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Abstract

This paper presents yaw testing of vehicles with tread 
removed from tires at various locations. A 2004 
Chevrolet Malibu and a 2003 Ford Expedition were 

included in the test series. The vehicles were accelerated up to 
speed and a large steering input was made to induce yaw. 
Speed at the beginning of the tire mark evidence varied 
between 33 mph and 73 mph. Both vehicles were instrumented 
to record over the ground speed, steering angle, yaw angle 
and in some tests, wheel speeds. The tire marks on the roadway 
were surveyed and photographed.

The Critical Speed Formula has long been used by 
accident reconstructionists for estimating a vehicle’s speed at 
the beginning of yaw tire marks. The method has been vali-
dated by previous researchers to calculate the speed of a 
vehicle with four intact tires. This research extends the Critical 

Speed Formula to include yawing vehicles following a tread 
detachment event. The Critical Speed Formula was found to 
produce results of acceptable and known accuracy, provided 
the appropriate inputs are used for the given situation and 
several guidelines are observed. The inputs and guidelines for 
the use of the Critical Speed Formula for these tread detach-
ment scenarios are discussed.

For all tests analyzed, the tire mark evidence was docu-
mented with survey equipment, photographs and drone 
footage. In the past, it may have been necessary to take tire 
mark radius measurements in the field for use in the Critical 
Speed Formula. However, with the advent of modern docu-
mentation techniques, radius measurements can be taken 
from a scaled scene diagram and acceptable accuracy in the 
speed calculations can be achieved.

Introduction

During a single vehicle loss of control event, it is 
common for the driver to steer the vehicle into a yaw. 
A yawing vehicle develops a sideslip angle, or a 

discrepancy between the heading direction and the travel 
direction. Curved tire marks called yaw marks are often 
deposited by a yawing vehicle. The Critical Speed Formula is 
used by accident reconstructionists to determine the speed 
of a yawing vehicle from the curved path the vehicle follows, 
as established by the yaw marks on the road. The Critical 
Speed Formula has been studied in the literature for decades. 
The 2017 SAE Recommended Practice J2969, Use of the 
Critical Speed Formula, “provides guidelines for procedures 
and practices used to obtain and record measurements and 
to analyze the results of the critical speed method.” [1] The 
recommended practice considered many publications, most 
of which support the use of the Critical Speed Formula and 
a few that are critical of the method [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. The 
Critical Speed Task Force, who authored J2969, determined 
that the method is accurate within -13.5% (underestimate in 
speed) to +10% (overestimate in speed) when used correctly. 
The authors mention that the accuracy of the results can 
be improved if corrections are made for braking, coasting or 
accelerating conditions. The recommendations of J2969 are 
summarized below.

The inputs to the Critical Speed Formula (Equation 1) 
include the equivalent tire roadway friction coefficient (μeq), 
the radius (r), the superelevation of the road (e), and the accel-
eration due to gravity (g). Figure 1 depicts a car traveling a 
banked curved road with superelevation.

 v
gr e

e

eq

eq

=
+( )

-( )
m
m1

 (1)

 FIGURE 1  A car traveling on a curved road with 
superelevation (Figure 1 from J2969).
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On nearly level surfaces, Equation 1 reduces to:

 v gr eq= m  (2)

The friction of the roadway is to be measured in accor-
dance with SAE Recommended Practice J2505, Measurement 
of Vehicle-Roadway Frictional Drag [28]. J2505 recommends 
conducting skid to stop tests with ABS disabled in an instru-
mented vehicle. Half of the build-up and half of the drop-off 
of acceleration are included in the calculation of friction. 
Figure 2 (Figure 1 from J2505) depicts how the friction coef-
ficient is calculated from the filtered data.

In accordance with J2969, the radius is measured from 
the front outside tire mark. There should be at least two curved 
tire marks, from the outer tires, and the rear tire should 
be tracking outside the front tire. Typically, the tire marks 
contain evidence of diagonal striations consistent with a 
yawing vehicle [29,30,31]. The radius of the front outer mark 
can be  calculated using measurements of the chord and 
middle ordinate. The measurement should be made from the 
first visible evidence of critical speed, where the tire marks 
begin to diverge or off-track. For higher speeds, the chord of 
at least 15 m (~50 feet) should be used, longer if necessary to 
achieve a middle ordinate of at least 0.15  m (6 inches). 
Measurements should be taken from the outer edge of the 
mark. Over the segment of measured chord, the separation 
of the tire marks should be less than half the track width of 
the vehicle. The radius (r) can be computed from the chord (l) 
and middle ordinate (h) with Equation 3.

 r
l

h

h= +
2

8 2
 (3)

Brach and Brach included a chapter on Critical Speed in 
their 2011 textbook [9]. Included in the chapter was a discus-
sion on the accuracy differences in the method depending on 
whether the driver was braking, coasting, or accelerating. 
They found the differences to be significant, and reported the 
following averages, all underestimates of actual speed:

  Braking: -13.5%
  Coasting: -4.6%
  Acceleration: -1.2%

Brach also reported a set of guidelines for using the 
Critical Speed Formula based on guidelines first reported by 
Lambourn [19]. Those guidelines are repeated below 
verbatim [9]:

 1. “There should be at least two tire marks visible, they 
should be from the outside wheels, and they should 
show lateral striations or scratches. There should 
be clear evidence that the rear wheels were tracking 
outside the front wheels.

 2. The measurement of the radius should be made from 
the front outside mark (leading front tire).

 3. The measurement of the chord should be made at the 
earliest point corresponding to Guideline 1.

 4. A chord length of about 15 m (about 50 ft) is suitable 
but a longer chord should be taken when the middle 
ordinate is less than 0.3 m (1 ft) to minimize 
measurement errors.

 5. The separation of the front and rear tire marks over 
the length of the measured chord should be no more 
than about one half of the track width (although they 
may diverge more along the marks).”

This research expands the Critical Speed Formula to 
include the case of tire tread detachment. Testing for this study 
was conducted with two vehicles over several years at multiple 
facilities. Modifications were made to the Critical Speed 
Formula to account for a tire without tread. Those modifica-
tions were based on theoretical and empirical analysis and 
will be discussed below.

Test Sites
The Denver Police Training Center was used to conduct yaw 
testing of the Chevrolet Malibu. The testing surface is asphalt 
and was dry and free of irregularities at the time of all testing. 
The dimensions of the rectangular testing surface are roughly 
700 by 300 feet. The test location had a superelevation of 
approximately -0.6 degrees along the vehicle’s path of travel. 
Testing at this facility was conducted on June 24, 2011. 
Figure 3, an image from Google, depicts the facility.

Testing of the Ford Expedition was conducted on May 31, 
2012, at Front Range Airport, near Denver, Colorado. The test 
site has a superelevation of +0.6 degrees along the test vehicle’s 

 FIGURE 2  Acceleration time history from a skid to stop 
test. Acceleration from t1 to t2 is used to calculate the roadway 
friction coefficient. (Figure 1 from SAE J2505)
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 FIGURE 3  Denver Police Training Center Site.
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path of travel and is free of any pavement defects. The surface 
was dry at the time of testing and measures 1200 by 400 feet. 
Figure 4, an image from Google, depicts the test site.

The Douglas County Emergency Vehicle Operation 
Center (EVOC) was used to conduct testing of the Ford 
Expedition and Chevrolet Malibu. The test facility includes a 
test track and several skid pads. The larger of the two skid 
pads was used and measures 800 by 500 feet. The test pad was 
generally flat and level, and free of any pavement defects. 
Testing was conducted on July 24, 2018 and September 28, 
2018. Figure 5 depicts the facility.1 The pavement was dry at 
the time of testing.

Test Vehicles
Two vehicles from different manufacturers were used in the 
testing. These vehicles included a passenger car and a Sport 
Utility Vehicle (SUV). The vehicles were retrofit with a roll 
cage and five-point safety harnesses.

Chevrolet Malibu
The test vehicle was a four-door, 2004 model year Chevrolet 
Malibu LT (VIN - 1G1ZU54854F135916). The vehicle was 

1 http://hrletf.org/evoc/

equipped with a 3.5-liter, 6-cylinder gasoline engine and a 
four-speed, front-wheel-drive automatic transmission. Safety 
features include four-wheel anti-lock brakes and traction 
control. The Malibu has an electric, power-assisted variable-
speed rack and pinion steering, and independent front and 
rear suspension. The vehicle was outfitted with 225/60R16 
tires during early testing. In later testing, 215/60R16 tires were 
used, which match the original equipment size specification. 
At the time of testing, the vehicle with instrumentation and 
driver weighed between 3262 puonds and 3449 pounds on the 
different test dates. The front axle weight distribution was 
between 62% and 64%. Figure 6 depicts the Malibu.

Ford Expedition
The 2003 model year Expedit ion XLT (VIN  - 
1FMRU15W23LC49770) was equipped with a 4.6-liter, 
8-cylinder gasoline engine and a four-speed, rear-wheel-drive 
automatic transmission. The Expedition has independent 
front and rear suspension. At the time of the 2012 and 2018 
testing, the vehicle weighed 5,610 and 5,560 pounds including 
instrumentation and driver respectively, with a 49% front 
weight distribution. The tire size equipped for all testing was 
the OEM specified 265/70-R17. Outriggers were attached to 
the Expedition. Figure 7 depicts the Expedition.

Tire Preparation
A variety of tires from different manufacturers were used in 
the testing. Cuts were made to the tires so that the tread and 

 FIGURE 4  Testing grounds at Front Range Airport.
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 FIGURE 5  EVOC Test Facility.
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 FIGURE 6  Test Chevrolet Malibu.

© 2019 SAE International. All Rights Reserved.

 FIGURE 7  Test Ford Expedition.
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top belt could be removed. First, a single cut was made across 
the tread along the belt bias. This cut went through top belts. 
The shoulder on both sides of the tire was then cut around the 
entire circumference. The tread and top belt were then pulled 
off the tire. Figure 8 depicts a tire prepared to be tested with 
the Expedition.

Full Scale Testing

Instrumentation
The test vehicles were instrumented with Racelogic VBOX 
VB20SL3 data acquisition equipment. This device recorded 
Slip, Pitch, and Roll angles in addition to the vehicle’s speed, 
during each test. The Malibu’s CAN Interface was integrated 
into the VBOX system and recorded wheel speed and steering 
position from the vehicle communication network.

During the testing, multiple cameras were used to 
document the vehicle’s motion. For the 2018 testing, in 
addition to several externally and internally mounted vehicle 
cameras, and stationary external cameras, drone cameras 
were used to obtain aerial documentation of the testing. 
Ground control points were placed and surveyed at the  
test site.

Pretest
Prior to running any tire disablement tests, the vehicles were 
weighed and photographed. Slow speed straight runs were 
conducted to align the GPS antenna to the vehicle’s heading 
and zero out any static roll. Steering sensors were calibrated. 
A pre-test drive was conducted to test the functionality of all 
instrumentation and cameras.

Test Protocol
The vehicles were setup for yaw testing in four different config-
urations; four tires intact, a prepared tire in the outside front 
corner position, a prepared tire in the outside rear corner 
position, and a prepared tire in the inside rear corner position. 
The outside tire is on the leading side, and the inside tire is on 
the trailing side. For example, if the vehicle yawed counter-
clockwise, in a right side leading orientation, the right side 
tires were the outside tires. The vehicle was accelerated up to 
test speed and the accelerator was released. In most tests, the 
driver made and held a single large steering input in one direc-
tion. In some tests, two steering inputs were made prior to the 
final yaw, one in each direction. The brakes were not applied 
until the end of the tests.

Following the yaw tests, ABS-disabled skid-to-stop tests 
were conducted to determine the tire/roadway coefficient of 
friction. Two different vehicle configurations were tested. Four 
tires with tread intact were placed on the vehicle to determine 
the friction coefficient of the unprepared tires. The vehicles 
were then equipped with four tires, all with the tread removed, 
to determine the friction coefficient of the tires without tread.

A test matrix for each vehicle and day is shown in Table 1 
and 2. The driving was performed by Gray Beauchamp, David 
Pentecost, Daniel Koch, and William Bortles. On July 24, 2018, 
testing of the Malibu was cut short due to weather.

Testing Results
Seven yaw tests were conducted on June 24, 2011 at the Denver 
Police Training Center, ten yaw tests on May 31, 2012 at the 

 FIGURE 8  Tire with tread and top belt removed.
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TABLE 1 Malibu test matrix - number of each test.

6/24/2011 Yaw - Four Unaltered Tires 2

Yaw - Rear Outside Tire Tread Removed 3

Yaw - Rear Inside Tire Tread Removed 2

Skid to Stop - Four Unaltered Tires 3

7/24/2018 Yaw - Four Unaltered Tires 3

9/28/2018 Yaw - Four Unaltered Tires 3

Yaw - Front Outside Tire Tread Removed 3

Yaw - Rear Outside Tire Tread Removed 3

Yaw - Rear Inside Tire Tread Removed 3

Skid to Stop - Four Unaltered Tires 3

Skid to Stop - Four Tires Tread Removed 1 ©
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TABLE 2 Expedition test matrix - number of each test.

5/31/2012 Yaw - Four Unaltered Tires 3

Yaw - Front Outside Tire Tread Removed 3

Yaw - Rear Outside Tire Tread Removed 4

Skid to Stop - Four Unaltered Tires 3

Skid to Stop - Four Tires Tread Removed 3

7/24/2018 Yaw - Four Unaltered Tires 3

Yaw - Front Outside Tire Tread Removed 3

Yaw - Rear Outside Tire Tread Removed 3

Skid to Stop - Four Unaltered Tires 4

Skid to Stop - Four Tires Tread Removed 2 ©
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Front Range Airport, twelve yaw tests on July 24, 2018 at the 
EVOC, and twelve yaw tests on September 28th, 2018 at the 
EVOC. In all, 41 yaw tests were conducted with various tire 
configurations. The range of speeds for the tests was 33 to 73 
mph at the beginning of the analyzed tire mark evidence.

General differences were noted among the different tire 
conditions when large steering inputs were made at speed. 
Vehicles with a tire with the tread removed placed at a front 
outer position have the tendency towards a shallower path, or 
more understeer, compared to a vehicle with four unaltered 
tires. Vehicles with a tire with the tread removed placed at a 
rear outer position have the tendency towards a sharper path, 
or more oversteer, compared to a vehicle with four unaltered 
tires. Vehicles with an outer rear altered tire spun out during 
the testing. These trends have been noted by other authors 
[32,33]. During the higher speed Malibu testing (approxi-
mately 60 mph or greater), the vehicle spun out during the 
tests with four unaltered tires, and test with rear altered tires 
at both the inside and outside positions. However, yaw rate 
was highest during the tests with a prepared tire placed at the 
outer rear position. In all tests, the vehicles remained under 
control of the driver until large steering inputs were made 
and held.

Documentation of Physical 
Evidence
Following each run, the physical evidence deposited on the 
skid pad was documented. During each analyzed test, two or 
more tire marks were deposited by the test vehicle. In some 
tests, tire striations were visible. The outer edge of the tire 
marks was marked with chalk approximately every 20 to 30 
feet. The points were then surveyed with a Sokkia Series30R 
Total station.

Each test was recorded on video and the tire mark 
evidence was photographed. The outer edge of each tire mark 
and the rest position was surveyed. In later tests, a drone was 
used to record the tests from above. Following the tests, photo-
graphs of the evidence were captured in grid pattern from 
the drone.

Analysis of Data

Evidence Diagram
The survey data was used to create an evidence diagram for 
each test. In later tests, a scaled rectified aerial photograph 
was compiled from the drone data and used to supplement 
the survey data. The default cubic spline in Autocad was used 
to connect the surveyed tire mark points.

Superelevation
Superelevation was considered in each test. The majority of 
tests were conducted on generally flat surfaces, without super-
elevation. Two of the test facilities had a minor cross slope 
which was incorporated into the analysis.

Radius Measurement
Two different radii were considered; the radius of the front 
outer tire mark and the radius of the center of gravity of the 
vehicle. The radius of the front outside tire mark was measured 
on the diagram with a three-point arc (portion of a circle). An 
arc corresponding to a chord of 50 feet (approximately 15 
meters) was used. The middle ordinate was then measured. 
In a few tests, the middle ordinate was less than 12 inches (0.3 
meters), so a longer arc was used until these criteria was met. 
In some rear disablements, the chord and middle ordinate 
requirements resulted in a separation of front and rear tire 
marks (off-tracking) more than one half of the track width. 
This will be discussed later.

Vehicle positions were reconstructed based on the tire 
mark evidence in order to determine the path of the center of 
gravity. The longitudinal center of gravity for each vehicle was 
calculated from the weight distribution. The lateral center of 
gravity was approximately 1 inch or less from the centerline 
of the vehicle. The center of gravity was assumed to be centered 
on the lateral axis of the vehicle, as is common in practice in 
accident reconstruction. The scaled vehicle model was then 
aligned with the tire marks. The longitudinal center of the 
outside tired edges were aligned as closely as possible with the 
outside edges of the tire marks. Three vehicle positions 
approximately 25 feet apart were used. The first position was 
aligned to the tire marks when the outside marks began to 
diverge. A three-point arc was then aligned to the center of 
gravity positions. A chord and middle ordinate were drawn. 
If a middle ordinate of 12 inches was not achieved, the vehicles 
were spaced further apart (remaining equidistance) until a 
middle ordinate of 12 inches was achieved.

Equivalent Vehicle Coefficient 
of Friction
The roadway friction coefficient was calculated from the skid 
to stop tests in which all the tires had tread and in tests in 
which the tread was removed from all the tires. This testing 
was performed with both vehicles. Figures 9 and 10 depict a 
sample of the acceleration data from the Expedition and 

 FIGURE 9  Expedition skid to stop tests.
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Malibu tests, respectively. The blue line in each plot is from a 
test with four tires all with tread. The red curve is from a test 
with tread removed from all tires. The coefficient of friction 
was computed in accordance with SAE J2505. Table 3 depicts 
the average friction from each test series. Removing the tread 
from a tire on the Malibu resulted in a friction reduction to 
64% of the friction with tread. For the Expedition, removing 
the tread resulted in 74% of the friction with tread.

For analysis of the tests with all four tires with tread, the 
friction coefficient calculated from the skid to stop test with 
all tires with tread at that test site was used.

For analysis of tests with an altered tire, several different 
methods for calculating the equivalent vehicle coefficient of 
friction were considered:

 A. The friction coefficient calculated from the skid to 
stop tests with all tires unaltered was assumed for 
the vehicle.

 B. The friction of the subject tire was reduced (to 64% for 
Malibu tests, to 74% for Expedition tests) based on the 
results of the skid to stop testing. The unaltered test 
specific tire friction was used for the other three tires. 
The equivalent vehicle friction was then calculated 
according to the static corner weight distribution of 
the vehicle.

 C. The friction of the subject axle was reduced (to 64% 
for Malibu tests, to 74% for Expedition tests) based on 
the results of the skid to stop testing. The unaltered 
test specific tire friction was used for the tires on the 

other axle. The equivalent vehicle friction was then 
calculated according to the static axle weight 
distribution of the vehicle.

 D. The friction coefficient calculated from the skid to 
stop tests with four tires with tread removed was 
assumed for the vehicle (to 64% for Malibu tests, to 
74% for Expedition tests).

Coasting Adjustment
Brach proposed increasing the calculated speeds by 4.6% if 
the vehicle was coasting [9]. Each test was analyzed with and 
without the coasting adjustment.

Analysis Results

Four Unaltered Tires
There were 14 tests with four unaltered tires, 8 tests with the 
Malibu and 6 tests from the Expedition that were analyzed. 
In the majority of tests, the rear tires off-tracked from the 
front tires. In one Expedition test, only one tire mark was 
visible, so there was no evidence that the rear tires off-tracked 
from the front tires. Analysis of this test resulted in inaccurate 
speed estimates (41% error), as expected, since off tracking is 
a requirement of using the method. For the tests that did off 
track, a radius measurement from the center of gravity gave 
the best results. An arc with a chord length of 50 feet was 
used. In all tests, the middle ordinate was greater than one 
foot. The off-tracking did not exceed one half track width over 
the chord distance. The sideslip angles at the end of the 
analyzed arc ranged between 4 and 24 degrees. The friction 
from tests with all the tires with tread were used for the 
analysis. A coasting adjustment, an increase of 4.6% to the 
calculated results, increased the accuracy of the calculations 
[9]. Excluding the test that did not off track, analyzed speeds 
were between -8% and 5% of actual speeds after the coasting 
adjustment was made. The results are depicted in Figures 11 
and 12. Diagrams of the four unaltered tire tests appear in 
Appendix A.

 FIGURE 10  Malibu skid to stop tests.
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TABLE 3 Friction coefficients of the various tests.

Expedition Friction Testing

Test Date With Tread
Tread 
Removed

Tread Removed 
Percentage

5/31/2012 0.725 0.536 74%

7/24/2018 0.750 0.554 74%

Malibu Friction Testing

Test Date With Tread
Tread 
Removed % Reduction

6/24/2011 0.742 na na

9/28/2018 0.766 0.488 64% ©
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 FIGURE 11  Analysis results - Malibu, four unaltered tires.
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Front Outside Tire - Tread 
Removed
Tandy and Dickerson [32,33] found that in steady state 
cornering, a vehicle experienced a significant understeer 
effect if a tire without tread was placed in the front outside 
position. If the tire without tread was located at the inner 
front tire, the vehicle behaved similarly to a vehicle with four 
tires with tread. Tandy’s and Dickerson’s testing confirms 
that the outside front tire is responsible for the bulk of the 
steering forces.

A description of steady state cornering is helpful to 
consider for this configuration. If a driver initiates and holds 
a steering input at highway speed, the front tires develop slip 
angle. The vehicle then begins to yaw, resulting in the rear 
tires developing slip angle. Once the rear tires reach a sufficient 
slip angle to balance the forces (moments) of the front tires 
about the center of gravity, steady state is achieved. Thus, the 
force demanded of the rear tires, are determined by the force 
achieved by the front tires (and the distance between the tires 
and the center of gravity). In the case of a front outside tire 
disablement, the maximum frictional capabilities of the front 
axle is reduced by the presence of the disabled tire. Therefore, 
the force levels required by the rear tires to achieve steady 
state will be reduced as well. Theoretically, the friction capa-
bilities of the front outside tire should limit the cornering of 
the vehicle. Therefore, a vehicle equivalent friction equal to 
the friction capabilities of a tire without tread was included 
in the analysis (friction method D).

There were 9 tests with a front outside altered tire, 3 tests 
with the Malibu and 6 tests from the Expedition. A radius 
measurement from the center of gravity gave the best results. 
In most tests, an arc with a chord slightly greater than 50 feet 
was required to satisfy a middle ordinate of one foot. The 
off-tracking did not exceed one half track width over the 
chord distance. The sideslip angles at the end of the analyzed 
arc ranged between 1 and 6 degrees. The coefficient of friction 
of a tire with tread removed applied globally to the vehicle 
gave the best results for the front tire tests (friction method 
D), consistent with the theoretical discussion above. No 
coasting adjustment was needed. In two tests, the rear tires 
did not track outside the front tires. Analysis of the tests that 

did not off-track resulted in high errors (33% to 52%). 
Excluding the tests that did not off track, analyzed speeds 
were between -8% and 5% of actual speeds, as depicted in 
Figures 13 and 14. Diagrams for all front outside tire tests 
appear in Appendix B.

In analyzing the tests, the friction reduction was tire 
(vehicle) specific. Taking tread off the tires of the Expedition 
resulted in a friction reduction to 74% of the unaltered tires. 
The friction for the Malibu tires was reduced to 64% of the 
unaltered tire friction. These reductions were used for the 
Expedition tests and Malibu tests, respectively. Using the 
actual friction reduction allowed for a comparison of the 
different methods presented, and it was shown that the critical 
speed method could be extended to the case with a front tire 
without tread. However, in practice it is unlikely that the 
actual reduction in friction would be known. The tests were 
reanalyzed using the most accurate method - three-point 
radius of the center of gravity path, reduced friction used for 
the entire vehicle, no coasting adjustment - using the entire 
range for the friction reduction for all tests (64% to 74% of 
unaltered tire friction). Ranging the friction reduction 
increased the error for the analysis, to between -8% and 13%. 
In practice, the entire range of friction reductions (64% to 74% 
of unaltered tire friction) should be used unless tire specific 
testing is conducted.

 FIGURE 12  Analysis results - Expedition, four 
unaltered tires.
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 FIGURE 13  Analysis results - Malibu, front outside tire 
tread removed.
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 FIGURE 14  Analysis results - Expedition, front outside tire 
tread removed.
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Rear Outside Tire - Tread 
Removed
Each vehicle with an altered tire in the outside rear position 
spun out during the testing. The rear tires off-tracked from 
the front tires in all cases, demonstrably more than in the 
front tire testing and testing with four unaltered tires. There 
was also a larger difference between the radial path of the 
outside front tire and the radial path of the vehicle center of 
gravity in the outer rear tire tests. It was assumed that reducing 
the vehicle equivalent friction by some amount would 
be necessary since the vehicles cornering capacities were 
reduced. The best combination of radius and equivalent 
friction coefficient was determined empirically.

It was found that using the radius of the vehicle’s center 
of gravity gave the best results. An arc with a chord length of 
50 feet was used to determine the center of gravity path radius. 
In all tests, the middle ordinate was greater than one foot. The 
off-tracking exceeded one half track width over the chord 
distance in most tests but was approximately one whole track 
width or less in all tests.2 At the end of the measured arc, the 
vehicle sideslip angle ranged between 10 and 35 degrees. For 
the equivalent vehicle friction, reducing the friction of the 
subject tire only based on the static corner weight of the vehicle 
worked best (friction method B). A coasting adjustment, an 
increase of 4.6% to the calculated results, increased the 
accuracy of the calculations [9].

There were 13 tests with a rear outside altered tire, 6 tests 
with the Malibu and 7 tests from the Expedition. Analyzed 
speeds were between -10% and 9% of actual speeds after the 
coasting adjustment was made, as depicted in Figures 15 
and  16. Diagrams for all rear outside tests appear in 
Appendix C.

The friction reduction was tire (vehicle) specific. Taking 
tread off the tires of the Expedition resulted in a friction reduc-
tion to 74% of the unaltered tires. The friction for the Malibu 
tires was reduced to 64% of the unaltered tire friction. These 
reductions were used for the Expedition tests and Malibu tests, 
respectively. However, in practice it is unlikely that the actual 

2 1.1 x track width was the largest separation in this test series.

reduction in friction would be known. The tests were reana-
lyzed using the most accurate method - three point radius of 
the center of gravity path, reduced friction used for the subject 
tire, a coasting adjustment was used - using the entire range 
for the friction reduction for all tests (64% to 74% of unaltered 
tire friction). Ranging the friction reduction did not signifi-
cantly change the error (still -10% to 9%). It is recommended 
that the average friction reduction, to 69% of the friction of 
an unaltered tire, should be used in practice. For the rear 
outside tire configuration, the analysis was relatively insensi-
tive to the friction reduction.

Rear Inside Tire - Tread 
Removed
Tandy and Dickerson found minimal handling differences in 
steady state testing when a tire without tread was placed at an 
inside rear position [32,33].

There were 5 tests with a rear inside altered tire, all with 
the Malibu. The rear tires off tracked from the front tires in 
all cases. The radius of the center of gravity gave the most 
accurate results. In some tests, an arc with a chord slightly 
greater than 50 feet was required to satisfy a middle ordinate 
of one foot. The off-tracking did not exceed one track width 
over the chord distance.3 The range of sideslip angles at the 
end of the analyzed arc was 8 to 25 degrees. Using the friction 
coefficient calculated from the skid to stop tests with all tires 
unaltered applied to the entire vehicle gave the best results, 
consistent with the work of Tandy and Dickerson [32,33].  
A coasting adjustment, an increase of 4.6%, increased the 
accuracy of the calculations. The analyzed speeds were 
between -5% and 3% of actual speeds after the coasting adjust-
ment was made, as depicted in Figures 17. Diagrams for all 
rear inside tests appear in Appendix D.

Analysis Discussion
A friction reduction was required for the front outside tire 
tread removed and rear outside tread removed configurations. 
If the actual friction reductions were used (to 64% for the 

3 0.75 x track width was the largest in this test series.

 FIGURE 15  Analysis results - Malibu, rear outside tire 
tread removed.
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 FIGURE 16  Analysis results - Expedition, rear outside tire 
tread removed.
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Malibu and to 74 % for the Expedition), the error range of all 
four test configurations was -10% to 9%, within the accepted 
-13.5% to 10% range assumed for a vehicle with four unaltered 
tires [1]. Figure 18 depicts the analysis of all of the tests.  
A different color is used for each variation of tire condition. 
The actual test speed is plotted on the x-axis. Percent error of 
that test is plotted on the y-axis. The error percentage of the 
Critical Speed Formula was not test speed dependent. In 
general, the Critical Speed Formula tended to underestimate 
the actual speed or bracket the correct speed.

For the front outside tire tread removed configuration, 
ranging the friction reduction (to 64% to 74% of unaltered tire 
friction) increased the error range from -8% to 5%, to -8% to 
13%. Since the friction reduction applied to the entire vehicle 
for the front outside tests, the results were sensitive to the 
reduction. Therefore, the entire range should be used in practice.

On the other hand, the rear outside tests were insensitive 
to the friction reduction. In practice, using the average friction 
reduction (to 69%) would be adequate. To highlight the insen-
sitivity of the friction reduction in the rear outside tire tread 
removed configuration, the friction of the tire was reduced to 
20% of full tread friction, far less than the actual reduction (64% 
to 74%). Reducing the friction to 20% of actual at the subject 
tire resulted in a range of errors of -13% to 1%, still within the 
accepted critical speed analysis range (-13.5% to 10%).

For the rear outer tire tread removed cases, adjusting the 
friction of the subject tire alone gave the best results (CG path 
radius, coasting adjustment). Adjusting the friction of the rear 
axle also gave acceptable results (-13% to 5% error), albeit more 
conservative. In some real world cases, larger lateral weight 
shift may result in the adjustment to the entire rear axle being 
more representative.

In both the four unaltered tire tests and the prepared 
front outer tire tests, off tracking was not always achieved. A 
lack of off-tracking was an indication that maximum lateral 
acceleration was not achieved. When these tests were analyzed 
using the guidelines set forth above, the Critical Speed 
Formula overestimated the vehicle speed by as much as 52%. 
The Critical Speed Formula should not be used unless evidence 
of off-tracking exists (separation of the rear tire mark outside 
the front tire mark).

Appendix E depicts the square root of the sum of the 
squares error and ranges of error for all tests (both vehicles) 
in each test configuration for each analysis method. The 
results of Appendix E were used to determine the preferable 
method for each test configuration, which is highlighted in 
blue. For the unaltered tire configuration, front outside tire 
tread removed configuration and rear inside tire tread 
removed configuration, a single method gave the most 
accurate results (highlighted in blue). For the rear outside tire 
tread removed configuration, two methods resulted in the 
same square root of the sum of squares error. A second crite-
rion, the method which better centered the analysis results 
around the actual speeds, was used to determine the preferred 
method in the rear outside tire tread removed configuration. 
Analysis results of all tests appear in Appendix F. The cells 
highlighted in blue were the recommended method. The 
recommended method was selected considering the results 
from all test of both vehicles. Therefore, the recommended 
procedure doesn’t necessarily give the most accurate results 
for any individual test. In Appendix F, tests in red font did 
not achieve off-tracking and were not included in the results 
in the body of this paper.

For all test conditions, the center of gravity path yielded 
the best results. This not surprising since the critical speed 
method treats the vehicle as a particle. The path of the center 
of gravity is most representative of the entire vehicle and is 
the point of the vehicle least affected by developing sideslip 
angle. Other authors have made adjustments to the radius of 
the front tire mark, subtracting ½ track width for example, 
in an attempt to better approximate the path of the center of 
gravity. However, as sideslip angle develops, the discrepancy 
between the radius of the front outer tire mark and the radius 
of the center of gravity increases, and the difference cannot 
be  captured by a constant adjustment. This is especially 
relevant in cases where tread was removed from the rear outer 
tire. Even in cases where the sideslip angle reached 35 degrees 
(a separation in leading tire marks of approximately 1.1 times 
the track width), the critical speed formula still yielded speed 
estimates within a satisfactory error range. Previous authors 
have proposed in order to use the critical speed formula, over 
the segment of measured chord, the separation of the tire 
marks should be less than half the track width of the vehicle. 
It was found that this recommendation could be relaxed when 
using the path of the center of gravity.

 FIGURE 17  Analysis results - Malibu, rear inside tire 
tread removed.
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 FIGURE 18  Critical Speed Formula Percent Error vs Test 
Speed - All Tests.
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The testing and analysis conducted above shows that the 
critical speed method can be extended to cases of a tire without 
tread at various tire locations. Adjustments had to be made 
to account for the lateral friction capabilities of the vehicle in 
each configuration. Four different adjustments were consid-
ered to determine which method was most accurate for 
that configuration;

 A. Full tire friction for all tires.
 B. Subject tire friction reduced.
 C. Subject axle friction reduced.
 D. Friction reduced for all tires.

In each test, the tire remained inflated. Although other 
tire disablement types (airloss for example) were not tested 
here, any type of disablement will reduce the lateral capabili-
ties of the vehicle to some degree. It is likely that the critical 
speed formula could be extended to other types of disable-
ments as well, so long as a reasonable equivalent lateral friction 
could be determined. However, additional work is required 
to extend the critical speed formula to other disablement types.

The coasting adjustment proposed by Brach, increasing 
the analyzed results by 4.6 percent, increased the accuracy of 
all the test conditions except the tests with tread removed 
from a front outer tire. These front outer tire tread removed 
tests also had the least amount of vehicle sideslip, with sideslip 
angles between 1 and 6 degrees. Because small sideslip angles 
were generated, the vehicles in these tests decelerated mini-
mally during the analyzed arc distance. By comparison, 
vehicles in all other test configurations developed more 
sideslip, and decelerated more. Although not analyzed specifi-
cally, these authors suspect that minimal speed loss during 
the analyzed arc distance was the reason that a coasting 
adjustment was not needed. No braking or accelerating tests 
were conducted during this testing. It is unknown if the 
braking or acceleration adjustment recommended by Brach 
would apply in the case of a yaw with tire tread detachment.

This paper explored speed analysis of yawing vehicles. 
The authors were not specifically examining the controllability 
of the vehicles in these test series, however, a few findings are 
worth mention. In the 2018 tests with the Malibu, higher test 
speeds were achieved by starting on the outer test track and 
navigating a left curve onto the test pad surface. During this 
left curve, lateral accelerations over 0.6 g’s were achieved with 
a rear outside tire with tread removed. The vehicle was kept 
under the driver’s control during this turn. The vehicles were 
kept under the driver’s control until a larger steering input 
was made and held. Controllability during tread detachments 
was studied for both these vehicles more extensively in 
previous publications [34,35].

Recommendations
Regardless of the tire condition, the following first four steps 
should be followed:

 1. There should be at least two curved tire marks visible, 
they should be from the outside wheels, and there 
should be evidence that the marks are yaw marks 

(not skid marks). This evidence can be lateral 
striations or scratches, or the circumstances of 
the crash. There should be clear evidence that the rear 
tires were tracking outside the front tires.

 2. Three vehicle positions should be reconstructed based 
on the tire mark evidence, equally spaced with center 
of gravity positions approximately 25 feet apart. The 
first vehicle should be positioned at the earliest point 
corresponding to Guideline 1. The longitudinal center 
of the outside edges of the tires should be aligned as 
closely as possible with the outside edges of the 
tire marks.

 3. The radius of the path of the center of gravity should 
be measured by drawing a three-point arc through 
each center of gravity.

 4. Draw a chord (line between the beginning and 
end of the arc) and measure the middle ordinate. If 
the middle ordinate is less than 0.3 m (1 ft), evenly 
increase the spacing between the vehicle models and 
retrace the vehicle center of gravity path with a new 
arc until the middle ordinate is 0.3 m (1 ft).

Steps 5 and beyond are situationally dependent:

Four Unaltered Tires
 5. The equivalent vehicle friction should be calculated 

from a skid to stop test at the scene in accordance 
with J2505 with all tires with tread. If skid to stop 
data is not available, a range of values should be used 
based on available literature.

 6. If the vehicle is coasting, the calculated speed should 
be adjusted +4.6%.

 7. This test series indicates an uncertainty range of -8% 
to 5% when these guidelines are observed. The 
Critical Speed Task Force who authored J2969 
determined that the method is accurate within -13.5% 
(underestimate in speed) to +10% (overestimate in 
speed) when used correctly. J2969 does note that if the 
vehicle is coasting, an adjustment can be made to 
reduce the level of uncertainty.

Front Outside Tire - Tread 
Removed
 5. The equivalent vehicle friction should be calculated by 

assuming the tread removed friction for the entire 
vehicle. Reduce the equivalent vehicle friction to 64% 
to 74% of the friction of a tire with tread, or a specific 
percentage determined through testing. The friction 
of tires with tread should be determined from a skid 
to stop test at the scene in accordance with J2505 with 
all tires with tread. If skid to stop data is not available, 
a range of values should be used based on 
available literature.

 6. No coasting adjustment should be made.
 7. By incorporating the full range of friction reduction 

(64% to 74%of friction of unaltered tires), an error 
range of -8% to 13% was achieved.
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Rear Outside Tire - Tread 
Removed
 5. The equivalent vehicle friction should be calculated by 

reducing the friction of the subject tire to compensate 
for the tread detachment. Reduce the friction of the 
outside rear tire to 69% of the friction of the tires with 
tread. Calculate the equivalent vehicle friction based 
on the static weight distribution of the vehicle. The 
friction of tires with tread should be determined from 
a skid to stop test at the scene in accordance with 
J2505 with all tires with tread. If skid to stop data is 
not available, a range of values should be used based 
on available literature.

 6. If the vehicle is coasting, the calculated speed should 
be adjusted +4.6%.

 7. By following these guidelines, a uncertainty range of 
approximately -10% to 9% was achieved.

Rear Inside Tire - Tread 
Removed
 5. The equivalent vehicle friction should be calculated 

from a skid to stop test at the scene in accordance 
with J2505 with all tires with tread. If skid to stop 
data is not available, a range of values should be used 
based on available literature.

 6. If the vehicle is coasting, the calculated speed should 
be adjusted +4.6%.

 7. By following these guidelines, an uncertainty range of 
approximately -5% to 3% was achieved.

Recommendation Summary
Table 4 depicts a summary of the guidelines for each method. 
For all categories except the front outside tire tread removed, 

increasing the calculated speed using a coasting adjustment 
multiplier of 4.6% increased the accuracy of the results. Not 
correcting with a coasting adjustment would make the results 
more conservative (underestimate) compared to the 
actual speed.

Conclusions
 1. The Critical Speed Formula was shown to give results 

within the previously published accepted range of 
accuracy (-13.5% to 10%) for the cases of four 
unaltered tires, a rear outside tire with tread removed, 
and a rear inside tire with tread removed, provided 
that case specific guidelines are observed.

 2. For the case of a front outer tire with tread removed, 
the results were shown to be relatively sensitive to the 
friction reduction. The critical speed formula gave 
results with a range of error of -8% to 13%.

 3. For the case of a rear outside tire with tread removed, 
the results were relatively insensitive to the amount of 
friction reduction of the subject tire. A reduction in 
friction for subject tire to 69% of full tread friction 
was sufficient.

 4. For the case of an inside rear tire with tread removed, 
assuming full friction, as if no disabled tire was on 
the vehicle, gave the best results.

 5. The center of gravity radius, measured with a three-
point arc, gave the most accurate results in all 
test configurations.

 6. The critical speed formula does not need to 
be restricted to only cases where the separation of the 
tire marks is less than half the track width of the 
vehicle over the measured chord length, provided that 
the center of gravity path radius is used. Using the 
center of gravity path yielded reasonable accurate 
results even when the sideslip angle reached 35 
degrees (1.1 x track width of separation) over 
the chord.

 7. Acceptably accurate speed calculations are achievable 
when using center of gravity radii measured with a 
three-point arc from a scaled diagram.

 8. In several tests, two large steering inputs were made, 
and the critical yaw was the result of the second 
steering input. The Critical Speed Formula gave 
acceptably accurate results in the case of multiple 
steering inputs.
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