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The last procedure is the one usually adopted a.nd it 
tends to produce variable results. 'l'he other two 
procedures wil l give significantly different results 
in locked wheel braking tests, although the results 
from traction tests should correspond fairly 
closely. Without knowing the highway conditions over 
which the studded tires will be used, it is not pos­
sible to state which of t he three procedures will 
give the most representative result. 
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Determination of Precrash Parameters from 
Skid Mark Analysis 
W. RILEY GARROTT AND DENNIS A. GUENTHER 

This pa1ier pre,onts the results of nn experimental study to vn1idalll and improvo 
tho metho<h currently used in the reconstruction of nccldonts to determine prc­
crash parurnetert from skid marks. This was accomplished by testing six vohi· 
clos, throe cars and throe trucks, that had a varioty of tlrns and loadings on 
1hrce differing types of pavemenO. Both scvoro (wheels locked) and moderate 
(no wheels locked) stops were made. Prebraklng speed, the length of the skid 
marks produced, stopping di stance, and a number ot other variables of interu•t 
were moosured for each stop. Analysb of the experimental data focused on 
ropoatablllly of skid mark data, validity of tho currently used skid mark length 
versus prcbraking speed formula, accuracy of the various methods for measuring 
tire friction, and tire marks left by nonlocked wheals. The currently used skid 
mark length vertus pre braking s1>eed formula was found to bo better for ac!li· 
dent rocon~tructlon when using test data from locked wheel stops than were 
ei ther of two other formulas that wore tried. Four methods for measuring tire 
friction wero evaluated. Two of those methods, the American Society for Testing 
and Materials skid number 11nd en estimate based on o standard table found in 
tho 1l1crutu1~. were shovm to give Incorrect results when used for heavy, ai r· 
braked trucks. For some conditions, stops for which none of tho vehicle's 
whools locked were found to produce tire marks that wore longer th on those 
produced during a locked wheel stop. Tho lire murks uenorated during non· 
locked wheel stops look like ligh1 shadowy (visible when viewed along their 
length but not from directly above) skid marks. Accident investigators must 
be careful when usi ng llghnkid marks in tho formulas to dete rmine prebraklng 
speed from skid mark length t.o ensure that the skid marks wore made by locked 
v.tiools. Otherwise, too high an estimatll or the vehicle's prebroking speed may 
be obtained. 

Skid ma r ks have an important role in t he National 
Highway Traffic Safety Administration's (NHTSA) 
effort to i ncrease veh icular safety on our nation's 
roads . The study of skid marks left on pavement 
after an accident has occurred helps experts in 
accident reconstruction determine the course of 
events that led to the accident and the prec r ash 
pacamete .rs of the vehicles involved. These , in 
turn, help NHTSA develop countermeasures to prevent 

o.ccidents from occurring and to protect the occu·­
pants o f vehicles involved in collisions. 

Reconstructionists use t he analysis of skid marks 
to help identify impact locations , vehicle trajec­
tories, wheel lockup patterns , deceleration, and 
prebraking speed . The last three of these important 
quantities are calculated by means of rela t ively 
simple formulas based on a field invest igator's 
report of the number and length of skid marks ob­
served and the type and condition of the pavemen t on 
which the accident oocu rred . 

The formulas used by aoc.ident reconstructionists 
are theoretical formulas and in their derivation a 
number of assumptions are made . If any of these 
ar>sumptions are 'invalid , it could lead to errors 
between 'what actually occurred and the results of 
the accident reconstruction. Also, accident inves­
ti9ators frequently use standard tables (1_,1l to 
estimate the coe f ficient of fric "on that was acting 
between a vehicle's tires and the road . 'I'hese tables 
need to be checked foe pOS!jible errors due to dif­
fering vehicle types, loading , tire types, and 
pavement compos ition. 

The overall goal of this study was to increase 
knowled9e o·f skid marks and to improve the accuracy 
of formulas and tables that involve them t hat are 
used i n accident reconstruction . This was done by 
studying a large number of skid marks produced under 
controlled experimental conditions. Specifically, 
t.his study concentrated on (a) the repeatability of 
stops that produce skid marks, (b) the validity of 
t he formulas and tables used to relate skid mark 
length to prebraking speed , (c) the best method of 
determining the coefficient of friction between the 
tire and the road for use in skid mark analysis , a nd 
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Table 1. Types of vehicles tested. 

Vehicle 

I 980 Chevette 
1980 Chevette 
1980 Malibu station wagon 
1976 Ford LTD 
1976 Ford LTD 
1977 Ford F-250 

Class Tires 

Pl 55/80RI 3 Armstrong radials 
A78/13 Armstrong bias ply 
Pl 95/75Rl4 Uniroyal radials 
P230/RI 5 Michelin radials 
H78/l 5 Cooper bias ply 
7 .50-16 Remington bias ply 

Lightly Loaded 
Weight 

Gross Vehicle 
Weight Rating 

2 850 
2 850 

6 430 
6 430 
6 900 
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1977 Ford F-7000 

Subcompact car 
Subcompact car 
Intermediate car 
Full-sized car 
Full-sized car 
Pickup truck 
Straight truck Front, I 0.0-20F Goodyear Super Hi Mllers bias ply; 

Rear, I0.00-20F Goodyear Custom Cross Rib Hi 
Milers bias ply 

2 520 
2 520 
3 910 
5 000 
5 000 
4 920 
9 430 27 500 

1973 IH Transtar-Fontaine Tractor-semitrailer Front and trailer, 10.00-20F Goodyear Super Hi 
Milers bias ply; Rear, I0.00-20F Goodyear Custom 
Cross Rlb Hi Milers bias ply 

30 050 80 500 

Table 2. Severe braking test matrix. 

1980 
Vehicle Loading Tire Type Road Surface Chevette 

LLW, curb weight plus 300 lb Bias ply VOA asphalt x 
Tar and gravel chip x 
Skid pad concrete x 

Radial VOA asphalt x 
Tar and gravel chip x 
Skid pad concrete x 

Half-loaded Bias ply VOA asphalt 
GVW, fully loaded Bias ply VOA asphalt 

Radial VOA asphalt x 

1980 Malibu 
Station 1976 Ford 
Wagon LTD 

x 
x 
x 

xb xb 
x 
xb 

xb 

1977 Ford 
F-250 

x 

x 
x 

1977 Ford 
F-7000 

x• 

x• 

1973 IH 
Transtar­
Fontaine 

x• 

x• 

Note: Each test condiUon was run five times at 1 O, 201 30, 40, and 60 mph for a total of 25 runs. 

~All speeds were not used for safety reasons. 
Test condition was not run at 1 O mph. 

(d) the relation among the point of brake applica­
tion, the onset of tire mark production, and the 
location of wheel lockup. 

This paper summarizes the test program and proce­
dures used . The principal results obtained from the 
testing are explained . The discussion of how to 
best measure. the tire-road coefficient of friction 
outlined in this paper is presented in detail else­
where <1>. Details of the test program, test proce­
dures, analytical methods used, and experimental 
results that were obtained are also contained else­
where (_1). 

EXPERIMENTAL TESTING PROGRAM 

During the summer of 1980, an experimental test 
program was conducted to supply the data needed to 
study the issues mentioned above. Three different 
types of tests were performed during the exper imen­
tal program: 

1. Severe braking tests in which the test driver 
applied the brakes of an instrumented test vehicle 
as rapidly and as hard as possible so as to cause 
rapid wheel lockup; this approximates panic braking 
such as might be done by a real driver when he or 
she becomes aware of an impending collision; 

2 . Moderate braking tests in which a servo-con­
trolled brake actu_ator applied the brakes of an 
instrumented test vehicle at a predetermined con­
stant l evel for which none of the wheels locked up 
to see if skid marks would be produced; and 

3. Skid trailer tests, which measured peak and 
slide coefficients of friction for many of the tires 
used in this study, were performed on each of the 
different pavements used; the skid numbers of these 

pavements were also 
American Society for 
test tires. 

measured by using standard 
Testing and Materials (ASTM) 

During the severe braking te$ts, the effect of 
changes in vehicle loading, tire type, and pavement 
type on the skid marks prpduced during a stop were 
studied for stops from five different initial speeds 
for each of six different types of vehicles. Table 
1 gives the types of vehicles tested. 

Tests were run with the vehicles (a) at lightly 
loaded weight (LLW), Cb) fully loaded to gross 
vehicle weight rating (GVWR), and (c) half loaded 
(i.e. , midway between the two other weights). Tests 
were conducted by using radial and bias ply tires on 
three test surfaces. The test surfaces used were 
the Transportation Research Center of Ohi-0 (TRC) 
vehicle dynamics area (VOA), which is paved ·with 
asphalt, the TRC skid pad, which is paved with 
concrete, and a currently in-use public road, which 
is paved with a gravel chip and tar mixture laid 
over an asphalt road bed. Table 2 is a matrix of 
the severe braking tests. 

Eight channels of data (only six for the F-7000) 
were strip-chart recorded for each stop. The data 
recorded were (a) distance traveled, (b) speed, (c) 
acceleration , (d) brake force or pressure applied, 
and (e) wheel rotational rate or lockup for each 
wheel. Also, the stopping distance (the distance 
from the beginning of the brake application until 
the vehicle reached a complete stop) and the pre­
braking speed were measured. 

At the completion of each test stop, the s kid 
marks produced during that stop were measured. This 
process begins by the measurer locating and marking 
the start and end of each skid mark. It is easy to 
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Table 3. Corrected stopping distances. 

Vehicle Loading 

Chevette LL W 

Chevette LLW 

LTD LLW 

Transtar- GVW 
Fontaine 

Surface 

VDA 

Tar and 
gravel 
chip 

VDA 

VDA 

Tires 

Bias ply 

Bias ply 

Radial 

Bias ply 

Nominal 
Speed 
{mph) 

10 
20 
30 
40 
60 

108 

20 
30 
40 
60 

10 
20 
30 
40 
60 

10 
20 
30 
40 
60 

Note: Five test runs were made at each nominal speed. 

aTen runs were made for this case. 

ASTM 
Skid 
No. 
at 40 
mph 

81.l 

60.8 

81.l 

81. l 

Slide Friction 
Coefficient at 
40 mph for 
Nominal Load 

0.848 

0.714 

0.773 

0.566 

locate the end of each skid mark because this is 
distinct and occurs where the test vehicle's whee.ls 
stopped. The start of the mark is harder to locate. 
The location of the s·tart of the skid marks depends 
on the measurer's judgment. Therefore, to keep t .he 
results as consistent as possible, the same measurer 
was used throughout this study. 

After the skid mark ends had been located, the 
length of each· of the skid marks was measured with a 
tape measure, and the results were recorded. If the 
skid marks were cunell, Lhe path of the skid wa1< 
followed as closely as possible to determine the 
true length of the mark. 

During the moderate braking tests, the effect of 
changes in brake pedal force applie'd and road sur­
face composition on the skid marks produced during a 
stop were studied. All test runs were made by 
stopping the subcompact passenger car from a single 
initial speed of 30 mph on several different pave­
ments. All of these tests were run with the lightly 
loaded vehicle and radial tires. 

The skid trailer tests used an ASTM skid trailer 
with l\STM tires to measure the skid numbers of each 
o f the test surfaces used du-c ing this study. Peak 
and slide friction coefficients were also measured 
for each of the passenger car tires. used on a1-l of 
the test surfaces for which each particular tire was 
tested. Details of the skid trailer testing are 
given etsewhere <ll. 

Repeatability of Skid Mai:k Data 

Two methods were used to check the consistency of 
the severe braking test data. FiLst, the vari­
ability of the vehicle and the pavement was studied 
by looking at the distance the test vehicle took to 
stop for each test condition. Then, the consistency 
with which the measurer was able to mark the ends of 
the skid marks was analyzed. Before the stopping 
distances of test stops that were made from the same 
nominal prebraking speed but from slightly differing 
actual prebraking speeds could be compared, it was 
necessary to correct the stopping distances to ac­
count for the differing speeds. Corrected stopping 
distances were calculated for each run by means of 
Equation 1: 
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SE As 
SE Percentage 
Corrected of Avg 

Avg Corrected Long Corrected Short Corrected Stopping Corrected 
Stopping Dis- Stopping Dis- Stop ping Dis- Distance Stopping 
tance (ft) tance (ft) tance (ft ) (ft) Distance 

4.7 5.0 4.4 0.12 2.47 
17.4 18.l 16.7 0.27 1.54 
39.2 39.5 39.0 0.09 0.24 
69.4 70.3 68.3 0.34 0.48 

157.6 159.6 154.4 0.94 0.60 

5.0 5.6 4.7 0.17 3.48 
20.l 22.5 17.7 0.81 4.00 
45.2 46.9 43 .8 0.56 1.24 
80.2 86 .6 75.2 2.12 2.64 

207 .5 213.4 205.l 1.52 0.73 

Not run 
19.3 19.8 18.8 0.21 1.09 
45.6 46.9 45.0 0.36 0.78 
79.1 80.4 77 .8 0.54 0.68 

167 .7 170.2 165.0 0.85 0.51 

10.6 10.9 10.2 0.12 1.10 
33.0 34.2 30.4 0.69 2.08 
70.2 71.2 68.9 0.40 0.58 

119.3 121.7 116.l 0.93 0.78 
Not run 

CSD = SD · V~ /V'i_ (l) 

where 

CSD corrected stopping distance, 
so actual stopping d1stance, 
v11 actual prebraking speed, and 
VN nominal prebraking speed. 

This formula was taken from the Society of Automo­
tive Enqineers recommended practice J-299 , stopping 
dis ta nee test procedure. A£ter they had been cor­
rected, stopping distances for the same nominal 
speed could be compared directly. 

Equation 1 was used to develop a table to summa­
rize the corrected stopping distances of all of the 
more than 500 test stops that were made. This 
allowed comparison of the corrected stopping dis­
tances for varying loadings, pavements, and tires . 
Table 3 is a typica.l portion of this table. The last 
two columns of Table 3 give the amount of vari­
ability that was present in the testing. The next 
to la.st column contains the standard erroL in the 
corrected stopping distance (equal to the standard 
deviation divided by the square root of the number 
of trials) , and the last column contains the stan­
dard error as a percen ge of the average coi::rected 
stopping distance. To obtain some idea as to what 
the numbers in the last column mean for the five 
trials that were run for each test case, a standard 
error percentage of 1.14 percent means that 95 
percent of the test values will be within 5 percent 
of the average value. 

Analysis of the corrected stopping distances 
showed that the severe braking stops were repeat­
able . The average standard error as a percentage of 
the average corrected stopping distance was 1. 75 
percent. This indicates that 95 percent of all of 
the test stops had corrected. stopping distances that 
weLe w"thin 10 percent of the average value . 

Significantly gceater variability in stoppinq 
performance was observable for two sets of test 
con.ditions. For stops made from a nominal prebrak­
ing speed of 10 mph, the average standard error 
percentage was 3 . 14 percent. However, the maximum 
standard error for any of the 10-mph cases was 0. 29 
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ft. Since the fifth wheel measures stopping dis­
tance with approximately this accuracy, this level 
of error is not significant. Testing on the tar and 
gravel chip pavement was also less consistent and 
repeatable. The average standard error percentage, 
for stops from all test speeds, was 3.10 percent on 
the ta.r: and gravel chip pavement versus the 1.42 
percent obtained for the other pavements. Corrected 
stopping distances were less consistent on the tar 
and gravel chip pavement due to variations in the 
composition and slickness of the surface. During 
the testing we noticed that the vehicle took longer 
to stop when a higher proportion of tar was present 
in the road. 

Next, the consistency with which the measurer was 
able to measure the length of the skid marks pro­
duced during testing was checked. To determine the 
length of the skid marks on one side of the vehicle, 
the measurer must mark three points: the viewed from 
above (VFA) point, the viewed from ground level 
(VFGL) point, and the start of front marks (SFM) 
point. Determination of the precise location of the 
three points marked by the measurer was a difficult 
and somewhat subjective process because the skid 
marks tended to fade into the pavement. Although 
the same person was used as measurer throughout this 
program, there was clearly some run-to-run vari­
ability in the locations of the points chosen. 

To determine the amount of va.r:iability inherent 
in the measurement process, the length of several 
sets of skid marks was measured every day for sev­
eral days. By measuring the skid marks on a daily 
basis, enough time passed between each remeasurement 
so that the measurer could not remember the location 
of the marks from the previous day and had to relo­
cate them. Data collected by measuring the length 
of eight skid marks produced during three stops on 
seven consecutive days was analyzed. 

Skid marks decay with time. For the lightly 
traveled test surfaces that were used, this decay is 
very slow. To prevent this decay from biasing the 
analysis, linear regressi on was performed for each 
of the skid marks analyzed by using, as the mod 
form , 

s= c+ Dn (2) 

where S is the skid mark length, n is the number of 
the measurement, and c and D are determined by re­
gression . Only skid marks for which the 90 percent 
confidence interval on D included zero were then 
retained for analysis since these marks showed no 
significant decay with time. 

The standard error, the standard error as a 
percentage of the average skid mark length, and the 
95 percent confidence limits were calculated for 
each of the eight skid marks. The mark with the 
greatest variability had a 95 percent confidence 
limit of ±11.1 percent of its average length. On 
the average , the skid marks had a tight 95 percent 
confidence limit of ±3.8 percent of the average 
leng t h. This i ndicates that the skid mark measure­
ment process was repeatable. 

Va lidity of the Skid Mark Length Ve.rsus Prebraking 
Speed Formula 

A detailed a nalysis of the skid mark length data 
collected during the severe braking ·testing was 
conducted to either confirm the valid ity or else 
improve the existi ng prebrak i ng speed versus skid 
mark length formulas. This was done by using the 
severe braking test data for performing regression 
analyses that determined values of coefficients in 
three model equations. The model equations have as 
their specific form, 

where 

s 
v c 

A1 , A2 , A3, B3, C2, and c 3 
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(3) 

(4) 

(5) 

skid mark length, 
prebraking speed, and 
unknown coefficients, 
which were determined 
by regression. 

Model l (Equation 3) has the same form as the stan­
dard skid mark length versus prebraking speed formu­
las. Model 2 (Equation 4) has the same form as the 
standard formulas would have if they were modified 
by assuming a constant distance between the start of 
braking and the onset of skid mark production. Model 
3 (Equation 5) has the same form as the standard 
formulas would have if they were modified to account 
for a ramp brake application plus the traveling of a 
constant distance prior to the onset of skid mark 
production. 

Separate regression analyses were performed for 
each of the 22 different combinations of vehicle 
type, tire type, pavement type, and loading that 
were tested. Regressions were performed for the 
skid marks left by each of the vehicle's individual 
wheels as well as for the average length from combi­
nations of wheels. The numbers that follow were 
found by using the four-wheel average s~id mark 
length. Similar results were obtained, however, for 
the regressions that were performed by usinq each of 
the individual wheel ' s skid marks. 

Tables 4 and 5 give the results of the regres­
sions by using the fou r -wheel average skid mark 
length for each of the three models. For the IH 
Transtar-Fontaine rig, for which the four-wheel 
average length was not used because this rig had 
more than four wheels, the regressions performed 
with the left front whee l and with the left leading 
tractor tandem data are g i ven. 

Table 4 contains the coefficient of determination 
(R 2 ) that was calculated for each model for the 
various test conditions. The lowest value of the 
coefficient of determination that was obtained for 
any of the models for any set of test conditions was 
0,9784. For more than two-thirds of the cases 
shown, R2 was above 0. 9950 and 85 percent of the 
cases had it above 0.9900. These are extremely high 
values for the coefficient of determinat i on and 
indicate that all three models could closely fit the 
experimental data. However, because R2 was so 
large for all of the test cases, it was inadequate 
to determine which model was most accurate. This is 
because a model with more terms in it, such as model 
3, normally accounts for more of the variation in 
the data. It may, however, be less useful for 
accident reconstruction than is a model wit,h fewer 
terms in it such as model l. To see how much more 
accurate the models that contained more terms ac­
tually were, the mean square error was studied. 

The mean square error, which is the second mea­
sure of goodness of fit given in Table 4, is an 
estimate of the deviation of the regression curve 
from the actual data. It was analyzed by taking the 
average of the mean square errors for each model for 
all of the test cases given in Table 4. Also looked 
at was the influence of vehicle type, tire type, 
vehicle loading, and pavement composition on model 
accuracy. This was done by computing the average 
mean square error for selected subsets of the test 
conditions. 

The average values of the mean square error that 
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were fou nd for all o f t he test cases were 28.01 for 
model 1, 20.08 f or mode l 2, and 17.50 for mode l 3. 
This ind icates t hat model 3 was the moat a ccurate, 
fol l o wed by models 2 a nd l , respectively . Howeve r , 
t he improve me n t i n accura cy between models was no t 
great. The mean squu:::e error is the normaliz ed s um 
of the squa r es of the residuals. The square root of 
t he a verage va lues g i ven s ho ws that mode l l has a 
root mean square deviation between the model ' s 
predicted s k id mark leng th a nd t he actual skid mark 
length o f slig h tly o ver 5 .25 ft versus sligh t l y 

Table 4. Goodness of regression fits. 

Vehicle 

Olevette 

Malibu 

LTD 

F-250 

F-7000 

Transtar­
Fontaine 

Loading 

LLW 
LLW 
LLW 
LLW 
LLW 
LLW 
GVW 

LLW 

LLW 
LLW 
LLW 
LLW 
LLW 
LLW 
GVW 

LLW 
Half 
GVW 

LLW 
GVW 

LLW 
LLW 
GVW 
GVW 

3 Results for left fro nt wheel. 

Surface 

VDA 
VDA 
Skid pad 
Skid pad 
Tar and gravel chip 
Tar and gravel chip 
VDA 

VDA 

VDA 
VDA 
Skid pad 
Skid pad 
Tar and gravel chip 
Tar and gravel chip 
VDA 

VDA 
VDA 
VDA 

VDA 
VDA 

VDA 
VOA 
VDA 
VOA 

Tires 

Bias ply 
Radial 
Bias ply 
Radial 
Bias ply 
Radial 
Radial 

Radial 

Bias ply 
Radial 
Bias ply 
Radial 
Bias ply 
Radial 
Radial 

Bias ply 
Bias ply 
Bias ply 

Bias ply 
Bias ply 

Bias ply" 
Blas plyh 
Bias ply" 
Bias ply" 

Model 1 

0.9993 
0.9990 
0.9989 
0.9990 
0.9889 
0.9859 
0.9971 

0.9988 

0.9990 
0.9993 
0.9990 
0.9985 
0.9969 
0.9917 
0.9891 

0.9983 
0.9955 
0.9975 

0.9952 
0.9987 

0.9973 
0.9953 
0.9984 
0.9988 

bRcsults for left leading tractor tandem wheeL 

Table 5. Coefficients determined by regression. 

Vehicle 

Chevette 

Malibu 

LTD 

F-250 

F-7000 

Transtar­
Fontaine 

Loading 

LLW 
LLW 
LLW 
LLW 
LLW 
LLW 
GVW 

LLW 

LLW 
LLW 
LLW 
LLW 
LLW 
LLW 
GVW 

LLW 
Half 
GVW 

LLW 
GVW 

LLW 
LLW 
GVW 
GVW 

3 Results for left front wheel. 

Surface 

VDA 
VDA 
Skid pad 
Skid pad 
Tar and gravei chip 
Tar and gravel chip 
VOA 

VOA 

VOA 
VOA 
Skid pad 
Skid pad 
Tar and gravel chip 
Tar and gravel chip 
VDA 

VDA 
VDA 
VOA 

VDA 
VDA 

VDA 
VDA 
VDA 
VDA 

Tires 

Bias ply 
Radial 
Bias ply 
Radial 
Bias piy 
Radial 
Radial 

Radial 

Bias ply 
Radial 
Bias ply 
Radial 
Bias ply 
Radial 
Radial 

Bias ply 
Bias ply 
Bias ply 

Bias ply 
Bias ply 

Bias 1ily" 
Bias plyb 
Bias ply" 
Bias plyb 

Model 
1, 
A1 

0.0413 
0.0390 
0.0392 
0.0380 
0.0523 
0.0537 
0.0415 

0.0410 

0.0409 
0.0437 
0.0427 
0.0435 
0.0494 
0.0478 
0.0512 

0.0389 
0,0414 
0.0420 

0.0573 
0.0773 

0.0621 
0.0469 
0.0707 
0.0613 

b Results for left leading tractor tandem wheel. 
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under 4 . 25 ft f o r model 3 . Glve a n average skid 
mark length o f approximate ly 50 f t, this i mp r ovement 
of about l ft i n accuracy is no t s ign ificant . 

A look at the i nd i v i dua l tes t cases s hows large 
case-to - cas e variatio ns i n the mean square erro r f or 
the di f fering models . For s ome test c onditions 
model 3 is significantly more accu rate than model 1, 
w.ith improvements i n t he dev iatio n be t ween t h e 
predicted and actua l sk id mar k leng ths o f up t o 5 . 25 
ft o ccurring . There does not , however, seem to be 
any way of predicting in advance when this improve­
ment will occur. 

Mean 
Square 
Error 

3.95 
5.05 
6.06 
4.63 

111.99 
151.39 

16.99 

8.04 

5.94 
5.35 
6.50 

12.29 
31.00 
69.25 

129.63 

8.91 
26.46 
16.76 

16.13 
17.02 

3.14 
3.23 
7.97 
4.54 

Model 2 

0.0422 
0.0396 
0.0401 
0.0389 
0.0563 
0.0565 
0.0414 

0.0424 

0.0408 
0.0433 
0.0428 
0.0430 
0.0500 
0.0489 
0.0567 

0.0389 
0.0438 
0.0435 

0.0595 
0.0802 

0.0621 
0.0478 
0.0683 
0.0605 

Model 2 

0.9995 
0.9985 
0.9986 
0.9990 
0.9886 
0.9784 
0.9939 

0.9968 

0.9978 
0.9983 
0.9979 
0.9960 
0.9937 
0.9844 
0.9902 

0.9964 
0.9968 
0.9977 

0.9899 
0.9988 

0.9926 
0.9877 
0.9971 
0.9967 

-2.237 
-1.500 
-2.333 
-2.232 

- !0.068 
-7.491 

0.121 

-3 .474 

0.117 
0.925 

- 0.194 
1.320 

-1.641 
-2.952 

-14.151 

- 0.016 
-5.830 
-4.125 

-2.683 
- 5.214 

0.058 
- 0.567 

2.950 
2.633 

Mean 
Square 
Error 

1.55 
4.11 
3.67 
2.34 

64.79 
129.02 

17.72 

8.74 

6.19 
5.25 
6.77 

12.48 
30.95 
67.79 
55.23 

9.30 
10.29 
8.52 

14.15 
6.62 

3.43 
3.39 
5.02 
4.57 

Model 3 

0.0448 
0.0412 
0.0406 
0.0406 
0.07153 
0.0766 
0.0415 

0.0429 

0.0386 
0.0362 
0.0412 
0.0361 
0.0461 
0.0440 
0.0818 

0.0373 
0.0525 
0.0459 

0.0790 
0.0831 

0.0671 
0.0300 
0.0689 
0.0603 

Model 3 

0.9997 
0.9986 
0.9986 
0.9991 
0.9946 
0.9845 
0.9939 

0.9986 

0.9979 
0.9989 
0.9980 
0.9967 
0.9940 
0.9849 
0.9939 

0.9965 
0.9987 
0.9978 

0.9934 
0.9989 

0.9928 
0.9911 
0.9971 
0.9967 

-0.199 
-0.121 
-0.040 
-0.121 
-1 . .508 
- 1.521 
-0.003 

-0.044 

0.168 
0.594 
0.118 
0.571 
0.304 
0.368 

-2.111 

0.125 
-0.650 
-0.178 

-1.026 
-0.188 

-0.210 
0.746 

-0.033 
0.013 

Mean 
Square 
Error 

I.OJ 
4.07 
3.82 
2.23 

32.22 
96.88 
18.50 

8.65 

6.04 
3.59 
6.87 

11.02 
30.85 
65.75 
36.41 

9.47 
4.56 
8.39 

9.68 
6.63 

3.69 
2.72 
5.31 
4.84 

0.626 
0.258 

-1.742 
-0.485 
11.722 
14.640 
0.159 

-2.694 

-2.316 
-9.584 
-1.896 
-8.815 
-6.086 
- 8.278 
23 .979 

-1.807 
3.555 

-1.524 

8.145 
-2.773 

1.946 
-7.270 

3.306 
4.598 
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To show the effects of pavement composition and 
variability on model accuracy, the average mean 
square error was calculated for eaeh test sur.face. 
The results are given in the first three lines of 
Table 6. All of the models most accurately fit the 
experimental data for the testing on the skid padi 
the VDl\. data ran a close second. Much poorer accu­
racy was obtained on the tar and gravel chip road. 
Note that this result is consistent with the greater 
variability in stopping performance on this surface 
that was pointed out earlier. Even on this surface, 
despite the relatively large improvements in mean 
square error from model l to model 3, the improve­
ment in average root mean square skid mark leng-th 
error was only about 2 ft, which is not significant. 

Table 6 also gives the results of average mean 
square error calculations, which were made to deter­
mine the effect on model accuracy of tire type , 
vehicle loading, and vehicle type. The fourth and 
fifth lines of the table show that higher accuracy, 
and hence more consistent experimental nata, was 

Table 6. Average value of mean square error of selected test conditions. 

Test Condition Model 1 Model 2 Model 3 

Tar and gravel chip road 90.91 73.14 56.43 
Skid pad 7.37 6.32 5.99 
VDA 17.44 10.26 10.64 
Bias ply tires 17 .97 11 .95 11.52 
Radial tires 44.74 33.63 27.46 
Vehicle at LLW 26.64 22.00 17.57 
Vehicle at LLW and on skid pad or 6.86 6.25 5.6 1 

VDA 
Vehicle at GVW 32.15 16.28 13 .35 
Passenger car tests 37.87 27.77 21.86 
Passenger car le-sts on skid pad or VDA 18.58 11.28 9.29 
Pickup !ruck 1es1s 17.38 9.37 7.47 
Air-braked truck tests 8.67 6.20 5.49 

Note: Values are lh" uverage of the mean square error for all tests run with the specified 
test condi11 oo.s. 

Table 7. Calculated and measured slide friction coefficients. 
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obtained with bias-ply tires than with radial tires. 
Since vehicles at GVW were only tested on the VDA, 
it was decided that this result should not be com­
pared with the average mean square error from all of 
the LLW tests because these include the data from 
the highly variable tar: and gravel chip surface. 
Comparison of the average mean square error from the 
GVW stops with that from the LLW steps, which were 
made on the skid pad or VOA, shows that t he models 
less accurately fit the GVW data. Most of this 
increase in mean square error is attributable to the 
peculiar stopping behavior o f the loaded Ford LTD. 

Comparisons of model accuracy among passenger 
cars, pickup trucks, and the air-braked trucks was 
also made by using only the skid pad and VOA data. 
This revealed that the h ighest accuracy was obtained 
for the air-b·raked vehicles followed by the pickup 
truck, with the passenger cars third. This order 
was something of a surprise because the time delays 
that are inherent in air brakes were expected to 
result in less-consistent data. Also, it was anti­
cipated that, due to these delays, model 3 would be 
by far the best for the air-braked vehicles. I n­
stead, only a small improvement, which amounted to 
0. 5 ft in the average root mean square skid mark 
length error, was obtained. 

For all three models, theoretical analysis of the 
assumed deceleration versus time curves and integra­
tion to determine stopping distance shows that the 
coefficient of sliding friction (Us) is related to 
the coefficient of the ve locity squared term (ll.1, 
A2, or A3) by the equation 

U, = l/2gA1 (6) 

where g is the acceleration due to gravity. The 
complete theoretical analysis is contained elsewhere 
(j). From Equation 6, along with the values of 
l\.1 1 A2, and AJ in Table 5, va1ues of the slide 
friction coefficient have been calculated f or each 
of the test conditions. These values are given in 
Table 7 along with results from two o f the methods 

Measured Slide Friction 
Coefficients 

95 Percent 
Confidence Limits 

Calculated Slide Friction Coefficients ASTM of Measured 

Vehicle Loading Surface Tires Model I 

Chevctte LLW VDA Bias ply 0.809 
LLW VDA Radial 0.856 
LLW Skid pad Bias ply 0.852 
LLW Skid pad Radial 0.879 
LLW Tar and gravel chip Bias ply 0.639 
LLW Tar and gravel chip Radial 0.622 
GVW VDA Radial 0.805 

Malibu LLW VDA Radial 0.815 

LTD LLW VDA Bias ply 0 .8 17 
LLW VDA Radial 0.764 
LLW Skid pad Bias ply 0.782 
LLW Skid pad Radial 0.768 
LLW Tar and gravel chip Bias ply 0 .676 
LLW Tar and gravel chip Radial 0 .699 
GVW VDA Radial 0.652 

F-250 LLW VDA Bias ply 0.859 
Half VDA Bias ply 0.807 
GVW VDA Bias ply 0.795 

F-7000 LLW VDA Bias ply 0.583 
GVW VDA Bias ply 0.432 

Trans tar- LLW VDA Bias ply8 0.538 
Fontaine LLW VDA Bias plyb 0.712 

GVW VDA Bias ply8 0.472 
GVW VDA Bias plyb 0.545 

8 Results for left front wh.eeJ, b Results for left leading tractor tandem wheel. 

Model 2 Model 3 

0.792 0.746 
0.843 0.811 
0.833 0.823 
0.859 0.823 
0.593 0.438 
0.5 91 0.436 
0.807 0.805 

0.788 0.779 

0.819 0.865 
0.771 0.923 
0.780 0.811 
0.777 0.925 
0.668 0.725 
0.683 0.759 
0.589 0.408 

0.859 0.896 
0.763 0.636 
0.768 0.728 

0.561 0.423 
0.416 0.402 

0.538 0.498 
0.699 l.113 
0.489 0.485 
0.552 0.554 

Skid 
No. 

81.1 
81.1 
79.l 
79.1 

_60.8 
60.8 
81.1 

81.1 

81.1 
81.1 
79.I 
79.l 
60.8 
60.8 
81.1 

81.1 
81.1 
81.1 

81.l 
81.1 

81.1 
81.1 
81.1 
81.1 

Low 

0 .8 19 
0.841 
0.793 
0.777 
0.653 
0.616 
0.841 

0.779 

0.782 
0 .746 
0.771 
0.720 
0.494 
0.486 
0 .779 

0 .554 
0.539 

0.588 
0.588 
0.566 
0.566 

High 

0.877 
0.869 
0.843 
0.827 
0 .775 
0.768 
0.869 

0.833 

0.798 
0 .800 
0.815 
0.756 
0 .686 
0.608 
0 .833 
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that were used to measure the slide friction coeffi­
cient. 

The l.ast three columns of Table 7 give measured 
slide friction values. Of t hese, the t hird from 
last column shows t, he l\STM skid number at 40 mph o f 
the test pavem nt. For the passenger cars, the last 
two columns contain the lower and upper bounds, 
respectively, of the 95 percent confidence interval 
of the skid-trailer-measured tire-road slide fr ic­
tion coefficient. This friction coefficient was 
measured by mounting the tire of interest on the 
skid trailer, loading the trailer so as to approxi­
mate the normal load on the tire when it is mounted 
on the vehicle, and determining the slide friction 
coefficient at 40 mph . For large trucks, the next 
to last column contains the measured slide friction 
coefficient for the combination of tires mounted on 
each vehicle and the last column is blank because no 
information was available on the spread of these 
values. 

Generally good agreement was obtained for the 
passenger car tests between the calculated and 
measui:ed values of the friction coefficient. More 
than one-third of the values were inside the 95 
percent confidence interval and three-fourths of the 
values were within 10 percent of these limits. The 
calculated values agreed best for model l, followed 
by model 2, and model 3; however, the improvement 
between models was small. Similarly, for the pickup 
truck data, for which the friction coefficients of 
the actual pickup truck tires were not measured , 
model 1 provides the values that best agree with the 
measured l\STM 40-mph skid number . For the air­
braked trucks, the skid number is generally well 
above the calculated friction coefficients. Reason­
able agreement (half of values within 10 percent, 
all values within 20 percent), however, was obtained 
between the measured values and the values calcu­
lated by model l. Values calculated from models 2 

and 3 did not agree as closely. 
The value~ of 83 given ln Table 5 vary from 

test case to test case, with a low value of -2.111 
and a high value of O. 746. From theoretical analy­
sis (_i), 8 3 is one-half the time it takes for the 
brakes to apply (i.e., one-half the time it takes 
the deceleration to rise from zero to the steady 
state value). 'l'herefore, it shoul d change only 
slightly from test case to test case for a given 
vehicle and it should always, for all vehicle 
speeds, be positive . However, as was just pointed 
out, the value o f B3 varies considerably for a 
given test vehicle. Furthermore, for more than 
one-half of the cases in Table 7, 83 is negative. 
Calculation of the average va ue of 83 for all 24 
cases in the table yields -0 . 21, a negative value. 
Although tests for significance of 83 showed that 
for some cases 83 was probably significant and for 
others i t was not, these facts lead one to suspect 
that 83 is pcohably actually zero and show that 
the time needed for the brakes to apply does no t 
significantly affect skid mark lengths. Even for 
the air-braked trucks, whose brakes come on rela­
tively slowly due to pneumatic delays, four of t he 
six B3 values are negative, which indicates that 
brake apply times did not influence the results. 

The constant te.rms in the model equation also 
show considerable variation--C2 ranged between 
-14 .151 and 2. 950 and C3 ranged between -9. 58~ and 
23.979. Because these terms are due to the tire 
having to travel some distance after. the onset of 
braking before producing skid marks, it is eKpected 
that C2 and C3 should a.lways, for all veh icle 
speeds, be negative. The large positive values of 
C3 that were determined for some sets of test 
conditions are thought to be mathematical artifacts 
that irn;licate that model 3 is not valid. Excluding 
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the cases with large positive values, C:z and C3 
are generally quite small, with occasional sets of 
test conditions for which large negat i ve values were 
found. There does not seem to be any consistent 
pattern to allow one to pred'c when the large 
negative values will occur. 

To summadze the above discus 'on, model 3 pro­
vides, in general, a slightly more accurate fit to 
the experimental data than does either model 1 or 
2. For some cases, it is significantly more accu­
rate, but these cases cannot be predicted in ad­
vance. However, study of the slide friction coeffi­
cients that a.re calculated from each model shows 
that model l ' s are in slightly better agreement with 
the measured values than are either of the other 
models'. Furthermore, study o f 83, C2, and C3 
reveals that it was impossible to predict their 
values and that there are discrepancies between 
t he ir experimentally measured values and skid mark 
theory. 

overall, model l, which is t he currently in-use 
skid mark length versus prebraking speed formula, 
was confirmed by the data. The attempt to find a 
usable, better for·mula failed because, although 
models 2 and 3 more accurately fit the e:<perimen a i 
data, the problems of predicting 83, C2, and 
C3 make them unsuitable or practical, real-world 
use. Therefore, model l is the best formula that can 
be developed for use in accident reconstruction. 

The above analysis also points out the inadvis­
ability of using the ASTM 40-mpb s kid number for 
prebraking speed versus skid mark length calcula­
tions that involve heavy trucks. Considerable addi­
tional analys i s was performed with t he severe brak­
ing test data to evaluate several methods of measur­
ing the tire-road slide friction coefficient. The 
methods evaluated were as follows: 

1. Estimation of the friction coefficient based 
on the pavement type and condition; Baker has a 
table that can be used to make this estimate (,!;); 

2. Measurement of th" 119TM skid number of th P 
pavement at 40 mph (omitting water) and use of that 
as an estimate of the friction coefficient; 

3. Measurement of the tire-road slide friction 
coefficient with a skid trailer by the same type of 
test that is used to measure skid number, except 
that the actual tite is used instead of a s ndarn 
ASTM one and the loading is changed to approximate 
the actual load on the tire when on the vehicle; a 
larger skid trailer is used for heavy truck tires ; 
and 

4. 11 severe braking stop from a specified pre­
braking speed by us i ng the actual vehicle and tires, 
measurement o f the length of the skid marks pro­
d uced, and calculation o f the friction coefficie·nt 
from the theoretical sk id mark length-prebraking 
speed formula 1 as is pointed out by Rutchinson and 
others c1i, due to financial constraints, this 
method can b used only rarely i n an actual f ield 
investigation. 

1\ complete description of the evaluation of these 
f riction measuring methods is contained elsewhere 
11)· To summarize the major result of these evalua­
tions, all four methods for measuring tire friction 
provide acceptable estimates for passenger cars and 
pickup trucks. However, fot heavy trucks, only 
methods J and 4 provide accep table estimates of the 
tire-road friction. Methods l and 2 yield friction 
coefficients that are too high. 

TIRE MARKS WITH UNLOCKED WHEELS 

The testing found that a wheel frequently begins to 
produce skid marks before it locks up. (Techni-
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cally, these are scuff marks but, since their ap­
pearance was similar to that of skid marks, the term 
skid mark is used in this paper.) In fact, for some 
runs, a wheel produced skid marks during most of the 
stop despite failure to lock up at any time during 
the stop. 

The experimental observations mentioned above 
raised the possibility that the moderate braking of 
a vehicle (i.e., braking with none of the wheels 
locked at any time during a stop) could still cause 
skid marks to be left. Depending on the amount of 
bn1ke pedal force that had to be applied to leave 
marks and on the corresponding magnitude of the 
resulting vehicle deceleration, these skid marks 
could be longer than those le.ft by severe (panic 
type) braking. This would create problems when 
using the standard skid mark length versus prebrak­
ing speed formulas. These equations assume severe 
braking and would, for a moderate braking stop, 
predict that the vehicle was going faster than it 
actually was. There.fore, it is i .mportant to know 
whether or not longer skid marks can be produced 
during a moderate braking stop from a given speed 
than during a severe braking stop from the same 
speed . Furthermore , if this should p.i;ove to be the 
case, then it is important to know if there is some 
distinguishing feature of the scuff marks that allow 
one to know when the severe braking formulas are 
valid. 

To study this question, a number of moderate 
braking tests were cun by using the lightly loaded 
1980 Chevette with radial tires. All test stops 
were made from a nominal prebraking speed of 30 mph 
by applying a constant, predetermined force to the 
brake pedal with a servo-controlled brake actuator. 
Most of the testing was performed on the three 
surfaces u.sed previously. A few test·s were run on a 
numbe.r of other surfaces to see if they would yield 
similar results. 

The skid marks produced were generally much 
lighter than the ones produced during severe brak­
ing. As a result , it wa s normally impossible to 
distinguish between the front and rear wheel skid 
marks. Therefore, the entire length of the skid 
mark on the right and left sides was measured and 
recorded . It was then necessary to subtract the 
wheelbase of the vehicle (8 . 0 ft ) from the measured 
length to determine the rear-wheel skid mark lengths. 

The first set o.f moderate braking tests was run 
on the VDA asphalt. For this set , the Chevette was 
braked from 30 mph by pedal forces ranging from 30 
to 100 lbs (it takes about 150 lbs to lock wheels). 
Even at the low pedal force of 40 lbs, noticeable 
skid marks were left. 

The table below gives the corrected average skid 
mark lengths obtained from these tests versus the 
brake pedal force used to generate them . The test 
vehicle was a Cbevette, LLW, run on VOA aspha l t at a 
nominal speed of 30 mph and equipped with radial 
tires. 

Pedal Corrected Avg 
Force Skid Mark 

illL Length (ft) 
40 8B.l 
50 71. 7 
60 62.5 
70 55.8 
80 55.2 
90 51. 7 

100 40.8 
"'300 31.6 

The corrected average skid mark length is the aver­
age of the left and right skid mark lengths after 
they have had the wheelbase of the vehicle sub-
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tracted from them and are corrected for speed dif­
ferences by means of Equation l, with skid mark 
length substituted for stopping distance. This 
length increased as the applied brake pedal force 
decreased from the low of 31.6 ft that was obtained 
for the severe braking stops in an average of five 
stops to a high of BB .1 ft for an applied force of 
40 lbs. This indicates a possible problem in using 
skid marks to determine prebraking vehicle speed. 
Specifically, if an accident investigator were to 
interpret the skid marks that were produced during 
the stop with 40-lb pedal force as having been 
produced during a severe braking stop, subsequent 
reconstruction would predict a prebraking vehicle 
speed of approximately 50 mph compared with the 30 
mph that the vehicle actually was going. 

There was a difference in darkness and intensity 
of the unlocked wheel, moderate braking skid marks 
as compared with the locked wheel, severe braking 
ones in that the moderate braking left only light, 
shadow-type marks. Normally, during severe braking, 
a light area occurs at the very beginning of the 
skid mark that is hard to see when looking directly 
down at the mark. To see this shadow properly, you 
have to look along the length of the skid mark from 
some distance away. 

The moderate braking skid marks on the VDA as­
phalt are like these shadows in that they were just 
barely visible from directly above, but they are 
very clear from far away. The entire length of 
these marks is the shadow, with no dark portion such 
as normally appears in a locked wheel stop. To 
demonstrate this difference in appearance, Figures l 
and 2 show moderate braking skid marks, generated 
during a stop with BO-lb pedal force, next to severe 
braking skid marks. The moderate braking skid marks 
are to the right of the picture :itrl Figure 1, and the 
light set are in the foreground in Figure 2. As 
Figure l shows, when viewed along their length, the 
moderate and severe braking skid marks are both 
dark. However, when viewed from above and to the 
side (as in Figure 2), the moderate braking marks 
are much lighter. 

Unlocked wheel, relatively low deceleration stops 
produced long visible skid marks on two of the five 
other pavements tested on. On the basis of this 
testing, it is impossible to say just bow much of a 
problem nonlocked wheel skid marks may cause for 
skid mark theory. At least for some pavements, it 
is possible to create longer skid marks with wheels 
that are braked so as to merely retard their motion 
than with locked wheels. It is not clear bow preva­
lent this phenomenon is. 

Since all of the nonlocked wheel skid marks were 
visible only as shadows (i.e., visible. only when 
viewed along their length) , the standard skid mark 
formulas are valid as long as the investigator only 
uses them for nonshadow skid marks. Any skid mark 
that is visible only. as a shadow may be due to a 
nonlocked wheel for which the standard formulas are 
incorrect. 

CONCLUSIONS 

A number of results of interest to accident investi­
gators and reconstructionists were developed during 
this study. First, the variability of stopping 
performance during severe brafcing stops of the type 
that leave dark skid marks was considered. This 
variability was found to be small for tests that 
were conducted on TRC's test pavements but increased 
to approximately 15 percen·t for tests on the tar and 
gravel chip public road . Testing during this proj­
ect , with the hard and fast brake applications that 
were used , gave the minimum speed for producing a 
skid mark of a given length . Greater stopping vari-
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Figure 1. Skid marks from moderate (left) and severe (right) braking viewed 
lengthwise. 

Figure 2. Side view of skid marks from moderate (bottom) and severe (top) 
braking. 

ability will be present in an actual ccident situa­
tion. This is why a maximum value for the prebrak­
i ng speed cannot be predicted from skid marks . 

The process of measuring s kid marks was found to 
be .cepeatable provided the measurements were made 
carefully . Less than a 5-percent error was typi­
cally made. Regression analyses were performed to 
see how well the currently used skid mark length 
versus prebraking speed formulas and two modified 
for ms of the cucr ntl y used formulas fit the experi­
mental data. These analyses showed that t he cu,r­
rently used formulas provided a n excellent fit to 
t he test data. Furthermore , neither of the modified 
formulas were able to explain the test data better. 

Four methods of measuring the tire-road slide 
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f.rlction coefficient for use in skid mark analysis 
were evaluated. All four methods provided accept­
able result.a f or passenger cars and pickup trucks. 
However, for heavy trucks, only t wo of the four 
methods gave acceptable results--calculation of the 
friction from a stop a nd the skid-trailer-measured 
tire-road fr c on. The other two methods produced 
f r iction coefficients that were too high for trucks, 
wh ich resulted in predicted speeds well above the 
actual o nes. 

Early in this study we found that wheels that d id 
not lock during a stop could still produce long 
scuff marks , similar in appearance t o skid marks. In 
fact, for some pavements stops for which none of the 
vehic le' s wheels locked were found to produce tire 
marks t ha t were longer than those produced during a 
locked wheel stop . The tire marks generated during 
nonlocked wheel stops look like light shadowy (visi­
ble when v iewed along thefr length but not from 
directly above) skid marks. Accident investigato rs 
must be e xtremely careful when using light skid 
marks in t he formulas to determine pcebraking speed 
from skid mark length to ensure that the skid marks 
were made by locked wheels. Otherwise, too high an 
estimate of the vehicle's prebraking speed may be 
obtained. 
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