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@ TURNING ABILITY AND OFF TRACKING - MOTOR VEHICLES

1. SCOPE:

This document sets forth a method by which the turning ability and
tracking pf motor vehicles can be determined.

TURNING ABILITY

2.1 TURNING CENTER: That point about which all_parts of a vehicle or
combinatfjon of vehicles revolve in describing a turn of constant r
For ideal steering, free of tire scrubbing, the extended axis of a
spindles| passes through this center. In“the case of two-axled bog
tandems in which the axles are constrained to parallelism, the tur
center 15 assumed to fall on a line-parallel to and midway between
axle cenferlines (see Figure 1).

2.2 TURNING RADIUS: The distance from the turning center to the cente
contact pith the road of the-wheel describing the largest circle,
vehicle fis executing its 'sharpest practicable turn (usually to the
front wheel) (see Figure“1).

2.3 TURNING

2.4 TURNING PIAMETER -~ WALL-TO-WALL: The diameter of the smallest cir
will encllose/the outermost points of projection of the vehicle whi
executing s sharpest practicable turn, This is equal to the min
turning diame , adia (- ] be
(see Figure 1).

DIAMETER: «Iwice the turning radius (see Figure 1).
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2.5 TURNING DIAMETER - CURB~TO-CURB: The diameter of the smallest circle within
which the vehicle will clear a curb 150 mm high, while the vehicle is
executing its sharpest practicable turn. This is equal to the turning
diameter plus twice the horizontal distance from the center of tire contact
with the road to the arc subtended by a chord drawn between the points of
intersection of the outermost projection of the tire shoulder on a
horizontal plane 150 mm above the surface on which the tire rests
(see Figure 1),

3. DETERMINATIONS:

The following determinations, based on Ackerman steering geometry| (see
Figure|3), may be made mathematically as explained in detail,'as fpllows:

3.1 Turning diameter? with a given wheelbasel and front axle configuration.
3.2 Configuration required to provide a given tufning diameter?,

3.3 Curb ¢learance increment (see Figure 4).

TTo determine |the turning abiTity of a three-axled vehicle, it is customary to measure |the wheelbase
from the frongt axle centér to a point midway between the two rear axles and to considgr a transverse
1ine through|this potot’as the equivalent of the center of the rear axle of a two-axlqd vehicle.
Since these near. dxles are constrained to parallelism, a moment is created during a turn that must
be overcome By the front tires. .This moment increases the front tire slip angle or tire scrub, and
results in a i i i i er equivalent to a vehicle with a longer
wheelbase. Tests have shown that the true location of the turning center is somewhat further to the
rear than midway between the axles. The actual Tocation of the turning center depends on whether
the tire equipment is single or dual, whether the tires are radial or biased ply construction, the
toad distribution between the two rear axles, the Toad on the front axle, and the Ackerman error in
the tie-rod Tinkage. Calculations to accurately predict the effects of these various factors would

be quite complex.

2At the maximum turning angle, there is normally Ackerman geometry error between the front wheels =~
that can be described as shown in the equation in 5.2.2 or 5.2.3. This error will result in tire
scrub of both front tires. If equal slippage of both front wheels is assumed, -the theoretical
turning center will lie midway between the intersections of the turning angle lines of outside and
inside front wheels with the centerline of the rear axle. Due to the centrifugal force, the greater
pressure on the outer wheel due to this centrifugal force, and other influences, the true turning
center will actually 1ie closer to the outer intersection than te the inner.
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4, FACTORS OF FRONT AXLE CONFIGURATION:
TR -~ Turning radius (see Figure 1)

TD -~ Turning diameter

T = Track of tires at ground (see Figure 2)

PC - Distance between knuckle pivot centers at ground

0S -~ Offset, pivot center to track of tire at ground

Ca - Camber angle of wheel, loaded

KI - Kingpin inclination from vertical

KS -~ Kingpin spacing

TH - Ti idth

WB - Wheelbase3d

LL - Cross steering lever Tength

LP ~ Cross steering lever position N
LA - Cross steering lever angle from axle centerline (true)

RR - Ro)ling radius of tire

ITa - Ingide wheel turning angle (see Figure 3)

OTa - Outside wheel turning angle (see Figure 3)

H - Hejght of center of kingpin from ground (loaded)

R - Raglius to pivot center for correct wheelbase/ (see Figure 3)
RS -~ Rafius to pivot center for shorter than gorrect wheelbase (sg¢e Figure 3)
RL - Ragius to pivot center for longer than.correct wheelbase (seI Figure 3)
C - Curb contact length (see Figure 4)

CR ~ Curb clearance radius (see Figure 4)

CI - Curb clearance increment (see Figure 4)

TOS - Tire offset measured along spindle centerline

FORMULAS

5.1 Several|of the following formulas use the term pivot centers, the|distance
between|knuckle pivot centersCmeasured at the ground. Pivot centers can be
calculated from given axle(dimensions as follows:

PC = KS +2'(RR Cos Ca + TOS Sin Ca) x tan KI (Eq. 1)

For small measures«of camber angle of wheel, loaded, the formula for pivot
centers|can be stmplified with 11ttle loss of accuracy to:

PC = KS + 2 RR x tan KI (Eq.2)

5.2 To detefmifie turning diameter4 with a given wheelbase5-and front axte
conf iguratiton—<seeFigure—3:

5.2.1 With correct wheelbaseb:

m=2{_"__,o0s (Eq.3)
sin OTa ’

5.2.2 HWith wheelbase shorter than correct (SWB):

D =;\/2§w32 v (SWB - pe, SWB No | nos (Eq.4)
\tanOTa tanlITa

35ee Footnote 1.
43ee Footnote 2.
5see Footnote 1.
6see Footnote 1.
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5.2.3 HWith wheelbase Tonger than correct (LWB):

LWB BT '
TD =~ /4LHBZ + (=2 LI .
-\/ . (tanOTa + PC + tan”a> + 208 (Eq.5)

5.3 ;? dete;?1ne configuration required to provide a given turning diameter (see
gure 3):

5.3.1 Glven pivot centers, offset, and wheelbase’, to find the turning angle
necessary to front wheels:

' WB
OTa = arcsin Eq.
75 (Eq.6)

— = 0S
2

ITa = arccot <cot OTa - 5g>

5.3.2 Givenh offset and turning angle of outside fromt wheel, to find|the
necelssary wheelbase (see Figure 3):

WB = <.;_D - os> sin OTa (Eq.7)

5.4 To determine curb clearance incremént to turning radius (see Figyre 4):

CI = -\&R + %H)Z + <§>2 - TR (Eq.8)

5.5 To detprmine correct cross steering lever configuration for a giyen
wheelbpse8 and pivot centers (see Figure 3).

The copventional tie-rod linkage cannot provide perfect Ackerman |geometry
for all turn angles. In addition, it is often necessary to use gne linkage
confighration(for several different wheelbases. The solution is, therefore,
not a Fimple—answer to a set of equations. It is a cut and try jterative
process of ‘examining various alternatives with respect to all whgelbases.
Most epgineering organizations use computer programs- to compare the proposed
design lable
design.

A detailed graphical method may be found in Appendix 1 of SAE publication
SP-374, The Truck Steering System from Hand Wheel to Road Wheel. SP-374 is
available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096.

6. FIELD TEST PROCEDURE:

6.1 Check steering geometry alignment and correct, if necessary.

7see Footnote 1.
8See Footnote 1.
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6.2 Check the front wheel cut angles to manufacturers' recommendations. MWheel
stops should be so set that the minimum clearance between the tire and the
nearest point of interference is 20 mm; or, so that with the wheel-stops in
contact, a margin of a quarter turn of the steering wheel is left before the
maximum travel of the steering gear is reached. In some cases, tire 7
interference will be the 1imiting factor and in others, the steering gear
travel will Timit the maximum cut angle.

6.3 Load the vehicle to the maximum recommended gross weight.

6.4 Run the ons in low
gear at|engine idie speed. The wheels should be turned to the mayimum cut
angle, |At Teast two complete circles should be made before makin
measurements. The path of the outside wheel is marked on the,pav
pouring(water on the tire while making the complete circlen

ment by

6.5 To deteymine the turning diameter, measure from the midpoint of t{re contact
trace on the pavement to a similar point across the.diameter of the trace.
Turning[radius will be half this distance, and the cturning center|will be at
the midpoint of the diameter.

6.6 To detegmine the curb clearance increment, place a straight edge
horizontally across the outside face of thertire at an elevation ¢f 150 mm
above the pavement surface, and with a plumb line, locate the point on the
pavement directly beneath the foremost *point of contact between the straight

| edge and the tire shoulder. The distance from this point to the turning

center {s the curb clearance radius;“and the difference between i{ and the
turning|radius is the curb clearance increment.

6.7 To detefmine the turning diameter, wall-to-wall, drop a plumb Tine from the
extreme outside radial extension of the vehicle and locate the point on the
pavement directly beneath it. The distance thence to the turning|center is
the veh1cle]clearance radius, twice which is the turning diameter .
wall-to4wall. .

7. GRAPHICAL DETERMINATION:

Alternative to-the mathematical formulas and field test.procedures |above,
determingtions may be made by the graphical or draftman's method if
accordange_with the following procedures. Results secured by this|method,

like those—by—the—mathematTta+—method——are—thecretttat—and—may—be—somewhat
less exact. The following graphical method is somewhat easier and more rapid:

In Figure 5, dimensions are defined and the sequence of operations indicated
by the circled numerals:

Given pivot centers offset, outside wheel turning angle, and wheelbase:

7.1 Draw a horizontal line representlng the longitudinal centerline of the
chassis.

7.2 Draw a second 1ine perpendicular to the first Tine, representing the
centerline of the front axle.
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to half the distance between pivot centers.

to the outside front wheel turning angle.

of the center of the t1re track from the pivot center. Th

wheel track.

oo thethassiscentertme, s distance fromHs—inmterss
ont axle centerline equal to the wheelbase, drop a perpendi
pcting the diagonal Tine from the pivot center. Thisa s th

he distance from this center to the point on-the diagond

b T
onting the front wheel track. This is the turning radius.

OFF TRACKING
LONS:

Fion 2,

cal off tracking situation for . a tractor semitrailer
Lions, 1s shown in Figure 6,

cking is the differencein radii from the turning center %

centerline at the foremost and rearmost axles of a vehicl
tion and represents-the increase beyond the tangent track
rn (see Figure 6).

track is the(radial width between centers of road contact
st and innermost tires of a vehicle or combination of vehi

Locate a point on the second Tine a distance above the chassis centerline
Through this point, draw a 1ine at an angle to the front axle centerline

Locate a point on this line a distance above the pivot center equal to the

is is the

ction with
cular line
e turning

] -

including

o the
e or
occasioned

of the
cles in

fting a turny’ In the case of dual tires, center of road c
to be that-midway between those of individual tires (see Fi

General:

In~addition to physical trial, there are two methods by,
of Vof f tracking may be determined namely, mathematically
¢ Th two methods wer ublished in SAE J695 approv
nd reaffirmed without change in June 1963, Since these met

ntact is
ure 6).

which the
nd
d- October
hods

required a very good knowledge of mathematics and graphics, many fleet
operators and others found these methods too cumbersome and complicated to

use.
to use
graphi

In recent years, data-have been developed, which are accura
for all practical purposes. Therefore, the old mathematic
¢ methods have been deleted from this publication. The new

te enough
al and
method was

developed by the Western Highway Institute and a detailed discussion is

presen
of Tru

ted in Research Committee Report No. 3, "Off Tracking Chara
cks and Truck Combinations." An equation in the calculatio

cteristics
n of -

maximum off tracking was used as the basis for off tracking distances when
the radius of curve is known and the squares of the component wheelbases of

a comb

"sum of the squares."

apply,

ination have been totalled. Thus, the method has become kn
It is this method, easy to calculate and s
which is recommended as a general practice.

own as the
imple to
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9.
9.1

FACTORS OF OFF TRACKING:

Amount of Off Tracking: The amount of off tracking varies directly with the
wheelbase length of a unit and inversely with the radius of the turn through
which the vehicle travels. It also varies with the degree of turn through
which a vehicle travels. In this regard, it can be generally stated that
the amount of off track will increase up to the point where a vehicle is
negotiating a 270 deg turn. Around that point, the maximum off track will
occur, The procedure given herein deals only with determining maximum off
track, The magnitude of off tracking is also affected by the number and
location of articulation points. There are other factors that influence the
off trac g, such as the type ofr curve mpte, compound, reverse), speed
and turning ability of the vehicle, inflation and condition of tires, and
others. | However, the results obtained by the method of the suw of| squares
are gonsistentiy in approximate agreement with results derived from actual
field tests.

9.2 Negativel Off Tracking: Negative off tracking results from the
contra-behavior to the normal tendency on the part of the foiiowinE
to trail| inwardly from the foremost wheel as the nehicle performs

maneuver]. Negative off tracking is the result of)

wheels
turning

a.
b.

Rear| axle overhang (rear axle to pintle hook) of a towing vehicle or,
Stinger steering, a coupling system that shifts the point of
articulation between towing and towed units from the pintlie hopok
posiftion rearward by means of a.rod or "stinger" attached to the towing
unit.
9.3 Axle Intlervals and Hitch Distances: For the determination of off [tracking
of singlle or combination units, it is necessary only to measure the spacing
between [axles or axle groups’wheelbase and hitch distances. This |distance

9.4

or wheellbase is identified in the case of three-axled vehicles as
distance from the front)axle center to a point midway between the
axles. |For this purpose, the front axle or axle group (either of
unit or [of the towing unit) is identified by the letter A, the sec
the thind by C, etc. The letter P represents hitch points, normal
pintle Hook inva’combination having two or more cargo units but,

alternatlively any point of articulation other than the pintle hook.

the component distances for purpose of determining maximum off tra
a tracta em nown 8 e No

Table 1, are ax]é distance AB BC, and DE and the éx]e to—pintie hook

distance CP and the pintle- hook-to—axle (or towbar) PD.

determining maximum off tracking for four typical vehicles.

the

two rear
a single
ond by B,
ly the

Thus,
cking for
in

Table 1 demonstrates the method of
Any one of the

four vehicles shown in Table 1 would serve as well as any other to

demonstrate the ease with which Figure 7 or Table 2 may be used in
a close estimate of maximum off tracking. For vehicle No. 2, the
squares of the wheelbases and hitch distance is 999, as shown in ¢
This figure is the total of the five entries in column 5 for this
It is the algebraic sum of the squares of those five entries. The
described as algebraic because it includes the negative effect on

obtaining
sum of the
olumn 6.
vehicle,

sum is
of f
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9.4 (Continued):

tracking produced by the rearward sweep of the pintle hook behind the rear
axle of the first trailer. Its effect is the same, in general character, as
that produced by location of the kingpin in a position forward of the
tractor rear axle. Normally the kingpin offset varies 8-to 16 in, and its
effect on the off tracking result is minimal. For practical purposes, it
may be then assumed that the kingpin is centered over the tractor rear axle
or trunnion in case of a tandem and no negative off tracking is involved
here. Because of that, no point P need be considered when working with a
coupli at a fifth
wheel |such as is found on a tractor-semitrailer., Whereas column|3 shows the
wheelhase in feet and inches, these must be converted to decimal|feet shown
in collumn 4. The figures (decimal feet) shown in column 4-are squared and
are shown in column 5. HWhen the squares of the wheelbase {colump 5) are
totallled (column 6), reference is made either to Figuré~7-or Table 2. For
vehiclle No. 2, the chart is entered at 999 (1000 for.all practical purposes)
on thg horizontal or sum-of-the-square scale on Figuve 7 and the|off =
tracking read on the vertical scale. On a 50 ft radius, the off|tracking is
12.6 fit. This same reading is obtained by using Table 2. :

The (R) is for thé convenience of the user in locating area§ where technical
revisions have been made to the previous issue of the report. If the symbol is
next to the report title, it indicates a complete revision of the report.
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FIGURE 1

FIGURE 2 - Diagram Illustrating Factors of Front Axle Configuration
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FIGURE 3 - Diagram Illustrating Effect of Wheelbase on Turning Radius
with a G1.ven Front Axle Configuration
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FIGURE 5 - Graphical Procedure for Determination of Turning Radius
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TABLE 1 - Interior Dimensions of Illustrative Vehicles and Maximum OFf Tracking
Values From Figure 7 or Table 2

Maximum Off Tracking—H(m)
Wheetbase* if Radius of Curve int
m (2} 3) (4) () (6) (64} ®) 9 (10) an
Sum of
Whesl- Squares of
Mea- base Wheel- 50 # 7SH | 1204 | 1658 | 250H
Decimel | Savared basey (15.24) | (22.86) | (36.58) | (50.29) | (76.20)
Hujtrative Yehicles ment Hin f (m) f3(m3) H3(m?) (m) (m) (m) (m) (m)
OAL = 55 ft (16.76m) AB 170 17.00 289.00
' {5.18) {26.85)
BC 3t—2 31.17 971.38
(9.50) (90.24)
1260 16.6 9.5 5.5 .9
{117,085} 5.06) | (2900 | (1.68) | (1.19) | (0.79)
AB 10—0 10,00 100.00
13.05) {9:29)
OAL = 65 ft (19.81m) .14 20—2 0.17 71
16.18) (37.78)
P | —2—6 —2.50 —6.25
{—0.76) {~0.58)
PD —0 6,00 36,00
{1.83) {3.34)
DE 21—6 1.50 462.25
{6.55) (42,94
999 12,6 7.4 4.4 3.1 2.0
92.81) 3.84) | (226 | (J.34) 095 | (0.61)
OAL = 95 ft (28.94m) AB 10—0 10,00 100.00
(3,05) (9.29)
BC 20—2 2047 406,71
{6.15) (37.78)
P | —2—6 =2.50 ~6.2
—0.76) (=0.58)
PD 60 8,00 36.00
{1.83) {3.94)
DE 2158 21,50 462.25
1655} {42.94)
e f=2—o —2.50 —6.25
(—0.76) (—0.58)
PF 6—0 4,00 36.00
{1.83) (3.34)
FG 216 50 46225
{6.55) (42.94)
1491 21.5 1.6 6.7 48 31
(138.51) .55 | (3.54 2.04) | (1.46) | (0.95)
OAL = 100 ft {30.48m) AB 179 17.75 31506
) {5.41) 129.27)
@ BC | 33—3 33.25 | 1108.56
(o4 | (10271
cP | —4—0 —4.00 —16.00
\ (~1.22) | (—L49}
A B € b E PD 7—1 7.08 50.17
(2.16) (4.66)
DE 31—10 1.83 [ 1013.34
9,70} P4.14)
2468 ¢ 19.2 110 7.8 5.0
(229,28} {5.85) 2.38) | 238 | (1.52)

s Wheelbase, rear_ axle to pinte hook, or pintle hook to front axls or bogie.

b P denates pinte hook,

¢ This value is beyond Fig. 7 and Table 2. O track of over 60 ft could be expected, indicating the vehicle is pivoting around the rear axle group rather than making a free rolling turn.
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