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Evidentiary Analysis of Traffic accidents

David L. Tarich

1. Pundamentzl Zusntitiess which form the basis for 211 thae
Luriaamen
derived mecunznical variables are:

(j:lggngxn (e.g., feet, miles, etc.) (fLM P ) o
2+ ( slugs not pounds) = 3z2.2. /bs. MAZS 7 Lo&l e
= ’”(é g., seconds, hours, etc.) TR Walur s Mk g
/“//47‘ = 4&’6:44:/2/47( On D T2 Erisa s >
Zxcept for mass we have exnerlence using tae names and units
of the fundamental ouan+1u1es. Notice that 1f one is to
understand the meaning of g numerical value for length or time -
then the unit or label nust accompany the number.

e.g. L. How far did you travel today7Tb answer intelligently
vou must give the unit along with the numocer. Thaas
ig, 2n answer of 5 is nonsense while an answer of 5
miles means sometaing to the questioner.

2. HZow long have vou been traveling? igﬂin to make
someone understand your reply rou must (give a l=7el

or uwnit along with tie numoer. An 3nsmer of 3%
does not maxe sense. Rather, YoOU need t0 say 3% d=ys
( or hours or minutes, etc.)

2. Derived mechanic=al quantities are always combinati
FurismentalFusatities. In what Tollows, we saall
the derived mecaznical quentities, provide the reg
combination of the fundamental units =and relate th
cical definitions to your own everyday usage of the %

v SPaD = DAJM— ﬁ%m@ O ,€£ "‘*‘w,w: =

T 2) Speed or vl 001uv T Un our eve*yiav 1angu9ge we use
soeed and veloclty 1lnterchangeabdly There 1s, however,

2 slight scientific diffsrence in'the two . Specifically,
velocity is the term wnich is used when a2 direction is
2ssociated with a numerical speed. Coincidentallyv, ons
of our bvest notions of speed comes from the 0utomob*
The sveedome t2r tells us how fast we are going - sgay
28 mileg ver nour. Thne word per is used to indic=te
the m2themsatical operation of division. Theresfore,

PUE w8

28 miles per hovr = 28 wles

hour
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Notice thae unit associated with sp ee4 is a particular

combdination of length 2nd time, namely, length divided by

time. Svﬂ0011ch1y, ve use letters to revresent the
ovaysical cusntities as follows:
d (distance)

KSpeeﬁ) v = F (time)

d end t 2re fundamental guantities and v is =2 deriwved
ouantity waose unit is a specizl combination of the
fundamental guantities. Note ta2% ds one travels a3 dis-
tance of 38 feet in two seconds then the average speed

—f

is
V= 88 £t = 44 ft
2 sec sec

or if d= 52 miles 2nd t = 4 hrs +then
Xy e
2 /3 Phll s

4 houmr
In the last example you czn imagine the individusl travel-
ing as follows :

25 me fov Tthe st hoow

f‘tofpew@ (\/:‘OJ. €ov Ftwo hovvs
2“&,2’7% {ow the Y%L hour

in the 4 nours bdut at no tire was ne trqvol:n@ 3t 13
miles/nour. This example illusirstes +thzt the formula

V= d g
riz2lly gives only an average speed. Waen we associate
5 Airection with = sneed (e g., 30 mlleQ/qou* south)
then the paysical quentity is called =2 velocity ani the

nunerical value 30 miles/hour is termed tae spsed.

n tne anelysis 0l traific accidents, tde
: tne oa”t*cvncflﬁv veni
ive =2ction W?S to&pn crior to = COlllSlOn.
As vie “qq l see later these results are imvossible to
obtain unless tae directions of the sveeds defore ani
after skids and collisions can ve assessed from the
vnveical evidence at tae =zccident site. Therefore,

= n
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one must know one vart of the velocities (directions)
before he can conpute the other part (the magnituies).

b. Aceceleration - Peovle who drive a czr have a feel

for tae derinistion of =cceleration. When the car sveedis

up we say it is accelerating. Furthermore, the quicker it-
speeds up then the greater iIs ths acceleration. %¥hen

the driver steps on the brake we descrive the slowing

dovm or speed reduction 2s deceleration. The paysical

or scientific definition asrees with the =oove intuitive
notion of =acceleration. Syecifically, acceleration is

defined4 =23 follows:

Ct\a M}E‘ IN V@Iac;'f)

the v‘ﬁ"xme Perfoag
Y-eg}uwg! + o
C‘/\J.V\;,e 'f'L\‘e \/@/OCIf),

CL,C'CG?I<S YeQ{'lG'A

Vsin Symbols:
?/ G = V—F\ma\t"" Vivitial

Wnere Y nay 1s the velocity =2t the end of the iinme

interval =2nd Vimt)a) is the velocitv at the vezinning o

tae tiwe interwval. Sometimes Mhna,-\4n,f,,;is c=1led
AV or the cnanzge in velocity.

P
L

a = AV
A = Chades _ *
s1ternately we can write
r - Y __L_,_. e -
- | »wir s o ff =/ o9itc #4 fe c
In this way we can determine the label or unit for accel-
eration. Let V-*?m.n = V5 £2/coc

Vlbui/.)/: 25—4{/5’((; a»(j + =% see
- AV = V—Fahal - Ul»vn'.'n[ = 75§-28§ =50 'Ft/fe'a

Thenw: y ra |
- AV x dl - S0 =zt L
} & + Sece x 5sec

L. Sec Sec
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That is, the unit for acceleration is lengta divided by
time sau=ared. 4ga2in, this is a derive4 unit =2nd coeD-
rised of % special combination of the fund=amentzl units
of length and time. If _the final velocity is less than
the initial velocity then the acceleration is negative.

consider Me gt~ »r~ avemnia
3

b‘(lhﬂ‘: Ho-££ i Viuitis) = 304t tr2 sec

Lo S C
;L‘j Lo = :e__‘_/ - /0 —~3¢C _:F_.'t:—
A t - = Sect
.”“

-

ine negative sign indicztes that the final velocity must

oe less ta=n tae initial velocity. Therefore, negative
acceler=ation is just slowing down or deceleration.

There is a2 third accelerator (vesides tae €2% pedal angd
the braked) in a car. It is the steering wheel because
it allows one t0 chancge direction of +ae velocity. This
change in velocity 1s a real acceleration even if tie

sveed remains a constant. wou may have heard It referred
to ifuge. acceleration. We will return to It

.
¢c. Force —-/In ow everydav exverience the use of forces
are corr X e speax Oof forces in terms of ous?
vulls, ¢ forcing a stuck door oven, of pushing z stalled
. exerting a force t0 move 2 aeavy object (e.g., =
piano). Trom our own experience we KNOW +n=t sometizes

forces cause motion, sometimes they are used to slow some-

thinz down, =2nd sometimes NO matter aow n=rdi we push
nc motion results. These notions and experiences which
we 211 hsve were formulated in three paysical laws oy
Newton. ¢€1ld Issac was 2ble t0 represent =21l the physical
conseqdences of forces in very simple mathemztical laws.
They 2re; as follows: ]

1./ =2n object; is INn =2 state of uniform motion
in 2ignt line (i.e., constant speed) Or =% rest
it will rer2in that way unless it is acted on by
external force.

“hat Newton noticed IS that in order to ~ ~ u sne
object to sveed up or to cause an ovject 1O
slow dowvm a force azs to act, that is, = force is re-
quired to change X-—object's sveed.

: it FE A A
ALtyi e DTS = «/ﬁé;/i“ - e AT ’
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] 2. The acceleration of an odject (i.e., its chance
IN velocity) IS proportional to tae net force =applied
to the object.

= a

That is, ¥ewton noticed that as one increased the net |
(or unbalaenced) force acting on a body then its acceler-
ation {(or deceleration) increased. For exarple, you

stop a car guicker (get zgreater de lcrsuvon, oy oushing

on the brake with a greaver fner. Newton realized

that matser itself resisted the effortes of = force to

cause acceleration. For exsmole, it is easier to push
a V¥ out of a diteca tazn to pusa 2 lo ded vpickup truck
out of a ditch. Taat is, if you Jouble tae matter (or
weigat) you need twice She force to cause tae sane accel-
eration. Mathematically we write

— ‘ AT Mmass
PV\&/ e @\ P9
rb sty / ,‘ i ¥

where %ae guantity og Tatter t¥ “resistance to
acceleration is called mass.

Tne unit of mass is called a sluz. Thersfore the unit
of fTorce can bve der ved as follows

E =z wm (S’Uff) a (—ff- )

F hos vawrds of 5/"#‘"{%

Fet = F- m(a.J,%;;;M\ - o
e usually call thais unit 2 vound. Taat is, tzae unit of
force is =2 vound. Ve know tn=t welght is given in opounis.
Tnerefore, it ‘ollows that an object's weight revressnis

2 FTorce. The force in tais case is tne force of attrac-
tion due to tas gravitational atirzcticn of =all objects
on the earva to the eartna itself. The force of gravity
(or weignt) is 2 very special force =znd has the form

W:M3

wnere g is termed the acceleration due to gravisy. Its
value =21t the surface of tae earth is

g foonng 32 -F‘%{‘_’Cl



4-11 objects if allowed to f211 in the =2bsence 0f Sir
(therefore, no air friction to opvose the f£211) will
f211 with this acceleration. Note thst if you took your
car to the noon i1t would weigh less bec=use the gravita-
tionzl force on the moon is less than on ezrth (i.e.,

the acce?ercﬁgn due to gravity on the moon is_less
than 32 “t/sec2) out the car s%ill IS physically the

szme in that It is composed of the same 2toms and mole-
cules as before. That is, the weight is less out the m=ss

1S the sane. _ )
Even though =2n object is not falling freely we still

represent its weigat by the formul=a: _ o 5
W%— o (a7 m:f:/u;s Jf—‘?z‘{%’e‘
f’ W= &x32=/é0 les /

IT the odbject is Nnot falling then other forces ar
opnosing tae gravitational force, e. 4

Heve the £loov F“S["fs

%L/ vy awd of sses lj'oi’é‘“'—é)"

s SN Sinee Theve s
. accelepiiion (a=0¢),the

-Cowa c cxew%ea@ [cy ‘("146 ")C/oav

1s € ua/;»wl aoafos:'ff o W.

They' balance
3. 1 Newton's 3rd law st=tes that for every sction
force there is an egual or opposite reaction force.
Consider the collision between two cars. Car #1 exerts
a force #F, on car # =and car # 2 exerts a force

on car #1.

_— ™
M
S’ | %4

That @S the forces are ecual in magnitude (ssy 300 lbs.
each) but directed in exactly opposite directions.
mathematically we can designate directions to the
right as positive and to the left as negative. Thus

i (actien ) F’, -:-ze (veaction)

Notice that F; and F4 are on iifferent bodies (here, car
42 and car #1, respectively). This law allows the deriv-
ation of tae orinciple of conservation Of momentum which



is the single most important odrincivle which is used in
will introduce

the analysis of auto colli
momentun 2fter defining and discus

1

sions.

Ve
ssing energy.

d. Work - Agein we 211 h=2ve an understaniing of work.
tnls w
The scientific definition turns

Of varticulsr interest for

is mecnanical work.

out to ve in acec

ord witn our own notvlons of
consg

work. In varticular,

of doing work:
2) turning =

around wnen rearr=nging
force 1s exerted
through =2 distance is ex=2ctly

In e2cn case, 2
Exerting a force

scientific notion of work
ires

Work

vlving the for

U

Usm,, Symbolss  \N/ =
The unit is(ft-1lds (just the unit of force times tae
Tne only restriction on

unit of leng

definition is that

of novenent If the
are not paralWeW then only the vortion of the
is marallel to the direction of motion 2ppears in the
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force
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ider the following examples

crank, b) pushing or pulling furniture

roorn, c¢) shoveling snow etc.
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4 very specizl force which must be considered in
2nalysis IS the frictional force (f) between thae
surface and skidding ruooer UIres.

below
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Tocked tires skid on the surface.

force scte for
skid direction
the frictional

the entire lenatn of
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force 1s negative

W=~ fxd

Negative work always reoresents the diss
motional energy. In this case the car s

7ikuﬁ w2 A
e. TFriction=l Force = IN:an:emergency  situation-which
calls Tor =z driver to stop nis sutomooile quickly, one
instinctively pushes as hard and as fsat as possible on
the brake pedal. The tyvical result is that the car
will begin to skid becauae the waeels are locked. The
driver is therefore making use of frictional forces
between tae road surface and the four locked tires to
slow dowmn tae car.

ne frictional force is fanilisr 4o 211 of us. Ve
use 1t %o our benefit not only in stovding cers sut
also in other ways: sgandpavpering wood, rudbing our asnds
togetner etc. The result is always tae s=me - ensrgy of

motion is converted into work opvosing Ifriction =nd
finally tae work results in = heating of <he surfaces
(e.g., tire 2ani ro=ds).

We already h=ve 2 feel for what the frictional force
depends upon. PFirst we kunow that friction decre=ses if
we wet a surface (we skid farther). If tae 9urfnce freez
then friction is reduced even more gnid we ckid fartaer.
Also we know that different surfaces affect the skid
lengths ani therefore:the. frictionzl force differently.
Tor ex=mvle, we know that = cor going 30 mch will skid
fartner<y1 loose gravel than on dry asphalt.

The second thing that affects the friction=l for
ig an ohject's weigat. Yore specifically the scienti
would s=v the normal Torce. For our purposes we Can
the welsht; but we must realize that if the obdject is
skidding dowm a hill the weigat is less effective in
vroducing slow1ng and 1f the object is sliding upnill
the welgn® 1g nore effective in producihg slowing .

Letts stert wita norizeontal road surf=aces.

o wo
@k

Ve nave =211 ge2rd of lo&ding 2 trunk with b=ge of gand
to imorovs tr=ction (or friction) between the ro=d
urface =nd *the tires. Also we 21l know that it is




easier to push a V% on =n iCY rozd thazn t0 push 2 large
3uick. Therefore, the lercer the weight tie larzer tae
friction=1 force. The formula we USE IS

+ = _aw
. 7
H'ev--g W= n.a is 'fAe el it Jha?_,q s 'ﬂe coe'fﬂue»'f‘ o"( ’(vo:‘flobt,,
represents the efficiency of producing friction when

two surfaces are rubded against one another, e.zg.,
ruooer tires on =2sovialt. Tae valuesof & zre 2s follows:

TYP‘C*{ ‘_0".5"‘" O‘B V‘Uég:'é’b- 'éiVPS on cyy/ 45//‘/11

o5« 0.7 vubber Fires on wet asp halt

Yalve
: vobber tires on icé

Rah ?_CS

When a2 c=ar skids to 2 stop work is done by the frictional

0.1 «> 0.25

force in stopoing tae car. It turns out that the average
coefficient of friction for stopping 2 car jecre=ses
2s the sveed before skidding increases. This decress
occurs vecause tne tires heat up waen the skid begins
2and the rubber conseauently bre=ks off more easily. The
Taster the speed before the skid, the hotter the tires
get and therefore the lower tae average coefficient of
friction. Here we have introduced Ihe .- agverage
coefficient of friction because its value will change

=s the venicle's speed decre=ses. Tortunately, we nsed
only the =aver=ge friciional force over the lenzth of the
gkid =nd, tasrefore, only the aver=ge coefficient of
friction over +he lenszth of %1e skid. 411 measured =nd
taoulated values of & for a car skidding to =2 stop are
average values.

For level surfaces the coefficient of friction is
equal to wh=2t is called a drag coefficient. On hills
the so-called dreg coefficient is different from the
coefficient of frictiod@ecpuoe the weignt is either more
effective (uvnill) or less effective (doxnn17l) in
stooping the skidding veaicle. TFor example for a 4°

rade:

e

!

The uphill motion's drag coefficient is

the down hill moiion's drag coefficient will be &/ = 0.0
That is, for every degrse one either aids or subtrac+e
0.0174% to the coefficient of friction for rubder tires

on that surface. -



Tae WOrk done oy {or against) the friction=l force during
_ skid is given oy:

W= £ xd |
/‘(U"v&’/@{k‘;} @/{JM?/ {‘{ovv‘f\vov«%aki?/

pectd
(: PN £ 5, {Ur‘fae\'f
g{ - —_ LQ
W = _¢f m
' A R\ssz disTance 1~
Coef{iciaft we 4
£ ‘ /
o riction of Velicle 14 pounds
Mha +a+al 11mmit Af wark da givan in FH.lha.
} \/ 1 ]
- f = AL e A _ — e
v A ;L/_;L;(/ac —;z/ e - v/ "T"
f. Kinetic Elnerg,':f - When =2 car (0[‘ ?Iljb’l'”’lg Tor -tfl._,t mg-t-;-er) =
IS 1n motion, we know theot 1t has the_nouenvlal to 3o
work. 7?or examole, if 2 moving car hits and shears
the trunk of the tree, we know th=t force (exerted by

the car) acted through a distance tO snear off the tree.
Since o force acted through =z distance, work was ione =nd
we can revresent it as W = F x £ 2s we have prev-—
iously discussed. ¥Ye therefore have an intuitive feel for
how work can ve verformed by moving vehicles. For ex-
ample, wesexpec More damage in collisions (therefore nore
fork done)' ehicles traveling at higher speeds.
sveed increases the potentizl for damag ey
(*ni worx) ranlf y irnecreases. ‘notaher factor which in-
creases ‘the ‘dam: € votential =nd therefore the work done
is the weigat (¢« more scientifically) the mass of the

) i yourself as the owner of a car stalled
in an intersection. You would expect Mmore damage to be
done to ;your beloved car if it were hit at 20 mph by =

n=n by =2 Fiat. TFurthermore, IF your car must

get hit you would preIeL a vicyecle at 20 nmph tO the Piat.
Therefore as the gquantity of matter hitting your car is
reduced so is the damage.

sne scientific neasure of how much work 2@ oe done
by a2 noving veﬁlc le {on level surfaces) IS cz2lled its
Kinetic Tmergy. Since the v t ntial for d=m=ge =2ni work
,incre=ses zs the speed =nd nass (quelgq+) we expect the
/ Einstic Znergy to depend on votnh. IT does ?ni is given

by the expression

Fi £ = 1&? Vh.V’z -

"hat is, & times the mass, times the velocity scuared.

of “onservation of Tnergy - A Tundsmer
nysics is that enerzy cannot 22 cre=ate

d. It con only onverted from one form %o
e n

o @
3 O

can taink of energy in terms of money.
1CAnn 7 \ iy At



11.

If you have 3100 to spend vou can record how every
penney IS spent In subsequent transactions every
portion of the mitial 8100 can be followed as the
money ca=znges hands several tines, The money is never
destroyed It is only traded from one person to the
next. EZnergy is exchanged Or rather changes form in a
s:m:z_lar manner. Consider a car travel:mg Zt a speed
of 30 miles/hour. To be useful in tne Kinetic EZnergy
formula We must first convert miles/hour *o feet/sec

as follows:
/mile = 5280 ¢
lhe = dOX ¢ = 3600 sec

oo I pmile  F280At
Wouy 2 0 0 sec

ov I ML _ ey £t
h‘f* Se ¢

So 3Ot _(14¢7)(30) = 44 IL

“hy sec

If.the car w_eighs 3000 pounds then its mass can be com-
- puted as follows:

VV\:.—M— = 3000:: g92.7¢% SIQ;S-

3 A
Therefore: KE’ (?3 ,75__) (‘{_‘})

K& = 90,750 £4-/ks

n‘ﬁ“

There are 90,750 ft-1bs of energy available prior to
the skid. If the car skids to 2 stoo =211 90,750 ft.lbs
are used to do work: against friction.

Work is defined as work = fqrcg X distance. |If we
consider ® to ve the force of friction we know that
W/

(= wes
L—% CQP{'{Icuen‘f aF 'g:‘woc"l'IOh‘ : -
) Wevk= aw vwd

‘ e distanewe i}

If all the KE is expended doing work ageinst fric_:tiog
KE = Wovlk

or Ywmvr=z=_uwxd |

Fov ve= 30 miles/hy = 49 ft/sec we have:
(f¢-16¢) 90,750 = rw x &
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This exoression gives ug a way to 1eterRine 4pe coef-
ficient of friction for tne car which 0eRins the skig
2t 30 miles/nour and skids to a stoD. IT the girig

distance is 50 ft we can use it =2long W1th the weisont
(3000 1bs) in the formula. We obt2ln: =S

1]

90,750 Ft-1bs 3 4 (3000 i) (Toft)
M:‘ 0. é

Values for the coefficient of frictj;on havg been tabu—
lated for various kinds of roasd surfaces =mi for yehic—
les going a2t different speeds. ‘So in most instances,

can be considered zs known in a2 g1lVeN accijent git-
uation.

Tf one turns the equation around We fee th.+ i+ ig
possible to determine the sveed vefore 1T gkij starteq
if the skid distance, weight and coefficiest o¢ rrictign
are known.

Consider K E = Wovk 4due Jo Fvielion
._\2-; m vt = F x d
3 vt = 4w x &

iT m,wuand d are known then %e
unknown in the eguation is v and 1T c2n B eop %4 J/
. . . . Y ced.
This is exactly the situation encountered % =y
accidents involving skids. One must remnemey
that the anove fornula only applies if
to a2 stop. If It does not'skid to a complege 41,
then one must account for the energy whichgg , .70 5
to do work against the frictional force. % ~

cuss this situation later on.

only

y Dowever,

h. Momentum = As with the other physical fas g
we have defined, we also have 2 ﬁos'fion as???“%s_“’h’:m
tific meaning of momentum. Iomentum js S™EIaF°, CEeDsi0
energy in that we associate more nomentum s _ %oy
gs it travels faster. Also we speak of immm,y om
entum wnen more and more people, things ormc‘ips
are involved; like a wave in which tae niomgmy 5.5

i . . ; build
up., the "momentum" turns in = vasketball e » %bli%—s

ical cazmp=ign builds up "momemtum". The Msie gefini-
tion Of momentum is just the product of themey ,p 22
object with its velocity

Moementom = mvV
fw AV

Ject
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If we are concerned aoout cars traveling on various .
surfaces then we can write the momentum in terms of tae
vehicle's welgnt. Recall :
\,Jex,L‘f = W\?,
‘ 2

= 32 {t/sec

wkfve. 2, -
o - wWel &:QT
Therefore : h ;

Mom entonm = WM x Vv

Momentun is a svecial physical qdkhtity In that 1t is

a cuantity which =2lways hAas 2 direction associated with
It. For ex=mple, =~ speed of 50mon when given a direction,
e.g., soutawest, becones = vector velocity. In orier

to use momentum effectively in computation one must

know the direction of the romentunm with respect t0 Sone
reference direction, e.g., the edge of a road. In car
collisions we rarely have %o worry,about changes in

mass SO the direction of =2 vehicles velocity iIs also

tae direction of its momentum. This particular momentum
is c=21lled linear momenwvum. IF 2 vehicle spins then tne
direction 0f the linear momentum waich 1S imporsant here
is the direction the center of gravity travels. If =
cer svins during a Skid, the svin Will asve no effect

on the direction of the strzight line skid zni therefore
no effect on the linear momentum direction of ths skidd-
ing vehicle. This zssumes that all four wheels ars
locked during the spinning skid.

Tae. single most important physical Principle which
is used in the analysis of auto collisions IS the
principle of "conservation 0f momentum." This principle
connects the speeds (veiocitiea) of tne wvehiclesg azzer
a collision with theilr counterparts vefore =2 collision,
We Will consider this principle next.

2
|

1. Conservation of YWomentum - The vrinciple of conser-
vztion ot Teomeatum states tTast the total linear momentum
of two vehicles after =2 collisiorn IS +Xe same =2s It was
before tnr= collision. Por collisiocns iN which the ini-
$i21 =214 finsl velocities of the two wvehiecles =re not
along the s=me straight line one I's required to do
vector addition. Vector =2ddition 1S nmore tedious +ta=n
complicated and we will s=ve %wo-dimmensional collisions
for later.

Let's consider tne following collision in which 211
velocities before and after impact are =2long a singla
straigat line.
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Vehicle A ( weight 3300 lbs) hits vehicle 3 (weight
4000 1vs). 3 has just pulled out of a driveway =nd isS
not moving iNn the east-west direction. & hits 3 going
2t speed V4 and then both i and 3 stick together ang
skid 20ft."to e stop.

Conservation of VMomentum 1s invoked a2t imp=act.

Momenlum Before= Momenlom Aften
MAVA'i"M'\B(O) = [WA +MB)!{4‘£’8V

Bie s:o 4 s‘rzeé ot the
A “”7 Commbinat/ion *le

This eguation becomes
instant after impac

MaAVL S mpad mdV, -

where oy = 39029 N = %000

-To get Va%i’ev we need to use tae work-energy relation
2
-é-_gmﬁ«;/w(g)i{hc //(H&}MB ?rxa’

That is, the velocity of tre combination immediztely
after impact is the same as their velocity at the instant
the gkid begins. Therefore, the same velocity

avppears in bo’:h the momentum and the energy egustions.
Suvnvose the coefficient of friction is W= 0.7

L Vigde, = (0-7) (22) (20)

L —
VQ-Hev - §9¢

!

Vatder = 2929 44 /cec



We can now gut this value of Vafter into tae conser-
vztion of momentum equation to find the sveed of 4
the instant before tae collision

Mmap Yy = (mp+ ) Vg,

3000 - 3000 000

VA < é 7 8 ‘)C'H/Src.

VA: ,_‘_?.-5 ,fl.i

/-4€7 Ly
h

Therefore, depending on thne speed limit, visibility,
obstacles (hill crest, etc.) one may be able t0 s2y
waether or not the driver of vehicle 4 was or w=s not
exceedlng the spzed limit. Notice that A's speed before
the collision was more than twice its speed =z2fter coll-
Ision and that without tuae use of the orinciple of con-
servation O0f momentum there would be no hope of even
estimating it.

n. Derivation of the Principle of Conservation of
Torentum — fo uniderstand way noventam is conssrved

we need only the second and third laws of old Isaac.
His second lsw isS

¥}

CRCE = ¥MASS X 4aCCELERATION .

If we put INn the definition of acceleration we get

E=m AY
“nen We rmliivly both sides of this eguation 2y the
time t 1t becomes

F+ = mav

The l!eft side is c=2lled the impulse and the rigat side
is just the change in momentum of the mass m. Here the
time t is the time veriod in waich the force ¥ zcts To
cause tae cinzange in momentunl mAV.
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Recall that av = Ve ~ Viaital
Tow the impulse eguation becones:

Ft = wm (V.{:“ﬂa' - Vnm'lta')

Let's consider tne momentum change of two cars due
to an impulsive force acting on each for a given leangth
of tine.

Car £l F!tl = gy (L/’-C;nal - ‘/)n'nf'l‘l.il )

If the cars collide then Newton's third law szys that

(Action force of 2 on.1) F; = - Fp (Reaction force of 1 on 2)

In 2ddition the time during which each car acte on the
other ( =2nd therefore the time of sction for each force)
is the same. It is just the tiae interval during whicna the
two cars are in contact.

SO +, =2, = ¢
and Fit, =-F, 0,

Now revlacing the impulses by the respective changes
I N momenta we ged:

My (Vigonal = Viimitin ) 5= (Ve gy = Vaiwidiss )

oy
W, Vl-%’m.zl — Wy Viinidial T -Mma Vi ciwal + e Vi switial
Cn rearranging terms tals equation becomes:

WMV cinag F Maiea= MaVigsn e Viaitial

Total Momentumn After — Total ¥omentum Before
the Collision the Collision

j
Thus, We see that momentum is conserved in every collision.
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1. Centrifugal Force =2ni Skidding on =2 Curve - It is
well know- taa% iFf one drives an automooile around =
curve 2t a speed winich is very aigh tne car will not
hold the roai and you feel as though you are skidilinp
outward. Any odject (including =2 car) which changes

tne direction of its velocity is accelerated. 4is =
result, oy Wewton's second law ( P=ma) a force is

needed to cause that =cceleration. Consider a bill

on =a string. If you swing the ball IN =z circle it will
be accelerated and the accelerating force is the tension
in the string. |If you cut the siring the ball refuses to
cnange the direction of its velocity and it will f1y off
28 shown Yelow.

P - /'
b4
~
4 ’ A
| ' Pad
a I ¥
e
AP ro

W\ =l

3 =%

Tam o mnm mALmAdin~ » curve the force which holds the cer
on the curve =2nd allows it to change the direction of its
velocity iz the frictional force oetween +the edges 0f the
tires and the road surface.

Wnen we ride in a c¢car whica is rounding a curve we T
tne centripetal acceleration and we experience the ten—
denecy to slide outward. ilso we nzve all had our sunglasses
Or cn2nge or some other small itexms slide across tae
d=2ghboard as we take =2 rignht turn rather ravidly. The
frictional force for these small items and *he dashhoard

is not great enouga to cause their velocity to change
direction. The acceleration waich is termed centrivetal
accelerstion of the cer =2s it Younds a curve of radius

R ( given in feet) with a sveed v (given in feet /sec)

18z
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Therefore the centifug=zl force is just this acceleration
times the nass.

F= m _Y_,.z
R

The maximur force that friction can exert on the car to
keep It Oon the curved path. is just the szre as the frict-
ional force which we used in the =nalysis of straight
line skids. Only here the frictional force is scting

In a2 different direction. I1tis:

F=_um
] /

wnen MY is gre=ter than 4/ /7 3  the frietionzl forces
are not%ﬂrong enougn t0 change the car's direction and
keep it traveling on tae curved path. is a result, when

2
MY" = ¢ wm
R 7 |
then for 2 given R and & we c2n coroute the maxirum
speed which the car may hzve and hold its curved p=zth.
Looked =2t znother way this speed is zIso the minimum

speed which will cause thae vehlcle to slideout of its

initially curved path. FOr exazple:

Let R=500F¢t y(___’; /4}7/;/
U= 0.5 |

V3 (5') (32)(500)
vz 8goo

F
9?4"&{/96’ 58 Ar
So if the car exceeds 60.58 mi/ar on this curve it will

not hold tne curve and it will go off the road following

~;-".gath shown nelow.
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Evidentiary Analysis of Traffic Accidents

Introduction

a)

Assumptions, Objectives, and Limitations
of Accident Reconstruction

b) The_Scientific rethod as applied to Traffic
Accident Reconstruction

C) Human Factors

Principles

a) Ehysical Terms and Definitions

b) The Laws OF Hotion

c) The Laws of Conservation of Momentum and
Energy

d) Review of Simple Algebra

Stopping and Skidding

a)
o)

c)
d)

Skidmarks
Frictional Force and iork

Coefficient of Friction--definition and
values for different surfaces

Speed Computations from Skidmarks

Collisions

a)

b)
c)
d)

Line of Impact and Foint of Impact
Cne- Dimensional Collision 4Analysis
Two Dimensional Collision Analysis

Froblems Involved In Estimating Speeds
from Auto Damage

|
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Vi,

VII.

20,

Time and Position--their special importance in
traffic zccident reconstruction

Reconstruction of Actual Traffic Accidents from
Police Reports and Testimony

Each example will be viewed with special

attention to:
a) The accident data
b) Required assumptions
¢) Reconstruction results

"Expert" Testimony
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"Traffic Accident Investigation Manual"
by J. Stannard Baker (The Traffic
Institute, Northwestern University) 1975

"Highway Collision aAnalysis" by J. C. Colli
and J. L. Morris; Charles c. Thomas Publ
(Springfield, 111., 1967)

"BEstimating Stopping Distance angfIime for Motor Vehicles"
by J. Stannard Baker he Tratfic Institute, Northwestern

University) 1977

"rorensic Physics™ by David L. uhrich
(Kent State Printing Service, 1976)

s



David L. Unrich

Materials whicn are useful in Accident Reconstruction

1. The Police Report,
2. Pictures of the Accident Scene.
3, Pictures of the Accident Vehicles.

l. Copies of Statements or Depositions made by the
participants and witnesses of the accident.

5. A copy of the Engineering Drawing of the road
or Intersection where the accident occurred.

6. The Weights of the vehicles involved 1In the
accident or of comparable vehicles of the same
make, model and year,,
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Prepaid orders arc shipped the cheapest way at the ex-

pense of The Traffic Institute. A purchase order must
accompany each order that is not prepaid, and charges
for shipping and special handling, if requested, will be
billed to the customer. Orders cannot be shipped COD
or UPS. Ail orders under $10.00 should be prepaid, Make
checks payable in U.S, funds to The Traffic Institute,
Northwestern University. Terms: net 30 days. Delivery:
30 days after receipt of order,
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LEGAL ASPECTS OF SPEED MEASUREMENT DEVICES
by Edward C. Fisher

Comprehensive coverage of appellate court decisions on devices com-
monly used to record the speed of vehicles for enforcement purposes.
Admissibility of this type of sclentific avidence, judicial notice of the sclen-
tiflc theory behind speed-check Instruments, use of tuning forks to test the
accuracy of radar, constitutional aspects, arrest law in speed-check cases,
and suggested list of questions for use in the courtroom to qualify a radar
operator, —

1967 . 70 pages paporback . $3.50
(1981 revision—price to ba announced)

TRAFFIC ACCIDENT INVESTIGATION MANUAL
by 3. Stannard Baker

The 1975 edition was broadened due to extensive use by persons other than
potice Investigators. However, the revised manual, like its predecessors, is
intended primarily to gulde pollce traffic-accldent Investlgators In their
work and to assist in thelr training. The manual emphasizes informatlon
gathering and recording and glves detalled instructions in observing the
results o an accident and conditions existing at the time and place of its
occurrence. introductory material has been expanded to be more useful to
administrators and supervisors In developing traffic-accident investigation
programs. Material relating to traffic-accident reconstruction and cause
analysis has been enlarged and rearranged. Approximately 400 tlustrations
(photographs, drawings, tables, and charts) are Included.

1975 . 346 pagos hardbound . B2 x 11 . $25.00

VEHICLE TRAFFIC LAW
by Edward C. Fisher and Robert H. Reeder

The first flve chapters cover tho background, dovolopment, purpose and
nccesslty for trafflc laws. The remalning 15 chapters are complete treat-
ment of the legal and constitutional aspects o traffic laws, enforcement
prosecution, penallzatlon, and punlshmont of trafflc offenses. An author-
. Itatlve guide for poilce, prosecutors, defense attorneys, fudges,

leglslators —anyone called upon to Interpret, enforce or adjudicate traffic
laws.

1974 . 360 pages hardbound 8% x 11 e $2.50
(1901 supplomont—~prico to bo nnnouncod)

O ES Rk St N VAT AR SIS
W [ .

These series of manuals for training and reference explore Important law
enlorcement Issues. Many are designed primarily ior Inservice training pro-
grams forlaw enforcement officers. The manuals are also references on
current operational practices and procedures in traffic and hilghway safety.
Lawyers, judges, prosecutors, driver license administrators, public /nforma-
tion officers and safety groups, as well as law enforcement officers, will
find these series of manuals valuable. All manuals are 8% x 1linches and
art?punched for three-ring binders.

_ADVANCED ACCIDENT INVESTIGATION SERIES

CHARTS AND TABLES FOR STOPPING DISTANCES OF MOTOR VEHICLES

Twelve charts and tables, with background intormation and instructions,
for estimating skldmarks and stopping distances for automobiles and threo
slzes of trucks. Based on a report prepared by the trafficcommittee of the

International Association of Chiefs of Pollce and published In the Police
Yearbook.

PN22 . 20 pages . $2.50

ESTIMATING STOPPING DISTANCE AND TIME FOR MOTOR VEHICLES

By J. Stannard Baker. Engineers, law enforcement officers, attorneys,
educators, and students recelve detailed explanations for estimating speed
from skldmarks and calculating posslble stopping distances under varlous
circumstances. A wlde range of variables which Influence rate of vehicle
slowing are discussed and Illustrated, Including drag factors, Interrupted
slowing, irregular braking, Irregular skidmarks, tho motorcycle problem,
and brake performance requirements. This manual supplements the discus-
slon of estimating vehlcle speeds from braking skldmarks contalned In the
Traffic Accident Investigation Manual. The latter emphasizes collection o
facts on which Interpretations can be used. The former conslders implica-
tions of whatever facts are available. Tables and charts are presented in
both U.S. and metric units. An extensive appendix is devoted to derivation
o equations used in the narrative. 60 exhibits.

PN84 . 78 pages . $0.50
(1980 rovislan—price to bo announced)
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DRY WET
DESCRIPTION
o Less thao More than tess than More than
30 mph 30 mph 30 mph 30 mph
ROAD  SURFACE - |
| rom To ‘rom To “rom Ta, Frow To i
== !
ki PORTLAND CEMENT . - ?
! New, Sharp .80 1.0 .70 1.00 .50 .80 .40 .75 !
! Travel led .60 .80 .60 .75 .45 .70 .45 .65 !
3 TrafficPolished % 5B .50 .65 45 65 .45 .60 f
ASPHALT or TAR . |
New. Sharp .80 1.20 .65 1.00 .50 .80 .45 75 }
Travel ted .60 .80 .55 .70 .45 .70 .40 .65 i
Traffic Poiished .55 .75 .45 . .65 A5 0 .65 .40 .60 ;
Excess Tar .50 .60 .35 .60 .30 <60 .25 .55 ;
GRAVEL _ i
Packed, Oiled 55 .85 .50 .80 .40 - .80 .40 .60 !
Loose 40 .70 .40 .70 .45 .75 .45 75
CINDERS ) ‘ . B
Packed .50 .70 .50 .70 .65 - .5 .65 .75
ROCK
Grushed 55 .75 .55 .75 .55 JI5 .55 .75
ICE . : :
Smooth .io 25 07 .20 | .05 .10 .05 .10
SNOY
Packed 0 .55 .35 .55 .30 .60 .30 .50
Loose .10 25 .10 .20 .30 .60 .30 .60
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STEPS _IN
EVASIVE TWCTICS
TO AVOID #AZARD

<

Exhibit 7-1
EVENTS DURING EMERGENCY BRAKING

EXAMPLE: AVO IDING TIME AND

KOV ING OBJECT s8Y DISTANCE

STOFPING  VEHICLE INTERVALS : : o
< < LS

Hazerd couid be discerne -
Point of possible percepiion

Obstructing abject

Hazard is discerned
Foint of percepticn

~_ » A
deccmes Visible. " Perception } T : j/
el
7

HeTiar3 s undersicod.
LPo«nt ot comprahenclicon

- dela
Driver sees object : eay
which endangars him. ¢ Apperception ’ Ferc?pﬂcn

. interval
Recognizes object cs\

v

LT

I
. ]/u'/‘

e

Action is deternined.
LMoveﬁanf +0 czntrol begins.

. Starts {o move fwt. ~ Movesmant +o

on collision course. Judgement . 7
effort Reaction
Becides o siow down. N )

Total reaction

Contret uuvema:xf completes
Vehicle controis actuated.

Machanical sfack taken up.

Foot reaches brake; start braking %
starts to push down. Mechanical
Brake drag begins to N\_'% ’ ' ,
decclera®a vehicle. /— i

Total stopping

Vehicle begins to respond Control Vehicle stopping
build i
. Maximum effor? reached. Brakes step wheels. P Erakm ’
] Graztest response 8 centro!  Skidding begins. Control s )
. Response terminates; hazard Vehicle stops or \ continuation
E [ 8Actuntarnd oF avdidad. has collision.
3
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Centrifugal rorce--5kidding on a Curve
YE
v Y T
b

To cnange the direction of motion a Force must be exerted
perpendicular to the line of motion.

Since the force is perpendicular tc the direction of v
it can neither slow nor increase the speed.

Force along velocity increases

) the speed,.
Velocity A e (gas pedal)
Vg vy Wy ve = V8
~ﬂ§§§u§iﬁﬁb Force (e.g., friction)
Y V"*&‘ ‘ff'g velocity Vs

i

w L
F é?ﬁﬂw”

- v
>
&
S/
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fage 3

Force needed to_keep_object (car) moving in a curved
path is Lo direction of motion and

2
Fo= mY

For car on = road the force is friction of the road surface
acting on trz rubber tires.

Maximum v for which car will not slide out of the curve is

RO

. m-%-aémé

Fevw@

N
Vi \ﬁﬁﬁw.a‘%
R

TWe vnass cCoawmcels oot :

. \/&méy“
= -7

oV
A\’ %ﬁh iy = ‘/ég ‘?} 5?
Let o =0.5 R=s5o00' g-gz.’ﬁ.{%ﬂ;

Vvic ($)(32)(500)
vt T o000
v = 9.4 -@"{'/5@&

= g 4] - .
1% ?qu{é/%?)w éi””/gw



If v3»61 mi/hr, car will not be able to hold the curve.

iote that if when you. realize you are not holding the curve,
you turn the wheel sharper--you make k smaller!!

Say car curve is 250 ft

VZ=z (0.5)(32)(250)

i

|V L0060
V4 63.2 .
V= (3.2 (é.éﬁgg»> = 45 b h

Maximum sped_for which one will be able to negociate the
curve safely is reduced from
61 tc 43 mi/hr.

the curve 1s banked, then the coefficient of Iriction
augmented by adding or subtracting the % grade.
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Agonizing Reappraisal

Fundzmental Quantities

1.
2.
5.

Derived

‘r‘_

g

N

length (f£t, mi)

nass (slugs)
time (sec, hr)

guantities

velocity (ft/sec, mi/hr) Vv = d/t
(recall 88 ft/sec = GO mi/hr)
ccceleration (ft/sec?) a = v/t
Eorce (1bs) F = ma

weight W = mg

where g = 32,2 ft/secz
2. friction f=/¢mg

on z horizontal surface anda all
the wgi%ht Is useful in slowing
a vehicle :
uphill
onahill F-= mg@M + % grade)

downhill

N

sork = Force x distance (ft . 1bs

/“\—
They must be along the sams direction

Kinetic Energy (Energy of Motion)

Conservation of Energy

e.g,, Motional prnergy is ussed up (as 2 car skids
at stop) doing work ageinst the frictional

nE o= ¥Work against fricticn

II

<t
]

iy

O

K

@)

[q]



dote mass cancels out.

brxample: Find v if 4= .7 and d = 50 ft.

voo= %Mgd
ve = 2(.7)(32.2)(50)

ve = 2254
v =4y2254 = 47.5 ft/sec

\V; 47.5(§§) = 32.4 mi/hr

If the vehicle welghed 3000 Ibs, then how much
.E. did it have?

LE = $mv
000 N
= 3(2592)(47.5)
Kf = 105,105 ft:1bs

what happens if the car does not skid to a stop?

Then  Ebpeginning ~ ¥work in skid © “Pend or skid
Vo = beginning speed
Vf = speed at end of skid
L2 ;
jjojm"/o =/Lfmgd + imeZ (w\axs cenmcels oot )
Let Vf = 15 mph
V. = 15(2) = 22 rt/sec
2 .2
vV v
9 _ ,.4 ) L
2 "/aad I 2

2

2 zd +
y 2pgd + Vo

2 - 2(.7)(32.2)(50) & (22)°

v ¢ =
0
2 _ .
v © = 2254 + 484
vV ¢ = 2778



rage 3

VO = 2738 = 52.% ft/sec

i L 60 .

‘JO = 943(;5‘) = 35,7 mi/

gtice 15 wi/nr =+ the end of the 50 ft skid

adds “only %-é mi/hr tO The speed at tneé bezinnine
of the skid.. o o

Note: If only two of the four wheels are effective
in slowing the vehicle--then only the weight
on these wheels contributes to the slowing

o~

of the vehicle.
g = .1
d = 50 £t
and the skid is to a stop
nv® =M (F5)d
ve = (.7)(32.2)(50)
v o= 1127
v = J1127 = 33.6 rt/se
- 53.6(88) = 22.9 mi/nr
So if only % of the weight is useful in slowing

the car, tne speed at the start of the 50 Tt skid.
IS reduced from 32.4 to 22.9 mi/nr.



irect Measurement of
the Coefficient of Frivtion

Bavid L. Uhrich

In ordey t@ gliminate the numerous errops invelved in the measurement of

the coefficient of friction with bicyeles, we will use the following apparatus:

’%mm%

o w@vﬁ
—
]

ira touches Che pavemsnt a?nag the pulling

the puiling rope above the ground

re to the end of the pulling rope

& = angle the pulling rope mikes with the ground
¥hen the tire % dragged at constant speed over a surface (asphalt, grass,

aoncreta, 9&5.}3-%&9 acceleration is necessarily zew
s f 3 .
‘z%z, = g%awa-@ o 8 be S

- If the acceleration s zero, Hewton tells us that the net force (horizentally

in this caze) is also zevo.

§%5% =W g =
{hovensatsl]
et fbrca here %s Just friction pulling left minus the horizontal

force pulling right,
ax F . my@s R &
Q@g% &@zﬁwmﬁg feicbica

f’\ ::..“ , g‘ﬁ %ﬂvm &5 aws?&%’ﬁg’g
- 1 o




. . Rope puliing right at
"gwm @@’@ & s é & Eémﬁ

&& 4 %f b o “'“g.g '. 1'
: ol horizontal. (FRope)

6% @ i o Vai
Horizontal component of the rope's force

which just balances the pull in the opposits

an angle @ above the

direction due to friction. {FRope'Hcpquntay)

$in §gm&
A

i
| Thuevie Sia = &

6n the caleulator divide h by 2 then press inverse and then sin and the

caleylator will sresent you with the angle 6.

£
%@@% Sy B = ﬁ’:g“* Vewtial
Rops
' g%w @%@wﬁ%%&‘%’c@.

Eog & = Fﬁ@g* b ovennetel
&aga

F§s¢$ - That 15, the total force with which you pull aleong the vope is just the

zeasured resding on the spring scale. .
Gnce you know 6, you can just enter @ into the calculator and then press the

cosine button and you will have a numerical value for the cos o.

Then if we multiply the above equation for cos 0 by Fp, . we get:

F’Q%M e & = FQG?« Hevszastsl




o = Cog & = F@

fﬁ@gﬁmﬁa @f«g 7] @W&@@M"’g@,g |
D 4 ~ fls o "3
B eE F@@ w Hovidwatsl | F L o= F ogn®
égn ¢ ﬂ?ﬁ Yeotrea ! ﬁgg‘f j
*@mg'@aau 4
Se: “‘%: = F@ Cog &

@f«
Bu the frictional force for horizontal surfaces is just the coefficient of
friction times the norma} force. The novmel force is the vertical force which

Co edfici et of ERPT PO

the surfoce exerts on the tirve. {ﬂ

+£ =
M MM@WW@@ ?@wa@ﬁ
Hers, there are three forces which are along the vertical or have & component
in the vertical direction; the normai force of the surface on the tire (up), the
weight or alters vion of the earth for the tire (down) and the vertical component
of the vope's fovce (up}. Since there is no acceleration in the vamimé

direction, we have an eguilfbrium

‘g, $§§€ ] %;'*@3’%5 T@@ﬁ

&
9"@@?@ &@@é%ﬁéé

situation described again by .ﬁ

Newton's Tirst 1

F = g B O g
hed mate | Roweight

{yevdicel ) i g
Faek = M3 'g@@?q Vestisel w=90

fevtee u?} |
&t By = wv - ﬁﬁam Verdreol
;mqﬁ ’“%’# ‘ M = ~AA {W Fﬂa aww@auﬁ?

Eiz& from the horizonta qasﬂ*brium c&ndition, we a’!se have %pe cot 8.

W

&3@&%%’5@ the two expressions for f gives




and frame with your springysc&1e Just by 1ifting the frame with the hook on
the end of the scale (so you weasure ¥ in pounds) and you aliso need to weasure
hoand & to determine the sin & and cos 8. If every ¢ime you pull the tire

you kold the rope to the same height h, you need to measure h and 2 only once.
Measuve p for ssphalt, concrete, grass and other surfaces. For-example, you
could compare new asphalt with worn asphalt or try asphalt with dirt spread on
it. Also determine if the pulling force depends on how fast you pull the tire,
(it shouldn't!)

tach g%@up should measure the coefficient of friction for gach surface with
#ach tire and detemminé 1€ the measured values depend on the tire used.{e.g.,
does u depend on the presence or absence of trend).

In your report draw conclusions from your own data regarding the nature Qf the
coefficient of friction between sliding rubber tires on different pavements
and compare this method 5 the use of skidding bicycies. Also comment on the
fact that in an accident skidemarks indieate & skid but here ymu.maegure a

e@éff%céent of friction end you Yeave no skidmarks. Are the u's the same?




