A Crash Course

The Physics of Collisions

Two cars speed down the highway in opposite direc-
tions. One of the drivers begins to nod off. He crosses
the yellow line, heading for the other driver. The second
driver jams on his brakes and swerves but he can't
avoid the crash. The two cars hit head-on. The first dri-
ver is hurled through his car’s windshield and ends up
on the hood of the other car, dead. The second driver
hits the steering wheel and is injured, but unlike the first
driver he survives the crash. The two cars are the same
weight and were traveling at roughly the same speed. It
might seem strange that one driver would be killed
while the other survives. After all, at first glance condi-
tions appear to be the same for both drivers. When we
look closer, though, we see that there is a big difference.
One was securely attached to his seat by his seat belt,
the other was not.

I'll admit, maybe this story is a little gruesome, but 1
think it makes the point. Seat belts do save lives. We
know that, according to the law of inertia, an object in
motion will continue in motion, with the same speed
and direction, unless acted upon by an outside force.
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The driver who died in the crash was not wearing a seat
belt and was therefore not connected to his car. When
the collision occurred he continued with the speed the
car had before the collision, first hitting the windshield
and then continuing to fly through it to the hood of the
other car. The force of the impact with the windshield
and his encounter with the hood of the second car
slowed him down and stopped him, but by then it was
too late to save his life. The driver who survived was
securely attached to his car by a seat belt, so he expe-
rienced the same motion and deceleration as the car
and this saved his life.

Crashing into a Fixed Solid Object

Physics is important in understahding car crashes. As
we will see, many different situations can occur. One of
the simplest is a car crashing into something solid and
immovable such as a tree or brick wall. We can easily
determine the force with which the car hits the wall, and
this is aiso the force the driver’s body will experience.
Let’s assume the car is going 50 mph and is brought to
rest in 0.04 second. The two physical concepts we need
to solve the problem, momentum and impulse, were
introduced earlier. Momentum is mass times velocity,
or my, and impulse I is

I=F,

where F is force and t is the time over which the force
acts. We can relate them using Newton's second law,

F=ma=m{v-vy)/{t-y),

where v, is the original velocity and ¢ is the original time,
which we can take to be zero. Rewriting this, we get
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F=Amv/i
or
Ft= Amv,

If the weight of the car is 3000 pounds, its mass is
3000/32, or 94 slugs (where a slug is the unit of mass),
and its velocity (50 mph} is 73.3 ft/sec. Substituting
these into our formula gives

F=94(73.3)/.04 = 172,255 pounds.

Needless to say, this is an incredible force, and it could
do a lot of damage. Imagine trying to support this kind
of weight. To get a better feel for it, let’s convert it to g’s.
We can do this using ¢ = F/m. Substituting, we get
1833.3 ft/sec?, which corresponds to a force of about 57
g's. Could a human body take this many g's and survive?
Published safety standards say that it is possible for a
person to survive decelerations up to 80 g's. What is
critical, though, is the period of time over which it takes
place: it must be exceedingly short. Furthermore, we
assume that the glass and sharp metal pieces created in
the crash don't kill the passenger, and there’s a good
chance that this can happen. Later we will see that we
can define a severity index (SI) that takes both the accel-
eration and time into account. It gives a good estimate
of the probability of survival.

The Head-on Collision

One of the most common and the most lethal of all col-
lisions is the head-on collision. It is a one-dimensional
problem and therefore relatively easy to solve. A varia-
tion of it is the case where both cars are going in the
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same direction and one car is rear-ended (fig. 71). The
mathematics for this case is no different; only the sign
changes.

First, we need to compare the momentum before and
after the collision. It is given by the principle of conser-
vation of momentum, which says that the total momen-
tum before a collision is equal to the total momentum
after. Mathematically it can be expressed as

where m, and m, are the masses of the two cars, v, and
v, are their velocities before the collision, and v, and v,
are their velocities after the collision.

If we know the velocities before the collision we are
still left with two unknowns, so we can't solve the prob-
lem. But there are two cases that we can solve. They are:

1. The perfectly elastic collision bétween the two
vehicles, where they rebound from each other.

2. The perfectly inelastic collision, where the two
vehicles stick together after the collision.
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Fig. 71. Two cars in a head-on collision.
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The first of these is of little interest because it never
occurs in practice, but it’s easy to solve so we'll look
at it briefly. The second occurs occasionally and is of
interest.

Let's begin with the perfectly elastic collision. We
have the momentum equation above, and we also have
another equation. In a collision of this type, Kinetic
energy is conserved, so we have

imvi+imyd=1mVi+ s mVi
We can write these two equations as
m, v}~ V3 =m, (V3-v)

Dividing the first by the second gives
This tells us that the velocity of approach of the two
vehicles before the collision is equal to the velocity of
separation after the collision. This, of course, is what is
expected in a perfectly elastic collision. We can also
determine V| and V,, the velocities after the collision,
but they are usually of little interest so we’ll ignore
them.

Turning now to the more interesting case of the per-
fectly inelastic collision, we have the two cars sticking
together after the collision. Our momentum equation is

myv, +myv, ={m; +m,}V,

where V is the common velocity after the collision. We
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do not have an energy equation this time, as energy is
not conserved. As an example, let’'s assume that two
vehicles, one of 3000 pounds and another of 4000
pounds, collide head-on and the 3000-pound car has a
velocity of 50 mph and the other one a velocity of 60
mph in the opposite direction. The respective masses
are 125 and 93.75 slugs, and the speeds in feet per sec-
ond are 73.5 and 88.2. Substituting, we find V, the veloc-
ity of the two cars after the collision, is 42 ft/sec in the
direction that the 4000-pound car was traveling ini-
tially. They won't have this velocity for long, however,
because of friction.

In reality, most collisions are somewhere between
the above two cases. In other words, they are neither
perfectly elastic nor perfectly inelastic. To deal with
them we need the coefficient of restitution. Designhated by
e, it is defined as

e = (V,-V,) / (v, - v;) = velocity of separation/
velocity of approach.

In the case of a collision of two cars it is difficult to deter-
mine e exactly. It ranges between 0 and 1, with the two
extremes being the two cases we dealt with above. The
coeflicient of restitution of a bouncing ball is relatively
easy to determine. If we let it fall from a height h, and
it bounces to a height h,, the coefficient of restitution is
h,/h,. We obviously can’t measure the coefficient of
restitution of a car collision in the same way, so we usu-
ally have to make estimates.

In terms of the coefficient of restitution, the veloci-
ties of the two vehicles after the collision are relatively
easy to calculate:

Vi=lim—emy) v, +my(l +&) v,] / (M + m,)
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Vs =[m (1+¢) v, +{m,—-em) v, / (my +m,).

In the above discussion we saw that kinetic energy is
conserved in a perfectly elastic collision. In all other
cases this is not true. Indeed, if we calculate the total
kinetic energy before the collision and compare it to the
total kinetic energy after the collision, we will see that
they are not equal. In fact, a lot of kinetic energy will
appear to be lost. Where did it go? At first glance it
appears that energy is not conserved, but we know that
can’'t be true; it has to be conserved. What, then, has
happened to it? It was not lost, but was transformed
into different types of energy, with much of it becoming
heat energy. Both of the cars were no doubt crumpled
and smashed in the collision, and it takes work or
equivalently, kinetic energy, to do this. Furthermore,
there was likely some sound energy and perhaps a lit-
tle radiant energy during the collision, and it all adds up.

Collisions in Two Dimensions

Many collisions do not occur on a highway and are not
head-on or rear-end collisions. Collisions at intersec-
tions, in fact, are more common than highway colli-
sions. The physics of this case is more complicated
because we are now dealing with two dimensions. But
again the problem can be solved. The only difference is
that we will need trigonometry. Taking the horizontal
axis as the x-axis and the vertical one as the y-axis, we
project all velocities onto these two axes (fig. 72). This
is done rather easily. In figure 72, a velocity vis vcos @
along the x-axis and vsin 6 along the y-axis. After pro-
jecting all velocities onto both axes, we assume that
momentum is conserved in the x and y directions and
the problem can be solved as above.
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Fig. 72. Collision in two
dimensions. Trigonometry
15 needed for the solution.

Things can get quite complicated in real life. A car is
not a point, and the collision at an intersection can
occur in many ways. For example, the front of one car
could smash into the front of the other car, or it could
collide with the center of the side, or near the rear end.
In the case of a collision near the front or rear, the first
car would impart a twist, or torque, to the second car,
which would have to be dealt with in an exact calcula-
tion. In addition, one of the other drivers may see the
collision coming at the last moment and swerve to
avoid it. In this case they would not collide at right
angles. You could still deal with this case using the
above approach, but the angles would be different.
Something else that is significant is whether the vehi-
cles have their wheels locked after the collision. This
can occur if deformations in the collision are sufficient
to prevent the wheels from rotating. This would have to
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be taken into consideration in a detailed calculation.
(See fig. 73.)

Nowadays computers are used extensively in simu-
lating collisions, and this helps with the mathematics.
In advanced simulations where factors such as the
geometry of the front of the vehicles and the exact posi-
tion of the collision are taken into consideration, the
mathematics can become quite complicated and com-
puters are usually needed. Several computer programs
have been designed specifically for dealing with car
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Fig. 73. Collision at an intersection. Arrows show the directions of the cars
after the collision.
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collisions. Information about them can be found on the
Internet at www.e-z.net.

Recanstructing Accidents

When a collision occurs at an intersection, all we have
to go on are the final positions of the cars and the skid
marks. It is important in many cases, particularly those
that go to court, to be able to reconstruct the accident.
This means determining the initial velocities of the two
cars before the collision. Of particular interest in many
cases is whether one or the other of the cars was speed-
ing. A vital clue, of course, is the length of the skid
marks. But there is a problem. A car must have its brakes
fully locked to leave skid marks. We can therefore deter-
mine only its speed after the driver has applied the
brakes and the wheels have locked up. The actual initial
speed is therefore going to be slightly greater than the
speed we calculate. If you need a better value you will
have to make an estimate of the reaction time of the dri-
ver and the time for the brakes to lock up.

If you have the length of the skid marks, the original
speed can be obtained from

v =55},

where p is the coefficient of friction between the tires
and the road, ! is the length of the skid marks, and v is
velocity in miles per hour. As an example, assume
p = .7 and the length of the skid marks is 40 feet. The
velocity is then 5.5 (.7 x 40)? = 30 mph. It is convenient
to make up a table using this formula for several differ-
ent coefficients of friction and skid mark lengths. (See
table 9.)

In table 9 we assume the car comes to rest as a result
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Table 9. Skid mark lengths for various initial velocities

Skid Mark

Length (feet) Initial Velocity (mph)

=

40 24.6
27.0
29.1
31.1
27.5
30.1
32.5
34.7
30.1
33.0
35.6
38.1
34.8
38.1
41.2
44.0
38.9
42.6
46.0
49.0
42.6
46.7
50.4
53.9
46.0
50.4
54.4
58.2
49.2
53.9
58.2
62.2
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