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Use of the Critical Speed Formula

RATIONALE

This SAE Recommended Practice was developed to provide a guideline for the recommended use of the critical speed
formula. The basic procedures and technigues for data collection and use of the method shown in this document are not

to be considered all |[nclusive.
SAE J2969 has been reaffirmed to comply with the SAE Five-Year Review policy.
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1. SCOPE

This SAE Recommended Practice provides guidelines for procedures and practices used to obtain and record
measurements and to analyze the results of the critical speed method. It is for use at accident sites using manual or
electronic measurements. The method allows for many unique factors and the recommended procedure will permit a
consistent use of the method in order to reduce errors and uncertainty in the results. The results from the critical speed
formula should always, when possible, be compared to other accident reconstruction methodologies. When different

accident reconstruction methods are used, the uncertainty of each method should be analyzed and presented.
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3. DEFINITIONS

The following terms and acronyms are defined for use herein:

ABS DECELERATION VALUE: Average deceleration value over the entire stopping test conducted wi
ACCELERATION: Rate of change of velocity with respect to time.

CHORD: A straight line distance between two points on an arc.

th ABS activated.

COEFFICIENT OF FRICTION: A number representing the resistance to sliding of two flat surfaces in contact defined as

the ratio of the resistance force to the normal force between the surfaces.

CENTRIPETAL ACCELERATION: The scalar value of the component of vehicle acceleration in
horizontal normal to the horizontal velocity vector [SAE J670].

CRITICAL SPEED: The maximum speed at which a vehicle can traverse a path with a specific radius
loss of directional cpntrol; the speed of a vehicle undergoing a turn maneuver at which the tires |

the direction of the

of curvature without
cave visible sideslip

marks. The speed when the centripetal acceleration is limited by roadway friction. f =(pg,n £ m, where¢ f is the drag factor,

M is the coefficient of friction, n is the percentage of braking, and m is the slope. This)is'valid for slopes

CRITICAL SPEED FORMULA: A formula that calculates the speed of a vehicle from the radius of
critical speed scuff marks, taking into account roadway grade, superelevatien<and frictional drag coeffi

CRITICAL SPEED 9§
called striations.

CUFF MARK: A tire yaw mark caused by a sidesliping tire often showing a dia

EQUIVALENT ROAD FRICTION: The average locked-wheel frictional drag coefficient which includes

FRICTIONAL DRAG
or instant in time [SA

COEFFICIENT: The ratio of the frictional drag force to the vehicle’s weight at a ¢
E J2505].

FRICTIONAL DRAQ
distance formula in §

5 FACTOR: The frictional drag' force averaged over a fully braked stop as u
AE J2505.

INERTIA: A physicall property of a body thatrepresents its resistance to acceleration.

MIDDLE ORDINAT

measured at the mid-point of the-chord.

RADIUS OF CURVATURE:-The measured or calculated radius of a critical speed scuff mark at the p
used in the critical speed fgrmula.

less than 10°.

curvature of its tires
cient.

jonal striped pattern

foad grade.

iven speed, position

sed in the stopping

F: A distance measurement from the chord to the curve that is perpendicular to the chord and

bint of measurement

Araadwavaaiath- o bhard caalad cpirfaca Af hitiimann oy Ay Aanarata
7% oo

SEALED SURFACE

roaavvoy - vvrtrt o U oUT o T O IoTtOT T e T, o, O COTTCToteT

SIDESLIP: Lateral/transverse translation of a vehicle perpendicular to its heading.

SIDESLIP ANGLE: The angle between the vehicle’s heading and the velocity vector of its center of mass.

STRIATIONS: Periodic stripes that appear diagonal to the tire marks from a vehicle traveling at its critical speed.

SUPERELEVATION: The slope of the surface perpendicular to the critical speed scuff mark.

UNSEALED SURFACE: A roadway not sealed with bitumen, tar, or concrete (for instance a loose gravel or dirt roadway).
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4. THEORY
4.1 Critical Speed Formula

The derivation of the critical speed formula is available in many references, such as Brach and Brach (2005) and Daily et
al. (2006). The formula assumes a vehicle is traveling along a surface that is possibly banked (superelevation) and uphill
or downhill (road grade) during the time that the critical speed scuff marks are being generated. During this time, the
center of mass of the vehicle traces out a near circular arc with the center of the arc located on a horizontal plane at
distance r inside of the turn. It is also assumed that there are no aerodynamic loads and that the force from friction is
proportional to the normal force on the road. It is assumed that the vehicle is a point mass, traveling at an instantaneous
constant speed, is in a steady state maneuver, and traveling in uniform circular motion.

\Fr

0
- ¥ Level Reference

Figure 1|- Free body diagram of a-car traveling on a banked, curved road with super¢levation

Figure 1 shows a vghicle in a turn. When.a vehicle is trying to turn, the frictional force is lateral to thg vehicle's motion. If
this vehicle is in a ciritical speed yaw, then*the maximum amount of lateral frictional force is being ggnerated by the tires.
When the maximun] amount of frictional force is being generated the tires are saturated and evidgnce of such usually
manifests itself as a [critical speed«scuff mark on the pavement. The critical speed formula is:

(Eq. 1)

where:
g = acceleration due to gravity
r = radius
e = superelevation of the road in percent
Ueq = equivalent road friction

This is the general form of the critical speed formula and is valid for any unit system. However, there are restrictions on
the admissible values of peq and e. There are two mathematical requirements for e and peq:
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4.1.1

The product of peq and e must be less than 1 (i.e., pege < 1). Physically speaking, a critical speed cannot exist if

there is enough bank and friction. If the product peqe is greater than one, then when the maximum frictional force
is developed (i.e., marks are left on the road), the vector representing all the road loads is pointing below the
desired force vector, and the vehicle will turn off the road toward the inside of the curve. As such, a critical velocity

cannot exist

when the product peq € is greater than 1.

The sum of peq and e must be greater than zero (i.e., peqte > 0). The physical significance is the fact that if the

slope is negative (i.e., the curve slopes away) by an amount greater than the coefficient of friction, then the
vehicle will simply slide off the road regardless of its speed. This would require either a very steep bank or a very

slick surface

For nearly level surfaces, Equation 1 simplifies to:

5. RECOMMENDE
5.1  Vehicle Consi

The method as outli
like motorcycles and

It is recommended f
critical speed formul
vehicle.

5.2 Roadway Doc

Measure the vehicle

v=_|gr
g,
D METHOD

lerations

ned here does not apply to articulated trucks and has not been tested on other n
trikes.

o document the vehicle’s tires make and model, .as{well as the tire’s DOT nun
A when significantly dissimilar tires are installed_ like a donut spare on the loadeg

Limentation

the tire generates laferal friction during a critical speed‘maneuver, the method has been correlated thr

the average longitud
Measure the road su

When a vehicle is g
wheel friction. If the
be adjusted for road
positive (uphill) it s
subtracted when the

5.3 Tire Mark Eva

nal frictional drag factor and therefore, this value should be used.

perelevation to be used in‘the critical speed formula and the road grade.

kid tested at the accident location, the road grade will already be included in t
grade to get.the-equivalent road friction used in the critical speed formula. Wh
road grade)is negative (downhill).

uation

(Eq. 2)

bn-standard vehicles

ber. Do not use the
d side of the turning

-to-roadway frictional drag factor in-accordance with SAE Recommended Praclice J2505. Although

pugh research using

he measured locked

road friction is estimated or measured on a flat portion of the roadway, then the fijictional value should

bn the road grade is

nould be added in decimal percent to the average locked-wheel frictional drag and it should be

Identify at least two curved tire marks representing the outer iires. Be certain that the rear tire mark'is tracking outside the
front tire mark and the tire marks typically show evidence of diagonal striations. Photograph the tire mark showing
evidence of diagonal striations. Figure 2 shows an example of a tire mark that has clear diagonal striations while the
vehicle is yawing, but turn to parallel striations when the vehicle begins to skid. The tire mark should not show any
evidence of skidding in the area of the yaw maneuver measurements. In some cases, the rear tire mark may be hard to

discern.
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Figure 2 - Tire mark showing diagonal striations that turn to parallel striations when the tir¢ begins to skid

Two radius measure

Method 1: Use a 15
radius determination
performed the criticg

Method 2: Use two
decrease if the vehid

Method 3: Measure
meter and use the
center of the mark. U

ments should be taken (or more when pessible) using one of the following metho

is:

-m chord with three equally spaced ordinates. The middle ordinate should be the one used for the

and the 3/4 ordinate will be larger-than the 1/4 ordinate when the vehicle is decr
| speed maneuver.

10-m chords with middle ordinates. The radius is calculated with both measu
le is slowing as the vehicle progresses through the maneuver.

the tire marks electronically using Total Station or other survey equipment. Meas
putside darkestedge of the mark to reduce position error in trying to determin
se the electronic measurements to determine the radius of the tire mark.

Method 4: Photogra

accuracy of the meapurements and their sensitivity to the radius calculation.

'

metry can be used to measure the tire mark as long as the photogrammetry met

pasing in speed as it

Frements and should

ure the marks every
b the location of the

hod can quantify the

Figure 3 shows examples of Methods 1 and 2. Begin the measurement at the first visible evidence of a critical speed tire
mark from the outside front tire. Use the dark outer portion of the mark as a reference to reduce subjective variability as
compared to attempting to determine the center of the mark. Some research has shown that the method works best when
measuring the first 15 m (49.2 feet) of the mark. In some low speed cases, a shorter critical speed scuff mark must be
used. If a manual measured chord and middle ordinate approach is used to measure the radius, for higher speed (larger
radius) cases it is sometimes necessary to use a longer chord length to reduce measurement uncertainty. In these cases,
it is recommended to use the shortest possible chord length (15 m or greater) that achieves a middle ordinate of at least
0.15 m (6 inches). To prevent measurements where the vehicle has achieved too high of a sideslip angle, the separation
of the front and rear critical speed scuff marks over the length of the chord measurement should be no more than half the
track width of the vehicle.
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