
tially 1400 kg are presented in this section and
summarized in Table 1.

Adding Cargo (or Passengers) to a Car.
When 75 kg of cargo is added to car1, the
size term remains fixed at 1/(1400+1400),
but the intrinsic mass term becomes (1400/
1475)1.79 = 0.911 for one driver and (1475/
1400)1.79=1.098 for the other. Thus, the cargo
reduces the risk to driver1 by 8.9% but in-
creases the risk to driver2 by 9.8%, leading to
a total risk increase of 0.4%. For any added
cargo, total risk exceeds the initial value of 2
(the horizontal line in Figure 4) by amounts
that increase with cargo mass. This is true,
however, only for cars that are initially the
same mass. If the masses are not initially
equal, there is always a range of cargo mass
that when added to the lighter car reduces
total risk.

The risk ratio associated with adding
75 kg of cargo is R = 0.911/1.098 = (1400/
1475)3.58 = 0.830, or ∆R = −17%, compared
with the observed (Figure 3) value associated
with adding a passenger, ∆R=−14.5%. The
−14.5% value can be divided between the 2
drivers by rescaling the individual risks to
match the proportions for the calculated ad-
dition of 75 kg of cargo. This leads to the con-
clusion that adding a passenger reduces driver

[net effect] = [intrinsic size] [intrinsic mass]×

r k
m m
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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 mass crashing into
each other, adding identical cargo to each does
not affect risk. However, for crashes in which
crash mass is not identical, adding identical
mass to each car reduces total risk. For ex-
ample, a crash between 900-kg and 1800-kg
cars gives driver crash risks of 3.95 and 0.34,
for a total 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 total
risk by 6%.

Items that can move within a car during
the impact influence crash dynamics less than

items fastened to the car structure.The some-
what smaller empirical effect for passengers
compared with the predicted effect for in-
creasing mass by 75 kg (∆R=−14.5% com-
pared with −17.0%) is consistent with reduced
dynamic effect due to passenger motion but
too uncertain to justify specific conclusions.
All occupants were unbelted because of in-
sufficient belted cases.

Replacing a Car With a Different Car.
When a given car is replaced by a different
car, all quantities in equation 10 are replaced
by the masses of the new car, reflecting that
a heavier car also will be larger. Replacing a
1400-kg car with a 1475-kg car leads to lower
risks to both drivers compared with adding
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Note. When the cars are of equal mass, the presence of a passenger is associated
with a change in R of −14.5%. FARS=Fatality Analysis Reporting System.

FIGURE 3—The ratio, R, defined as the number of accompanied drivers killed
divided by the number of lone drivers killed in the same crashes, vs
µ, the curb mass of the lone drivers’ cars divided by the curb mass
of the accompanied drivers’ cars.

TABLE 1—Risk to Drivers in Car1 and Car2 When These Cars Crash Head-On Into
Each Other, Calculated With Equation 10

Car1 Description (Car2 is 1400 kg) r1 r2 rTotal R= r1/r2

Add cargo to 1400-kg car
1400-kg car (base case) 1.000 1.000 2.000 1.000
Change from base-case values 0% 0% 0% 0%
1400-kg car with 75-kg cargo added 0.911 1.098 2.009 0.830
Change from base-case values –8.9% 9.8% 0.4% −17.0%
1400-kg car with passenger (empirical result) NA NA NA 0.855
Change from base-case values −14.5%
Adjust 75-kg cargo case to make R=0.855 0.925 1.081 2.006 0.855
Change from base-case values –7.5% 8.1% 0.3% −14.5%

Replace with a different car
1475-kg car 0.887 1.069 1.956 0.830
Change from base-case values –11.3% 6.9% −2.2% −17.0%
1670-kg car (largest reduction in total risk) 0.665 1.251 1.916 0.532
Change from base-case values –33.5% 25.1% −4.2% −46.8%
2015-kg car (no effect on total risk) 0.427 1.573 2.000 0.272
Change from base-case values –57.3% 57.3% 0.0% −72.8%

Note. NA=not available.

75 kg of cargo (Table 1). In particular, the
total risk declines by 2.2% compared with
the 0.3% increase for adding cargo.

When the car is replaced by another, total
risk continues to decline as car mass increases
until reaching a maximum decrease of 4.2%
at m1=1670 kg (Figure 4, top). Total risk is re-
duced when a 1400-kg car is replaced by any
car with a mass of less than 2015 kg. Only
about 3% of the cars in the Fatality Analysis
Reporting System are heavier than this, so re-
placing a 1400-kg car by almost any heavier
car reduces total risk. Replacing any individ-
ual car with a heavier one will in the vast ma-
jority of cases reduce total population risk;
quantitative estimates require detailed mod-
eling incorporating equation 10 and the dis-
tribution of cars by mass.

For any 2-car crash, replacing both cars
with other cars heavier by a fixed percentage,
or by a fixed amount, always reduces risk.
Therefore, replacing all the cars in a popula-
tion with cars lighter by a fixed amount or
percentage will necessarily increase popula-
tion risk.

Equation 10 shows that when the size of
either car increases (with masses kept con-
stant), risk decreases for both drivers. The
plausibility of this can be illustrated by con-
sidering what would happen if a deformable
object (think of a very stiff mattress) were
placed between the cars just before impact.
The time for the cars to complete their (un-
changed) speed changes would be increased,
approximately, by the time taken to crush the
object, thereby reducing forces on both driv-
ers. The risk reduction is similarly available if
the deformable object is transported to the
crash scene in the form of increased size of ei-
ther of the cars.

Correction When One Mass Becomes Very
Large. Equation 10 predicts that as mass in-
creases indefinitely, risks increase without
limit. This cannot happen. Consider cars of
equal mass crashing head-on into each other
at, for instance, 40 km/h. Each will undergo a
speed change of 40 km/h (if some simplify-
ing assumptions are used). As one of the cars
becomes heavier and heavier, its speed change
approaches zero, and the lighter car’s speed
change approaches 80 km/h. A relationship
(Figure 3 of Evans19) indicates that doubling
the speed change increases fatality risk by (at
most) a factor of 23. Estimated driver risk can
be constrained to never exceed 23 times the
base case through use of a correction multi-
plier to give

(11)

The correction multiplier is very close to
1 unless m2/m1 or m1/m2 becomes large. For
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Note. Initially, 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 uses the intrinsic mass
relationship to estimate how risks change when cargo is added to the first car. This
increases the mass of the first car without changing its size.

FIGURE 4—Risks, r, to each driver when 2 cars crash head-on into each other
calculated with equation 10 (see text).

the range of masses in this article, differences
between estimates computed with equation 11
and equation 10 generally agree to within about
the thickness of the lines plotted in Figure 4. As
mass differences increase, the difference be-
tween the estimates from the 2 equations in-
creases. For m1 =600 kg and m2 =2400 kg,
equation 10 predicts r1=11.16, whereas equa-
tion 11 predicts 10.01 (as above, k=2800 kg

and t=u/2=1.79). For expository clarity, all
values presented in this article were computed
with equation 10. In no case was the value ma-
terially different from that computed with equa-
tion 11. Equation 11 is preferable because it
not only satisfies the 2 “laws” but also has un-
objectionable asymptotic behavior. Satisfying
all these conditions does not guarantee its ac-
curacy. However, inferences using equations

that do not satisfy these conditions are neces-
sarily deficient.27,28

Discussion

Because the study was confined to frontal
crashes, the passenger was unlikely to affect
the driver’s trajectory during the crash. This
supports the interpretation that the mechanism
leading to the observed effect is the passen-
ger’s mass. The analysis also was performed
with a more restrictive definition of frontal
crash (12-o’clock principal impact point) with
similar results (∆R=−13.7% compared with 
−14.5%). For crashes in all directions, ∆R=
−8.0%. This lower magnitude may reflect that
the role of passengers in nonfrontal crashes is
less clear than in frontal crashes. In a left-side
impact, an unbelted passenger can become a
missile, which increases driver risk.

This study addressed only how the pres-
ence of a passenger affects outcome in a crash.
Passengers may exercise larger influences on
crash-involvement rates, on the one hand, by
providing an extra pair of lookout eyes or, on
the other hand, by distracting drivers. Accom-
panied drivers are observed to choose longer
following headways (essentially greater fol-
lowing distances between their vehicles and
the vehicles they are following),29 perhaps be-
cause a portion of their total attention is trans-
ferred from the driving task to the passenger.

Conclusions

Empirical findings indicate that adding a
passenger to 1 of 2 identical cars involved in a
2-car crash reduces the driver fatality risk ratio
(risk to the accompanied driver divided by risk
to the lone driver) by 14.5% ±2.3%.

To allocate this effect to the drivers indi-
vidually, we developed an equation that reflects
well-established empirical findings relating to
2-car crashes.The equation expresses each dri-
ver’s risk as a function of causal contributions
from the mass and size of both involved cars.
Some examples from use of this equation are
given below.

Adding Cargo

• A driver with a passenger is 7.5% less likely
to die when 2 otherwise identical 1400-kg cars
crash into each other.
• The risk 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 pas-
senger’s mass, adding a passenger to the lighter
car reduces total risk.
• The answer to the question “Am I safer if I put
bricks in my trunk?” is “Yes, provided that the
added mass does not move relative to the car
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structure during the crash and is not large
enough to adversely affect braking, handling,
or stability.”
• Adding equal cargo to all cars reduces total
risk.

Replacing a CarWith One of Different Mass

• Increasing the size of one car decreases the
risk to both drivers.
• Replacing both cars with others lighter by a
fixed amount (or percentage) increases total
risk in every crash and therefore must increase
total risk for any population.

Although 2-car crashes provided the data
for this study, the results are expected to apply
to other types of crashes. This is particularly
important because more than 40% of car oc-
cupants killed are killed in single-car
crashes.20,30 The risk reduction due to the pres-
ence of a passenger or other cargo is expected
to apply to single-car frontal crashes into ob-
jects that deform in ways not too different from
the ways cars deform. The addition of cargo
increases damage to the struck object without
a corresponding increase in human harm.
When all crashes are considered, adding mass
in the form of passengers reduces total driver
deaths.

The finding that having all cars carry extra
cargo generates a safer traffic system is clearly
a technical finding and not a policy recom-
mendation. The same is true of the finding that
replacing all cars with heavier ones results in
an even greater reduction in risk. Such changes
impose extra costs on drivers, resources, and
environment; adding cargo reduces the room,
useful life, and acceleration and braking capa-
bilities of the car (if not properly restrained,
cargo can increase risk). When policies are ex-
pected to influence the mix of cars, however, ef-
fects on safety should not be ignored.
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