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1. INTRODUCTICN

The puprose of this report is to present a detailed technical discussion of
analytical and empirical work which has been completed to obtain = velidated dig-
ital computer program for predicting the directicnal response of trucks and artic-
uiated vehicles. '

The analytical work for this directional response program was preceded by the
development of a computer based mathematical method for predicting the braking
performance of trucks and tractor-trallers {1]. The new directional response pro-
gram contains all of the brake, suspension, and tire modeling features which were
included in the previous braking performance program. Thus it is now possible to
use this new program to compute truck and tractor-trailer directional response
during combined braking and turning maneuvers. A concise summary, encompass 1ng
all the features of both the braking performance and the directional response pro-
grams, is presented under separate cover [2]. :

the next section of this report contains (1) a description of the coordinate
systems used to write the eguations of motion and {2) a discussion of the egua-
tions for expressing {z) the displacements, velocities, and accelerations of per-
tinent points in the vehicle and /b) the angular orientations, velocities, and
accelerations of the various sprung and unsprung masses which make up the vehicle.

Section 3 presents the mathematical models uged to compute the forces and
moments acting on the sprung and unsprung masses. Particular attention is paid
to discussing (1) the lateral and longitudinal shear forces generated at tire-
road interface, (2) the forces and moments coupled through the fifth wheel con-
nection, {3) the gravitational force due to an inclined roadway, (4) the influ-
ence of the mechanics of the steering system, and (5} the influence of wind
loading.

Section 4 contains a short technical summary of the size and other operation-
al aspects of the digital computer simulation. The meagurement of the vehicle
parameters needed to operate the simulation is discussed in Section 5. Sections
4 and 7 contain comparisons between measured and computed truck and tractor-
trailer maneuvers, including steady turns and breking in a turn. Measured and
simulated results are given for a variety of loading and surface conditions, in-
cluding empty and loaded vehicles on a dry surface and empty vehicles on a wet
surface. The body of the report closes with a brief summary of the utility of
this program. )

A list of symbols is given in Appendix A, A detailed discussion of Euler
angles is given in Appendix B, followed by the equi.ions of motion in Appendix C.
Detmils on the ordering of the input data are given in'Appendix D folliowed by
flow charts in Appendix E and the date uged in the validsation runs in Appendix F.
An extensive 1ist of measured tire data is given in Appendix G, and a short al-
gorithm which may be used to compute tire parameters is given in Appendix H.






4

2.0 AXIS SYSTEMS AND KINEMATICS

2.1 INTRODUCTIOR

The vehicle to be simulated by the digital computer program may have up to
thirty-two degrees of freedom, with calculations taking place in up to five co-
ordinate systems. Section 2 gives an overview of the mathematical formulation,
ineluding some kinematic details necessary for the explanation of the various
mathematical models. The coordinate sysiems and some explanation of the methods
of computation of sprung mass and unsprung mass motion are given, but the details
of the various suspension and steer models are left to Section 3 and Appendix C .-

2.2 THE AXIS SYSTEMS

The large number of translational and rotational degrees of freedom required
to represent a tractor-trailer precludes the use of only one coordinate system.
In fact, the equations of motion may be most easily written if several systems
are used. The purpose of this section is to identify the {1) orientation and
purpose of the various axis systems, and (2) to identify the transformation var-
iables used to relate the unit vectors in the various systems. The sets of axes
to be desceribed are the inertial axes, the body axes, and the unsprung mass axes.
Most of the mathematical details will be found in Appendix B.

2.79.1 SYSTEM I. - THE INERTIAL AXES. Since Newton's laws are valid only
for accelerations measured from an inertial reference, it 1s necessary to have one
gset of fixed axes. This set of aXes, which shall be termed the I[XN, YN, ZN] sys-
tem, has its origin at the sprung mass center of the vehicle at time zero. The
vehicle will always be assumed to start with the following orientation:

A is out the front of the vehicle,

YN is out the right door,

ZN is vertieally downward, normal to the plane of the road,

N The get of unlt vectors im the XN, YN, and ZN directions are defined as xn,
yn, and Zn respectively. The [XN, YN, ZN] system 1s, of course, fixed, and there-
fore the time derivatives of the unit vectors, xn, yn and 2n are identically zero.
It should be noted that there is no requirement that zn be vertical (i.e., in the
direction of gravitational forces). It will be shown in a subsequent section that
non-vertical 2n may be chosen to simulate an inclined roadway.

2,2.2 SYSTEM II. - THE BODY AXES. To facilitate the calculation of the lo-
cation and velocity of points on the sprung mass, it is convenient to use a sys-
tem of so-called body axes. This set of axes, which shall be termed the [XB, YB,
7B] system, is coincident with [XN, YN, ZN] at time zerc, but remains fixed in the
sprung mass. The transformation from this set of axes to the inertial set may e
defined as

H

[%n yn 2n) [Qb ¥b Qb](aij? (2-1a}

%o ¥o 2bl

[Zn 7 Qn]{aji) {2-1%)

where the a;y are functions of the roll engle, ¢, the pitch angle, 6, and the yaw
angle, V. These so-called Euler angles and the transformation eguation (2-1),
are considered in detail in Appendix B. '

In the case of an articulated vehicle, there will be two sets of body axes;
one for the tractor and one for the trailer. The trailer body axes, whlch shall
be termed the [TXB, TYB, TZB] system, have unit vectors txb t¥b, and t2b ini-
tially in the direction of xn, §n, and zn, respectively. These axes remain fixed

Preceding page blank ’



in the trailer sprung mass. The transformation from this set of axes to the iper-
tial set may be defined as:

{Qn, fr, 2n] = {tﬁb, t¥b, t%b](tai {2-28)

)
3
[tXb, t§b, t2b] = [xn, i, ’z‘nlrtaji) (2-20)

2.2,3 SYSTEM TII. - THE UNSPRUNG MASS AXES. To facilitate the caleulation
of shear forces at the tire/road interface, it is convenient to define one mere
set of axes. This set of axes, which shall beAtermed the [X1, Y1, Z1} system, has
its origin at the road level on a line in the 2zn direction through the sprung mass
center. It is required that

21 = %n (2-3)

Since 21 is normal to the road, £l and §l are in the plane of the road, and the
origin of [X1l, Yl, Z1] must translate with the component of the sprung msss ve-
locity which is in the road plane,

This set of axes is constrained to yaw with the vehicle sprung mess. The
trangformation from this set of axes to the inertial set is

cosy-siny O\

X1, ¥1, Ql] = {ﬁn, Qn, Znl | siny cosy 0 {2-ka)
o o 1/
where ¥ 1s the yaw angle. In addition, it may be shown that
A A A A A A cos¥y siny O
{xn, yn, zn] = [%X1, ¥1, z1] |-siny cosy O { 2-Lb)

0 0 1

The transformation between the unsprung mass axes and the body axes may be
written

(X1, ¥1, 21] = [¥b, b, 2o bij} {2-5a)
[¥b, ¥b, Zb) = [X1, ¥1, ’z‘l](bji) (2-5b)
- where
b,, = a,, {2-5¢)
13 Hly -0

In the case of an articulated vehicle, there will be two sets of unsprung
mass axes; one for the tractor and one for the trailer. The traller unsprung mass
system, which shall be termei the {TX1l, TYl, TZ1] system, has its origin on the
road level on a line in the zn direction through the trailer sprung mass center,
I% will be required that

tz1 {(2-6)

il
0~
=
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Figure 2-1. Schematic diagram of the articulated veaicle

Thus, tX1 and t§l are in the plane of the road, and the origin of [TX1, TYl, T%1]
must translate with the component of the sprung mass center velocity which is in
the road plane.

This set of axes is constrasined to yaw with the trailer sprung mass. The
transformation from this set of axes to the inertial set is

. R cosvt ~sinyt O
[tﬁl, ty1, tgl] = [¥n, ¥n, zn] { sinyt cosyt G (2-"1a)
0 ] 1

where Yt is the trailer yaw angle. It may be shown that

cosyt sinyt O
[xn, yn, zn] = [tx1, %yl, tzl] [-sinvt cos¥yt O {2-7%)
0 G 1

It will be shown in Section 3 that there is no geometric constraint between
tractor and trailer in the mathematical model; both the tractor and the trailer
sprung mass are considered to have six independent degrees of freedom. Therefore,
no transformation equation between the body axis systems has been written. A
schematic diagram of an articulated vehicle in an arbitrary orientation is shown
in Figure 2-1,

2.3 THE KINEMATICS OF THE SPRUNG MASS

This section will be concerned both with definitions of variables and with
certain algebraic manipulations chosen to lay the groundwork for the equations of
motion. Since no geometric constraint between tractor and trailer has been ag-
sumed in this model, all the kinematic arguments will be made for a unit vehicle
sprung mass. Analogous arguments apply to the trailer in the case of an articu-
lated wehicle.

The velocliy of the sprung mass center can be written as

3



T=ufkb+vios+wib (2-8a)

where v ig called the longlitudinal velocity, v the lateral velocity, and w the

vertical velocity of the sprung mass center. Use of Zquaticn {2-=1) in Equation
(2-8a) allows the velocity to be expressed with respect tc the inertisl system,
viz.

T = (XNDOT)%n + (YNDOT)¥n + (ZNDOT)Zn (2-8b)

The components of V given in Equation (2-8b) can be integrated to obtain the
inertial coordinate positions X, YN, and ZN of the sprung mass center.

It becomes necessary to compute the position of other points on the sprung
mags to find the suspension forces. This computation may be facilitated by con-
sidering a point p on the vehicle sprung mass. Assume a vector P from the mass
center to the point p where

T =XS ®b +YS ¥b + 78 Zb (2-92)

In terms of inertial unit vectors, D may be written

]

- A
p = (XS 8, * s By * 78 aBl)xn

+

Pl
(X8 a, + S &y, + 18 332)3m (2-9b)

A
+ (X8 9.15 + Y8 85z + Z8 aﬁ)zn

The distance of any sprung mass point below static equilibrium position of the
gprung mess center is

h=20+ (p + 2n) (2-10)
Equation (2-10) will be used in the suspension model.
It is alsc necessary to caleulate the velocity of the arbitrary sprung mass
point. Since the vector to the point p from the origin of [XN, YN, ZN] is
T =XN%n+¥Kyn+7ZN 2n +p, (2-11)
the veloeity is

P = (XNDOT)kn + (YWDOT)¥n + (ZNDOT)2n + T x B (2-12)

where the [XB, YB, ZB] system rotates with angular velocity, W. Equation {2-12)
may be written

P=uib+viPb+wib+BXxDp (2-13)
where u, v, and w are the components of the velocity of the sprung mass center
along the directions of the body axes. The angular rotation vector w may be de-

fined as

® = pXb + gqfb + rZb (2-1k)



where p, q, and r are the rotation rates in roll, pitch, and yaw, respectively.
Using 2 from Equation (2-9a) we have

—_ —_— A
®xp = (qZS - rYS)Xb + (r¥S - p2s)¥b + (pYS - qxs)ib (2-15)
Thus, in body axis notation, the wvelocity of the sprung mass point is
P=(u+qZS-ris)kb + (v + XS5 - pzS)¥b + {w + pXS - gXS)8b  (2-16)

which may be rewritten

T o= (uu)kd + (vw)¥b + (ww)2b (2-17)

Using Eguation {2-1), the right-hand side of Eguation {2-17) may be expressed
in terms of fixed vectors,.

T - foua . +vva_ +wwa _)xn
11 21 31

A
+ (uu B Y VV A, W aBe}yn (2-18)

A
+{uwa, +vva _ +wia,_)zn

13 23 33

(The zn component of the right-hand side of Equation (2-18) will be useful in
the caleulation of the suspension velocity, a qQuantity needed for the coulomb
friction model.)

At this stage, it is appropriate to define the acceleration of the sprung
mass center. Differentiation of the sprung mass velocity vector given in Equation
(2-8a) leads to

= &Xb + ¥yb + w2b + B x (ukb +v§b + wib) (2-19)

<l

which after carrying out-the cross product produces the following resulit:
- . A . A . A
V=(0 +gw - rv}xb + (T - pw + ru)yb + (¥ + pv -qu)Zb (2-20)
Application of Newton's law yields
W =¥ (2-21)

where M is the sprung msss and F is the total force applied to the sprung mass.
It is convenient to set the scalar components of Equation (2-20) equal to the
appropriate components of the external forces on the sprung mass in order to find
U, ¥, and W, {The velociiy components, u, v, and w, are found by integrating G,
¥, and %, respectively.)

Next, consider the rate of change of angular momentum of the sprung mass
about the sprung mass center. This may be written

= . A N
= + - - +
i [Ixxp qr(IZZ I ) Ixz(r pg) Jxb
2 2y A
- { -7 - { - { Ou
+{I q =~ pr Loy izz} Ixz r P Jlyb Zup2)

/ - fqr - z
+ {Izzr + pq.Iyy Ixx) + Ixz ar - pllzb

T



where

Ixx is the roll moment of inertia
Iyy ig the pitch moment of inertia

Izz is the yaw moment of inertia

= d
I, [ xz dm
Lateral symmetry has been assumed (i.e., I and I _ are assumed to be
zerc). 4 ye

The rate of change of angular momentum, H, is used in the eguation
T =% (2-23)

where T is the total moment applied to the sprung wmass. The scalar components'of
Equation (2-22) are set equal to the appropriate applied moments in order to find
D, &, and F. (The angular velocity components, p, g, and r are found by inte-
grating b, 4, and I, respectively.)

These equations of the sprung mass, in scalar form, permit us to:

{1) 1Integrate the accelerations to obtain the angular and translational
velocity components of the sprung mass.

{2) Perform the appropriate transformations to allow integratiocn of the
angular and translaticnal velocity to find the angular and translational
position of the sprung mass. (The details of the transformations re-
quired to integrate the anguiar velocity are given in Appendix B, where-
as the transformations required to integrate translational velocity are
given by a straightforward application of Equation (2-1).)

To evaluate the forces and moments appearing in Equations (2-21) and {2-23),
it is required that the location and velocity of the axles be known. This topic
is considered below.

2.4 KINEMATICS OF THE UNSPRUNG MASSES

In order to compute the reactions at the tire-road interface and the suspen-
sion forces, the locations and velocities of the axles relative to the sprung mass
must be determined. Consideration of the articulated vehicle doubles the size of
the problem but not the 4ifficulty; for each calculation of the velocity and pos-
ition of the axles on the tractor there is a directly analogous calculation for
the trailer. Therefore, in this section, we shall censider only the kinematics of
the unsprung masses associated with the truck or tractor. The equations appli-
cable to the trailer axles are given in Appendix C.

Consider an arbitrary point, p', in the unsprung mass system. Assume a vec-
tor p from the origin of the unsprung mass system to the point p' where

T o= (XUIRL ¢ (YU)PL + (2U)21 ( 2-2k)

For all points on the unsprung mass, XU and YU are agsumed fixed; ZU, however, is
variable. A vector from the origin of the inertial system to p' may be written

TS =% + b2l +p { 2-25)

where h is the perpendicular distance from the sprung mass center to the road and
R is a vector from the origin of the irertial system to the sprung mass center,
Thus, the velocity of the point p' (with respect to the inertial reference) is

8



PP =V « hz1 + 32 Ve 5 2-26)
i P I AL (

where
V is defined in Equation {2-8)
fi is the negative of the 71 component of V (Note: 21 = zn)
¥ 1s the rate of rotation of the unsprung mass axis system [X1, Y1, Z17.
Equation {2-26) may be expanded into a more useful form. F}rst, the sprung
mass velocity V may be written in terms of the unit vectors X1, ¥1, and 21.
T = U1kl +» V151 + w1z (2-27)
Expansion of the cross product in Equation [2-26) yields
V21 x B = ¥{-YUKL + Xu¥1) (2-28)

Substitution of Equations (2-27) and {2-28) into {2-26) leads to the following
result:

—_ _ _ - A : A a5 _
PP = (Ul - $YU)XL + (V1 + ¥XU)YL + 3t| [, v, 217 (2-29)

&5
Since XU and YU have been assumed to be constant, —- may onl
?at x1, i, 7i) v
be in the Ql direction.
dp

= zZi A (2-30)

&

X1, vi, 21}

The above assumption may be restated in the following way: The track and wheel-
base, when viewed from the 21 direction, remain constant. 'This may be expected
to be very accurate in the presence of the magnitude roll and pitch angles en-
countered in even very severe maneuvers of trucks and tractor-semitrailers.

In order to compute the forces of constraint beiween the unsprung masses and
the sprung mass, it is necessary to express the acceleration of the unsprung mass
point. Differentiation of Egquation (2-26) leads to

PP =V +(h + ZU)Z1 + ¥21 x p + ¥21 x g% {2-31)
Noting that
£ -zl + ¥R x5 (2-32)

and that V, which was given in Equation {2-20), may be rewritten
¥V =UDL X1 + VDL ¥1 + WDl 21 (2-%3)

where



a more useful form of Eguation (2-31) is obtained, viz.,
TP = [WDL - (XUWF + (XU)¥IRL + [VDL ~ (YUWP + (XU)¥I¥L + ZU%1 ( 2-35)
Equation (2-35) is used in calculating the forces of constraint between the

gprung and unsprung masses.

2.5 SUMMARY
Since it is guite tedious just to keep track of the various reference systems,

all of the reference systems are listed in Table 2-1.

TABLE 2-1
Reference Systems
Name Notation Rotation Vector Use
Inertisl XN, YN, ZN O Location of the wvehicle.

Observaticn point for
accelerations and velocities

Body, Tractor or XB; YB, ZB pﬁb + q§b + r2b Convenient for calculation
Stralght Truck ‘ of rotational equations of
sprung mass
Semitrailer TXB, TYB, TZB pt-x%b + qt-y%b
+ rt-ng
Unsprung Mass X1, ¥, Z1 ng Convenient for calculation
Tractor or of shear forces at the
Straight Truck tire/road interface
Semitrailer X1, TYl, TZ1 ¥t - 281

The transformation equations, which are given briefly in Equation (2-1) and
in detail in Appendix B, are used in the representation of the forces, moments,
and velocities in the various coordinate systems. The equations of motion yleld-
ing the components of the translational acceleration and the components of the
rate of change of angular momentum are derived from Equations (2-21) and (2-23),
respectively. Equation (2-33} is used to compute the translational acceleration
of the unsprung masses; these acceleraticns are used to ecaslculate the constraint
forces between the sprung and unsprung masses, It is assumed that the unsprung
masses must yaw with the sprung mess, but they can roll as determined by the
forces and moments applied to them.

Various other eguations have been given for the positions and velocities of
various points on the sprung or unsprung masses. These equations will be referred
to below when discussing and explaining the various suspension models and the
model used to represent the pneumstic tires.
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5.0 THE MATHEMATICAL MODELS

5.1 INTRODUCTION

The simulation consists of a larse number of interconnected algoriihms, cach
one made up of equations derived to model some aspect of the motion of the vehicle.
The purpose of this section is to list the pertinent sssumptions and demonstrate
the analytical basis for these models. .

The tire model is discussed first, since the forces at the tire-road interface
are a necessary part of the explanations of the other models., This discussion is
divided into several sections dealing respectively with the forces generated at the
tire-road interface, complications arising in the wheel rotational equations and in
simulating iow vehicle speeds, and the speciel effects of dual tires.

Next, the eguations of motion of a single axle suspension are considered in
considerable detail. The analysis of the tandem axle suspensicns is then shown to
follow from the single axle analysis and work detailed previously in Reference 1,
The suspension analysis is followed by an explanation of the model of the steering
system, including deflection steer and compliance steer, and an analysis of the
constraint between tractor and semitrailer of an articulated vehicle, The last two
parts of this section concern the equations of motion of the vehicle on an inclined
roadway, and an explanation of the use of the program to simulate wind loading.

3.2 THE TIRE MODEL

3.2.1 NORMAL FORCES AT THE TIRE-RCAD INTERFACE., The normzl force at the tire-
road interface is assumed to be the sum of the static normal load on the tire plus
{1} the product of the change in distance beiween the wheel center and the rosd and
the tire spring rate, KT, and {2) the product of the verticsl velocity of the wheel
center and the tire dissipation constant, CT. 1In all cases, the normal force 1is
in the 21 direction, i.e., perpendicular to the road. As was pointed out in Sec-
tion 2, the 21 direction need not be eligned with the direction of the gravitational
force. The unit vector is, however, a constant.

It should be noted that it is not assumed that the road surface is smooth, A
road profile description, in functional or coordinate form, may be introduced into
the progrems. However, the direction of the normal force at the tire-rocad inter-
face is assumed to be constant, thus the fore-aft or lateral forces that might be
expected due only to the particular shape of road undulations will not be predicted
by this model.

3.42.2 SHEAR FORCES AT THE TIRE-ROAD INTERFACE. The velocity of any wheel
center {see Equation (2-29)), is repeated here for convenience.

B = (UL - WYU)RL + (Vi o+ b1 o+ zub (3-1)

where
Ul is the veleccity of the sprung mass center in the % direction
¥ rate of change of venicle yaw engle
YU is the half track

.XU is the distance in the x1 direction from the sprung mass center to
the wheel center.

The veloeity of the wheel center in the plane of the road is precisely ihe
first two terms of Equat}on (5-}). Thus, the velocity components, ul and vi of
the wheel center in the x1 and yi directions, respectively, sare:

11



ui UL - VYU (3-2a)

[

vi VI + XU (3-2b)
¥t is also necessary to determine uw, the longitudinal velocity component in
the wheel plane:

uw = ui-coss + viesing (3.3)

where & i the steer angle. Finally, the tire sideslip angle @ is given by (see
Figure 3-1)
| -1 vi :
o g - s
tan T - B (3-k)
The components of the tire forces in the horizontal plane are computed with
the aid of a comprehensive tire model developed in a previous HSRI study [3]. The
longitudinal and lateral force components in the tire axis system (see Figure 3-2)

are given by

c_(s)

FW = - f(A) (3-5)
Cﬂpan o
FYW = s-—ijg-—f(h) (3-6)
where

A o= {(1/2)u Fx (1-8) [(css)2 + (ca tana)2}"1/2 (3-7a)
f(x) = {2 -« M)A for A <1 (3-7b)
f(N) = 1, for n21 (3-Tc)

The above representation of the tire involves two® empirical complicance parameters:
(1) the longitudinal stiffness, Cg, defined as the absolute value of the slope of
the curve of longitudinal force versus longitudinal slip, S, evaluated at 8 = O,
with the sideslip angle !, equal to zero; and (2} the lateral stiffness C,, defined
as the absolute value of the rate of change of lateral force with respect to side-
slip angle, evaluated at @ = O with 8 = 0. It can be shown (see Reference 3) that
the non-dimensionsl variable A represents the longitudinal coordinate (in the tire
axis system) cof the point on the tire carcass associated with the inception of
sliding in the contact patch.

The tire sideslipangle, @, is a kinematic wvariable defined as indicated in
Figure 5~2, The longitudinal slip ratic, S, is defined as

s = 1.2l (3-8)

u
W

*In the model given in Reference 3, camber was an important consideration., Thus
there was an additional empirical parameter related to camber. Since the present
work assumes suspensions with solid axles, camber effects have been neglected.
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where {1 is the wheel spin veloecity (see Figure 3-2), and RR is the effective rolling
radius of the tire.
The coefficient of tire-road friction, u, is computed from

wo= p(l-FA-V) (3-9)

where V , the effective sliding velocity, is given by
s

Vo= u &+ (tan )y M? (3-10)
g W

and p, and FA are characterizing parameters that must be evaluated empirically for
a specific tire-pavement combination.

There is obviously significant interaction between longitudinal and lateral
shear forces at the tire-road interface. This interaction is, of course, dependent
on the empirical parameters Cy, Cc. p,, and FA, The parameters Cy and Cg have been
determined for a wide variety of truck tires and load conditions and listed in Ap-
pendix G. &Since very little experimental data exists from which FA and M, can be
determined, it is presently necvessary to use full-scale vehicle test results to
estimate reasonable values. This procedure is explained further in Secticn 6.4,
in which the method of choosing u, for the calculations performed to validate the
overall model is discussed. (It should be noted that HSRI is currently designing
a test device to alleviate this problem.)

Although the details of the tire model have been left to Reference 3, it is
appropriate to discuss the application of this model and to cutline, in detail,
the methods used to model a tire and to perform simulations of the tire-vehicle
system. In addition, some sample resulis from the tire model demonstrating the
interaction between longitudinal and lateral force characteristics will be shown.

Consider the tire data given in Table -1 and shown in carpet plot form on
Figure 3-3%a., These data were obtained on the HSRI flat bed tire test device for
a new 10 x 20F truck tire infiated to 85 psi. (This type of tire was used in the
validation testing on the front axle of the tractor and on the tandem axles of the
straight truck and the semitrailer.)

TABLE 3-1
Lateral Force vs., Steer Angle and Vertical Load

Tire: 10 x 20/F {new)
Rim: 20 x 7.5
Inflation Pressure: 85 psi

Vertical lateral Force (1b) at Indicated Steer Angle (deg)

Load {1b) 1 2 b 8 12 16
1400 214 399 688 971 1050 1115
2800 36k 693 1227 1829 2052 2213
L2200 LeT 87 1612 2L 90 2881 32187
Sh30 525 1009 1830 2917 2Lsg 360k
6700 55 1066 1962 3237 390k L&05
8100 =58 1086 20Lh 3LLE Lxe8 5181
9200 5% 1097 20kk 3517 Lhsg -

*See Reference k for details of the test equipment.
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In order to use the tire properties, as measured on the flat bed test device,
in the simulation, it is necessary to mateh these data using the tire model. Since
the speed effects on friction may be considered negligible in the flat bed test,
the speed sensitivity parameter, FA, should be set to zero. Under this condition,
the simulated carpet plct must approach by ° F, for large sideslip angles, thus an
approximate value of p_may be determined from the sideforce data cbtained at a
vertical load of 1400 pounds. An estimate of 1190 pounds as the maximum Fy at 1400
pounds normal load leads to

.85 (3-11}

The value of cornering stiffness may be chosen from any segment of the data.
If the rated load of 35430 were considered to be the most important range of the
data, the obvious choice for C, is

Cp = 523 1bs/degree (3-12)
Thig choice will result in the simulated values shown in the carpet plot of Figure
%.3b. Note that s fixed value of cornering stiffness only fits the tire data at
small sideslip angles and large values of vertical load. Consequently, to simulate
accurately a more widely varying load, the cornering stiffness, Cys may be made &
function of the normal load on the tire. When a -lis entered in the usual C, po-
sition in the input data, a table lookup of C, vs. normal load will be read. (Pro-
gramming details are in Appendix E.) For the example under consideration, the ap-
propriate user-entered values are shown in Table 3-2, The simulation will then
produce the date shown in carpet plot form in Figure 3-2c. Note that the results
are quite acceptable for low slip angle at all loads, but that significant differ-
ences between the simulation and the empirical results are apparent for large
siip angle and high loads. These differences are not unexpected since the tire
model being employed in this simulation was not derived from curve fitting methods
but was analytically derived based on the mechanics perceived at the tire-road
interface. Thus the model, like all other mathematical analyses of real-world
situations, entails certain assumptions. In this case, the validity of the as-
sumptions is at least in part a function of sideslip angle and normal load. How-
ever, the tire model with variable Cq should be quite adequate for many users of
the simulation if they are not concerned with maneuvers that inveive large sidew
slip angles.

TABLE 3-2
Appropriate Ca Values for the 10 x Z0F Tire
Normal Load Cry
1400 214
2800 364
L200 Le7
B30 323
£700 550
8100 558
9200 557

To obtain & much more accurate fit of the tire data, curve fitting technigues
have been combined with the analytical model. Specifically, the uses of the
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simulations may specify as input, along with the table lookup of Cy vs. normal load,
two more parameters, KF and @, such that

.S

Co = G-z lal) ol <@ (5-13)
' — ._..g_. .y oy -
y = - 53 a) la| > @ (3-13b)

where C4 will be the value of cornering stiffness used in tire Equations (3-6) and
(3-7). The values of KF end & may easily be determined to match the simulation
more closely to the measured data, {An algorithm to aid in the chcice of KF and
& is presented in Appendix H.) For example, the values

KF = 1.7 (%3-1ka)
a = 9 (3-1kb)

produce the simulaied curves presented in Figure 3-3d. The values of Cp, tabulated
in Table 3-2 and the values of XF and @ given in Equation (3-14) were used for
this tire in making the dry surface validation runs.

The selection of values p_ and FA for use in the simulation runs must stiil
he chosen., This selection will scale up or down the high slip angle portion of
the simulated carpet plots with the low slip angle portion remaining unaffected.

As an example, consider a carpet plot derived from values of Cy, KF and @, as
given above, but with By = .65, These parameters produce the carpet plot repre-
senting the 10 x 20F tire on & wet surfece and is shown in Figure 3-4, superimposed
‘on the dry surface plot given in Figure 3-i.

SIMULATED CARPET PLOTS:
e H = °85
6000 o

—— =265

5000 f STEER ANGLE,
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@ 4000 -

=

e

%

S 3000

=

B 2000k~
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A\
Figure 3-4. lLateral fogce vs. sideslip angle. FA =0, C, from Table 3-2,
KF = L.2, o= 3
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To complete the list of parameters needed to use the tire model, a value for
& must be entered. To account for the variation of CS with normal load, a -1 may
be entered in the CS position in the input data, allowing table lookup of Cg vs.
normal load. (Programming details are in Appendix E.)

Figures %-5a and b present typical results produced by the tire model showing
the nonlinear interaction of the sideslip angle, @, and the longitudinal slip, S.
In Figure 3-%a, cornering force vs. sideslip angle is plotted for various longitu-
dinal slip values; in Figure 3-S5b, brake force vs. longitudinal slip is plotted
for various sideslip angles, The tire parameters used to produce these figures
are those used to simulate the 10 x 20F truck tire on the dry surface at 5430 lbs,
vertical lo&d.

%,2,3 ALIGNING TORQUE. In Table 3-3, values of aligning torque for the
10 x 20F tire are given for various loads and slip angles. The method for entering
the aligning torque data and scme comments on the use of the aligning torgue al-
gorithm are given below,

Vertical
Load (1b)

1400
2800
L200
5430
6700
8100
5200

TABLE 3-3
Aligning Torque vs. Steer Angle and Vertical Load

Tire: 10 x 20/F {new)
Rim: 20 x 7.9
Inflation Pressure: 85 psi

Aligning Torque (1b-ft) at Indicated Steer Angle (deg)

1 2 N 8 12 16
18 30 36 20 7 L
L7 8¢ 108 81 le7 2k
77 136 154 170 115 &7
101 18z o7l 263 193 132
126 204 %58 372 313 205
153 281 L=g 50k 439 318
173 323 533 618 561 -

Preceding the steer tables, aligning torque data will be read. { Programming
details are in Appendix E.} The user must enter this data in the following way-—
first & normal load, then the aligning torque vs. slip angle data corresponding
to that load. The following important details should be noted:

(1)
{2)

(3)

If the normal load on the tire is below the lowest normal load entered
in the deta, the aligning torque on that tire will be set to zero.

If the normal load on the tire is above the highest normal load entered
in the data, the aligning torque on that tire will be set to the aligning
torque corresponding to the highest normal load entered in the data.

The simulation calculates the aligning torque in a menner which is inde-
pendent of the surface. Thus the user should consider the differences
between the surface presented tc the tire by the test device surface and
the surface toc be simulated when entering the aligning toraue data.
{Note that in the choice of the parameters used to model the lateral
forces, the user can usually end up with a sensible interpretation of
empirical data by a proper choice of bge It might be argued that the
aligning torgue should be modified by the ratio of u, characterizing
the simulsted surface t0 ug characterizing the tire test device. This
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approach may easlly be added if it is desired by the user; however, any
manipulation of the aligning torque date must be considered very specu-
lative.
The aligning torque dete used in the validation runs for the 10 x Z20F tire on
the dry surface is given in Table k.

TABLE 3-k
Data Used for Aligning Torque Simulation

fire: 10 x 20F
Rim: 20 x 7.5
Inflation Pressure: 85 psi

Vertical Aligning Torque {1lb-ft) at Indicated Steer Angle (deg)

Load (1b) 1 2 oo 8 12 16
2800 - 80 108 81 - 24
5h30 - 162 27k 263 - 132
9200 - 525 553 €18 561 -

%.2.4 WHEEL ROTATICNAL DYNAMICS. As was pointed out in [5], there is suf-
ficient reason to include the wheel rotational degree of freedom in a straight
iine braking simulation; namely, the control devices presently used in antiskid
devices require explicit or implicit information about the rotation of the wheels.
Furthermore, in developing & simulation of braking and handling maneuvers, one
finds that wheel rotation rate must be calculated if the interaction between longi-
tudinal slip and sideslip is to be taken with account.

Figure 3.6 is a free body diagram of a rotating wheel. The equation of ro-
tational motion is

J5(Q) = ~TT - FXW - RR (3-15)
where
FXW is the longitudinal force at the tire/road interface
JS is the polar moment of inertia
RR is the effective tire radius
TT is the appliied brake torque

Q is the wheel angular acceleration

Since longitudinal slip 8 is defined as

S = 1 .82 0 (3-16)
uw
Equation {3-15) can be written as
ds _ _ -ER XDD(1-8)
dt  uw - J8 [-TT - FX& - RR] + uw (3-17)

where
N is the normal force at the tire-rpad interface

uw 1is the longitudinal velocity of the wheel center

¥DD is longitudinal acceleration of the wheel center
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uw

Figure %-6. Free bedy diagram: wheel with braking

The assumption may be made that, for a short time lapse 4t, {in this case,
the integration time step of .O0ES sec), &1l variables with the exception of FXW
on the right side of Equation {3-17) may be approximated by a constant value.
Furthermore, it may be assumed that during the time interval 4t, FXW is & linear
function of S only. The other variables affecting FXW, such as load, velocity and
slip angle, are held constant during 4t. This leads to & particularly convenient
and econcmical formulation which ellows calculstion of § rather than integration
of Equation (3-15). Details may be found in [1] or [3].

%.2.5 THE LCW SPEED APPROXIMATIONS. The caleulation of the tire sideslip

angle, @, given in Equation (3-4), depends on the ratio E%. For small ui, small

errors in ui produce large errors in sideslip angle, resulting in inaccurate cal-
culations of latersl force. Rather than shorten the integration time step 4t to
preserve necessary accuracy in ui, the shear forces at the tire-road interface are
assumed to remain constant when ui becomes small. Since any ul cannot be greatly
different from the longitudinal speed of the sprung mass center, Ul, the following
procedure is used. (See Equation (3-2a). lNote |¥] may be expected to be signifi-
cantly less than 1, i YU| is normally about 2 ft.) If Ul falls below B ft/sec, all
the ¥XW and FYW velues will be assumed to remsin "frozen" to the value calculated
at the last time when Ul was greater than 5 ft/sec, Normally this phenomenon will
only be seen in a meneuver in which the vehicle is braked to a stop, as in a vio-
lent spin.

5,2.6 THE EFFECTS OF DUAL TIRES. Since the cornering stiffness Cy and the
longitudinal stiffness C. are functions of the normal load, the assumption that
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the dual tires may be modeled as one tire at the sum of the normal loads on tt=
duals may not be appropriate. Thus, in the following analysis, the dual tire are
considered separately.

Consider the axle in Figure 3-7, which has static position ZA = 0 and ¢A = G.
The normal loads are:

N(1,1) = N(1,1)Static + KT(ZA - {TRA+DT)¢A)

+ CT(ZA - {TRA+DT)oA) (3-18a)
N(1,2) = K(1,2)Static + KT(ZA - (TRA-DT)®A)

+ CT(ZA - (TRA-DT)6A) (3-18b)
N(2,1) = N(2,1)Static + KT(ZA - (TRA-DT)®A)

+ CT(Z6 - (TRA-DT)®A) (3-18¢)
w2,2) = N(2,2)Static + KT(2A + (TRA+DT)6A)

+ CT{éA + (TRA+DT)$A) (3-184)

where
TRA measures from the axle center tc the mid point between the duals

DT is half the distance between the duals

m // ///////

TRA
DT

swoSd

—fr f bt

N(1,1} N(1,2) N(2,1) N{2,2)
Rear View

Figure 3-7. Axle witn dual tires
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Since the half distance between duals, DT, is quite small compared to the
half-track, TRA, it is a good approximation to use the average value for the normal
forces rather than calculate them separstely. Thus,

N1, = N(L2) = 3 L(N(LY) ¢ N2,
+ PKT(3A - TRA - ®A) + 2CT{ZA - TRA « A)]  (5-19a)
Nz, = M2,2) = 3 L(NE) +NE2)g

+ 2X7(ZA + TRA - 6A) + 2CT(ZA + TRA - 6A)]  (3-19b)

The dual tires on one side of the vehicle are modeled with identical C, values.
The Cy values for the left side and the right side of the venicle will, of course,
be quite different in the presence of appreciable lateral load transfer.

The normal forces on all tires except those on the front axle are calculated
with equations similar to (3-19)}. Should the user wish to designate single tires
on any axie, he need only enter DT = O in the input data, and appropriate adjust~-
ments will be made.

In addition to the different normal force acting on the inside and outside
dual tires, it should be recognized that the sideslip angle on the outside daal
may differ from the sideslip angle on the inside dual. Consider the plan view
of the unsprung masses given in Figure 3-8. The sideslip angle of the left out-
side dusl is (peglecting any roll steer)

DT ...1 — v )
ek

Figure 3-8. Unsprung masses, plan view

23



_ -1 VL - A2 §
¢ = tan (01 V(TR ¢ DT)) (3-20a)

and for inside tire,

o = tan_l ( V1-- A2 ¢
i UL + ¢{TRA - DT)

(3-20b)

=3
SN

Since DT may be expected to be much smaller than TRA, it is a good approxima-
tion to use the average sideslip angle to compute the cornering force.

i

2
gylave o,ave N (3-21)

Total F
y
Katurally, it is most convenient that the normal forces and sideslip angles
for a set of duals may be averaged for use in the tire model insofar as the writing
of the force equations is concerned, and insofar as lower computer costs are achieved
than would be the case with individual calculations. In the case of the spin ve-
locity §i, there is no question of an average value, since dusl tires are constrained
to have the same spin rate. This comstraint, however, results in a differential
longitudinal slip between the dual tires when traversing a curved path. While it
may be shown through arguments similar to those given for sideslip angle that an
average slip value is adequate for the calculation of the total brake force on the
set of dual tires, the differential longitudinal slip between duals can cause an
appreciable aligning torque.
The longitudinal velocity of the left cutside dual is {neglecting any roll
steer considerations)

UO = UL + y(TRA + DT) {3-228)
Thus the longitudinal slip of that tire is

RR - @

S = Y- UL ¥ i(TEA + D) (5-220)
where @ is the rotation rate of both duals and RR is the rolling radius.
Cn the other hand, for the inside dual, we have
U = UL+ $(TRA - DT) (3-23a)
and
RER = &
5, = 1 - v -23b
i UL+ §(I8A - DT) (5-250)

where an equal rolling radius, RR, has been assumed for the inside and outside dual.
Consider now positive ¥. A comparison of Equations (3-22b) and (3-23b) shows
that
-24
s, <5, (3-2L)
Thus, there must be a differential longitudinal force on the duals such that, in

this case, 2 negative yaw moment (i.e., an understeer contribution) results. (A
similar understeer result slsc applies to the right hand set of duals.)
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The above dcorined moment 1s calculated using the procedure outlined below,
The value of longitudinal slip used in the brake feoree calculations, S{I), is an
average value calculated on the basis of the longitudinal velocity of the mid point
between the duals. The slope of the p-slip curve at this point is {see Figure 3-)
given by

3F

- = = =
STOFPE (I) = S ]st{1> N as S=S(I) v 2“)

Qs

where N is the normal foree on each dual tire., The slip of the ocutside and inside
dual may be written

5 - 8,
0 i

(3-26a)

53]
Il

s(1) +

5 -5

s(1) - =—2 (3-260)

S >

1t

Expanding the p-slip curve about the point 5 = S{I) in & Taylor series and,
since S, - 5; may be expected to be very small, dropping higher order terms yields

FX S -8
FX_ = Zve - N %‘é—(—-—---——w‘” 5 1) (3-27a)
_ anve o So ) Si)
P, o= T TN 2 (3-27b)

-FX/N = u

-Fx /N [~

-anve/EN -

-in/N

|
|
I
|
|
|
|
|
|
|
|

e e —

!
l
|
l
i

] 7 ,
si 5{1) SO ]

Figure 3-9. A u=-slip curve
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where TX = FX + FX, .
ave 0 i

Thus this gystem mey be written as a force FXaye and a couple MZ where

M2 = -[N O (s - 8)JDT %1 (3-28)
38 ‘o i
8ince %% can be very large, especially at small longitudinel slip values, the

aligning torque deriving from the differential slip of dual tires is an important
effect and has been included in the model.

%,% THE SUSFENSION MODELS

Any one of three possible suspension configurations may be gimulated at each
axle location other than at the front axle, as in the pitch-plane simulation docu-
mented in [1}. Initially, the gimplest configuration viz., the single axle, will
pe treated with the walking-beam and four-spring configurations to follow.

3,%,1 THE SINGLE AXLE SUSPENSICN.

%,%5,2,1 Derivation of the Equations. A sketch of the single axle is given
in Figure 3-10. The forces at the tire-road interface and the forces between the
sprung and unsprung mass must be calculated at the beginning of each new integra-
tion time step, these forces being used to calculate the accelerations of the
sprung mass. The forces at the tire-road interface and the suspension forces, SF,
(the number 1 denctes the left side and 2 denctes the right side} are functions
only of the positions and velocities of the sprung and unsprung masses, and may
therefore be calculated in a straightforward manner. However, the longitudinal
and lateral constraint forces between the sprung mass and the unsprung masses &lso
depend on the acceleration of the unsprung masses,and‘thuscomputationa].complica“
tions arise.

TPl e
‘ff////,r’FXl e FYL | in////””F%jl- FY2

7777777 7777777

Figure 5-10., Schematic dlagram: single axle model
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Consideration of a free body Jdiagram of a wheel amt of the axle will be of
assistance in the analysis of this system. Consider the wheel diagrammed in Figure
3-11, in which xw, yw, and zw axles are Uixed with the origin at the axle center,
At the instant of interest, 2w is in the 21 direction, and %w is in the plane of
the wheel., The axis syvstem rotates at angular velocity wl where

BL = oA kw + { zZw (3-29)
where

oA is the roll rate of the axle

¥ is the rotation rate of Ql, ?1, Ql; the yaw rate of the unsprung mass
system.

Sinece the solid axle may reasonably be assumed to deviate only slightly from
the 91 direction,” it will be assumed in the following analysis that

A

W o= B (3-30)

The reaction forces and moments f{rom the axle on the wheel are AFX, AFY, AFZ, and
AMYX, ANY, and AMZ, respectively. The forces at the tire-road interface are FXW,
FYW, and FZW; MX, MY, and MZ are the moments. Application of Newton's laws leads
to {see Equation (2-35}):

Figure 3-11. Free body diagram: rolling wheel

*The possible deviations are those due to roll steer and to roll angle ¢A of the
axle agsembly.
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(FX-AFX)XL + (FY-AFY)JL + (FZ-AFZ)21
- w ((om - b 0w - i

-2 - ..
o [VDL - (YY) + W(xU) IR+ 20 21) (3-31)
where
YU is the half track

Yy 1is the distance in the 4] direction from the sprung mass center to
the mass center of the wheel

UDL is the acceleration of the sprung mass center in the 21 direction
VDl is the acceleration of the sprung mass center in the @l direction
ﬁﬁ 1s the vertical ac.eleration of the wheel mass center

Mw is the mass of the wheel
Now using the same free pody diagram, we can write the equations of rotational
motion. Assuming that the polar moments of inertia of the tire about the xw, yw,
7w axes are principal moments (i.e., wheel imbalance is neglected), the rotational

equations for the wheel become

MX-AMX = JT LA +JS - -0 (3-328)
JFX(RR) + M{-AMY = -J5 (3-32b)
MZ-AMZ = JT - § -J5 - O - oA (3-%2¢)

where JT, JS, JT are the polar moments of the wheel about xw, yw, and zw, respec-
tively. .

Now consider the free body disgram of the axle in Figure 3-12. {The number 1
in a force or couple indicates the left-hand side, the number 2, the right.) The
peacticn forces from the sprung mass on the axle are RXL and RX2, SMY, and SF1 and
SF2. The moment applied from the frame to the axle iz assumed to be only the brake
torgue TT: and TT2. The force summation in the 4] direction leads to

RYXL + R = AFXL + AFEZ - Maxfuol - xi;e . Xif} {3-3%)

where MAX is the mass of the axle, and the axle mass center is assumed to be located
such that

Yo = 0 (3-34)

From Equation {3-3%), we have
2
AFYl + AFX2 = FXL + FX2 - EMWEUDl -y -+ XUl (3-35)

But the unsprung mass is defined as the mass of the axle plus the mess of the wheels,
i.e.,

MS = MAX + 2M (3-36)

‘Thus, the %1 component of Equation (3-33) may be written

RXL + R¥2 = FXl + FX2 - Ms{upL - 'ire xuU] (3-37a)
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Figure 3-12. Free body diegram: single axle
In the same way, it can be shown that
SMy = FYl + FY2 - MS[VDL + v XU] (3-275)
-SF1 - SF2 + FZ1 + FZ2 = MS - ZA (3-38c)

where ZA is the vertical position of the mid point of the axle. Now, under the
assumption that the principle moments of inertia of the axle are Ja, O, Ja, about
axes in the %1, ?l, %1 directions with origin at the axle center (i.e., the dynamics
of axle "wrap up” are neglected), the Euler equations may be written for the axle.

(SF1-SF2)FRY + (AFZ2-AFZ1)TRA - SMi (d) + AMXI + AMX = JaéA (3-38a)
AMYL + AMY2 « TTY - TT2 = O (3-38b)
AMZ1 + AMZ2 + (AFX] - AFX2)TRA + (RX2-RX1)FRY = Ja'w' (5-38c)

By combination of Equations (3-38¢) and (3-32c) we can eliminate AMZL and
AMZ2, ylelding

MZ1 + MZ2 + (AFX1-AFX2)TRA + (RX2-RX1)FRY

= 2(IT)y + -Js{eA)ln, *+ 0,1+ T ¥ (3-39)

But from the %1 component of Equation (3-31) we have
FX1 - AFXL = M [UDL - Fxu o+ Y(TRA)] (3-10a)
FX2 - AFX2 = M [UDL - EXU - Y(TRA) ] {3-u0b)
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Thus,

s

AFX1 - APX2 = FXl - FX2 - QMW « y - TRA (%-41)
Substitution of Equation (3-41) in (3-38) yields
MZ1 + MZ2 + (FX1-FX2)TRA - 2Mw \;r(TRA)E + ( RX2-RX1)FRY
) vt . N
2(JT)y JstbA[s“l + 92] *J {z-k2)
But the polar moment of inertia of the axle wheel assembly may be writien as
2
JA = Ja +2J7 + EMW(TRA) (3-h3)
Thus,
MZ1 + MZ2 + (FX1-FX2)TRA + (RX2-RX1)FRY + (JS) {&A)[Ql +a,] = JA(Y)
(3-bb)

Both equations {3-37a) and (3-4k) contain the unknown constraint forces RX1
and R¥2. However, there is a major complication to using these two equations to
solve for RX1 and RX2; namely, the sprung mass acceleration, UD1l, and the unsprung
mass angular acceleration, $ are unknown at this stage of this develcpment. A
rigorous solution would require the added consideration of the sprung mass egua-
tions of motion in order to solve the system of equations for the constraint forces
and the accelerations.

Since we have not consirained the suspensions to remain perpendicular to the
sprung mass, and since added complications result from the variety of suspension
options, a_rigorous approach iz very tedious and numerically quite time consuming,
requiring a matrix inversion to solve for the accelerations at each time step.

We have elected instead to apply an alternate, approximate method. In this method,
it is assumed that the unknown accelerstions of the unsprung masses may be success-
fully estimated based on the assumption that the entire vehicle is moving as a
gingle rigid body in the yaw plane.

The acceleration of the mass center of the entire vehicle is assumed to be

o= Wy

, FYI %1 + FYI §1) (3-45)

where the summation sign indicates a sum over all the tires. The yaw acceleration
may be written
- m]:“

L = = L Eix(m %1 + FYT 1) (3-46)
i

where IZ is the yaw moment of the entire vehicle {assuming no roll or pitch),
the r; are the appropriate moment arms and the sum 1s again over all of the tires.
The yaw plane components of the individual unsprung masses may now be found from
Equatione (3-45) and {3-46).

a = K - \i{e ;‘ + .‘@:(%l X ; ) (j'h'?)

i i i

Thus, given the forces at the tire-rcad interface, the éi may be used in Equations
(3-37a) and (3-47) to calculate the forces on the sprung mass from the unsprung
mass. A schematic diagram of this process is shown in Figure 3-13.
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Figure 3-13., Flow diagram: method of computation of the constraint forces

Similar equations will now be derived combining the force equations in the
$1 directions and moments about the X1 axis. '

By combining Equations (%-38a) and (3-32a), AMXl and AMZ are eliminated,
yielding

(SF1-SF2)FRY - SMY » d + MXL + M{2 + (AFZ2-AFZ1)TRA

= (J +2JT)84 + {J8)¥ln. + 0 : A
{ . JT) {as)vl 1 o] (3-48)
Bat from the 21 component of Equation (3-31) we have
o 2 .
FZl AFZ1 MwleWl
F22 - AFZ2 = M U, {3-49)
Thus,
AFZ2-AFZL = FZ2-FZl + M 20 . - M _ZU (3-50)
wl wil WZ WZ

The ascceleration terms on the right-hand side of Eguation {3-50) may be written as
M 74 - TRA-¢A} - éA + RA-&A -

. RA-¢AT - M [ T ] (3-51)
where ZA is the vertical position of the axle center. The use of Equations {(3-41)
and (3-50) in Equation (3-48) leads to

M{l + MX2 + (SF1-SF2)FRY - SMY(d) + {er-?zz“emw(mmééwm

+ 0] {3-52)

= (4 * 2JT)eA + (.;rs){;r(n1 .

31



But
J +2JT EMW(TRA)E = JA (3-53)

a
where JA is the total moment of iner ia of the axle and wheels around an axis in
the ®1 direction through the axle certer., Thus,

ML + M2 - J5 - (@, +0,) + ( ¥7Z2-FZ1)TRA

+ (S1-82)FRY - SMY(d) = JA(0A) (5-54)

Equations (3-3T7c) and {3-%54) are used to calculate the accelerations of the
axle, the former equation yielding the "bounce" acceleration of the axle center,
the latter yielding the roll acceleration of the axle. The lateral constraim
force SMY may be calculated using Equation (3.%7b) and the methods of Figure 3-15.

3,2,2,2 A Summary of the Assumptions Used in the Singile Axle Model. A
number of simplifying assumptions were made in the derivation of the equations of
motion of the single axle in the preceding section. These are listed below.

1. Deviations of the axle from the ?1 direction were ignored since axle

steer displacements and axle roll angle, ¢A, are expected to be small.

(Note, the effects of roll steer and axle roll on tire slip angles are

not neglected; rather, the effects of roll steer and axle roll angle on

the orientation of the wheel axis system are neglected. The means for
computing the steer of the axle, assumed to be a linear function of sus-

pension deflection, are discussed in Chapter 5.3

5, The wheels are balanced. Thus the mass center of the wheel is assumed

to be at the axle center, and the polar moments about the xw, yw, 2w

axes are assumed to be principal moments.

%2, Axle rotation about an axis in the 1 direction (i.e., wrap up) is ne-

glected.

L, Various assumptions have been made concerning the forces between the

sprung and unsprung masses.

a. 'The reactions in the X1 direction are applied at the height of the
axle center, and the torque about the axle is the brake torgue.
{Anti-pitch geometry is not considered.)

b. The constraint in the @l direction is assumed to be a point force
applied at constant distance d above the axle. (In the simulation,
the input variable is the distance of RCH above the ground, i.e., the
roll center height.)

c. The suspension forces SF are assumed to act in the 21 direction.

These assumptions lead to equations which predict the forces on the sprung
mass only if the acceleration of the unsprung mass 1s known. These accelerations
are found through an approximate method which assumes motion in the yaw plan. A
diagram of the procedure 1s given in Figure %.13. Using this procedure, the con-
gtraint forces RX and SMY may be computed and then used to find the acceleration
of the sprung mass.

In spite of the many assumptions made, the equations given are guite detailed.
Simee For each added feature of the simulation the user must pay the price in both
the tedium of dealing with the added input variables as well as increasing compu-
tation costs, it was decided to drop from the equaticns certain terms which may
be considered negligibly small. Among these are overturning moments at the tire-
road interface and the gyrosccopic effects caused by the yaw velocity of the axis
of tire rotation. These terms may easily be added by the user should they be con-
sidered significant.
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%,%,2 THE FOUR SPRING SUSPENSION, The four spring suspension is a four de-
gree of freedom system coupled longitudinally by the load levelers and laterally by
the sclid axles. Thus the system will admit an axle tramp mode =8 well as brake
hop. This level of sophistication is possible since the frame may correctly be
assumed not to apply significant roll moments to the springs at the load leveler
or the contact points between the leaf springs and the frame. The equations of
the four spring suspension are therefore guite similar to the pitch plane equations
given in [1} and [5]. The added complications resulting from the ysw and roll
freedom will be summarized here, but that part of the derivation previously pub-
lished will not be repeated. Thus, it is assumed in the following analysis that
the reader is fsmiliar with the pitch plane derivation.

A schematic and free-body diagram of the suspension viewed from the left side
is given in Figure %*-14, With two changes in nomenclature, the schematic disgranm
given in Figure 3-10 becomes valid for either of the tandem axles. These changes
are indicated in Figure 3-15 and listed below:

(a) 1In place of the longitudinal constraint forces, RXL and RX2, we have the

horizontal components of the forces in the torque rods. For example,
for the left side of the lead axle,

{TR2 * cos AA7)1 = RX1 {3-2%9}

(k) 1In place of the suspension forces, SF1 and SF2, are the leaf-frame contact
forces, TN, plus the vertical component of the torgue rod force. For
exampie, for the left side of & lead axle,

TR2 sin AAT - TNL - TN2 = GSF1 (3-56)

The longitudinal constraint forces, RX, may be found from Equations (3-37a)
and {3-47) and thus the torqgue rod forces are known. From this point the equations
for the TN forces are exactly those given in [1] and [5]. 8ince there is & direct
relationship between the TN and the SF, the motion of the axles may be found from
a straightforward application of Equations (3-37c) and (3-54).

%.%.3 THE WALKING BEAM SUSPENSION. The walking beam suspension whichis shown
in side view in Figure 3-16, is & four degree of freedom system with the wheels on
each side coupled to each other longitudinally by the walking beam. Side-to-side
coupling due to the solid axle connection has been neglected due to the significant
complexity™ this would add to the simulation. Thus, dynamics of the mass center
on the left side sre coupled to the dynamics of the mass center on the right side
only through the motion of the frame. A schemetic view of this simplified medel
is shown in Figure 3-17.

While this simplification is mejor inm its implications, it is not believed to
be important with respeet to smooth, level road operaticons since, in most cases,
axle tramp in the walking beam suspension is not a significant problem. Neverthe-
less, if brake hop ® is to be simulated or if operation on a rough road with

*In contrast to the four spring suspensions, in which no geometric constraint is
imposed by the suspension, the load levelling device in the walking beam suspen-
sion provides a geometric constraint on the position of the axles. To model the
combination of constraints (the side-to-side constraint of each axle plus the
longitudinal constraint of each walking beam) is indeed a formidable task,

*¥It should be noted that brake hop did not occur during the testing of the straight
truck with the walking beam suspension, evén during very severe braking runs.
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Figure 3-1%, Free body diagram: axle of & four spring suspension

side-to-side variations in road profile is assumed, the elimination of the side-
to-side coupling through the axles is likely to be & serious deficiency.

The following analysis summarizes the extension of the pitch-plane model of
the walking beam suspension to the three-dimensional case. It is assumed that the
reader is familiar with the pitch plane derivation, Only the rear wheel of tihe
left side of suspension 2 (tractor or straight truck rear suspension} is treated;
the free body diagram of this wheel is shown in Figure 3-18., The motions of the
other three wheels will be described by similar equations.

Tt is assumed that the mass MS2(3) of the wheel and axle shown in Figure 3-18
is one-half the mass of the rear axle assembly, plus the mass of the wheel. The
longitudinal and vertical forces on the frame and the pitch moment applied to the
frame have been given in {1} and [5]. Only the horizontal force, SMY, and the
roll and yaw moments, TX and TZ, will be considered here.

A summation of forces yields

SMY = FYW - MS2(3) .« YDD{3) (3-57)
where

SMY is the lateral force transmitted to the frame. Note that, since
the axle itself is neglected, the dimension h is irrelevant. We
choose the height of the frame rail for convenience only.

YDD(3} is the lateral acceleration of the assumed mass center point, the
wheel center.
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A summation of moments at the frame rail yields

TX = N(TRA - FRY) - FYW(h) {

o

NN
|
B
w0 [e s
N

TZ = MZ - FXW({TRA - FRY) {

\H

where

(TRA-FRY) is the horizontal distance from the normal force ¥ to the
frame rail

M7 is the aligning torgue.

Through the use of Eguations (3-56) to {3-59) and the pitch moment and suspen-
sion force previocusly given in [1] and [2], all forces and moments applied to the
frame through the walking beam suspension are calculated.

z,4  STEERING SYSTEM

Heavy highway vehicles typically employ heam type front axles and a steering
system that can be characterized as a series type, i.e., the left-hand steering
knuckle ig steered through the action of a drag link connected to the pitman arm
of the steering gear. The right-hand steering knuckle is, in turn, controlled by
s tie rod comnected between the left and right knuckles (see Figure 3-19). As'is
true for most steering systems, the actual steer angles of the front wheels are
not simply a function of the driver's steering input. Changes in the geometry of
the steering mechanism caused by suspension movement result in small steer angle
displacements of the front wheels about their nominal position. Compliances of
the various members of the steering system also lead to small differential motions.
Tn contrast to the treatment of the steering mechanism given in [6] end [T], certain
geometric and compliance steer effects are considered here.

Front of
Vehicle
. (ffeering Gesar I
Drag Link J B
=" -
™
Axle . -
Left Steering-4i | FNTB\ ,,—éRight Steering
Knuckle -Knuckle
i xy
) ' Tie Rod- -j )
k.ﬂ__J . N -
L
A L+

g of Vehicle

Figure 3-13. Typical heav&ﬁtruck steering system
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S.W. 1 STERRINS SYSTIEM OPTIONS.  In order to mavimize the utility of the simu-
lation program, a variety steering system models havr been made available to the
user. If providing the additional input necessary to simulate a complex steering
system 1s considered undesirable, a very simple steering system model may be used.
On the other hand, the effects of small changes in steer angle dus to suspension
movement and system compliance may be simulated through the use of the more complex
options.

The following paragraphs review the steering system opticns, starting with the
gsimpliest model and proceeding in order of complexity. Specific program instructions
and examples of the use of various cptions are given in Appendix D.

%.L,2 SINGLE TABLE STEER ANGLE INPUT. The simplest availaeble steering system
input is a single tabular input of steer angle versus time. During the course of 2
simulation run, this table is called bty subroutine FCT, and a linear interpolation
is performed on the tabular data to determine the value of the steer angle. This
steer angle is assumed 1o be applied to both left and right front wheels of the ve-
hicle. Any effects of geometry or compliance in the system are neglected.

3,43 WO TABLE STEER AWGLE INPUT. Jusi as in the case of an sutomoblle, 2
side-to-side steer angle difference is designed inte the steering systems of trucks,
In addition, further differences may result from compliance of the various steering-
suspension system members. In order to account for the side-to-side difference in
steer angle, a two-table input option is available. Program operation is similar
to that described for the single table option above; however one table for each of
the left and right front wheels must be entered,

In the steady turn znalysis conducted in this study, we found that the use of
an average steer angle in the single table rather than the measured left and right
side values resulted in as much as five percent increase in the predicted lateral
acceleratiOW.

%L AXLE RCLL STEER OPTICHS. A property common to most suspension systems
is 'roll steer, In particular, for the beam-type froni suspension used on heavy
vehicles, the locating function of the leafl springs causes the axle to move through
a curved path {as viewed from the side) rather than vertieslly during jounce and
rebound. As the vehicle rolls, this action imparts some steer angle to the axle
{see Figure %-20). Thus, the actual steer angle of either front wheel may be ex-
pressed as the sum of the steer angle of the axle plus the steer angle of the
wheel relative to the axle. I the simulation is being used in conjunction with a
test program, the steer angle of the wheels relative to the axle is comparatively
easy 10 measure and can be mede available as input. For accurate simulation this
input should then be modified by the addition of the steer angle caused by axle
rolil relative to the frame,

To implement this approach, either the single table or the two table input
option discussed above is utilized to input the steer angle of the wheels relative
to the axle. In addition, a linearized roll steer coefficient {whose units are
degrees axle steer/degree roll with positive values implying front axle roll steer
in the understeer direction) must be input to the program. During & simulation
run, the program caleculates roll angle of the vehicle relative to the front axle
(note that the axle itself will roll slightly due to vertical tire deflection) and,
with this informaticon and the roll steer coefficient, the program will calculate
the roll steer of the front axle. The eguations of interest are:

i#

£l £TL + {6 - $AL)}RSCL (360)

72

£T2 + {¢ - 0AL)RSC1 (3-61)
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where

28I is the front wheel steer angle; T = 1 left; T = 2, right

5TI is the front wheel steer angle from table input; I = 1, left; I = 2,
right

¢ is the body roll angle
$A1l is the front axle roll angle
RSC1 is the front axle roll steer coefficient.

Although it is permissible to use the roll steer cption with the single table
steer angle input, this practice is not recomnmended. The approximation accepted by
using an average front wheel steer angle would tend to negate any increase accuracy
gzined by considering axle roll steer.

A description of a test methed suitable for measuring the roll steer coefficient
of a specific axle is given in Section 2.3.1.

%.4.5 COMBINED ROLL, PITCH AND BOUNCE SYEER OPTION. In addition to axle steer,
pitch, bounce, and roll motions of the chassis can cause small steer angle displace-
ments of the left- and right-front wheels. If, as was discussed in Section 3.5.5
steer angles, as measured relative to the axle are used as input, then these addi-
tional effects are automatically accounted for in the input. TIf, however, the user
wishes to input & nominal driver-attempted steer angle and then compute the actual
front wheel steer angles, it is necessary to include the effects of the motion of
the vehicle on the steer angles.

An exact prediction of the effects of suspension motion on steering angles
would invclve the solution of & complex linkage problem in three dimensions. The
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computational evpense of such & soluticn was not felt to be warranted within the

context of & tozal venicle simelation. Conseguently, a3 simplified model, based con

t i
a variety of assumptions, was developed. It is felr -hat this model reduces the
complexity of ithe problem to a level commensurate with its role within the total
simulation program.

The basic assumptions which were made in developing this model are:

(1) Axle lucation is dependent on the deflection and locating properties of
the lea? springs under vertical loading only. Spring displacements due
to horizontal and torsional loads are ignored.

(2} Differentizl steer angles about the nominal driver-commanded steer angles
are equal for both the left and right wheels., The driver-input steer
angles, however, may be different side-tc-side.

(33 All components cf the steering-suspension system, other than the leafl
springs, are rigid. (Certain effects of steering complisnce will be
treated independently in Section 3.4.7.)

For the sake of clarity, the fitures employed in the following discussion
shown the nominal driver-commanded steer angles as zero., However, the arguments
apply for any steer angle input. The nomenclature employed below is defined in
Table 3-5.

TABLE 3-5
Steering System Nomenclature: Deflection Steer
&1 Front wheel steer angle; I = 1, left; I = 2, right
&TI Attempted wheel steer angle from tabular input;

I =1, left; I =2, right

a1 Lifferential steer angle due to roll, pitéh and
pounce; I =1, left; T = 2, right

b Differential position vector of peoint B in sprung
mass axis system

o Differential position vector of point C in sprung
mass axis system

Xe The component of ¢ in the x direction

Ze The component cf ¢ in the z direction

YXF Lateral distance from front axle centerliﬁe to

steering system king pin (point C}
YFR latersl distance from front axle centerline to

spring attachment points

Consider Figure 3«21 in which the reference axis system is fixed to the ve-
hicle., From the geometry of the figure, the differentiel steer angle of the left
knuckle which would result from any suspension deflection can be defined as some
function of the differentisl motion vectors, b and ¢, of points B and C, respec-
tively. That is

sg1 = £ (b,c) (3-62)

Assumption (%), above, states that

881 = 82 = f (b,c) {(3-62)
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Figure 3-21. Differential steer angles due to suspension deflection

An intuitive feel for the accuracy of assumption {3} and, consequently, cf
Equation (%-63) can be gained by noting that assumption (3) implies that the four
bar linkage composed of the front axle, the left and right steering knuckles, and
the tie rod is & parallelogram. As illustrated in Figure 3-22, Equation {3-63)
holds exactly for such a system, regardless of the angular position assumed by
the front axle. To the extent that this linkage is not a paralleilogram, Bguation
(3-63) is an approximation.

Bouation (3-63) indicates that both the left and right differential steer
angles are a function of displacements, b and 5, of points B and C from their nomi-
nal position. Consider the displacement . Point B is constrained by the drag
1ink AE to move on 2 spherical surface of radius AR with center at A. The position
of point B on this surface is a function of the position of peint C relative to
the vehicle frame snd the roll angle of the front axle relative to the vehicle
frame. (Note that effects due to spring wrap-up Or lateral motion of the axle are
ignored as per the first assumption.) For any given steering system, length i3
is fixed, and since the location of point A is a function only of the desired left
- wheel steer angle, £Tl, the displacement b van be considered a function of E, &T1,
and the roll angle of the front axle relative o the vehicle frame., Due to the
close proximity in the y direction of point B to point € and the small rcll angles
attained by the front axle relative tc the vehicle, this latter effect, i.e.,
front axle roll, is ignored. {Note that the most important effect of front axle
roll is the vertical defilection of point C, which is included in the analysis. It
is the slight additional effect of the change in orientation of the axle at point
C which is ignered.} Then,

b o= fe(E, 8T1) {36k}
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Combining Equations (3-63) and (5-Hb)
£B1 = B2 = flEE; fE(E, 8T1)] = f5(5; 8TL) (3-65)
Consider now the schematic of the front axle diagrammed in Figure 3-23. From
the geometry of the figure, we find that

e (2., T Z z -
z - g;’::"‘_' St SR + Sf SR {5-—66)
c E YKP YFR
z + X -
. - IKP [Tsi "5 . s 7 %sm| (3-67)
c 2 YKP YER

It has been assumed that axle location is dependent on the deflection and
locating properties of the leaf springs under vertical loading only, i.e., that
Xgy and Xgp are functions of %g, and Zgz, respectively. Measurements performed
on the two vehicles tested in this s-udy indicates that it is reasonable to as-
sume that this relationship is linear, i.e., '

Y= 7 -68
Y. vz %oy (5-68)
= -
%sR %z ‘sr (3-69)
Substituting Equations (2-68) and {3-59) intoc (3-67) yields
- Loy T Fep . oy~ Zsé] (3-70)
o A YKP YFR |
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Figure 3-25. Tront axle with leaf spring

with the aid of Equation (3-66), Equation (3-70) yields

X, = Oy 2, (3-71)

The quantities Xc and ZC may be considered ag the components of the differen-
tial motion, ¢, (ignoring the very small component of c in the y directicen). That
is

¢ = e{X,2) (3-72)
c c
and from (3-68)
¢ = elc, 2 ,2) (3-73)

Thus ¢ is & function of Zc only, viz.

c = f£{2) (3-7k)

Combining Fquation (3-65) and (3-7k) yields

w1l o= 82 = f,[6(2), &8T1] {3-75)

81 = 82 = (2, 8T1) (3-76)
Measurements conducted in the laboratory, on the two test vehicles indicated

that for a particular &8Tl, the relationship of Equation (3-76) may be approximated
by a linear function of Z.. Thet is

ARl = AR2 = caz {(3-77)



where

The variable Z. is the vertical displacement of the left king pin relative to

[

the vehicle frame. DJefining an as the vertical motion in inertial space o0 print

€, attached to the axle, and Z_. as the vertical motion in inertial space of an

imaginary coincident point attached to the sprung mass, Z, can be written as
0= 4. -1 (3-79)
¢ cA oS

where positive values of ZC indicate extension of the ieft front sprina.
From Equation (2-10)

ch = AL + A{1,3) - YKP + A{2,3) + DELTA 1 * A(3,3) + N {3-20)

where

AL is the static horizontasl distance from the sprung mass center to
the {ront axle

DELTAL is the static vertical distance from the sprung mass center to
the front axle

N is the change in vertical pogition of the sprung mass center
The vertical motion, Z.,, can be expressed as

Z = ZA1 - YKP . ¢Al (3-81)
ca

where
ZA1 is the deflection of the axle center downward from static equilibrium
¢A1 is the roll angle of the axle

In the simulation programs, the following series of events cccur at each time
step: .
(1) Equation {3-78) is solved by subroutine TABLE acting on the user input

data.

(2) Equation {3-79) through (3-£1) are solved for the value of Z,.
(3} This value of Z, is used in Eguation {(3-77) to determine the differential
steer angles which are used fo modify the driver-commended steer angle.
To make use of this steering system option, the user must input the commanded
steer angles using either the single- or two-table input options, The user must
also input an additional table consisting of CE versus £T1 data. During & simula-
tion run, Bguation (3-78) will be solved through a linear interpolation on this
tabulated input.

Although it is permissible to use the roll, pitch and bounce steer option with
single table input of commanded steer angle, this practice is not recommended. The
approximation introduced by using an average value front wheel steer angle would
tend to negate any increased accuracy gailned by considering steering caused by the
kinematics of the suspension and the steering mechanism.

If the roll, piteh and bounce steer option is used, the axle roll steer option
{see previous section} ray not be used, [(Use of the axie roll steer option implies
that all other steer effects are accounted for in the tabular input data.)

The reader is referred to Section 5.3.2 for a description of a test technique
which may be used to cbtain CE'



3,4 .6 STEERING SYSTEM COMFLIANCE. The steering mechanisms employed in motor
vehicles utilize mechanical components that possess inertial, compliance, and
damping properties. For the typical heavy vehicle, these distributed properties
can be effectively lumped as shown in Figure 3.2k,

An examination of the steer angles and steering wheel angle as measured on
two vehicles during testing indicated no dynamic relationship between these two
yariables. Consegquently, it was concluded that the simplified model of Figure
3.25 would suffice to represent steering system compliance. The torsional spring
constants SK1 and SK2 are related to SK1' and SK2' and the steering system geometry
and they may be determined in the laboratory. The differential steer angles, &4&1
and A®2, about the nominal steer angle result from the deflection of springs SK1
and SK2 under the effect of the tire aligning moments, MZ1 and MZ2.

The equations for the differential steer angles may be derived with reference
to Figure 3-25, viz.,

a8l = {M21 + MZ2)/SKl (3-82)
pE2 = ABL + MZ2/SK2 (3-83)

The steering system compliance model may be used with either the single or
two table steer angle input options. Further, it may be used concurrently with
the roll-, pitch- and bounce-steer option, but this model is not &llowed if the
axle roll steer option has been selected. (Note that the use of the axle roll
steer option implies that all other steer effects are accounted for in the tabular
input data.) Additional input data are reguired and a technique for cbtaining
8Kx1 and SK° is described in Section 5.3.3.

Tt should be noted that brake force application has an important effect on
steer angle due to leaf spring wrap-up and king pin offset. These effects are not

scl

a8l | I3 Iz

o \ N - j 252

Figure 3.2, Steering system model witn inertia, compliance, and damping
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modeled here. Conseqguently, this model is most applicable in turning maneuvers
which do not involve braking.

2.% THE FIFTH WHEEL

The analysis of the mechanics of the fifth wheel, as presented here, departs
radically from previous analyses, most notably that of Leucht [B] and Mikuleik [7].
It will be beneficial at this Juncture to briefly review their work.

The vehicle model of Leucht entails four degrees of freedom, namely, the yaw
plare coordinates X and Y and vaw angle ¥ of the tractor, and the articulation
angle of the trailer relative to the tractor. It was assumed that the fifth wheel
could transmit a yaw moment {(due to friction) but no pitch or roll moment. The
lateral transfer of wheel loads experienced by the tractor is calculated con the
bagis of quasi-static consideratlions with the aid of an input parameter described
as the roll rate distribution.” Since roll moments cannot be transferred by the
fifth wheel, the roll moments cn the trailer are balanced entirely by the lateral
transfer of load on the tires of the trailer.

The vehicle medel of Mikuleik entails eight degrees of freedom, namely, three
coordinate and three rotational degrees of freedom for the sprung mass of the
tractor, and twc rotational degrees of {reedom for the sprung mass of the traiier.
The fifth wheel constraint is quite carefully conceived mathematically. When the
tractor and semitrailer are in line, the respective roll angles are constrained to
be equal, and the appropriate adjusiments are made in the presence of an articulaticn
angle., The roll moment transmitted by the fifth wheel is precisely that moment re-
quired by the geometric constraint.

Both of the above models could constitule a reasonable simulation of braking
and/or nandling maneuvers if the dynamics of the unsprung masses are not important,
as is the case for vehnicles without tandem axles operating on smooth roads, and if
the accelerations are reascnably small such that it is not crucial to predict lat-
eral load transfer as carefully as pessible. However, to expand the valid range
of the simulation, it was felt that a radical departure from the traditional work
was called for., In the analysis to be presented herein, the tractor and semitraller
each have six degrees of freedom-—there is no geometric constraint st the fifth
wheel, There is rather a force and moment constraint in which tractor and trailer
are subject to equal and opposite forses and moments dependent on the difference

*Note that, since roll is not included in the model, the system is statically in-
determinate and thus recuires this additional parameter.-
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in the fifth wheel position and orientation as measured on the tractor and the semi-
trailer.

There are benefits to this new formulation:

(1) Fifth wheel constraint results very similar to the models of either
Leucht or Mikulecilk may be simuleted by proper choice of fifth wheel
constraint parameters.

(2) The forces and moments being transmitied across the fifth wheel are
easily computed. These are summarized on the computer output page en-
titled "Fifth Wheel Summary."

{3) Bince the dynamic coupling caused by a rigid fifth wheel constraint has
been removed, no matrix inversicn is required to solve for the accelera-
tions. There are, however, more equations to integrate due to the added
degrees of freedom.

%,5,1 THE FORCE TRANSMITTED AT THE FIFTH WHEEL. Initially, the fifth wheel
position of the tractor and the semitrailer are assumed to be identical. As the
simulation run proceeds, however, forces developed at the tire-rocad interface will

# ecause disparate paths for the fifth wheel position of the tractor and the semi-
trailer; a distance & will develop between them, A linear spring and dashpot are
the assumed connection at the fifth wheel as is shown in Figure 3-26. The force
transmitted is then

-

F = KW - & + C?W & (3-84)

where KFW and (FW are constants describing the spring rate and dissipation.

—~

Figure 3-26. Fifth wheel coupling model

The direction of F iz assumed to be along a line through the fifih wheel lo-
cation of the tractor and semitrailer. The computation of & and &, while straight-
forward, are quite lengthy and thus are left to Appendix C.

Note there is no requirement that the parameters KFW and CFW relate to the
actual mechanics of the fifth wheel; they must only prevent large displacement be-
tween tractor and semitrailer at the fifth wheel. The following are the require-
ments for the model:

{a) ® must remain small

(b) XFW and/or CFW cannot be large enough to cause natural frequencies above

10 Hz in the dynamic system {and thus necessitate shortening the integra-
tion time step At).

The spring rate KFW has been chosen such that, in a hypothetical straight Lline
braking maneuver in which the vehicle is decelerated at 32.2 ft/sece via action of
the tractor braking system only, the spring may be expected to deflect less than
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1 inch. This criverion 1s met by setting
KFWw = (Wl + WS) 1bs/in (3-85)
where
Wl is the spruns weipht of the Lraller
WS i the unsprung woeivsht of the trailer,

This formulation leads to K values which may be expected to be well within an ac-
ceptable range as far as natural freguences are concerned. { Note that the total
spring rate of the %ires on the tractor rear axleg may be much higher.)

The damping CFW is chosen in the following fashion., Consider the simplified
articulated vehicle of Figure 2-27, again in 8 straight line maneuver. For the
situation with no trailer braking, the equation of lengitudinal motion of the
trailer may be written

(W1 + WS)
g

where W1 + WS is the total weight of the trailer sprung and unsprung masses, Con-
sidering the tractor motion as an independent function of time, Egquation (3-86)
may be rewritten

§ov(kmiy ¢ (CR)Y = KX+ CR (5-£6)

v o+ 2wy

5
4
I

2.
tey o= £(t) {3-67)

where

CFW is chosen such that the dimensioniess damping ratic ! in Equation (3-87)
is set to ¢.5. In this fashion, unrealistic transients due to the non-rigid fifth
wheel coupling are virtually eliminated,

These methods for the choice of KFW and CFW are non-rigorous and, it would
seem, may be susceptible te give erroneocus results for some range of vehicle param-
eters. However, this model has proven very satisfactory in the vehicles already
simalated. To give the user some assurance that his results from this model sre
reasonable, the value of I&] is printed out on the fifth wheel summary page.

o))

Figure 3%-27. Simplified articulated venicle
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Large values of |&| would certainly be cause to question the methods of calculation
of KFW and CFW given here,

%,5,2 THE MOMENT TRANSMITTED THROUGH THE FIFTH WHEEL. Only a roll moment may
be transmitted by the fifth wheel model; the yaw moment due to coulomb frictionm or
anti-jackknife devices at the fifth wheel are neglected. (These may easily be
added by the user.,) The rcll moment, which is assumed tc be the product of constant
KRM and the difference in roll angles ¢ and ¢4 of the tractor and semitrailer fifth
wheel, is applied along a line in the %1 direction (i.e., along the longitudinal
axis of the tractor). This is an approximation since ¢ and ®; are not measured
about the same axis; however, gquite reasonable roll moments should be expected for
reasonable articulation angles. {Note, a large articulation angle would imply thai
piteh angles would also be a measure of the roll moment, and thus the present analy-
sis would require modification. It is not, however, the goal of this simulation to
deal with large srticulation angles; to carefully model the jackknife phenomena to
its conclusion requires more sophisticated tire model and fifth wheel model than
have been considered in any previous work or will be considered here.)

The restoring moment constant XKRM is entirely different in purpcese from the
"spring rate" KFW. The measure of the "proper" operation of KFW is that [&| be
small; it seems clear thaet only the proper fifth wheel force can effect that end.
The predicted difference in roll angles between tractor and semitrailer will be
quite small, however, independent of the cheice of KRM. The value of KRM is chosen
not to keep the difference between the roll angles small; rather it is chosen to
transmit the proper roll moment across the fifth wheel. Thus this constant has
been determined experimentally as explained in Section 5.4, {Note that to approxi-
mate the fifth wheel model of Mikulecik, &s large a value as possible” for KRM would
be chosen.)

3.6 THE INCLINED ROADWAY

There is good reason to wish to simulate vehicle performance on real roads.
Careful simulation of an actual site could provide insight intc the effects of the
surface, grade, superrelevation and curvature on vehicle performance, and the com=-
binations of vehicle and roadway factors which simulation shows tc be causes for
loss of contrel might be compared with the accident data from that site. However,
there are serious difficulties to contend with before such & simulation is feagibvle.

The first, and perhaps most serious, difficulty is the necessity to "close the
loop” if a real road ig to be simulated, i.e., to calculate the steer angles during
the course of the simulation such that the vehicle model will follow the roadway,
rather than to give an input set of steer and braking data and calculate the path
of the vehicle model. ©Simple closed loop models have been attempted for trucks
and articulated vehicles by variocus investigators (for example, [8], [9], [10]).
However, it is the belief of the authors of this work that the simulation of an
actual driver is a complex task beyond the capabilities of such simplified tech-
niques, and that a simple model might, in some cases, hide meaningful results
available from cpen loop simulation. The user may, however, elect to "close the
loop” himself, since & driver model such as those given in [9] and [1C] may be
easily added to the simulation.”™

*Again, limited only by the 1C Hz upper bound on frequency of oscillation.
**The steer model given in [B] is different conceptually from those considered
here. The front wheel steer and the braking are degrees of freedom in this

model, and the desired trajectory is the imput function of time.
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In lieuw of = driver model, one mlight wish to speify a reslistic terrain and
try to gain insight -hrough the analrsic of open loor vehicle simulation on such a
terrain., This work has been accompiished successfull., by McHenry and Deleys for

an automobile [1l]. The equations of motion, however, are much more complicated
than those presented herein, anid it was felt that such additional complications
would not be in the overall user interest in the case of the present model.”

In view of these considerations, it was decided tc use a roadway model in which
the normal forces at the tire-road interface are assumed to have only a 2n component.
Thus the model may be thought of as & planar surface, possibly Inclined, extending
as far as is necessary in the XX and TN directions., It is not, however, assumed
that this road surface is smooth. =Road profile data in functional or coordinate
form may be introduced. 2ut since the normal foreces at the tire-road interface do
not vary in direction, the fore-aft or lateral forces that might be expected due
to surface undulaticns will not be predicted by the model.

3.6.1 THE ECUATICHNS COF THE INCLINED ROADWAY. The initial speed in the longi-
tudinal direction is a user input variable; all other initial conditions are set
to zero. Thus, initially, on a level surface the suspension forces add up to the
weight of the sprung mass and the moment of the suspension forces about any point
is ddentically zero., The normal forces at the tire-road interface add up to the
gross vehicle welght.

This choice of initial conditions, together with the assumption that the verti.
cal suspension forces do not change direction as & function of the orientation of
the sprung mass, allow an important simplification of the egquations of motion if
the roadway is not inclined. In tne summation of forces on the sprung mass, only
the change in load in the suspensions need be considered, since the static losads
will always be equal and oppcsite the weight of the sprung mass. Thus this choice
of coordinates allows consideration of the sprung and unsprung mass eguations of
motion without any consideration of the force of the weight of the sprung and un-
Sprung masses,

The problem becomes slightly more complicated if the rosdway is inclined, since
the suspension forces and normal forces remain norm&l to the road rether than op-
posite in direction to the gravitational forces. The following is the procedure
for adjusting the eguations of motion to accommodate an inclined roadway:

(1) The [X1, Y1, Z1] and [ XN, YN, ZN] systems (the unsprung mass system and
the inertial system, respectively) are again taken to be colinear ini-
tially. The direction of X1 and Y1 will, of course, change in time with
the vehicle yaw angle. Note that %n and 9n are in the road plane and 4n
is perpendicular to the road.

(2) The gravity force field, whose direction will be defined by the unit vec-
tor %, may be at an angle with %2n. The user input variables are gl and
g2 where

T = glhn -+ g2 %ntgd on (3-89}

and

g2 = N1 . gle - g2°

Thus the components of the vector é define the direction of gravitaticnal
forces, or, from a 4Aifferent point of view, the orientation of the "road.” A few
few examples may be helpful

*These complications would be especially serious in the present work since each
of the suspension options would reguire special treatment.
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(a) gr = g = O (3-50)

The gravitational field vector % has no component in the %1 or ?l directions.
Therefcre, this surface has no inclindation angle.

(b) gl = .05 g2 = 0 (3-91)

The cosine of the angle between % and %m is 0.05. Thus the XN axls inclines
dowrward as shown in Figure %.28. The included angle B may be found to be

8 = 90° - cos T(.05) T 3° (3-92)

This corresponds Lo an initial orientation of the veﬂicle as facing directly down-
nill on a % grade.

(-) gl = 0, g2 = .05 (3-93)

T™he cos-ne of the angle between % and Qn ig 0,05 Thus the YN axis inclines
downward as shown in Figure 3-29. The angle labelled 8 15 about 3°.

The choice of non-zero gl or g2 or botn implies that the gravitational forces
applied to the sprung and unsprung masses are not opposite in direction to the
suspension forces and the normel forces at the tire-road interface. The appropri-
ate adjustments, however, may be made in a straightforwerd manner. The initial
position of the vehicle will be chosen to be the trim position of the vehicle
whether or not the vehicle is on a flat surface. Thus, Just as in the case of the
flat surface, all initial conditions except the initiel speed are zero. As a re-

sult, the sprung and unsprung masses cannot be in equilibrium initially unless gl
and g2 are Zero.

1 g

Figure 3-28. The inclined roadway: gl = .09, g2 = C.0
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Pigure 3-29. The inclined roadway: gl = 0.0, g2 = .05

In the case of non-zeroc gl and g2, initially there must be a foree imbalance
on both the sprung and unsprung masses. On the sprung mess the combination of the
suspension forces and the weight may be written

IF = (ISF)2n + Wlgl %n + g2 Pn + &3 8n) {394}

where the firsttermon the right side is the total suspension force and the second '
is the sprung weight., DNote that, since initially the SF have no net moment about
the sprung mass center, there is no moment imbalance,

Equation (3-94) may be rewritten

LF = (Z8F +W)2n + Wlgl %n + g2 fn + (g3-1)%n] {%-95)

The first term in Equation (%-99) is calculated by the algorithm used for a
level surface and the second, which iz constant, is an additional force applied at
the sprung mass center.

The same analysis may be done in the case of the unsprung masses. At each
unsprung mass center the force

F o= MS . glagl %n + g2 §n + (g3-1)2n] {3-96)

where MS i1s the appropriate mass, and g is the gravitation constant, may be applied,
with the csleulation of normsl forces and slip angles taking place in the usual way.

3.7 WIND LOADIXNG

The possible modes of application of the wind loading are many and varied.
While analytical work has been done {for example, [12]) and has offered insight
intc the problem, a purely theoretical base on which one might draw in order to
write equations suitable for use in vehicle simulation is by no means complete,
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+hug it is clear that empirical data will, in many cases, be necessary in the simu-
lation. Therefore, the approach taken herein is to supply a subroutine in which
the user may program as simple or elaberate a model as seems Jjustified. The basic
equations of this subroutine and some semple resulis are given below.

2%2,7.1 SUBRCUTINE WIND. If the forces and moments due to wind loading are to
be simulated, subroutine WIND is called from subroutine FCT at the beginning of
each integration time step. Subroutine WIND should return to subroutine FCT the
components of the wind forces and their moments about the sprung mass centers in
the %1, 91 and 21 directions, i.e., in the longitudinal, lateral and vertical direc-
tions. The forces and moments have been called WFORCE(?3) and WMOM(3), respectively,
Since the common block of subroutine WIND contains virtually all the variables of
interest, wind loading as z function of vehicle orientation, velocity and time may
be simulated. Note that drag forces as well as side loading may conveniently be
modeled.

3.,7.2 AN EXAMPLE RUN. In a simulation run of the empty sitraight truck ini-
tially at 30 mph it was desired to simulate a side wind loading at the mass center
rising to 500 pounds and decreasing to zero in the course of one second. Below
ENTRY WIND in subroutine output the following equations were entered.

DO 10 I = 1,3
WFORCE(I) = 0.
10 WMOM(I) = 0.

IF (X .GT. 1.0) GO TO 11

WFORCE(2) = 500, *SIN(3. 14*YX)
11 CONTINUE

The resulting trajectory is shown in Figure 3-3C. Note that the simulated
vehicle response is & positive yaw angle, an understeer response.
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Figure 3-30. Resulus of wind loading example run
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L,O THE SIMULATION PROGRAMS

L,1 PRUGEAM SPECIFICATIONS
The ertire program has been written in Fortran IV, The core storage require-
ments for the ariticulated vehicle and the stralght truck programs, and the irtegra-
tien routine, HPCG, on MIS® are as rollows:
Articuleted Vehicle 127 76 BYTES
Straight Truck 13C,2248  BYTES
HPCG 1,762 BYTES

L.2 PROGRAM STRUCTURE

An overview of the program is given in Figure L-1. With the exception of
HPCG, which is an IBM system subroutine, the flow diagrams for each separate sub-
routine are given in Appendix E. For an explanation of HPCG, the user should con-
sult the HPCG iist.

Most algebra is in its most expanded form, and comment cards are used fre-
quently to explain tedicas computations. Thus, even a casual Fertran user should
be able to fol.ow the logic of all the separate small algorithms that make up the
whole. Therefore, changes may easily be made; more variables may be ouput and
certain algorithms may be modified.

Certain aspects of the program, however, should be handled with extreme care
as inadvised changes may result in errors which may prove difficult to detect and
debug., These are listed below:

(&) The integration time step, PRMT{3). This has been carefully chosen
based on the physics of the system. While the increase in PEMT(3) from
its set value of .002%5 may save computer time, it would entall danger
of numerical instability and thus incorrect resultis,

MAIN CALL QUTPUT Perform Integration
R . Read Time Increment
Do Initislizations s .
Do Inmitimlizations
Return to Main
Call Output
¥ Write Onto Output
Call Input Buffer
Read Input Cal. HPCG
Variables
*
Return to Mein Y
‘ CALL FCT :
Velocity < 0.0
Call FCTL ) celculete S1ip or
Calculate Sté;fc_ . _— and Derivatives |eiimmmmwsmmmnmed mime > TIMF
Loads, Do In%tlllzat$ons Return to HPCG NO
Return to Main YES‘
END

Figure L4-1. Simplified fiow oclagram, braking and handling performance progranm

*MTS stands for Michigan Terminal Svstem which is implemented on the IBM 360/67
at The University of Michigarn.
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{b) The slip loop (do loop % in subroutine FCT1l). The wheel rotational equa-
tiens of motion are solved to produce wheel velocities and sccelerstions
and brake forces. Any changes should be made only after careful refer-
ence to Section 2.4,1 of Reference 1.

(c) The initializations in the begimning of subroutine OUTPUT and FCTL. A
false step in this section may result in seemingly correct results which,
in fact, are seriously in error.

L3 SIMULATICON COSTS

The cost of the computations will, of course, depend on the opticns utilized
in a particular run, If the most time-consuming options of the articulated vehicle
are utilized, the run costs are less then seven dollapé per simulated second on

MIS, The straight truck runs for about four and onefgalf dollars per simulated
second.



3.0 MEASURFMENT NF VIHICLE PARAMETERS

S.1  INTRCDUCTTION

The paranmeters necessary for Jescribing the vehicles whose braking and han-
dling porformance is to be simulated can be separsted into six different catoe-
goricg:

. ¥ehicle poometry

rY

fuspengian and steering svetem characteristics

Inertial nroverties of vehicle and payload

Tire proverties and tire-road interface characteristics

. Prake and brake system characteristics

Roll resistance characteristics of the fifth wheel for articulsted
vehicles.

Txtensive parameter measurements were made for the two vehicles tested in this
program. ¥ Where {t wag feasgible, varameters were calculated or estimated from
degign drawings and specifications.

Test procedures used to determine those parameters which are necessary for
simulation in the pitch plane were described in the Reference 1. These include
suspension spring rates, vertiecal and longitudinal center of gravity position,
piteh moment of inertis of the sprung mass, the rolling moment of inertia of the
unsprung mass, and brake system characteristics. These descriptions will not be
repeated here.

Measured properties for a wide variety of truck tires are given in Appendix
G. The methods used to model these tires are given in some detail in Sections
%,2.2 and 6.%.

The following paragraphs describe the test procedures used to determine the
remaining vehicle parameters required as input data for the simulation.

(03NN ) B

5.2 INERTIAL PARAMETERS

In addition to the inertial properties which were discussed in the Reference
1, the braking and handling simulations reguire zs input data:

1, Yaw moment of inertis of the sprung mass

2. FRoll moment of inertia of the sprung mass

3. Yaw moment of inertia of the unsprung masses

4, Roll moment of inertis of the unsprung masses

Inertial propertiez of the unsprung masses were measured directly (see Sec-
tion 5.2.%). Then the inertial properties of the sprung masses of the two pow-
ered vehicles were determined by (1) measuring the inertial properties for the
total vehicle {for the truck, the bare-frame vehicle was measured), and {2) cal-
culating the properties of the sprung masses from the known inertial properties
of the unsprung messes and the total vehicle** The additional effect of the
truck body was determined by calculation. Sections $.2.1 through 5.2.3% describe
the test procedures used to measure total vehicle and unsprung mass properties.

The moments of inertia of the trailer were obtained by computing the moments
of inertia of each important component part about its own mass center, and then
using the parallel axis theorem to find the inertias about the sprung mass center.

*The two vehicles tested were: a 50,000 ib gvw Diamond Rec siraight truck and a
tractor-trailer consisting of a 6 x 4 COE White tractor and a 40 ft Fruehauf van
trailer. Vehicle specifications are given in Seection 6.

*¥The appropriate calculations are indicated in [1].

59



5.0.1 TOTAL VSHICLE VAW MOMENT OF INERTIA.* Figures 5-1 and 5-2 illustrate
the technigue used to determine the yaw moment of inertia of the bare-frame truck
and the tractor. With the suspensions constrained to their static positions by
cables, the vehicle is primerily supported at a pivot point, consisting of a % /L
inch ball bearing in partial spherical seats. This pivot poeint is located slight-
1y aft of the vehicle c.g., leaving only a small portion of the vehicle weight
{a few hundred pounds) to be supported by the front wheels. Under each of the
front wheels are placed two steel plates separated by a number of ball bearings.
Thus, the front wheels are free to move about on a horizontal plane. A grounded
coil spring is attached at right angles to the vehicle at some distance, fg, from
the pivot point. With this arrangement, a small oscillation in yaw may be intro-
duced and the period of oscillation, T, determined. Using the notation of Fig-
ure 5-1 the yaw moment of inertia of the vehicle, I,,, may be determined using
Equation {5-1}.

ke B
1, = --———-—-—-—-—-hﬂ:g - gtcgg (5-1)

Under certain conditions, unwanted oscillations tend to appear during yavw
inertia testing. A tendency for the vehicle to oscillate slightly in roll was
noted. As it is supported during testing, the vehlcle may roil about an axis
passing through the ball bearing at the pivot point and the front tire contact
point. (The front suspension is effectively rigid due to the constraining cables,
and therefore roll can occur only through tire deflection,) This axis is shown
by the dashed line in Figure 5-2. To minimize the excitation of roll oscillations,
the coil spring was anchored fo the vehicle as close to this roll axis as possi-
ble., Furthermore, the spring constant, X, and the length, fg, were chogen such
that the natural yaw frequency of the system was congiderably different from the
roll frequency, thus reducing the tendency for yaw ogseillations to excite roll
oscillations.

in additional mode of oscillation was observed during yaw inertia tests.
The construction of commercial vehicles typically results in considerable tor-
sional compliiance of the frame. Conseguently, the vehicles showed a tendency to
oscillate in a twisting manner along the length of their frames. This problem
was effectively reduced by locating the spring near the horizontal centerline of
the frame rails, thus reducing the moment resuliing from the spring force which
was passed intc the frame.

5.2.2 ROLL MOMENT CF INERTIA. The pendulum swing shown in Figure 5-3 was
used to determine the roll inertia of the test vehicles in thelir bare-frame con-
dition. The swing is of welded, tubular frame construction and weighs approx-
imately 1800 pounds. This type of construction allows the swing to be strong
enough to accept vehicles of up to 25,000 pounds test weight but remain light
enough for use with much smaller vehicles,

Two- or three-axle vehicles may be tested. The cross members on which the
wheels of the vehicle rest are adjustable along the length of the lower rail of
the side members, thus accomodating vehicles of verious wheel bases,

During testing, the entire assemble rests on kunife edges placed below the
center of the "arch" members and atop the supporting pedestals, These arch

%4 more detailed discussion of this test method and the asgociated testing equip-
ment is given in Reference [13].
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This page is reproduced at the

back of the report by a different

reproduction method to provide Figure 5-%. Roll inertia testing
better detail.

members may be azdjusted to various heights depending on the vertieal c.g. position
of the test vehicle.

As seen in Pigure 5-3%, in the roll inertia test meode the arch members are lo-
cated at either end of the swing with the knife edges placed longitudinally. The
swing may also be used to measure pitch moment of inertia, in which case the arch
members ere located along the side of the swing and the knife edges are placed
laterally. ‘

In either case, a small oscillation is introduced and the period of the os-
cillation, 7, is determined. Using the notation of Figure S5-%, the appropriate
mement of inertis is calculated from the following eguation

| 2 sl F 5
Iy = Wi, hﬁE - 2; + hﬂg - TS] {5=2)
where the subseript i may signify x (roll moment of inertia) or v {pitch moment

of inertia), and Tq is the peried of oscillation of the swing along.

3.2,3 MOMENT OF INERTIA OF THE UNSPRUNG MASSFS. Roll moment of inertia was
measured for the front axle and trailing tandem axle assemblies of each of the
powered vehicles, Tt was assumed that the yaw moment of inertis of an axle as~
sembly was egual to roll moment of inertia of that assembly. It was also assumed
that the moments of inertia of the leading tandem axle assemblies were equal to
those of the trailing tandem axle assemblies,

The test technique used is illustrated in Figure 5-5., As shown in this fig-
ure the axle assembly was suspended on a three-cable, torsional pendulum, A small
rotational oscillation was introduced and the pericd determined.
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Figure 5-%5. Apparatus for measuring moments of inertia of unsprung masses
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The equation for caleulating the roll moment of inertia, Iy, sbout the c.g.
of the assemblies is

T = + (17 -7, (5-3)

where

e
=
1]

test weight of the assembly

=
i

b weight of the supporting platform

FN
i

length of the supporting cables

r = horizontal distance from center of platform to supporting cables
+ = period of oscillation of platform plus agsembly
Ty = period of oscillation of platform only.

5.% SUSPENSICN AND STEERING SYSTEM FROPERTIES

Measurement techniques used to determine the spring rates and coulomb fric-
tion of the various suspension systems were described in [1]. In addition to
thege spring rates, various parameters of the suspension and steering systems
which affect the steer angles of the wheels may be input to the braking and han-
dling simulation.* These include: _

(1) Axle roll steer coefficient of each axle

i) Deflection steer coefficient of the front suspension/steering system

3} Torsional compiiance steer coefficient of the steering system.

The following paragraphs describe the techniques which were used in this
study to determine these coefficients.

5,3.1 AXLE ROLL STEER COEFFICIENT. Many common suspensions exhlbit roll
steer properties. This phenomenon occurs because the axle locating mechanism
may cause the axle to move along some curved path, rather than vertically, in the
course of suspension bounce and rebound. As the vehicle rells, this action will
impart some steer angle to the axle /see Flgure S, )

Due to the beam axle construction of both the steering and the non steering
suspensions, this phenomenon is basically the same, although the axle locating
mechanisms are guite different, for the three suspension system types considered
tn this study (single axle front suspensions, and four-spring and walking-beam
tandem suspensions). Consequently, the test methods for each of the suspension
systems were quite similar in concept.

As shown conceptually in Figure 5-7, the test method consists of deflecting
the suspension of interest in bounce and rebound and measuring the path of mo-
tion of the axle with respect to the vehicle frame by recording the values of
Xpy Zps xi, and z,. (Figure 5-7 illustrates a single axle suspensicn in which
the leaf spring is the axle locating member. Other suspension types with dif-
ferent locating mechanisms are treated gimilarly.) In pure bounce and rebound,
the path of motion of the axle ends will be jdentical to the paths of the axle
at the lateral position of the locating members., That is, in Figure 5-7 paths
a, b, ¢, and d are identicel in the x-z plane.

*Seetion 5.4 describes the steering system models in which these parameters are
employed.
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The following assumptions are reasonable and lead to a useful method of com-
putation of roll steer, In the notation of Figure 5-T:

/1) Points B and C will lie on b and c, respectively, for all axle motions.

{2y 1In the x-z piane, either of paths a, b, ¢, or d can be respresented as

x = (RSC) » z {54}

where R3C is scme constant.

{3) fThe body roll angle 8, the axle roll angle, 84, and the axle roll-steer
engle, BA, are small.

Using these assumptions, it can be shown that

84 = {RSCY( ¢ -~ 4p) (5=5)
The quantity RSC is then, by definition, the axle roll-steer coefficient and can

be deduced directly from the test data through the use of Equation S5-4 rewritten
in the following form*

TS

RSC = (5-6)

In practice, the tests for the axle roll-steer coefficients were conducted
concurrently with those for suspension spring rates and coulomb friction. The
technigue used to apply load to the suspensions, thus inducing suspension deflec-
tions, is described in Reference 1. Measurement of the vertical and longitudinal
components of the axle motion was accomplished with the aid of the apparatus
shown in Figure 5-8. A pointer, indicating the axle centerline and extending out
beyond the body of the vehicle, was attached to each wheel hub of the test sue-
pension. A V-shaped reference frame was rigidly attached to the vehicle body.

As the suspension was deflected incrementally, vertical and longitudinal motions
of the pointer relative to the frame were measured using adjustable parallels and
caliper.

Wnen testing front suspensions, in order to insure that motion of the point-
ars was the same as the motion of the axle, the sieering system drag link was
disconnected from the left steering knuckle and the wheels were fixed in position
at a nominally zero steer angle.

For each suspension tested, pointer motion was recorded at each wheel. The
average deflection characteristics of each of five suspensions tested are illus~-
trated in Figures 5-9 through 5-13. Linearizing the data and applying 1t to
Equation 5-6 yields the roll-steer coefficlents given in Table 5-1.

TABLE 5-1
Roll~Steer Coefficients

Straight Truck Tractor

Trailer
Front Rear Front Rear

o.26 -0.02 0.27 0.1k D.1l2

*The proper sign of the axle roll-steer coefficient is arrived at by observing
the sign conversions ofx and z in Figure 5-7. Axle motion as shown in the fig-
ure, i.e., the axle moves rearward with bounce, results in a positive value of
RSC. A positive coefficient indicates nominal roll understeer for a front axle
or oversteer for a rear &axle.
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Figure 5-8. Axle displacement measurement

5.%.2 ROLL, PITCH, AND BOUNCE STEER COEFFICIENT.
3.4.6, Cg, the deflection steer coefficient of
tem, is a linear coefficient which relates the
front wheels to tne vertical deflection of the
attempted steer angie.

Ag discussed in Section
the front suspension/steering sys-
differential steer angle of the
left kingping for a glven nominal
The simulation program allows input of & table of Cy values
versusg attempted left wheel steer angle.

The test method used to obtain Cy utilizes the pointer and reference frame
apparatus discussed in Section 5.3.1 (see Figure 5-8), at each front wheel with
the addition of another reference frame spaced further out on the pointer, as
illustrated in Figure S5-1k,

Prior to the test, the vehicle steering wheel
responding to the attempted left wheel steer angle which is desired. The front
axle 1s then incrementally deflected in bounce and rebound during which the ver-
tical displacements of each pointer, at lateral positions corresponding to the
vosition of the two reference frame (see Figure 5-15) are recorded,

is locked into pogition cor-
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Figure 5-14. Deflection steer measurement device
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Using the notation of Figure 5-1%, the steer angle of the left wheel is

- X
1

81 = sin™® { 5=7)

a

The differentiallsteer engle is then
B = Bl - BLA { 5-8)

where BlA is the attempted left steer angie. Similar equations hold for the right
wheel.

The results of the test and the caleculations indicated by Fquations {5=7) gnd
(5-8) are presented in a plot of averaged left and right side differential steer
angle vs. vertical deflection of the wheel pointer. The slope of this plot at the
origin is Cy. The sign convention of Cy is determined by the body axis system as-
sumed throughout this study. Since steer angles to the right are positive and ver-
tical motion is positive downward, Cg is positive for a steering system which pro-
duces differential steer angles to the right due to axle rebound.

Plots of average differential steer angle vs., vertical deflection at an at-
tempted zero steer angle are presented for the two powered tesgt vehicles in Fig-
ures 5-16 and 5-17.

5,%,% STEERING SYSTEM COMPLIANCE PARAMETERS. The steering system compliance
option outlined in Section 3,4,6 reguires input of two steering system compliance
parameters SKL and §K2. The test method used to obtain these parameters is illus-
trated in Figure 5-1F.

During this test the vehicle is supported such that the front wheeis are not
in contact with the ground, however, the front suspension is held in its static
loaded position by the icad application equipment used in the front suspension
spring rate tests. (Detalls of this test are given in Reference 1.) The steering
wheel of the vehicle was locked in the straight ahead position. The steer angle
measurement equipment, including wheel pointers and reference frames descrived in
Section 5.3.2, are used to measure differential steer angles, AB1 and ABZ.

As shown in Figure 5-18, a moment of magnitude a « F is applied to the right
front wheel by tightening the turnbuckle of the cable-pulley arrangement [1%].
Tensile force in the cable, F, is measured through the use of a load cell.

Referring to the steering system compliance model of Seetion 3.4.7, the tor-
sional spring constants, SKl, SX2, can be obtained from the results of this test
through the use of the following equations:

g - F
SKL = T (5-9)
a « F
Ske 2862 - A81 (5-10)

Plots of moment (2-F) vs. 281 and 282 - A%l for the two powered test vehicles
appear in Figures 5-19 and 5-20. The data clearly indicate that hysteresis and
lask, as well as compliance, exists in the steering system. The simulastion model
considers only the effect of compliance, however, The values of SK1 and SK2 are
derived from the slope of those portions of the curves in which the absclute value
of moment is rising, since this will generally be the condition during simulated
maneuvers. The values derived in this manner appear in Table 5-2.
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Figure 5-18. Scnematic diagram of steering system compliance measurement

TABLE 3-2
Steering System Compliance Parameters (in.-lb/deg)
Stralght Truck Tractor
SK1 SK2 SK1 SK2
17,000 24,000 8,h00 18,200

5.4 FIFTH WHEEL ROLL SPRING CONSTANT

The static model, on which the test method for determining the torsional roll
spring constant of the fifth wheel connection point is based, is shown in Figure
5-21. As shown in this figure, during the test, a roil moment, T, is applied o
the trailer. This moment is balanced by the three couples, a-T, b T, and c-T where:

a +b+co =1 {5-11)

The spring rates KoF, K¢R, and X2T are functions of the suspensicn geometry,
suspension spring rates, and tire vertical spring rates. Referring toc the notation
of Figure 5-22, illustrating a front suspension system, X¢F for small suspension
deflections may be expressed:

2
KoF = 1 . 1 1 5.12)
K1 YFR1)E  KT1{ TRAL)Z
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The roll spring rate of the rear suspension, K¢R, and the trailer suspension,
KeT, may be calculated from a similar expression. If either suspension is tandem,
the roll spring rate is the sum of the roll spring rates of the two axles.

With an equivalent torsicnal spring rate K¢TR defined as:

KOTR = XOR + KoF {5-13)
the model of Figure 5-21 may be simplified to that of Figure 5-23 in which K¢TR
represents the roll resistance of the entire tractor as seen from the fif'th wheel.

The following two equations mey be derived using the model of Figure 5-23.

eT = oT - KeéT {5=14)

(a + )T {5-15)

1
-3
=

From Equations {5-11), (5-14), and (5-15), the following expression may be
derived for the fifth wheel roll spring rate:
KT
K5 = T g (5-16)
1-¢  K¢TR
The roll spring constant of the f£ifth wheel may be calculated from Eguation

(5-16) where the quantity c is obtained from test data.

(s

N, ¢5

KeT

{a + b)7T el eT

Figure 5-23. Simplified schematic diagram: fiftn wheel rod spring test
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Figure 5-Ph illustrates the testing procedure used to determine the value of
c. As shown in the figure, a long beam was rigidly attached to the trailer such
that, by applying a vertical force, F, to the end of the beam, a roll moment,

T = 1§ +F { 5=17)

wae mpplied to the trailer. The introduction of T and ¥ causes changes in the tire
normal forces. These differential forces are designated AFl through +F10 in Fig-
ure 5-24. During the test, F was measured through the use of a load cell, and ¢F7
through /F10 were measured using load scales. 4F1 through AFH were not measured,

The quantity c is the proportion of the applied roll moment absorbed by the
trailer suspension. Thus,

_ (aP7 + aFB + AF9 + F10)TRA3
- = (5-18)

A number of tests were run on the empty tractor-trailer. In these t{ests, F
was varied incrementally such that T varied from z minimum of zero to a maximum of
116,000 in.-1b, and back to zerc. This cycle was repeated four times. Two cycles
were conducted with the torgue applied 18 ft, aft of the king pin, or approximately
equidistant between the king pin and the rear suspension centerline, while two
others were conducted with the beam located five inches aft of the king pin. The
test yielded results as indicated in Table 53,

T --»:,,4..;.1«—»..._-,4- A
'f 1 -/——v’: Il ’ J:‘;

% ]

M o I/’

E AF}@A ¥ A :
i W
AF1 TRAL AFS
LFE TrRA3/ LFF TR

Figure 5-2L. FERoll moment applied to articulated veniclie
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TABLE 53

Pifth Wheel Roll Spring Test Results

Longitudinal Position

of Torque Application Average ¢ Minimum ¢
Aft of Kingpin
18 £t 697 573
5 in 651 . 593
Average for both positions 6T

Using ¢ = 0.674 in Equation (5-16) yields

K5 = 258,000 in.-1b/deg

Maximom ¢

.783
el

As indicated by the data shown in Table 5-3, the value of ¢ was not greatly

affected by the change in the locations of torque application,
of trailers, particularly flat beds, this may not be the case.

For other types
For some trailers

it may be necessary to devise new tests %o determine how trailer flexibility may

be accounted for.
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6.0 VEHICLE TESTS AND VALIDATIONS FOR THE STRAIGHT TRUCK

6.1 IKTRCDUCTION

In this section the results of the steady turn and braking-in-a-turn tests of
the straight truck, and the steady turn results for the bobtall tractor are com-
pared with results f{rom the simulation programs. (Rraking-in-a-turn tests were
net run with the bobtail tractor.) Descriptions of the test vehicles are given in
Section 6.2. The test procedures are described in Section 6.%. The measurement
techniques used to Tind the parameters needed for predicting braking performance
are presented in Reference 1; these include parameters descriptive of the brake
system and the suspensions. The measurement of those additional parameters neces-
sary to simulate handling maneuvers is considered in Section 5. 1In addition, since
the tests were not run on the same surface as that documented extensively in {17,
it is necessary to choose new parameters to characterize the tire-road interface,
This process is described in Section 6.4, The complete set of tire-road interface
parameters used in the simulation runs is given in Appendix F.

In Section .5 a time history of the straight truck in a braking-in-a-turn
maneuver is considered in some detail. Plots of gsimulated and messured yaw rate,
longitudinal acceleration and lateral acceleration versus time are given as well
as the simulated wvehicle trajectory.

6.2 A DESCRIPTION OF THE TEST VEHICLES

In order to provide experimental data suitable for verification of the simu-
lation program, a straight truck and tractor-trailer combination were subjected fo
a series of performance tests., Steady-state furning and braking-in-a-turn maneu~
vers on high and low cecefficient of friction surfaces were performed.

The straight truck, & b x 6, 50,000 1b GVW vehicle with & 190 in. wheelbase
and eguipped with a walking beam suspension, is shown in Figure 6.1, It was fitted
with a dump-type body for the test program. Vehicle gpecifications are given in
Table 6-1.

Handling tests were conducted with the truck in the empty condition (i.e.,
with the dump body empty) anéd in the low c.g. loaded condition {i.e., with the dump
body loaded with gravel). Static axle loads and center of gravity positions for
the two losding conditions are listed in Table 6.2.

Since the truck was a new vehicle, a minimum amount of preparation was required
to prepare the vehicle for testing. 0.E. tires were replaced with those tires spec-
ified for testing and the dump body was installed. The vehicle was fitted with a
brake pedal stop which could be adjusted for a given brake line pressure prior to
testing, thus allowing open loop application of a guasi-step brake line pressure
input. The steering column was also fitted with a stop allowing a preset level of
steer angle input to be applied in an open loop, limited ramp manner.

The instrumentation installed in the vehicle is listed in Table 6-3,

The tractor (see Figure 7-1), a & x 5, 142 in. wheelbase, C.0.E., was tested
in the bobtall condition. Preparation of the wvehicle was similar to that deseribed
for the truck. Vehicle specifications, axle weight and c.g. position data sppear
in Table 6-L. A listing of instrumentation used in the vehicle appears in Table 6-5,

All tests were conducted on the skid pad at the Bendix futomotive Development
Center at New Carlisle, Indiana. Tests were mede on both high coefficlent {dry
jennite) and low coefficient {wet jennite) surfaces.

Prior to testing, brake burnishing was accomplished accerding to SAE J880.

The new tires installed for testing were worn in during this process and on the
trip from HSRI to the test site.
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Figure 6-1. Test vehicle. Straight truck
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General
Engine
Transmission
Rear Axles
Steering Gear
Wheels
Brakes
Air chamber
Wedge angle
Size
Linings
Lining area
Parking-emerg.

Axles

Suspension

Tires
Size

Load Range

TABLE ©-1

Vehicle Specifications, Straight Truck

Lx6, 80,000 1b gvw, straight truck, 190 in. wheelbase

v8-210

5 gpeed forward, 1 reverse with & speed auxiliary spicer

34,000 rated load with 7.8 ratio

19:24:1%, hydraulic power

cagt spoke

Front—dual chamber
wedge type

type 9

1z2°

15 % 5

RM-MA-L17A

21k sq in,

16,000 1b

leaf springs, 11
leaves, 7000 1b

highway tread, tubeless
15-22.%
E

TABLE 6-2

Rear-dual chamber

wedge type

type 12

12°

15 x 6

ABB-693-551-D

752 s¢ in.

single swedge, spring ac-
tuated, 4 rear wheels

34,000 1b

rubber springs, RSA-3b0,
34,000 1b, aluminimum
walking beam

highway tread, tube type
10.00-20
F

Loading Conditions for the Straight Truck

Loading State Axle Loads
Condition front 1b rear 1D total 1b
Empty 8,700 12,700 21,400
Loaded 13,000 52,200 45,200

Total Vehicle C.G. Position

Loading Inches Aft of Inches Above
Condition Front Axle Ground

Empty ilé LA

Loaded 137 55
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TABLE

6-3

Instrumentation

Variable

Ieft front steering angle, 5L
Right front steering angle, Br
Steering wheel angle, as

Brake line pressure at foot

valve, Pf

line pressure at front

Py

line pressure at middle
Fo

Brake
axle,

Brake
axle,
line pressure at rear

Py

Parking brake air pressure, Pp

Brake
axle,

Yaw rate, ¥, pitch, 8, roll,
¢, longitudinal acceleration,
Ay, lateral acceleration, Ay

Wheel rotation, lock-up for each
of six wheels, LU1_6

Vehicle velocity, Vx

Brake lining tewmperature for
each of six wheels, Ty_g

Recorders: (1)
beam coscillogra

(2)
oscillograph

ph
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Instrumentation

Markite, Type 3595 Potentiometer,
5 K ohms

Markite, Type 3595 Potentiometer,
5 K ohms

Amphenol Model 21C1B Potentiometer,

10 K ohms

CEC Type 4-237 Strain Gage
Pressure Transducer

APT1%6 Strain
Trangducer

Dynisco Model
Gage Pressure

APT136 Strain
Transducer

Dynisco Model
Gage Pressure

APF136 Sirain
Transducery

Dynisco Model
Gage Pressure

APT136 Strain
Transducer

Dynisco Model
Gage Pressure

Humphry Ine. Stabilized Platform
Unit CF 18-0109-1

Enwell Bicycle Generators for
go/no-go indication

Tracktest Fifth Wheel

Serve~Rite, Iron-Constantan
Thermocouple

Honeywell Visicorder, Model 2206, 1& Channel, light

Clevite-Brush, Model 2310, 16 Channel, light beam



Model

Engine
Transmission
Rear Axie
Steering Gear
Wheels

Brakes
Special equip.

Air chamber
Wedge angle
Size

Linings
Parking-emer.

Axles
Suspension
Tires

Size

Load Range

Axle Welghts
Bobtail

Total Vehicle C.G.
Position,
Bobtail

TABLE &=L

Vehicle Specifications, Tractor

LxA, 46,000 1b gvw, 1-2-in. wheelbase, COE (sleeper

type)
V"‘89 555

5 speed forward, 1 reverse, 2 speed auxiliary splcer

34,000 with k.1l ratio

28:1 constant ratio, lock to lock

Cast spoke

Pront—dual chamber wedge
type

limiting and quick release

valve

type 12
12°

15 x b4
RM-MR-41TA

12,000 1b
leaf spring

highway trezd, tube type
10.00-20
F

8100 1b

67 inches aft of front axle
Lo inches above ground level
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Rear—dual chamber wedge
type

relay valive and quick re-
lease valve

Type 12

1e°

5x 7

RM-MA-4174

single wedge, spring ac-
tuated, & rear wheels

34,000 1b
L spring

deep lug, tube type
10.00-20
P

800 1b



TABLE 6-5
Instrumentation, Tractor

Variable Instrumentation

Left front steering angle, 6L Markite, Type %9595 Potentiometer,
5 K ohms

Right front steering angle, 6r Markite, Type 3395 Potentiometer,
5 K chms

Steering wheel angle, b smphencl Model 21018 Potentiometer,
10 X chms

Brake line pressure at foot CEC Type 4-327 Strain Gage Pressure

valve, Pf Transducer

Brake line pressure at front Dynisco Model APTL36 Strain Gage

axie, Pl Pressure Transducer

Brake line pressure at tractor bynisco Model APT1%6 Strain Jage

rear sxle, P, Préssure Transducer

Brake line pressure at trailer Dynisco Model APT136 Strain Gage

rear axle, P5 Pressure Transducer

Tractor piteh, €, roll, ¢, Humphry Inc. Stabllized Platform

longitudinal acceleration, A, Unit SA07-011k-1

latteral acceleration, Ay

Yaw rate, @, of tractor Daystrom Pacific Rate Gyro
Model R59BOO-1

Wheel rotation/lock-up for each Enwell Bicycle Generators for

of six wheels, LU, ¢ go/no-go indication

Vehicle velocity, Vx Tracktest Fifth Wheel

Brake lining temperature for each Serve-Rite, Iron-Constantan

of six wheels, T; g Thermocouple

Recorders: Two Honeywell Vislcorders, Model 2206, 14 Channel, light
beam cscillograph

6.3 TEST PROCEDURES

Tests conducted for the purpose of providing data for validation cf the brak~
ing and handiing performance simulation program included steady-state turning and
braking-in-a-turn tests. These tests were run on both high and low coefficient
surfaces, in the empty and loaded condition, and from various speeds. A list of
signals recorded during the tests is given in Table 6-6,

6.%,1 STEADY-STATE TURNING. With the vehicle initially traveling in a
straight line at the specified test speed, a limited ramp steer angle was input to
the vehicle. Prior to the test, the steering column block was adjusted for the
desired maximum steering wheel angle in order that this input could be applied in
‘an open loop fashion. Constant vehicle speed was maintained until a steady-state
vehicle response was obtained and recorded.

Tests were conducted at nominal speeds of 25 and 30 mph. Steer angles yileld-
-ing steady-state lateral accelerations of 25, 50, 75, and 100% of the maximum value

8k
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TABLE b-0
Test Measurements

var.able= Steady-State Turning RBraking-in-a~Turn

EL, 5r’ %S R R
Pry Py, Pz Pg -—- R
Pp - _—
v R R
e R
¢ R R
A - R
X

A, R R
¥

vy K R
LU1M6 - R
le6 - Mon

Key: R~-Record continuously during test
Mon--Monitor before and after test

*Refer to Table 6-% for variable definitions.

consifered safe for the particular load configuration were used. {Maximum safe
steady-state lateral deceleration levels were deemed to be 20 ft/sec2 for the empty
configuration and 16 ft/sec2 for the loaded configuration.)

6.3.2 BRAKING-IN-A-TURN. Braking-in-a-turn tests were begun in the same man-
ner as described for the steady-state turn tests. However, once the vehlcle ob-
tained a steady-state lateral acceleration, & quasi-step brake application was
made, in which the brake line pressure level was determined by the preset condition
of the brake pedal stop. The steer angle was held fixed until the vehicle came to
regt or until the vehicle was in danger of leaving the test area. Tests were con-
ducted from initial velocities of 25 and 30 rph and with initial brake femperatures
of 200°F or less. Steer angles and brake line pressures were chosen to cover a
broad range of lateral and longitudinal decelerations with the aim of establishing
performance limits at which one or more wheels lock.

€.4 TTRE PARAMETERS FOR VALIDATION

Extensive tire test data, taken on the HSRI flat bed test machine (4] was a-
vailabie for new tires of the same model &s those used in the experimental work.
{The tire test data is given in Apperndix G.) It was, of course, necessary to
modify some of this data to fit the speed and surface conditions of the tests.
Thig was done in a slightly different fashion for the dry and the wet surface as
will be shown below. '

6.hk.1 TIRE PARAMETERS FOR THE DRY SURFACE. The tire model was used to match
tire data taken from the flat bed tire test machine ss closely as possible. The
‘speed sensitivity parameter, FA, was set to zero to model flat bed test, and Ho
was chosen from an examination of the fire test data &t low load and high slip
angle. The curve fit parameters T and KF were chosen by trial ané errcr through
the use of the algorithm given in Appendix H. This process, as well as scme
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$1lustrations of the interaction between longitudinal and lateral slip to produce
brake force and cornering force predicted by the tire model, is glven in Section
%,2.2 for the 10 x 20F tire, which was used on the tandem axles of the straight
truck.

The values for T and FA for the dry surface simulation were chosen in the
following way: with FA chosen to be ,005 (a reasonable value based on past ex-
perience in the piich plane modeling) and using the values of (_ from the tire
test dataz and the curve fit parameters as explained above, a few preliminary steady
turn simulations were run. It was immediately apparent from the dry surface runs
that any reascnable p. would lead to geood steady turn resulis when e Was set to
the same value for front and rear tires. Further preliminary runs, this time
simulating braking-in-a-turn, led to the cholce of y, = .B5 for all the tires,

The values of the longitudinal stiffness, Cg, were taken directly from the
flat bed tire test data. Since Cg varies widely with the normal load, the table
lookup mechanism was used as explained in Section 3.2.1 It should be again noted
hera that, in addition to being a basic parameter in any meneuver involving braking,
the longitudinal stiffness is important in a steady turn analysis since a yaw moment
results from the longitudinal slip gradient of dual tires traversing a curved path.

The aligning torque, MZ, arising from the operation of a single tire at a side-
slip angle was also included in the simulations. The data from the flat bed tire
test machine was used directly. Since MZ ig a function of both normal load and
sideslip angle, the table lookup mechanism is slightly more complicated than the
lookup for Cy &nd Cg. An explanation 1s given in Section 3.2.35.

6.4.2 TIRE PARMAMETERS FOR THE WET SURFACE. To choose values for pg and FA
for use in the wet surface validation, the following procedure was used. Using

---the Cys @i, and KF chosen for the dry surface simulations, and with FA chosen to be
.01 {a reasonable value for the wet surface based on past experience in piteh plane
modeling), a few preliminary steady turn simulations were run. It became obvious
from these runs that a minimum u, value of at least .55 on the front tires was re-
quired to negotiate the turns at lateral acceleration levels commonly encountered
in the tests and, in addition, that a higher nominal friction coefficient was re-
guired on the rear tires to maintain yaw rates comparable to those found experi-
mentaliy. (This is reasonable in view of the fact that the rear tires, especially
those on the trailing tandem, are subject to qulte different surface conditions
than the front tires which encounter only the undisturbed water on the jennite
gurface.) From these preliminary runs, the rear tire Lo values were fixed .65,

In the matter of the aligning torgue, some speculation is necessarily involved.
It seems reasonable to assume that, since the cornering forces at any given normal
load and slip angle are lower on the wet surface than on the dry surface, the a-
ligning tcrque at any slip angle and load woulé be less on the wet surface than on
the dry surface.* The values used in the simulation were chosen to be the values
used in the dry surface runs scaled down by the ratio of (ug wet)/{u, dry). The
nligning torque data for the front tires was therefore scaled down by the ratio
.25
857
the tandem tires were operating at such small normal loads that the aligning torque
was consldered negligible.

In the wet surface testing, in which the truck wasg run in the empty condition,

*¥Thig may not be true at very small slip angles. However, the aligning torgue be-
comes negligibly small for very small sllp angies.
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1t should be noted at this point that, as has been pointed out by Frvin, ot
al. in {1%], water depth variations on the order of .07 inches have a "profound
influence on tire-road friction properties.” Since variations in water depth of
at least this magnitude were encountered in the experimental work, 1t should be
expected that the simulation of vehicle maneuvers on such n surfnce should prove &
gpeculative undertaking. Thus, while a comparison botweon the simulntion and the
experimental work on the wet surface indicates good agreement, it should not be in-
ferred that wet surface simulation will, in general, lead to such good results.
In contrest to simulation of maneuvers on a dry surface, from which one mish® ex-
pect reasonably repeatable experimental results, wet sarface maneuvers cannct be
simulated accurately without detailed knowledge of the actual test site at the time
of the tests,

£.5 A COMPARISON BETWEEN TEST DATA AND THE SIMULATION RUNS

6.5.1 STEADY TURNS. Steady turn datz was taken for the strazight truck in the
empty and loaded condition on the dry surface and in the empty condition on the wet
gsurface. In addition, the bobtail tractor was tested in steady turns on the dry
surface. The testing procedure has been explained in Section 6.3) the parameters
necessary to describe the wvehicles are given in Appendix F.

With the input data obtained as described above, the entire series of steady
turn tests conducted on the straight truck was simulated. The results of the sim-
ulation are superimposed on the experimental results in Figures 6u2 through 6-8.

A comparison of the simulated runs with the appropriate empirical data is glven in
Table 6-7. .

At this point, certain differences between the experimental procedure and the
simulated procedure should be noted. The steady turn experimental results were
taken at a steady speed; whatever drive torque necessary to meintain that speed was
applied. In the simulstion, on the other hand, ne drive torque was applied. Thus
the simulated vehicle speed drops during the course of the run as a result of the
longitudinal component of the gide force of the steered front wheels. Therefore,
the initial condition of vehicle speed wes chosen slightly higher than the speed
for which the results were desired; the vehicle model would reach a guasi-steady
turn conditicn in which it would graduaily lose speed. When the speed dropped to
the test speed, the simulated yaw rate and iateral acceleration predictions were
noted. These values are plotted in Figures 6-2 through 6-7 for the straight truck
and in Figure -8 for the bobtail tractor.

Another slight difficulty is that the test deta was taken at speeds slightly
different than the "nominal speed” desired for the test. To facilitate the mean-
ingful superposition of simulated and experimental results on the figures, the
average speed of the empirical results was used as the speed at which the data was
taken from the simulation. The actual speed at which the tests were run is in-
cluded in the list of results given in Table 6.7.

It should also be noted that the measured steer angles were used in the simu-
lation. These were, as one might expect, significantly different from side to side,
(Sinece all the empirical results and simulation runs were left turns, the left steer
angle was always larger than the right.) For the purposes of Figures 6-2 through
16-8 average steer angies were plotted. The measured steer angles are given in
Table 6-7.

With very few exceptions, the measured results and the predicted resulis are
in very close agreement. In all the steady turn figures, the simulated yaw rate
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TABLE 67
Steady Turns, Straight Truck

*

U
5 8 v
T 1L measured {ft/sect) (deg/sec)

(deg) (deg) (rt/sec) measured simulated measured simulated |,
{a) Empty, dry surface

Simulated speed: 39.5 ft/sec
11.8 13.6 3G,7 17.0 18.¢ 24,0 26.0
10.5 12.5 39.6 1k.5 16.8 22.6 zh.3
6.1 7.4 Lo, & 9.6 10.6 1%.7 15.2
2.9 3.7 39,0 L, 83 i, 85 6.6 7.0
2.7 3,2 28,7 L. .35 L7 £.2 6.8
{b) Empty, dry surface

Simulation speed: L46.75 ft/sec
10.8 12.9 L 5 16,32 21.0 26,2 25,6
10.2 12.5 k7,0 17.7 20.8 25,% 25.0
7.1 8.5 b7,5 13.2 16,2 17.7 19. k4
L, 76 5.7 Lg, 6 §.66 10.% 12.2 12.5
2.0% 2.52 Ly.g L7 5.05 5.2 £.1
{c) Low center of gravity, dry surface

Simulation speed: 39.1 ft/sec
G.3 1.4 38.7 14,8 15.7 25.2 2h.o
7.25 8.20 39.7 9,46 1%.1 16,1 18.8
L sk 5.38 38,7 7.3 8.1 11,3 11.8
2.28 2.92 29,3 5.4 4 e 5,9 6.2
(d} Low center of gravity, dry surface

Simulation speed: k5.6 ft/sec
5. 64 7.23 Le, g 13.5 1b,0 18.6 17.9
L6 5,4 LE,6 9.35 10.9 12.5 k.0
2.65 34 L L6 6.75 6.62 8.k 8,2
1.94 2.35 45,6 4.5 b7 5.8 5.8
(e} Empty, wet surface

Simulation speed: 39 ft/sec
10.2 12.1 38.8 11.9 12,7 17.0 18.0
gL 13..6 58.4 11.% 12.2 17.0 18.0
8.8 10.5 38,4 11.0 12.2 © 16,54 17.3
7. 70 8.80 39.0 9.8 i1.5 kb 16.4
5.0 6.1 37.8 7.4 8.2 16.6 12.0
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TABLE 6-7 (Conciuded)

5, &1 Vieasured Ay v

(dEE) (deg) '(ft/sec) (ft/secg) : (deg;/sec)
measured simulsted measured simulated

(£) Empty, wet surface
Simulation speed: U46.8 ft/sec

10.8 13.0 bs,2 12.5 13.4 17.% 16.2
8.5 10.2 b7.5 11.6 12,8 14,9 1h.g
6.6 7.9 Lr,5 10.5 12.1 13.6 )
5,k 6.6 L7.5 9.15 11.3 11.6 1%.6
L7 5,6 L6.6 8.35 10,4 10.6 12.6
3,0 3.k b7.5 6,44 7.1 8.2 8.7
(g) Bobtail tractor, dry surface
Simulation speed: U5 ft/sec
11.5 13.4 he,2 7.7 17.1 20.2 23.1
9.12 10.4% 6,2 16.1 15.8 17.8 20.5
3.9 L3 bl b 7,74 7.85 9.0 10.2
3.25 3,76 Lk, g 6.02 5.92 7.6 7.85

and the simulated lateral acceleration may appear to be different only by a scale
factor. This should be expected since, in the simulated "steady" turns

-

u ey (6-1)

i

AY

where
Ay is the lateral acceleration
u is the longitudinal velocity
é is the yaw rate

The yaw rate and the lateral acceleration were measured independently, however;
thus, the empirical results conform to Equation (6-1) only within the limits of
accuracy of the instrumentation.

6.5.2 BRAKING-IN-A-TURN. The experimental procedure for the braking-in-a-
turn tests has been explained in Section 6.3.2, BSome resulis from these tests are
plotted in Figures 6-9 and 6-10. In these figures, steady-state lateral acceler-
ation before the application of the brakes is plotted versus maximum longitudinal
decelerations after the application of the brakes. The incidence of wheel lockup
may be inferred from the manner of plotting of the point. It should be noted that,
since the properties of the tire-road interface may be expected to be gquite simi-
lzr at the nominal test speeds of 25 and 30 mph, both 25 and %0 mph data is included
in Figures 6-9 and 6-10.

tn the simulation runs, the actual steer and brake pressure data from the
braking-in-a-turn tests was not used; rather, the simaletion was used to predict
the maximum longitudinal deceleration possible without wheel leockup when starting
from s steady turn. Thus, for points in the area of the figures above the simu-
lation line, the simulation will predict wheel lockup, and in the area below the
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simulation line, the simulation will predict that no wheels will lock. The sima-
lated result splits the empirical data quite accurately; with few exceptions, the
locked wheel empirical results fall above the simulation line and the unlocked re-
gults below the simulation line., In the next section, in which a2 single braking-
{in—a-turn run is congidered in detail, further evidence is given of the reliabil-
ity of the straight truck simulation.

£5,5.% DETAILED SIMULATED AND EMPIRICAL RESULTS OF A BRAKING-IN-A-TURN MANEU-
VER, Time histories of the important dynamic variables describing a braking-in-a-
turn maneuver are given in Figure 6-11. In this maneuver, after entering a "steady
right turn, brakes were applied at time t = 2 seconds, and held until the vehicle
stopped. Points taken directly from the empirical data were entered in the simu-
lation for (1) the steer angle (right side steady-state 8.5%, left side steady-
state, 7.0°), and {2) the applied brake pressure at the foot valve. At the time
of brake application, simulated and measured speed were 36.4 ft/sec. Lateral ac-
celeration, Ay, longitudinal acceleration, A,, and yaw rate, ¥, are plotted versus
time. In thisz case, as in the majority of the straight truck runs, the corre-
spondence between the empirical results and the predicted resulis are remarkebly

"
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7.0 VEHICLE TESTS AWD VALIDATIONS FOR THE ARTICUTATED VEHICLE

7.1  INTRODUCTION

In this section the results of the steady turn and braking-in-a-turn tests of
the articulated vehicle are compared with results from the sgimulation programs., A
description of the tracter is given in Section 6.2, and a description of the trailer
is given in T7.2. The test procedures are described in Section T.3%. The measure-
ment techniques used to find the parameters needed for predicting braking perfor-
mance are presented in EReference 1; these include parameters descriptive of the
brake system and the suspensions. The measurement of those additional parameters
necessary to simulate handling maneuvers is considered in Section 5. In addition,
gince the tests were not run on the same surface as that doecumented extensively in
[1], it was necessary to choose new parameters to characterize the tire-road inter-
face, This process is described in Secticn 7.4, The complete set of tire-road
interface parameters used in the simulation runs is given in Appendix F.

In Section 7.5 certain interesting measured time histories are compared with
the corresponding simulation results., Both a stable braking-in-a-turn maneuver
and a straight line maneuver resulting in a Jjackknife are considered.

7.2 A DESCRIPTICN OF THE TEST VEHICLE

In order to provide experimental data for the verification of the braking and
handling simulation program for articulated vehicles, the tractor-trailer combina-
tion shown in Figure 7-1 was subjected to a series of handling performance tests,
These tests included steady-state turning, braking-in-a-turn, and jackknife tests,

The test tractor was a b x 6, 46,000 1b GW, COE on a 1h2-inch wheel base and
was equipped with a four-spring suspension with load leveler, Specifications for
the tractor were given previcusly in Table 6-4. The trailer used for testing was

Figure 7-1. Articulated vehicle
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a 40-7t van type. This vehicle also was equipped with a four-spring suspension
with load leveler rated for a 5h,OOO~lb gross load. Other specifications for this
trailer are given in Table T7-1,

TABLE T-1
Trailer Specifications

Model Lo rt, van type, 2 axle, semitrailer
Suspension 4 spring (3 leaf)
Axles 3L GO0 1b
Brakes S-cam, leading-trailing

Air chambers type 50

Slack adjusters E-inch length

Size 16-1/2 x 7

Linings SAE friction code "EE"
Tires highway tread, tube type

Size 10.00 x 20

Load range F

Tests were conducted on the tractor-trailer ccmbination with the vehicle in
both the empty and loaded conditions. (Load for the trailer consisted of h6,800 ib
of containerized gravel.) Axle weights and center of gravity positions for the
vehicle in both load configurations is given in Table T-2,.

TABLE T-2
loading Conditions for the Articulated Vehicle
Loading Static Axle Load (1b)

Condition Front Rear Trailer Total
Empty g,900 18,500 7,600 27,200
Loaded 10,500 z2, 000 31,800 Th,300

C.G. Position
Loading Tractor Trailer
Condition Aft of front Height Aft of Height
axle(in.) {in.) Kingpin(in.) {in.}
Empty €7 Lo 265 56
Loaded E7 Lo 218 66

In addition to the vehicle preparation previocusly described for the tractor
in Section 6-2, the articulation angle limiter shown in Figure 7-2 was fitted to
the tractor. This device limits the articulation angle of the combination vehicle
t¢ a nomiral value of #15°. In eddition, the OEM tires on the trailer were re-
placed with the ftires specified for testing.

Instrumentation installed on the tractor-trailer combination is listed in
Table 7~3.

The steady turn tests and the braking-in-a-turn tests were conducted on the
skid pad at the Bendix Automotive Development Center {BADC) at New Carlisle,
Indiana, Tests were made on both high coefficient (dry Jjennite) and low coeffi-
cient (wet jennite) surfaces. High speed Jackknife tests were conducted on dry
agsphalt on the oval track at the BADC,
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TABLE 7-3

Instrumentation, Tractor-Trailer Combination

Variable

Instrumentation

Left front steering angle, EL

Right front steering angle, 6r
Steering wheel angle, ES

Brake line pressure at foot
valve, Pf

Brake line pressure &t front
axle, P1

Brake line pressure at tractor

rear axle, Eb

Brake line pressure at trailer
rear axle, P3

Tractor pitch, 6, roll, ¢,
Longitudinal acceleration, Ax,
Lateral acceleration, Ay

Yaw rate, ¥, of tractor

Articulation angle between
tractor and trailer, y-yl

Wheel rotation/lock-up for each

of ten '
en wheels, LLl-lO

Vehicle velocity, VX

Brake lining temperature for each

ft
of ten wheels, Tl-lo

Markite, Type 3595 Potentiometer,
5 K ohms

Markite, Type 3595 Potentiometer,
S K ohms

Amphenol Model 2Z101B Potenticmeter,
10 K ohms

CEC Type 4-227 Strain Guage Pres-
sure Transducer

Dynisco Model APTI36 Strain Cuage
Pressure Transducer

Dynisco Model APT136 Strain Guage
Pressure Transducer

Dynisco Model APT13€ Strain Guage
Pressure Transducer

Hymphry Inc., Stabilized Platform
Unit SAQ7-011b-1

Daystrom Pacific rate Gyro Model
RSGBS0O-1

Beckman Helipot Med 3301, 1 K

Emwell Bicycle Generstors for
go/no-go indiecation

Tracktest Fifth Wheel

Serve-Rite, Iron-Constantan Thermo-
couple

Recorders: Two Honeywell Visicorders, Model 2206, 14 Channel, light

beam oscillograph
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Figure 7-2. Articulaticn angle limiter

Prior to testing, brake burnishing was accomplished according to SAE JBEO.
The new tires installed for testing were worn in during this process and on the
trip from HSRI to the test aite.

7.5 TEST PROCEDURES

Tests conducted for the purpose of providing data for validation of the ar-
ticulated vehicle braking and handling performance simulation program included
steady-state turning, braking-in-a-turn and high speed jackknife tests, These
tests were run on both high and low coefficient surfaces, in the empty and loaded
condition, and from various speeds. A list of signals recorded during the tests
is given in Table 7=k,

7.%.1 STEADY-STATE TURNING, With the wvehicle initially traveling in &
straight line at the specified test speed, a limited ramp steer angle was input
to the vehicle. Prior to the test, the steering column block was adjusted for the
desired maximum steering wheel angle in order that this input could be applied in
&n open loop fashion., Constant vehicle speed was mainftained until a steady-state
vehicle response was obtained and recorded.

Tests were conducted at & nominal speed of 27 mph, Steer angles yielding
steady-state lateral accelerations of 25, 50, 75, and 100% of the maximum value
considered safe for the particular load configuration were used.

7.3.2 BRAKING-IN-A-TURN, Braking-in-a-turn tests were begun in the same
manner as described for the steady-state turn testa., However, once the vehicle
cbhtained & steady-state lateral acceleration, a quasi-step brake application was
mede, in which the brake line pressure was determined by the preset condition
of the brake pedal stop. The sieer angle was held fixed until the vehicle came
to rest or until the vehicle wasg in danger of leaving the test area. Tests were
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TABLE 7-b
Test Heasurements

. Steady-State Jackknife and
Variable . . .
Turning Braking-in-a-Turn
E_, Er’ ts R R
P .
For Fpo B0 By !
P -— -
P
v R R
5 - R
¢ R R
A - R
X
A R R
¥
Vy R R
LUl_é - R
T .6 - Mon

Key: ZR-—Record Continuously During Test
Mon--Monitor Before and After Test

conducted from an initial velocity of 27 mph and with initial brake temperatures
of 200° F or less. Steer angles and brake line pressures were chosen to cover &
broad range of lateral and longitudinal decelerations with the aim of establishing
performance limits at which one or more wheels lock.

7.35.3 HIGH SPEED JACKKNIFE TESTS, With the empty vehicle initialily traveling
in s straight line at 60 mph on the dry surface, & high level step brake applica-
tion was made. The level of brake line air pressure attained, which was determined
. by the preset position of the brake pedal stop, was high enough to produce wheel
lock of at least all four tractor reer wheels. This condition leads to the ten-
dency for the vehicle to respond in an unstable, jackknife mode. When such re-
sponse was imminent, the driver was allowed to introduce steering input in an effort
to avoid jackknife, but the level of brake application was maintained until the
vehicle came to rest. This procedure produced two runs resuliing in jackknife
response.

7.4  TIRE PARAMETERS FOR VALIDATION

Extensive tire test data, taken on the HSRI flat bed test machine [L4] was
available for new tires of the same model as those used in the experimental work,
{The tire test data is given in Appendix G.) It was, of course, necessary to
modify some of this data to fit the speed and surface conditions of the tests.
This was done in a slightly different fashion for the dry and the wet surface as
will be shown below.

7.4,1 TIRE PARAMETERS FOR THE DRY SURFACE. The 10 x 20 F tire, which was
used on the tractor front axle as well as the trailer axles, has been considered
in detail in Sections 6.L4.2 and 3.2.2.

The drive axles were equipped with 10 x 20 F deep lug tires. With FA chosen
to be . 005 (a reasonable value based on past experience in the pitch plane modeling),
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a few preliminary steady turn simulations were run. Based on these results, ug
for the tractor drive axles was chosen to be .85.

7.4.2 TIRE PARAMETERS FOR THE WET SURFACE. The simulations of the straight
truck gave some insight into the 10 x 20 ¥ tire on the wet jennite. Based on the
experience gained in this work, FA = .0l was again used, with u, = .55 on the front
tractor tires and p, = .65 on the trailer tires.

Te choose g, for the deep lug tires on the wet jennite a few preliminary steady
turn simulations were run with FA set to .0l. Based on these runs j, was chosen to
be .75 for the iractor drive wheels, {Such a high value is perhaps justified in
view of the open tread patiern. For more details sbout this tire including photo-
graphs, see Reference 16.)

7.5 A COMPARISCN BETWEEK TEST DATA AND THE SIMULATION RUNS

7.5,1 STEADY TURNS. Steady turn data was taken for the articulated vehicle
in the empty and loaded cordition on the dry surface and in the empty condition on
the wet surface. The testing procedure has been explained in Bection 7.3:; the
parameters necessary to describe the vehicle are given in Appendix F.

With the input data obtained as described sbove, the series of steady turn
tests conducted on the straight truck was simulated. The resulis of the simulation
are superimposed on the experimental results in Figures 7-3 through 7-5. A com-
parison of the predicted results and the numerical data is given in Table 7-3.

As in the case of the straight fruck, certzin differences between the experi-
mental procedure and the simulated procedure should be noted. The steady turn ex-
perimental results were taken at a steady speed; whatever drive torque necessary
to maintain that speed was applied. In the simulation, on the other hand, no drive
torque was applied. Thus the simulated vehicle speed drops during the course of
the run as 2 result of the longitudinal component of the side force of the steered
front wheels. Therefore, the initial condition of vehicle speed was chosen slightly
nigher than the speed for which the results were degired; the vehicle model would
reach a quasi-steady turn condition in which it would gradually lose speed. When
the speed dropped to the test speed, the simulated yaw rate and lateral accelera-
tion predictions were noted. These values are plotted in Figures 7-3 through 7-3.

Another slight difficulty is that the tesi data was taken at speeds slightly
different than the "nominal speed” desired for the test. To facilitate the meaning-
ful superposition of simulated and experimental results on the figures, the average
speed of the empirical results is used as the speed at which the data was taken
from the simulation. The actual speed at which the tests were run is included in
the list of results given in Table 7-5.

It should also be noted that the measured steer angles were used in the simu-
lation. These were, as one might expect, significantly different from side to
side. {Since all the empirical results and simulation runs were right turns, the
right steer angle was always larger than the 1left.) For the purposes of Figures
7-1 through 7-5, average steer angles were plotted. The measured steer angles are
given in Table T-3.

The measured results and the predicted results are in very close agreement
for the empty trailer runs, but in the case of the loaded vehicle, a marked dif-
ference is apparent between the experimental and simulated results, since even atb
1ow lateral accelerations the simulation predicts higher lateral acceleration than
the measured values. The reagons Tor this difference are not clear; the experi-
mental data seems smooth and guite repeatable, yet the simulation has proven guite
accurate, especially for low tateral accelerations. (A simplified purely snalytical
analysis based on the work of Jindra (17] verifies the result of the simulation.)
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TABLE 7-%
Steady Turn Tractor-Trailler
g g v A ¥

r £ measured g
{ft/sec?) (deg/sec)

f
(deg) (deg) ( t/sec) mesasured simulated measured gimulated

(2} Empty, dry surface
Simulation speed: LO.C ft/sec

9.67 11.18 8.1 1,50 15,00 19.8 21.8
§,67 11.07 38.1 14,80 15.80 10.8 21.8
B.56 9,78 %8.1 13.20 14,60 17.7 20,7
8,36 9.Lk6 39,6 12.80 14,30 17.9 20.0
7.3k 8.38 4o,1 11.90 12.90 15,9 18.2
65.2% 7.09 40,5 10.30 11.40 1.1 16.1
5,67 6.2k k0,5 5,60 10.7 15.2 15.0
L.,00 L,ko R 6.50 7.90 3.3 11.0
L L7 L,73 40,5 7.7h 8.0C 10.5 1l.1
{v) Empty, wet surface
Simulation speed: 40.0 ft/sec
6.60 7.84 39,5 9.60 9.8c 1.3 16.1
5,86 6,98 39,5 16.40 10.00 12.9 1.3
&, 86 6.77 L0.% 9.35 9.00 12.7 14,1
5,20 5.90 29,5 9.35 g.ko 10.8 13.5
=02 2.70 39,5 3,20 g,20 11.6 12.8
L hé %,16 ho,2 7.65% 7.75 10.0 12.0
4,93 L.73 £0.3 7.10 7.60 5.0 11.0
L.28 i, ou 40,3 7.40 T.90 9.5 11.2
4,19 L8k 40,3 T7.75 T.75 9.k 11.8
L,09 L, =1 40.3 6,70 7.20 8.9 10.5
%,50 4 kLo ho.3 6.70 7.00 5.8 10.3
{c) Loaded, dry surface
Simulation speed: 39.0 ft/sec
11.07 i2.36 38.8 12.90 16.60 17.8 23%.0
10.69 11.93 28.8 12.20 16.20 17.1 22.7
g.58 10.5h4 39.0 11.30 15.30 15.9 22k
8.74 g.% 38.9 10.90 1L.00 15.4 22,0
8.37 9,85 35,0 10,00 1%.50 _ 15.0 21.7
7.90 8,70 39,0 9,60 1%.50 1.3 19.9
5.20 5.60 39,0 &.70 39,50 9.7 1,2
L, 56 L ez 3G.3 5.50 8,40 7.6 12.3
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Simple explanations such as geometric errors in the description of the vehicle or
errors in the tire description seem at this stage untenable, but it is still ex-
pected that, through the course of future use of the simulation and further experi-
mental work, the reasons for this discrepancy will become apparent.

7.5.2 BRAKING-IN-A-TURN, The experimental procedure for the braking-in-a-
turn tests has been explained in Section 7.%.2. Some results from these tests are
plotted in Figures 7-& and 7-7. In these figures, steady-state lateral accelera-
tion before the application of the brakes ig plotted vs. maximum longitudinal de-
celeration after the application of the brakes, The incidence of wheel lockup may
be inferrsd from the manner of plotting of the point. It should be noted that the
properties of the tire-road interface may be expected to be quite similar at the
nominal test speeds of 25 and 30 mph, thus, both 25 and 3C mph dats is included in
Figures 7-6 and 7-7.

In the simulation runs, the measured steer and brake pressure data from the
braking-in-a-turn tests was not used; rather, the simulation was used to predict
the maximum longitudinal deceleration possible without wheel lockup when starting
from a steady turn. Thus, for points in the area of the figures above the simula-
tion line, the simulation will predict wheel lockup, and in the area below the simu-
lation line, the simulation will prediet that no wheels will lock. The simulated
results split the empirical data guite accurately; with few exceptions, the locked
wheel empirical results fall above the simulation line and the unlocked results
below the simulation line. In the next section, in which a single braking-in-a-
turn run is considered in detail, further evidence is given of the reliability of
the articulated vehicle simulation.

7.5.3 DETAILED SIMJULATED AND EMPIRICAL RESULTS OF A BRAKING-IN-A-TURN MANEU-
VER. Time histories of the important dynamic varisbles describing & braking-in-a-
turn maneuver are given in Figure 7-8a and 7-8b. 1In this maneuver, a left turn
with brakes spplied at time t = Z.1% seconds, points taken directly from the strip
chart data on board the articulated vehicle were entered in the simulation for (1)
the steer angle (right side steady-state 4.73, left side steady-state L, L7} and
(2) the applied brake pressure at the foot valve., ILateral acceleration A,, longi-
tudinal acceleration A,, yaw rate &, and the articulation angle [ are plo%ﬁe& vs.
time, and the simulated trajectory is given. Predicted and measured incidence of
wheel lockup are shown on the right side of the lead trailer tandem axie., In this
case, a&s in the majority of the articulated vehicle runs, the correspondence be-
tween empirical results and the predicted results is remarkably good.

7.%.4 DETAILED RESULTS FOR HIGH SPEED JACKKNIFE TESTS. Time histories of
the important dynamic variables describing a high speed jackknife test are given
in Pigures 7-9z and 7-%b. In this maneuver, which starts with an initial longitu-
dinel velocity of 60 mph, a step input is applied at the foot valve, causing line
pressure to rise almost immediately to 88 psi., This was sufficient to lock all
the tractor and trailer wheels in the test; this result was also predicted by the
simulation. The empirical and simulated results prior to impact with the articu-
lation angle limiter are given in Figures 7-%z and 7-9b. It should be noted that,
slthough the driver tried to maintain stability through the application of the
steering maneuver shown in the figure, that simulated steer angle was held to zerc,
The fact that the driver steer correction was largely ineffective can be inferred
by the relatively close agreement between the simulaticn and the empirical result.
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8.0 SUMMARY AND CORCLUSIONS

The primary cbjective of the Phase II study was to develop & simulation pro-
gram for predicting the steering and combined steering and braking performance of
trucks and tractor-trailers. This objective has been fulfilled, The results from
the simulation compare favorably with the data from vehicle tests.

The problem of developing & simulation tool for predicting the directional
response of an articulated vehicle is an immense, complex undertaking., To complete
this undertaking, it was necessary to begin with the pitch plane medel developed
in Pnase I [1], and perform the following additional tasks:

(1) Select appropriate axis systems and write equations describing the ve-
hicle moticn in terms of dynamic variables defined relative to these axis
systems.

(2) Program and refine a seml-empirical mathematical model for representing
measured tire shear force characteristics, and, in addition, consider
aligning torque and special effects due to dual tires,

{3) Develop technigues for computing forces and moments of constraint between
sprung and unsprung masses. :

(4) Model the fifth wheel coupling between trector and trailer.

(5) 1Include deflection &nd compliance steer characteristics as well as side-
to-side differences in steer angle.

(6) Develop, refine, and use eguipment and technigues for measuring wvehicle
inertial propertles, axle roll steer, fifth wheel roll spring rate, and
tire shear force characteristics,.

(7) Perform full scale vehicle tests consisting of steady turns, braking-in-
a-turn meneuvers, and Jjackknife maneuvers,

(8) Simulate the maneuvers listed in (7) and compare the predicted results
with measured results to verify the validity of the simulations.

A detailed technical discussion of the work done on these elght tasks has been pre-
sented in this report.

The braking and handling program has been written to be efficient and easy to
use, Nevertheless, calculation of articulated vehicle response to braking and
steering inputs is, necessarily, a very complex problem Consequently, the users
of this program must know & great deal about the components of the vehicle (or
projected vehicle} to be able to supply the needed parametric data. In addition,
since almost any conceivable open loocp steering and braking maneuver can be simu-
lated, the user will be forced to carefully consider which combinstions of steering
and braking inputs will give him the most useful information. While computer costs
may run as high as $7.00/second simuiated time,* it seems clear that, with a ju-
dicious choice of simulated maneuvers, the simulations may be used in & very cost
effective manner to aid in the solution of vehicle design probliems,

*For the five axle articulated vehicle, this figure related to the MIS system [see
Section hk). The costs will vary for other systems.
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Appendix A

The following list ineludes input parameters to the program, the parameters
which are computed in the program, an -he variables of motion, The dimensions of
the input parameters are in [inch, por I, second}. These are converted to the
[slug, foot, second] system immediately after they are read into the progrem by sub-
routine INPUT. Thus, the equations of motion and all the asuxiliary computations
in subroutine FCTL are written in terms of varisbles in the [slug, foot, second]
gystem. .
To avoid confusion, parameters which are read in are labelled with an (R),
parameters which are calculated rather than input are labelled with a (¢}, and the
variables of motion are labelled with a (V).

For the walking beam; stralght truck or tractor...

AAL horizontal distance from walking beam pin to front tandem axie
(in.) (R)

AAZ horizontal distance from walking beam pin to rear tandem axle
(in.) {(R)

MRS horizontal distance from walking beam pin to walking beam masg
center {ft.) {C)

Anb vertical distance from axle to walking beam (in.) (R)

AAS vertical distance from axle to torque rod (in.) (R)

An6 horizontal distance from front tandem axle to walking beam wmass
center (ft.) (C)

AAT horizontal distance from rear tandem axle to walking beam mass

center (ft.) ()

For the & sping suspension; straight truck or tractoer...

AAL horizontal distance from front leaf-frame contact to axle center
(in.) (R)

AAZ horizontal distance from rear leaf-frame contact to axle center
(in,) (R)

AAb horizontal distance from front leaf contact to load leveler "pin”
(in.} (R)

AAS horizontal distance from rear leaf contact to load leveler "pin"
(in.) (R)

A6 vertical digtance from axle down to torque rod (in.) {R)

AAT angle between torque rod and horizontal (deg.) (R)

ARB horizontal distance from axle center forward to torgue rod (im,)
(R)

ARML perpendicular distnace from line of action of TRZ { TR3) to for-
ward {rear) tandem axle center (ft.) (C)

ARMZ horizontal distance from sprung mass c.g. to forward tandem axle
center {ft.) {(C)

ARMS horizontal distance from sprung mass c.g. to rear tandem axle

center {ft.) (C)

For walking beam; trailer,..

ARG horizontal distance from walking beam pin to front tandem axle
{in.} (R)

AALO horizontal distance from walking beam pin to rear tandem axlie
fin,} (R)

AALL horizental distance from walking beam pin to walking beam mass

mass center {ft.) (C)
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ABLE vertical distance from axle to torgue rods {in.) (R)

ALK horizontal distance from front tandem axle to walking beam mass
center (ft.) {C)
AALS horizontal distance from rear tandem axle to walking beam mass

center (ft.) (C)

For the 4 spring suspension; treiler...

AAQ norizontal distance from front lear-frame contact fo axle center
(in.) (R)

AAXC horizontal distance from rear leaf-frame contact to axle center
(in.) (R)

AAlZ horizontal distance from front leaf contact to load leveler ' 'pin"
(in.} (R)

AAL3 vertical distance from rear leaf contact o load leveler "pin"
(in.) (R)

AALL vertical distance from axle down to torque rod (in.) (R)

AA15 angle between torque rod and horizontal (deg.) (R)

AA16 horizental distance from axle center forward to torque rod (in.)
(R}

ARMY perpendicular distance from line of action of TRY (TR5) to for-
ward {rear) tandem axle center (ft.) (C)

ARMS horizontal distance from sprung mass c.g. to forward tandem axle
center {(ft.) ()

ARME horizontal distance from sprung mass ¢.g. to rear tandem axle

center (ft.) (C)
For all vehicles...

A transformation matrix from truck (tractor) inertia axis to body
axis (C)

Al horizontal distance from truck (tractor) CG to center of truck
(tractor) front suspension (in.) (R)

A2 horizontal distance from truck (tractor) CG to center of truck
(tractor) rear suspension {in.) (R)

43 norizontel distance from trailer CG to Sth wheel (ia.) {(R)

A horizontal distance from trailer CG to center of trailer sus-
pension (in.,) {R)

ALPHAL static distance, truck (tractor} front axle to ground (in.) (R)

ALFHA? static distance, truck (tractor) rear axle(s) to ground {in.) (R)

ALPHAD static distance, trailer axle(s) to ground (in.) {R)

AT transformation matrix from trailer inertis axis to body axis (C)

BB horizontal distance from 5th wheel to midpoint of tractor rear
suspension (in,) (R)

BZ transformation matrix from truck (tractor) unsprung axis to body
axis (C)

BZT transformation matrix from trailer unsprung axis to body axis (c)

cl viscous damping: jounce on truck (tractor) front suspension
{1b,-sec./in.) {(R)

ce viscous damping: rebound on truck { tracter) front suspension
(1b,~sec./in.} (R)

c3 viscous damping: Jounce on truck {tractor} rear suspension
{1b.-sec./in.) (R)

o viscous damping: rebound on truck {tractor) rear suspension

{1b,-sec./in.) (R)
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cs
ch
CALF( I,01)
CFl

CF2

CP3
CFELI)
CFP2/ 1)
C8(1,J1)
CT/ 1)

D

D1
DEL1-DEL3
DELTA
DELTAL

DELTAR
DELTA3
DT2

DT3
FA{T)
Gl

G2

G3
GAVMMA
564

vy

177
IXZ
ITXX
ITYY
777
1TYZ
TWIND
JAL
JAZ
FAD
J8(I)

viscous damping: jounce on trailer suspension (1ib.-sec./in,) (R)
viscous damping: rebound on trailer suspension {1lb.-sec./in,) (R)
lateral stiffness, tires at wheel I,JI (ibs./deg.} (R)

maximum coulomb friction, tr- 'k (tractor front suspensicn {1b.)
{R)

maximum coulomb friction, truck {tractor) rear suspension (1b.)
{R)

maximum coulomb friction, trailer suspension (1b.} /R)

curve fit parameter No. i, axle I {R)

curve £it parameter No. 2, axle I {deg.) R}

longitudinal stiffness, wheel I,J1 {lbs.} (R)

tire-road interface vertical damping, axle I {1b.-sec./ft.) (C)
vertical distance from 5th wheel to tractor CG {in.,) (R)
vertical distance from 5th wheel to trailer CG {in.) (R)

coulomb friction "break points" (ft./sec.) (C)

reletive displacement at the 5Sth wheel (in.) (&)

static vertical distance, truck (tracter) CG to truck (tractor)
front axle (in.)} (R)

static vertical distance, truck (tractor) CG to truck (tractor)
rear axle(s} {ft.) (C)

static vertical distance, trailer CG to trailer rear axle(s)
(in.) (R)

distance between dual tires, truck {tractor) rear suspension
(in.) (R}

distance between dual tires, trailer suspension {in.) (R)
tire/road friction reduction parameter, axle I {sec./ft.) (R)
gravity x component (R)

gravity y component (R)

gravity z component (C)

articulation angle {deg.) ()

truck {tractor) sprung mass roll moment of inertia {in.-lb,-sec.
**2) (R)

truck {tractor) sprung mass piteh moment of inertia (in.-1b,-sec.
*x2) (R)

truek (tractor) vew moment of inertia [in.-lb.-sec.**2) (R)
trueck (tractor) pltch plane cross moment {in,-1b.-sec.**2) (R)
trailer sprung mass roll moment of inertia {in,-lb,-sec.**2) (R}
trailer sprung mass pitch moment of inertia (in.-lb.-sec.**2) (R}
trailer yaw moment of inertia (in.-lb.-sec.**2) (R)

trailer pitch plane cross moment (in.-1lb,-sec,**2) (R}

wind key; O implies no wind, 1 implies a wind (R)

roll moment of truck (tractor) front axle {in,-1b,-sec,*¥2) (R)
roll moment of truck (tractor) rear axle(s) (in.-lb.-sec,**2) {R)
roll moment of trailer axie{s) {in.-lb.-sec.**2} (R)

polar moment of inertia, wheels at axle I {in.-1b,-sec.*¥2) (R)
spring rate, truck (tractor) front suspension {1b,/in,) (R)
spring rate, truck {tractor) rear suspension (1b./in.} (R}
spring rate, trailer suspension (1b./in.) (R)

number of axles on vehicle ()

truck axle key O for single axle
tractor axle key 1 for walking beam
trailer axle key 2 for four spring suspension
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KROAD
XT(1)

ML

M2

Ms(1)
MCS
MUZERG{ 1)
MZ

NS(I)
OMEGAD({ I,JT)
P

F1

PERCNT
PERCNT{ 1)
PERCNT( 2)
PIN

PINX
PINY
PINZ

PJ1

pPJ2

P33

PX

P

Pz

Q

R

RCHE1
RCH2
RCH3
ROADZS T)
RR(I,J1)
RS1

RSC1
RSC2
RSC3
8(1,J1)
sD
SF(I,JI)

SLIP(I,JI)
SMY(I)

syl

8Y2

8Y3

T 1,JI)

road key (R)

spring rate of tires, axle I {(1lb/in.) (R)

sprung mass of truck (tractor) {slugs) (C)

sprung mass of trailer [slugs) (C)

mass of suspension axle and wheel, axie I (slugs) (C)

moment mcross the Sth wheel (in.-1bs./deg.) {R)

coefficient of friction, tires, axle I (C)
aligning torque {in.-1lbs.) (C}

total static load on tires, axle I (1bs.) (C)

wheel angular scceleration (rad./sec.®) (V)

rotation rate about "body x" axis (rad./sec.) (C)

truck (tractor) walking beam interaxle lcad transfer parameter
(c)

percent effectiveness of truck torgue rods {(R)

percent effectiveness of tractor torgue rods (R)

percent effectiveness of trailer torque rods (R)

Sth wheel spring rate (C}

force on the tractor from the Sth wheel in the X1 direction (C)
force on the tractor from the Sth wheel in the Y1 direction (C)
force on the tractor from the 5th wheel in the Z1 directien (c)
roll moment of inertia of payload (in.-1b,-sec.**2) (R)

pitch moment of inertia of payload [in.-1lb.-sec.¥*2) (R)

yaw moment of inertia of payload (in.-1b,-sec.**2) (R)
horizontal distance from midpoint of truck rear (trailer) sus-
pension to payload mass center (in.) {R)

weight of payload (1b.) (R)

vertical distance from ground to payloasd mass center (in.) (R)
rotation rate about "body y" axis (rad./sec.) (C)

rotation rate asbout "body z" exis (red./sec.) (C)

roll center height, truck {tractor) front suspension (in,) (R)
roll center height, truck (tractor) rear suspension (in.) (R}
roll center height, trailer suspension {in.) (R)

vertical coordinate of road, sxie I..,up is positive (in.} (R)
rolling radius, tires on wheel I,JI (ft.) (C)

compliance steer (deg./in.) (R)

roil steer coefficient, truck [tractor) front suspension (R}
roll steer coefficient, truck (tractor) rear suspension {R}
roll steer coefficient, trailer =.spension (R}

extension of suspension at wheel I,JI (ft.) (C)

velocity of suspension extension {ft./sec.) (C)

_ total lomd minus static load in the suspension, axle I (tension

is positive} {1lbs,} (V)

wheel slip, wheel I,JI (V)

iatersl constraint force at axle I (C)

horizontal distance from truck ftractor) body x-axis to truck
(tractor) front suspension [in.) {R)

horizontal distance from truck { tractor) body x-axis to truck
(tractor) rear suspension (in.) (R)

norizeontal distance from traller bedy x-axis to traller sus-
pension {in,) /R) '

attempted brake torque, wheel I,JI {in,1lbs.) (R}
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TIMF
TN -THL
TPL
T%(I,JI,1)
TRl 1,J1,2)
TRAL

TRAZ

TRAS
TRUCK

TR2-TRS
7T I,J1)
TTN1-TTHk
TXDD{ 1)
TYDD{ I )

We
WFORCE
WMOM
W3l 1)
XDDII)

XDOT I,JI)
X8(1,JI)
XU( 1)

X
YDD(I)
¥s$(1,J5I)
YT(I,JT)
YT{I,JI)
YU(I,dI)
71-73

AB(I,JT)

AC(T,JT)
ALPH1(T,JT)

ALPH3(I,J1)}
ALPHO{I,J1)
ALPEW{T,3T)

ALPRIM T,JT)

BETA(I,JI)
c2({I,JI)

" half

maximum real time for simulation (sec,) (R)
contact force between tractor leaf springs and frame {1b) (V)
trailer walking beam interaxle load transfer parameter ()
line pressure time lag, * eel I,J1 {sec,) (R)
line pressure rise time ¢ aracteristic, wheel I,JI ({sec.) (R)
track, truck {tractor) front axle (in.)
track, truck {tractor) rear axie(s) (in.)
track, trailer axle(s) (in.)
key {R): TRUCK = 1.0, another data set follows

TRUCK = (0.0, call exit
tensile forces in torgue rods at appropriate axle (1b,) (C)
actual brake torque, wheel I,JI (ft.lbs.) {V)
contact forces between trailer leaf spring and frame (1b.) (V)
lengitudinal acceleration of trailer axle I {ft,/sec.**2) (V)
lateral acceleration of trailer axle I (ft./sec.**2)} (V)
static load on trailer walking beam pin (1b.) (C)
speed in the "body x" direction (ft./sec.) (C)
speed in the "body y" direction (ft./sec.) (C)
initial velocity (ft,/sec.” (R)
speed in the "body 2" dire zion (ft./seec.) (C)
sprung weight of truck {tractor) {1b,) (R)
sprung weight of trailer (1b.,) (R)
foree of wind applied to mase center (C)
moment of wind about an axis through the mass center (C)
weight of suspension, axle, and wheel; axle I (1b.) (R)
longitudinal acceleration of iruck {tractor) axle (I)
(£t./sec.,**2) (V)
longitudinal velocity of wheel I,JI (ft,/sec.) (V)
body x coordinste of suspension I,JI (ft.) (C)
body x coordinate of center of axis I (f+.) (C)
static lead on tractor walking beam pin (1b.) (C)
lateral acceleration of truck (tractor) axle I {ft,/sec,**2) (V)
body y coordinate of suspension I,JI (ft.) (C)
tire position, wheel I,JI (ft.} (V)
tire velocity, wheel I,JI (ft./sec,) {V)
body y coordinate of center of wheel I,JI {ft.) (C)
static suspension deflection computed in look-up for nonlinear
spring (f£t.) (C)

half
half
exit

For brake medule at wheel I,JI...

distance from horizontal centerline of drum to parsliel line
through shoe contact {in.) (R)

brake chamber area (sq, in.) (R)

acute angle between a diametrical line through a shcee pin and a
diametrical line through the top (see figure 2-31, Refersnce 1)
drum/lining contact point of the game shoe {deg,) (R)

ALPHO{I) + 2*ALPHL{I) (deg.} (R)

lining contact angle (deg,) (R)

wedge angle (deg.) (R)

radial distance from center of drum to shoe pin !in.)

lining offset angle (deg,) (R)

distance from horizontal centerline of drum to paraliel line
through point of actuating force (in.) (R)
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mechanical efficiency (R)

distance from horizontal centerline through shoe pin to paral-
Jel line through comnector contact point (in.} (R)

0 for
1 for
2 for
3 for
b for
5 for
6 for

no brakes
g-cam brake
2-wedge brake
l1-wedge brake
DSS A

duplex brake
disc brake

distance from vertlcal centerline of drum to parallel line
through shoe contact point (in.) (R)
pushout pressure (p.s.i.) (R)

(R)
) (R)

slack adjuster length (in.) (R)
lining friction coefficient, high {R)
lining friction coefficlent, low (R)

For all vehicles.,.The following are the integration variables sent to subroutine

EM(I,J1)
FRAY(I,JI} brake fade coefficient {R)
HB(I,J1)
1BRT(I,JI) brake type (R)
OB(I,J1)
Po(1,JI)
RC(1,JI) cam radius {in.)
RD( 1,51} drum redius (in.
8SAL{I,J1)
ULH(I,J1)
ULL( I,JI)
HECG
(1) 7 (inertial)
Y{2) W
Y(3) THETA
y(b) Q
Y(5) X (inertial)
Y(6) u
(T} ¥Yr(1,1)
v( 8) a/at(za1)
¥(9) ¥1(1,2)
YT(10) d/dat{ THETAAL)
For a single rear axle tractor...
Y(11) YT(2,1)
Y(12) d/at(za2)
Y(13) YT(2,2)
¥(1k) a/dt( THETAA2)
Y(15) 0
Y{16) 0
Y{1T) 0
(18} 0
For the four ieaf tandem tractor...
{11} yr(2,1)
Y(12} a/dt(za2)
¥(13) Y7(2,2)
Y(1k) d/dt{ THETAAR)
Y(15) YE(3,1)
Y(16) a/at(za3)
Y(18) d/dt{ THETAAD)
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For the walking beam tractor...

¥{11) ¥yE(2,1}
v(12) a/at(zs(3,1))
¥{13%) YT(2,2)
Y1) d/dat{THETATLY
¥{15) YT{3,1)
(16} a/dt(zsl3,2))
Y17} YT(3,2)
Y{18) d/at( THETATR)
¥{19) PHI
¥{20) P
v{z1) T
¥{22) 3]
v{23) ¥ (inertial)
v{2k) v
¥i2%) XT
¥{26) UT
{27} YT
7{ 28) VT
Y(29) ZT
¥(30) WT
¥{31)} PHIT
¥(32) PT
¥{33) THETAT
Y(3k) QT
¥{35) PSIT
Y(36) RT
FPor = single rear axle trailer...
v{37) YT{4,1)
¥(38) d/at{zak)
v(39) YT(4,2)
Y(4o) d/dt({ THETAAL)
vi41) 0
Y(k2) 0
v{L3) 0
y(hi) o
For the four leaf tandem trailer...
Y(37) YT(k,1)
v{%8) d/at{zak)
Y(39) YT(4,2)
Y{4o) d/at(THETAAL)
¥ k1) ¥7T05,1)
Y2} a/at{ zas)
Y(L3) YT(5,2)
Y{ bk &/at! THETAAS)
For the walking beam trailer,..
v{37) YT(k,1)
v(38) a/at(2s(k,1))
Y(39) YT(k,1)
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¥(%0)
y(L1)
y(k2)
Y(53)
T(4k)

a/dt( THETATS)
Y7(5,1)
a/at(2s(5,2))
YT(5,2)
d/dt( THETATS)
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Appendix B

In the truck and tractor-trailer simulation models Euler angles are used to
specify the orienfation of the body axes of the vehicle with respect to a fixed
set of axes (inertial axes)}., Since the Fuler angles for describing the trailer
orientation are anslogous to the Euler angles for the tractcr (or straight truck),
it is sufficient to discuss the equations for computing the tractor orientation.
Similar equations apply to the trailer.

The angles selected for this program are:

(1) ¥, a vaw angle measured in a plane perpendicular to the inertisl system

vertical unit vector £n,

{2} @&, a pitch angle measured in a plene perpendicular to the unsprung mass

iateral unit vector 1,
and

{3) ¢, a roll angle measured in & plene perpendicular tc the sprung mass for-

ward unit vector ®b.
The angles v, ®, and ¢ are shown in Figure B-1. In this discussion four sets of
axis systems are used. These axis systems are specified by the following sets of
unit vectors:

(1) [&n, %n, 2n] the inertial set of unit vectors

(2) [&1, 91, 217 the unsprung mass set of unit vectors

{3} [%2, 92, 22} an suxiliary set of unit vectors

(b} [xb, yb, zb] the sprung mass set of unit vectors

Yew Piteh

1. ¥ about Qn {yaw) 2. © sbout ?l (piteh) %, ¢ ebout Qb (roll)
Figure B-1. BEuler angles

See Figure B-1 for an illustretion of these unit vectors. The [%b, §b, 2b] unit
vectors can be expressed in terms of the [%n, §n, 2n} unit vectors by three ro-
tations through the angles ¥, 9, and ¢ consecutively. Consider these roations

one at a time., For ¥, a rotation about the %n unit vector, as shown in Figure B-1:

%1 = cos ¥ &n + sin v 9n

$1 = -sin ¢ &n + cos ¥ ¥n (B1)

21 = %n
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" (Hote that [%1, 91, 21] ere the unit vectors used i deriving the unsprung mass
equations of motion.) For &, a rotation about the 1 axis:

4 = %1 cos 8 - 2L sin 8
2 = N ()
2 = %1 sin o + 21 cos 9

and for ¢, a rotation sbout the %2 sxis:
% = %
fo = $2 cos ¢ + %2 sin ¢ (B3)
2p = -§2 sin ¢ + 22 cos ¢

(Note that %2 = %b where %p is the forward body sxis of the sprung mess.)
At this point it is convenient to express Equations (81), {B2), and (B3) in
matrix notation. For example, Equation {BL) can be written as:

{%n, ?n, 2n] [cosy -siny O
siny cosy O
0 0o 1

(%1, 1, 21

nl

AL A

[%n, ¥n, zn] (c™) (B4)
where (C™1) is equal to the mstrix used to express the (%1, %1, 21] unit vectors
in terms of the [%n, ¥n, 2n] unit vectors. Similarly, Equations () and (B3) may
expressed ag:

A A AL AL A 12
(%2, ¥2, 221 = [x1, y1, z1] {(c™) {B3)
where
co88 O sind
2
(cl) = 0 1 ©
-s5in® 0 cos6
and
A A A A A A 2b
[zb, ¥b, zb] = [x2, ¥y, z2] (c™) (B6)
where
1 © o]
2b
() = |0 cos¢® -sind

¢ sint® cos¢

Using (B5) to substitute for [%2, 92, 22} in (36),
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12 2b
[%b, §b, 201 = [%1, #1, 2137 (c77)(¢™) (57)
12 2b . ‘s . .
where (C7 J(C) can be evaluated by matrix multiplication, that is,
2
(c¥1(c"%) = T[cose sirosine simocosd] = (b,.) (88)

o cos ~ging
-5in® cosesin® cogdOcost
12., 2b . . : .

(Note that {CT)(C ) = (b i) where (b i} ig used in Fouation (2-5b) of the text,
Also note that(bié} is the matrix obtained by transposing the horizontal rows of
(B8) with the vertieal columns of (B8).)

Now proceeding to substitute for [&1, @1, 21) using Equation (B+}, the fol-
lowing expression is obtained:

(cFP)

nl 12

(%0, $b, 261 = [%n, ¥n, 2] (¢ )(C™7)

The matrix product, (Cnl)(012}(02b)’ is equal to the matrix for the transformation
(aji) which is used in Equation (2-1b) of the texi. Thus,

A

[%b, $b, 2b] = [%n, ¥m, 20} (a ) (29)

a. .
Jl
Carrying out the indicated multiplication (i.e., using Equations (B4) and (B3)),

cosycosd cosygingsint-sindycosd cosysinGcost+sinysing
{a_) = |sinycos8 sinysindsins+cosycost sinysindcose-cosysing { B1O)
gt «5in® cosBsind cosBeosd

and transposing (a_.) one obtains

Ji
cosyooss sindcose -8ing
(ai_) = icosysindsind-sinvcost sinysin@sind+cosycosd coségine{ (Bl1)
J cosysindcost+ainysing sinysinbeost-cos¥sing cosScos?

In summary, if the Euler angles are known, the matrix (aji) can be used to
obtain the inertial axis components of a vector whose body axis components are
given. To illustrate the statement above, consider the sprung mess velocity vee-
tor which is expressed, in body axis coordinates, as

V o= [%, b, 2] [u
v (m12)
W

and, in inertial coordinates, as

V = [%n, %n, 2n] |xiDoOT
YNDOT (B13)
ZNDOT

Using Bouation (B%9) in (B12), one obtains

[0

V o= [%n, ¥n, 2n] (a..) |v (B15)
SEA .
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Fquating the components of ¥ in Equations (B13) and (Blk), one obtains

XNDOT u
YNDOT| = (aj_ Y ogv {B15)
ZNDOT ooty

Thus the inertial components of the velocity fector, V, can be calculated from the
body axis components of V and the matrix, (aji)’ which is & function of ¢, 6, and '
$.

Since the body axes of the sprung mass &re rotating with the sprung mass,
the Euler angles are changing with time during & vehicle meneuver. In the follow-
ing discussion the differential equations for the time rates of change of the
Euler angles are derived. In the computer simulation the Euler enges are found
by integreting these equations. .. .

The time rates of change of the Euler angles are ¥, @, and ¢. These angular
rates can be represented by the vectors #n, 691, and o&b (see reference [18] for
an expleanation of treating angular rates as vectors). The anguler rotation vector
of the sprung mass, w, is the sum of these rates, that is,

& = Bn + &)1 + kv (B16)
In Equation (2~14) © was defined by:
T = piob+adb+rzp (BL7)
Thus, since (Bl6) and {BL7) are two expressions for the same vector,
phb +qfdo+rie = YBn+ 8y + ok (B18)

Now consider expressing %n and @1 in the body axis system. From Flgure B-1 it can
be seen that

%1 = §2 = §b cose - Zb sin¢ (B19)
(This result could also be derived from the matrix {bijy).) It is not easy to vi-
sualize 2n and thus Sn is more readily obtained from the expression {Qn, ﬁn, %n] =
[4b, 9, 2b] (aij}' The answer is

fn = -s5in® %b + cosHsing b + cosBcost 2b ‘ {p20)

Using {B19) and (B20) in (318) and equating the Qb, ?b, %b components, the follow-
ing set of equations are obtained:

P - ¢ - sing &
q = ai.r cosBsine + 6 cose (1)

r = ~é gind + é cosBcost
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Solving (1) for ¥, ©, and ¢, yields

o Gq sin® + r cose)
vo= cosd

§ = q cost - r sind

¢ = P @ sine

In conclusion, equations (B22) are integrated in the simuletion to find ¥, @,

~

,)

and ¢ which are used throughout the computer progrem to convert vector components

from one axis system to anocther.
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Appendix C

C.1. INTRODUCTICIN

The equations of motion of the articulated vehicle are given below. The
straight truck eguations may be derived by setting Kingpin forces and moments
equal to zero in the tractor eguations.

Equations are given in the following order:

a) Fguations concerning the tires

b) FEguations concerning the suspensions

¢) Fgquations concerning the sprung masses

In many areas, & detalled explanation of thne eguations under consideration
will have been given in the body of this report or in Reference 1. In that casge,
only & short summary of the equations will be given in this zppendix and the in-
terested reader will be referred to tne appropriate documentation. To avoid con-
fusion, subscripts indicating axle number or right or left gide are dropped unless
they are necessary for clarity.

C.2. EQUATIONS CONCERNING THE TIRES
For furtner details, gee Section 3.2 of this report.
Normal Forces at the Tire/Road Interface:

N = KT« YT +CT - YTD {c1)

Shear Forces at the Tire/Road Interface:

-1 Vi
a = tan 2 (c2)
uq
g = 1.8 (c3)
33
w
where
u, = u c0sd + u sind {ch)
v = us? + tanZ¥? (c5)
5 w
po= u(1-FA- V) (cé)
1 2 2.1/2
o= oS Fz(l-s){(css) +(ca tang) ] / (c7)
() = {(&n) < A for » < 1 (C7a)
fn) = 1 for A > 1 (CTo)
_CS N S
FW = = () (c8)
-Ca tang
YW = -—l-_-g—-f(P\.) {C9)
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C.3%. EQUATIONS CONCERNING THE SUSPENSIONS
(For more details see Section 3.3.2 of this report.)
a) Single Axle

d
SFEK-A+€:'EE(A)+CF (c10)

where
A is the change in suspension length from stetic equilibrium (extension is
positive), and CF is the coulomd friction. For details of the coulomb fric-
tion model see Reference 1, Section 2.3,

2
e - 28 = L {SF(I) + Fz(I)) (ci1)

I=1
JA - 8A = (Fz(2) - FZ{1))TRA + (s(1) - S(2))FRY - SMY - d (c12)

where d is the vertical distance from the roll center to the sprung mass center,
and where & 1 indicates the left side and 2 indicetes the right side.

sy = FY(1) + FY(2) - MS « (VDL + ¥ * XU) (c13)
RX1 + RX2 = FX1 + FX2 - MS(UDI - 1312xu) (cil)

. E - . . :
RX2 - RX1 = ¢ ((FX2-FX1) ¢+ TRA - JA - V] (c15)

where UD1, VDL and ¥ may be found through the methods of Figure 3-13.

b) The Four Spring Suspension

(For more detalls see Section 3%.3.% of this report and Section 2.%.7 of Ref-
erence 1l.) In the equations in this section, the initial subscript indicates the
axle, the second indicetes right side or left side. A tractor force spring tandem
ig considered here, hence the use of axle subscripts 2 and 3.

For each side,

SF(2,J1) = KK - A(JI) +CF (c16}
where A is the average of the change of suspension length for axles 2 and 3, KX is

the sum of the leaf spring rates, and CF is the covlomd friction.
For both axles,

TR(I,JI) = RX(I,JI)/cosAAT (ci7)
and for each side
TNL(J) + AAL - TN2(J) + AA2 = Js(2) - f{e,d)
+ TR(2,J) - ARML + FX(2,J3) ° RR(2,7) (c18)
TN3(J) - AAL - TNa(J) - AAZ = J8(3) - 0(3,3)
+ TR(3,J) + ARML + FX(3,J) * RR(3,J) {(c19)
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TN2(J) - AAL = TN3(J) - AAS {Cc20)
TH1(J)} + TN2(J) + TN3(J) + TEk(J) = -SF(3,J) + TNIS
+ TNES + TN3S + TKLS (c21)
¢} The Walking Beam Suspension
(For more details see Section 3.3.4 of tals report and Sections 2.3%.6 of
Reference Ll.)
For eacn side

gF(2,J1) = K- a4 +CF (c22)

where & is the change in suspensicn lengtn and CF is the coulomb friction.
For each axle .

TT{T,1) + TT(I,2) - AAL(MS(I) - UDL(I) - FX(I,1) - FX(I,2)})

R(1) = ABL + (1 + P1)AAS (c23)
yA(2) = TR{(2) « PL < AAS (cak)
VA(3) = TR(3) + PL -+ AAS (cas)
For each side
AAB - BT(J) = N(2,J) - AA6 - N(3,J) « AAT
- (va{2) + VA{®))/2 + (SF(2,J) - XXX) - ARD (caf)

where XXX is the static loasd on the walking beam pin.

¢.4, TFQUATIONS CONCERNING THE SPRUNG MASSES

Many kinematic details are given in Section 2 of this report.

THE FIFTH WHEEL FORCES AND MOMENTS. (For more details see Section 3.5 of
this report.)

Let the pogition of the tractor fifth wheel be written

FW = R + XKP(1)Xb + XKP(%)zb (cz7)

where R is a vector from & fixed point = to the wractor sprung mass center. Simi-
larly, the position of the traller fift.. wheel may be written

TFW = TR + TXKP{1)t¥b + TXKP(3)tzb (¢28)

where TR is a vector from p $o the trailer sprung mass center. We are interested
in the vector ©

5 = W~ THR - C (c29)

where E is a constant vector which may be chosen to set

g = 0 {€30)
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for the initisl condition. Since, we have chosen all zero initiel conditions
(with the exception of forward velocity u)

R = m (c31)

In addition, at time zero
o = tko = xn (c3ee)
b = tkb = in (C32b)

thus the vector c may be found to be
T = (TXKP(1) - XKP(1))%n + (TZKP(3) - ZKP(3))2n (c33)

The vector 5 mey now be written

T = R~ TR + XKP{(A(1,1)-1)%Xn + A(1,2)fn + A(1,3)2n)

+ ZKP{A(3,1)%n + A(3,2)5n + (A(3,3)-1)%n)

(c3k)
+ TXKP{(AT(1,1)-1)%n + AT(1,2)§n + AT(1,3)2n}

+ TEKP(AT(3,1)%n + AT(3,2)im + (AT(3,3)-1)2n)

Now since R -~ TR is just the vector difference between the sprung mass center
positions, the components of g may easily be caleculated from Equation (C3l).
The relative velocity at the fifth wheel may be calculated by a straight-
forward Gifferentiation of & &z given in Equation {C34). Referring to Equation
(B11) for the A(I,J) and dropping the high order products of small terms yields

£ = R- TR + XKP{%(-sinw % + cos¥ §n} -6 Qn}
. . . A . . . . A
+ ZKP((® cosVv + ¢ siny)Xn + (& siny - ¢ siny)yn)
_ A N (c35)
+ TXKP(¥T(~sin¥T Xn + cos¥T yn - 8T zn}
+ TZKP{{BT cosVT + #T sinyT)kn + (8T sinyT - oT cosVT)in )
Now the force transmitted through the fifth wheel may De easily computed.

F = KFW ' B +CFW * b ' (%)

This force msy be written for convenience in the yaw axis components for both
tractor and trailer:

¥ PINK %1 + PINY §1 + PINZ zi

(c37)

TPINX tR1 + TPINY t§1 + TPINZ tPl

The roll moment transmitted thnrough the fifth wheel is assumed & function
only of the roll sngles of the tractor and semitrailer {the effects of pitch
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rotation and the articulation angle are reglected), Thus
AMOM = {MCS ¢+ {¢-¢T) + CC5 - (&-ét)}ﬁl (c38)

c.5. THE BQUATIONS OF MOTIC OF THE SPRUNG MASSES

Only the tractor will be considered nere. The equations of trailer sprung
mass motion a&re directly analogous to the tractor equations.

Due to tne way tne suspension eguations are written, tne Torces and momenus
on the sprung mass may be writzen most conveniently in the [X1, Y1, 7Z1i] system.
Tn the following equations, I is the axle number; J = 1 indicates tne left side
and J = 2 indicates the rignt side. The total number of tractor axles is KAXLE.

The total force on the sprung mass may be written

F o= F1) FL+r(2) 1+ F(3) 21 (c39)
where
KAXLE 2
F(1) = PINX + L L RX(I,J) (choa )
I=1 J=1
KAXLE
F(2) = PINY + L SMY(I) (Chov)
I=1
KAXLE 2
F(3) = PINZ + L L SF(I,JI} (choe)
1=1 J=1

These may then be rotated into body position and used to calculate the accel-
erations:

>
G = TV - QW + L7 B(1,K) * F(K)  (chia)
Ml
K=1
, 2
¥ = pew-r.u+=— L B(2,K) - F(K) (chib)
ML
K=1
1 .
W = g-u-p-°v+= 1 B(3K) - F(K) (chic)
ML)

Tne computation of the total moment on the sprung mass depends on the fifth
wneel forces and roll couple, the forces of constraint at tne suspensions, and
tne brake torgque. We will assume & single rear axle here; note tnat in the case
of a walking beam or four spring suspension, sligntly more compiicated moments in
the §l direction result. These sdded terms are carefully derived in Secticns
2.%.¢ ana 2.3.7 of Reference 1. The total moment on the tractor sprung mass of &
single rear axle vehicle may be defined as

T o= MOM(L)EL + MOM(2)F1 + MOM(3)Z1 (ch2)
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where

2
MOM(1) = «PINY - 2KP + 2 {(SF(I,2) - SF(I,1)) * FRY
| =t (ch3a)
- sMy(1) + d(I))
MOM(2) = PINX - ZKP + PINZ - XKP
2 2
- 2 X {T(1,J) + RX{I,J)(ALPHA{I) (chzb)
J=1 I=1
+ DELTA(I) - 2) - SF(I,J) « X8(I))
2
MOM(3) = PINY ¢ XKP + L {{®Rx(I,1) - RX(I,2}) - FRY(I)
=1 (Cl3c)

+ 8MY(T) - x8{I)}

These may then be rotated into body position &nd used to calculate the angu-
lar accelerations:

R S - . g - : .
p = Ix{(lyy Izz) Q-r+I (r+p q)
x 3 {Chka)
+ L MOM(K) ¢ BZ(1,X))
K=1
where r is estimated s shown in Figure 3-13%.
SR . o 2 2
@ = 7 1, Ixx) p-r+I (27 -0p)
4 s (chkb)
+ L MOM(K) + B2(2,K)}
K=1
Poe (I -1 ) p-a+I (b-a-r)
IZZ XX Yy XZ
3 (Chbe)
+ 2. MOM(K) - Bz(3,K))
K=1
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Appendix D

D-1. INTRODJUCTION
‘ The purpoese of this appendix is to facilitate use of the prograr Initially,
tne most straightforward options are .resented. Note there is one pa eter per
record except where & iwo coordinate relationghip is appropriate; i.e., pressure-
torque tables, etc. Integer variables are in I2 formet. Real variables are in
F15.5 format. Pairs of numbers are entered in 2F10.3 formatl.

D-2. INPUT INSTRUCTIONS FOR THE STRAIGHT TRUCK PROGEAM

Ir this section, the most straightforward options of the stralgnt truck pro-
gram are presented. Datae List D-1 gives tne order of dats inpubt for a single rear
axle vehicle witn dynamometer tables.

In the case of bandem rear axles, there will be several changes from the se-
quence in Data List D-1. Data List D-2 and D-3 give the order of the input data
for the walking beam asnd the four spring tandem axles, regpectively.

D-3%. INPUT INSTRUCTIONS FOR THE ARTICULATED VEHICLE

In tnis section, the most straightforward options of the articulated vehicle
are given. Data Ligt D-k gives the order of the input data for a three-axle ve-
hicle.

In the case of tandem axles, there will be several changes from the sequence
ghown in Data List D-L. Data List D-5 gives the input sequence for a four spring
tandem axle tractor % -n & four spring tendem axle trailer. The input sequence
for the walking beam .ndem axle tractor with a walking beam tandem axle trailer
differs from Data List D-5 by the mbsence of AAG, AAT, AAB, AAlL, AAlS, and AALG.
PERCNT(1) and PERCNT(2) are to be inserted after MUZERO(5).

D-4. THE BRAKE TABLES - INPUT INSTRUCTIONS

The brake tables allow user input time varying pressure at the foot valve and
dynamometer curves for each wheel. Table 1 is the time vs. pressure table.
Tables 2 through 2¥KAXLE + 1 are the pressure vs. torque tables. {Note KAXLE is
the total number of axles. Thus, there is one pressure vs. torgque table for each
wheel.) Each table may contain up to 25 coordinate pairs entered in ZF10.3 for-
mat. The aetual number of pairs in the a itable is always the first entry for that
table. The time vs. pressure table must always be entered. The pressure vs.
torque tables must be entered unless the brake modules are to be used.

D-5. STEER TABLE LOOK-UP

There are two time vs. steer angle tables. The first one is for the left
front wheel, the second is for the right front wheel. Fach table may contaln up
to 25 coordinate pairs entered in 2F10.3 format. The first of the two numbers is
the time value, the second is the corregponding steer angle. Preceding each table
is a data card containing in 12 format the actual number of pairs in that table,

Both steer tables must always be entered and are placed after the brake
tables or the brake modules and after the force deflection tables and the aligning
torgue tables 1f either of these are used.

D-6, INPUT INSTRUCTIONS FCR VARIOUS OPTICNS

To use the following program options, special action by the user is reguired.
Input instructions for the various options sre explained below:

ROUGH ROAD

A data card containing a -1 (I2 format) must be inserted after the 80-
character title data card and before XEY or KEY(1). This signals the program to
call subroutine ROAD at the proper time and place. Subroutine ROAD contains a
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user input function or series of points for roed heignt coordinate data. An exam-
ination of the subroutine ROAD list will clearly indicate how and where to ingert
the road profile.

THE BRAKE MODULES

To use the trake subroutine, insert a -1 or & -2 (12 format) immediately
after the time vs. pressure table. This will cause & call to subroutine BRAKE.
The parameters needed for the brake ralculations will then be read. A -1 indi-
cates side-to-gside equality of brakes. Thus one brake type and its related param-
eters must be entered for each axle. A -2 indicates side~-to-side inequality of
brakes. Thus one brake type and its related parameters must be entered for each
wneel, If you are uging tne brake modules omit the pressure vs. torque tables.
(See Date List D-6 for & list of brake types and their related parameters.)

ALIGNING TCRQUE TABLE LOCK-UP

The date cards for aligning torgue are placed immediately before the steer
tables. There is one set of tables for each axie. The first data card should be
a -1 (I2 format) to signal that aligning torque is to be used and more data fol-

" lows. There may be-5 or less vertical load entries for each axle and 5 or less
sideslip engle, aligning torque pairs for each vertical load entry. The aligning
torgue values are for cne tire. refer to section 3%.2.3% for further details.

Following is an example of the aligning torque tables for one axle (in per-
ticular the front axle of the tractor-treiler}. A similar set of data cards
should be entered for each axle.

03 (NO. OF VERTICAL LOAD ENTRIES FCR THIS AXLE IN I2 FORMAT)
2800. C5 (FIRST VERTICAL LOAD ENTRY, NO. OF SIDESLIP ANGLE VS. ALIGNING
TORQUE PAIRS IN F10.3, I2 FORMAT)

0.0 0.0 (SIDESLIP ANGLE, ALIGNING TORQUE) (2F10.3 FORMAT)
2.0  80.
L.0 108.
8.0 81.
16.0 24,

5420. V) (SECOND VERTICAL LOAD ENTRY, NO. OF SIDESLIP ANGLE VS. ALIGNING
TORQUE PAIRS IN F10.3, I2 FORMAT)

0.0 0.0 (SIDESLIP ANGLE, ALIGNING TORQUE} (2F10.3 FORMAT)
2.0 182.

L,o 274,
o 263
0 132.
05 (THIRD VERTICAL LOAD ENTRY, NC. OF SIDESLIP ANGLE V5. ALIGNING

TORQUE PAIRS IN F10.3, I2 FORMAT)

o 0.0 (SIDESLIP ANGLE, ALIGNING TORQUE) (2F10.3 FORMAT)
2.0 3235
L.o 533.
§.C 618.
2.0 56L.
LATERAL STIFFNESS TABLE LOOK-UP
The user sets a flag for lateral stiffness table look-up by setting CALFL to
a negative value. There is one table for each axle. (NQTE: There is a CALF
teble look-up for either all or none of the axles.) FEach table may contain up to
25 coordinate pairs entered in 2F10.3 format. The first of the two numbers is &
vertical lomd value. The second is the corresponding lateral stiffness value.
Preceding each table is a data card containing in I2 format the actual number of
pairs in that table.
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Trhe lateral stiffness tables are placed after the steer tables. (See Dats

List D=7.)

LONGITUDINAL STIFFNESS TABLE LCOK-UP

The user set a flag for longitudinal stiffness table look-up by setting CS1
to & negative value. There is one table for eacn axle. {NOTE: There is a C8
table look-up for either all or none of the axles.) FEach table may contain up to
25 coordinate pairs entered in 2F10.% format. The first of the two numbers is a
vertical loed value. The second is the corresponding longitudinel stiffness value.
Preceding each table is a data card containing in I2 formalt the actual number of
pairs in that table. :

The longitudinal stiffness tables are placed after the lateral stiffness
tables if they are used, otherwise after the steer tables. (See Data List D-8.)
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DATA LIST D-~1
SINGLE REAR AXLE VEHICLE

80 Character Title (20Ak format)

0
Al (Flu.k format)
A2
ALPHAL
ALPHAZ
c1*
cox
okt
Ch»
CALFL##
CALF2%%
CFl*
CFa#
CFP11
CFP12
CFP21
CFP22
Co1w*
£gowx
DELTAL
T2
FAl
EAR
IXX
Ivy
172
IX7
Jal
JAZ
Js1
J82

Kl
K2
KT1#%
KTE**
MUZEROL
MUZEROZ
W
P
PI2#*x
PJ3ws
P s
PP ¥¥4
RCH1
RCH2
RS1
RSC1
RSC2
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DATA LIST D-1 (Continued)

sY1

8Y2

“IMF

3AL

TRAZ

VEL

W

WSl

ws2

(1,1,1) TQ{1,1,2) (2Fl0.% FORMAT}

TQ(1,2,1) 1&(1,2,2)

Tq(2,1,1) Ta(2,1,2)

10{2,2,1} TQ(2,2,2)

NO. OF PAIRS IN TIME VS. PRESSURE TABLE {I2 FORMAT)
TIME FRESSURE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

4 .

TIME PRESSURE
NO. OF PAIRS IN PRESSURE VS. TCRQUE TO AXLE 1 (I2 FORMAT)
PRESSURE TORQUE (UP TO 25 PAIRS IN 2F1C.% FORMAT)

PRESSURE TORGUE
NO., 0% PAIRS IN PRESSURE VS. TORQUE TO AXLE 2 (I2 FORMAT)
PRESSURE TORQUE

. «

. -

PRESSURE TCRQUE
NO. OF PAIRS IN TIME VS. LEFT FRONT STEER ANGLE TABLE (12 FORMAT)
TIME STEER ANGLE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

TIME STEER ANGLE
NO. OF PAIRS IN TIME VS. RIGHT FRONT STEER ANGLE TABLE (I2 FORMAT)
TIME STEER ANGLE {(UP TO 25 PAIRS IN 2F10.3 FORMAT)

TIME STEER ANGLE

Gl

G2

IWIND (I2 FORMAT)
TINC

TRUCK

* (ne side value

** Yalue for one tire
#*%0mit if PW = 0.0
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DATA LIST D-2
WALKING BEAM SUSPENSION, STRAIGHT TRUCK

80 Character Title (20Ak format)
01

AAl (FlL.k format)
AAZ

AAL

AR5
ALPHAL
ALPHA2
Cl+

cex

C3H*

Cl
CALF1#+
CALF2=%
CALF%**
CFi+
CF2*
CFP1l
CFP12
CFPLl3%
CFpP21
CFr22
CFP23
{8luw
CS2**
CY R
DELTAL
T2

FAL

FAZ

FA3

IXX

1YYy

IZZ

IXZ

JAL

JAZ

J51

Js2

J83

Kl

K2

KTl %**
KT2%%*
KTo*x
MUZERCL
MUZERO2
MUZERO®
PERCNT
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DATA LIST D-2 {Continued)

F.Jl#ws
PJoww#
PIRHkH
TH**x
P7 #%%
RCH1
RCHZ2
RS1
RSC1
RSC2
SY1
5Y2
TIMF
TRAL -
TRAZ

1Q(3,1,1
16(3,2,1)

TQ(1,1,2) (2F10.3 FCRMAT)
TQ(1,2,2
To(2,1,2)
10(2,2,2)
TQ(3,1,2)
TQ(3,2,2)

NO. OF PAIRS IN TIME VS. PRESSURE TABLE (I2 FORMAT)
" TIME PRESSURE (UP TO 25 PAIRS IN 2F1C.% FORMAT)

TIME PRESBURE
NO. OF PAIRS IN
PRESSURE TORQUE

PRESSURE VS. TORQUE TO AXLE 1 (I2 FORMAT)
(UP TO 25 PAIRS IN 2F10.3 FORMAT)

-

PRESSURE TORQUE
KO. OF PAIRS IN
PRESSURE TORQUE

. -

PRESSURE VS. TORQUE TO AXLE 2 (I2 FORMAT)
(UP TO 25 PAIRS IN 2F10.% FORMAT)

@

PRESSURE TORQUE
NO. OF PAIRS IN
PRESSURE TORQUE

PRESSURE VS. TORQUE TO AXLE 3% (I2 FORMAT)
(UP TO 25 PAIRS IN 2F10.3 FORMAT)

PRESSURE TORQUE
NO. OF PAIRS IN TIME VS. LEFT FRONT STEER ANGLE TABLE (I2 FORMAT)
TIME STEER ANGLE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

o

TIME STEER ANGLE
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DATA LIST D=2 (Continued)

NC. OF PAIRS IN TIME VS. RIGHT FRONT STEER ANGLE (I2 FORMAT)
TIME STEER ANGLE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

TIME STEER ANGLE

Gl

62

TWIND (I2 FORMAT)
TINC

TRUCK

* One side value

#% Yalue for one tire
*#% Omit if PW = 0.0
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DATA LIST D-3
FOUR SPRING SUSPENSION, STRAIGHT TRUCK

80 Character Title (2044 format)
o2

AAL
AaR
Abk
AAT
As6
ARTT
AAB

Al

A2

Ci*
cex
C3*
Cl=
CALF1#»
CALF2¥**
CALF 3%
CFL1*
CFax
CFP11
CFPL2
CFPLZ
CFP2l
CFP22
CFP23
Colxs
C8o#*
Ccs ek
DELTAL
DT2
FAL
FA2
FA%
IXX
1YY
177
IXZ
JAL
JA2
Jsl
Js2
J83
K1

K2
KT1#*
KTo%*
KTR**
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MUZERCL
MUZEROZ
MUZERO3
bll
PJl#%®
P o
PJZes%
P 44w
P7 %#%
RCH1
RCHZ
RS1
RSCL
RSC2
8Y1
sYe
TIMF
TRAL
TRAZ
VEL

W

WSl
ws2
W53

DATA LIST D-3 (Continued)

mQ{1,1,1) Ta(l,1,2) (2Fi0.3 FORMAT)
rQ(1,2,1) TQ(1,2,2)
To(2,1,1) Te(2,1,2)
q(2,2,1) Ta(2,2,2)
TQ(3,1,1) Ta(3,1,2)
TQ(3,2,1) Ta(3,2,2)

NO. OF PAIRS IN

TIME VS. PRESSURE TABLE (I2 FORMAT)

TIME PRESSURE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

TIME PRESSURE
NO. OF PAIRS IN
PRESSURE TORQUE

v *

PRESSURE TORQUE
NO, OF PAIRS IN
PRESSURE TORQUE

-

= -

PRESSURE TORQUE
NO. OF PAIRS IN
PRESSURE TCRQUE

*

PRESSURE TORQUE

PRESSURE VS. TORQUE TO AXLE 1 (I2 FORMAT)
(UP TO 25 PAIRS IN 2F10.3 FORMAT)

PRESSURE V8. TORQUE TO AXLE 2 {I2 FORMAT)
(UP TO 25 PAIRS IN 2F10.3 FORMAT)

PRESSURE VS. TORQUE TO AXLE 3 (I2 FORMAT)
(UP TO 25 PAIRS IN I2 FORMAT)
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DATA LIST D-3 (Continued}

NC. OF PAIRS IN TIME VS. LEFT FRONT STEER ANGLE TABLE (I2 FORMAT)
TIME STEER ANGLE (UP TO 25 PAIRS IN I2 FORMAT)

TIME STEER ANGLE
NO. OF PATRS IN TIME VS. RIGHT FRONT STEER ANGLE TABLE (I2 FORMAT)
TIME STEER ANGLE {(UP TO 25 PAIRS IN I2 FORMAT)

TIME STEER ANGLE

Gl

G2

TWIND (I2 FORMAT)
TINC

TRUCK

* Value for one side
** Value for one tire
*¥% Omit if W = 0.0

150



DATA LIST D-k
PRACTOR-TRAILER SINGLE AXLE VEHICLE

&0 Character Title (20A4 format)
0

0

Al (Flk.4 format)
A2

A3

Al
ALPHAL
ALPHAZ
ALFHA®
BB

cL*

op*

CB*

Cl*

C5*

Co*
CALFL**
CALF2%*
CALF3*%
CFi=
CF2*
CF3*
CFPL1l
CFPi2
CFPL3
CFP2l
CFP22
CFP23
QL
Coo**
043 5**

D
DELTAL
DELTA3
DTe

DT3

FAL

FA2

FA%

IXX

1YYy

172

X7
ITKX
ITYY
ITZZ
ITXZ

151



DATA LIST D-4 {Continued)

JAl
JA2
JA3
Jo1
J52
J83

Kl

Kz

K3
KTl
KTa**
KTH**
MCH
MUZEROL
MUZERCZ
MUZERO3
PW
PJL1ex+
Fio#xx
PJA#%#
PX #wH
P7#%*
RCHL
RCHZ2
RCH
RS1
R5C1
RSC2
RSC3
S5Y1
SY2
8Y3
TIMF
TRAL
TRAZ
TRAS
VEL

(2F10.3 FORMAT)
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DATA LIST D-4 (Continued)

NO. OF PAIRS IN TIME VS. PRESSURE TABLE (12 FORMAT)
TIME PRESSURE (UP TO 25 PAIRS IN 2F1C.3 FORMAT)

TIME PRESSURE
NO. OF PAIRS IN THE FRESSURE VS. TOTAL TORQUE TO AXLE 1 (I2 FORMAT)
PRESSURE TORQUE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

*

PRESSURE TORQUE
NO. OF PAIRS IN THE PRESSURE VS. TOTAL TORQUE TC AXLE 2 (I2 FORMAT}
PRESSURE TORQUE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

PRESSURE TORQUE .
NO. OF PAIRS IN THE PRESSURE VS. TOTAL TORQUE TO AXLE 3 (I2 FORMAT)
PRESSURE TORQUE

. +

PRESSURE TORQUE
NO. OF PAIRS IN TIME VS. LEFT FRONT STEER ANGLE TABLE {I2 FORMAT)
TIME STEER ANGLE {(UP TO 25 PAIRS IN 2F10.3 FORMAT)

. L}

TIME STEER ANGLE
NO. OF PATRS IN TIME VS. RIGHT FRONT STEER ANGLE TABLE (I2 FORMAT)
TIME STEER ANGLE (UP TO 25 PAIRS IN 2F10.3 FORMAT )

TIME STEER ANGLE

Gl

Ge

TWIND (I2 FORMAT)
TIKRC '

TRUCK

+ QOne side value

*% yalue for one tire
***0mit if PW = C.0
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DATA LIST D-5
TRACTOR-TRAILER FOUR SPRING

80 Character Title (2CAx format)
KEY(1) (I2 format)
KEY{(2)

AAl (Flh.4 format}
ARZ

ARk

ARS

ARG

AAT

AAB

AAG

AALO

AALR

ARLP

AALL

AALS

AALE

Al

A2

A%

AL

ALPHAL

" ALTHAZ

ALPHA3
BR

Cl*

cox
CH*

Cly

Co*
6
CALFL**
CALFR#*
CALF3%*
CAL¥L**
CALFS**
CFL*
CF2*
CF3*
CFPLL
CFP12
CFPL3
CFP1L
CFF15
CFP2L
CFP22
CFP23
CFP2L
CFP25
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CE1=¥
csax*
Coh#*
8L =x
CSH**
D
DELTAL
DELTA?
DTz
T3
FAl
FAZ
FAS
FAL
FAS
TXX
IYY
TzZ
IXZ
ITXX
ITYY
ITZZ
ITXZ
JAL
JA2
JA%
Js1
J52
J85
Jsh
J85

Kl

K2

K3
KTl
KT2#%
KTB#*
KTh**
KTo*#
MCS
MUZERO1
MUZERO2
MUZERC3
MUZEROL
MUZERCS
PW
PJl#+#s
PJo**#
PJRe*x
PX ##%
P7w s

DATA LIST D-% (Continued)
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DATA LIST D-5 {Continued)

RCH1

RCHZ

RCH3

RE1

RSC1L

REC2

REC3

S¥Y1

8Y2

gY3

TIMF

TRAL

TRAZ

TRAS

VEL

Wi

W2

W51

W82

W33

Wk

WSS
Ta{l,1,1) 1(1,1,2
TQ(1l,2,1) TQ(L,2,2
Tq(2,1,1) Ta{2,1,2)

TQ(2,2,1) Ta(2,2,2)

TQ(3,1,1) Tq(3,1,2)

TQ(%,2,1) TQ(3,2,2)

TQ(4,1,1) TQ(k4,1,2)

TQ(k4,2,1) TQ(k,2,2)

TQ(5,1,1) TQ(5,1,2)

T(5,2,1) TQ(5,2,2)

NO. OF PAIRS IN TIME V3. PRESSURE TABLE {12 FORMAT)
TIME TRESSURE (UP TO 25 PAIRS IN 2§F10.3 FORMAT)

-

) (2F10.3 FORMAT)
)

-

TIME PRESSURE
NO. OF PAIRS IN PRESSURE VS. TOTAL TCRQUE TO AXLE 1 (I2 FORMAT)
PRESSURE TORQUE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

PRESSURE TCRQUE
WO. OF PAIRS IN PRESSURE VS. TOTAL TORQUE TO AXLE 2 (I2 FORMAT)
PRESSURE TORQUE (UP TC 25 PAIRS IN 2F10.3 FORMAT)

PRESEURE TORQUE
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BDATA LIST D=5 (Continued)

NO. OF PAIRS IN PRESSURE VS. TOTAL TORQUE TO AXLE 3 (I2 FORMAT)
PRESSURE TORQUE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

PRESSURE TORQUE
NO. OF PAIRS IN PRESSURE VS. TOTAL TORQUE TC AXLE 4 {I2 FORMAT)
PRESSURE TORQUE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

PRESSURE TORQUE
NO. OF PAIRS IN PRESSURE VS. TOTAL TORQUE TO AXLE 5 (I2 FORMAT)
PRESSURE TORQUE (UP 70O 25 PAIRS IN 2F10.3 FORMAT)

.

PRESSURE TORQUE
NO. OF PAIRS IN TIME VS. LEFT FRONT STEER ANGLE TABLE (I2 FORMAT)
TIME STEER ANGLE (UP TO 25 PAIRS IN 2F10.% FORMAT)

.

TIME STEER ANGLE
NO. OF PAIRS IN TIME VS. RIGHT FRONT STEER ANGLE TABLE (I2 FORMAT)
TIME STEER ANGLE (UP TO 25 PAIRS IN 2F10.3 FORMAT)

-

TIME STEER ANGLE

Gl

G2

IWIND (I2 FORMAT)
TINC

TRUCK

* QOne side value

*#% Value for one tire
*+##0mit if PW = 0.0
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DATA LIST D-6
BRAKE MCI ".ES

0 RO BRAKES (Il format)
1 S-CAM BRAKE (Il format)
AC

EM

FRAY

0

RD

ULH

ULL

ALPHC

ALPH3

APRIM

HB

RC

SAL

2 2-WEDGE BRAKE (I1 format)
AC

M

FRAY

PO

RD

ULH

ULL

AB

ALFHO

ALHPW

BETA

e

OH

% 1-WEDGE (Il format)
AC

M

FRAY

PO

RD

ULH

ULL

ALFHO

_ALPHW

ALPH?

APRIM

HB

4 DSSA (Il format)
AC

M

FRAY

PO

RD

ULH

ULL
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AB
ALPHO
ALPHW
ALPH?
APRIM
BETA
c2

HB

OH

5 DUPLEX BRAKES (Il format)
AC

M
FRAY
PO

RD
ULH
ULL
AB
ALPHO
ALPHW
BETA
ce
CH

& DISC BRAKES (Il format)
AC

EM
FRAY
PO

RD
ULH
ULL

DATA LIST D-6 {Continued)
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DATA LIST D-7
LATERAL STIFFNESS TABLE LOOK-UP

NO. OF PAIRS IN VERTICAL LOAD VS. LATERAL STIFFNESS TABLE AXLE 1 (I2)
VERTICAL LOAD LATERAL STIFFNESS (UP TC 25 PAIRS IN 2F10.3 FORMAT)

VERTICAL LOAD LATERAL STIFFNESS
NO. OF PAIRS IN VERTICAL LOAD VS. LATERAL STIFFNESS TABLE, AXIE 2 (I2)
VERTICAL LOAD LATERAL STIFFNESS (UP TO 25 PAIRS IN 2F10.3% FORMAT)

VERTICAL LOAD LATERAL STIFFNESS

NO. of PAIRS IN VERTICAL LOAD VS. LATERAL STIFFNESS TABLE, LAST AXLE (12)
VERTICAL LOAD LATERAL STIFFNESS (UP TO 25 PAIRS IN 2F10.3 FORMAT)

* e

VERZICAL LCAD LATERAL STIFFNESS
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DATA LIST D-8
LONGITUDINAL STIFFNESS TABLE LOOK-UP

NO. OF PAIRS IN VERTICAL LOAD VS. LONG. STIFFNESS TABLE, AXLE 1 (I2)
VERTICAL LOAD LONG. STIFFNESS (UP TO 25 PAIRS IN 2F10.3 FORMAT)

- . -

VERTICAL LOAD LORG. STIFFNESS
NO. OF PAIRS IN VERTICAL LOAD VS. LONG. STIFFNESS TABLE, AXLE 2 (12)
VERTICAL LOAD LONG. STIFFNESS (UP TO 25 PAIRS IN 2FlC.3% FORMAT)

VERTICAL LOAD LONG. STIFFNESS

NO. OF PAIRS IN VERTICAL LOAD VS. LONG. STIFFNESS TABLE, LAST AXLE (I2)
VERTICAL LOAD LONG. STIFFNESS (UP TO 25 PAIRS IN 2F1C.3 FORMAT)

VERTICAL LOAD LONG. STIFFNESS
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APPENDIX E

Flowcharts
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Tnitiali Read Input Calculate Static

Ynltxaylze o] Variables el Loads, do Initializa-
» DER (CALL INPUT) tions (CALL FCT1)
Read Time

Increment, Do Integration

do more (CALL HPCG) End
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Declaration
Statements

SUBROUTINE INPUT

Héadef.“
Head
NP

Table Look-up
 for any or all
Force-Def.

Option 1 e

!

Subroutine
KEY (1) ligemd Road Will
KEY (2) Be Called i} ; Continued on
Next Page
Determine
RAXLE
KTYPE
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Input
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Input , Yes
P Option 6
Parameter
Table
Table 1
Y{6) +— VEL Time vs.
PRMT {2 ) «— T IMF Pressure
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g b e

ATN, ATN,|

KAT<1 2T, ATA,
A2
-
HOCALF,
KCALF«l CALFX,
CALFY
-
NOCS,
KCS=] CsX,
CS8Y

INCLINE PARAMETERS,
WIND KEY

!

Brake _
Parameters,
Options,
| Tables,
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SUBROUTINE FCT1

Call
Declaration TORQUE
Statements *
; Calculate
Set Tire Vertical
Constants Forces and
Suspension
‘ Forces
Determine which ’
Suspension and
Initialize Con-
stants Look~-up Longitudinal
Stiffness, Lateral
* Stiffness, and Aligning
No Torgque
(; Payload=0.0 )n-—-—

{Yes ;

Calculate Changes Calculate
in Mass and Inertia Slip and
Due to Payload Brake Forces
Calculate
Coulomb Friction | Call WIND
“Brake" Points Subroutine
Compute Normal
Static Loads
,} Add Non
Zero Componentsi
Static Or Weight
Loads on To I Forces
Tires i

Claculate
Derivatives
for use by
HPCG
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SUBROUTINE OUTPUT

Declaration
Statements

%

Initialize
Constants
and
Variables

|
Yes |po Pliminary
Option 6 Work for Brz:e
Subroutine
No
e

Y

"Begin
Simulation”

QHHHHHH’
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Yes

PRMT (5} =— 1.0

#

Update
Necessary &
Variables

!

Calculate
Unsprung
Mass
Accereation

!

Look~-up
Steer Angle

#

Calculate
ACs

| LINE=LINE+1

STEP=STEP+1

l

Write Into
Next Line of
Output Buffer

Return

LINE«~(
PAGE=—PAGE+1
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ENTRY
TORQUE

Initializations

Table Look-up
for Time vs
Pressure

Option 6

Table Look-up
for Pressure
vs Torgue

Call Brake
Subroutine
{Entry BCALC)
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. APPENDIX F
validation Data
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TABLE
INPUT PARAMETERS,

SYMBOL DESCRIPTION
serfnyenicle Parametorsioesw
KEY Axle ¥ey: Set to O for Sinale Axle
1 for Walking Beam
2 for Elliptic Leaf
ARl Horizontal Dist. From Walking Beam
BPin to Front Axle {in)
AA2 Horizontal Dist. From Walking Beam
Pin to Rear Axle (in)
AAd Vertical Dist. From Axle to W.B., {in)
AAS Vertical Dist., From Axle to Torgue
Rod {in}
Al Horizontal Distance From CG to Midpoint
of Front Suspension (in)®*
A2 Horizontal Distance From CG to Midpoint
of Rear Suspension (in)®
ALPHAL Static Distance, Front Axle to Ground (in)
ALPHAZ Static Distance, Rear Axleils) to
Ground (in)
Cl Viscous Damping: Jounce on Front Axle
{ib-sec/in)
c2 Viscous Damping: Rebound on Front Axle
{lb-sec/in)
c3 Viscous Damping: Jounce on Rear Axle(s)
(Ib~sec/in}
c4 Viscous bamping: Rebound on Rear Axle(s)
{lb~sec/in}
CALF1 Lateral Stiffness, Front Tires
{1bs/deg)
CALF2 Lateral Stiffness, Front Tandem
Tires {lbs/deg)
CALF3 Lateral Stiffness, Rear Tandem
Tires {lbs/deg)
CFl Max. Coulomb Friction, Front Suspension
{1b)
CF2 Max. Cculomb Friction, Rear Suspension
{1b}
CFP]l Curve Fit Parameter No. 1, Front
Axie
CFP12 Curve Fit Parameter No. 1, Front
Tandem Axle
CFP13 Curve Fit Parameter No. 1, Rear
Tandem Axle
CFP21 Curve Fit Parameter No. 2, Front
Axle {deg}
Crp2 Curve Fit Parameter No. 2, Front
Tandem Axle (deg)
CFP23 Curve Fit Parameter No, 2, Rear
Tandem Axle {deg)
cs1 Longitudinal Stiffness, Front Tires (lbs)
82 Longitudinal Stiffness, Front Tandem
Tires {lbs)
C53 Longitudinal Stiffness, Rear Tandem Tires
{lbs}
DELTAl Static Vertical Distance, Front Axle to
Tractor CG {(in)
DT bDistance Between Dual Tires, Front

Tandem Axle (in) :

*For empty vehicle, body was considered as payload.
body was considered as part of truck.

**Table look up.
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F-1
STRAIGHT TRUCK

VALUE FOR SPECIAL
ALL CONDITIONS CONDITION

24.00

26.00
g.00

1g.00
43,50

140.50

19.958
20.00

4.18
8.32
0.0
6.0
=1,000%¢
=1.00%%
~1.00%%
1100.00
2200.00
2,30
1.70
1.70
6.00¢
$.00

9.00
~1.00%%

~1.00%%
=1 00k
22.00
13.00

For loaded vehicles,

SPECIAL
VALUE



TRBLE F-1 {Continued)

VRLUE FOR SPECIAL SPECIAL
SYMBOL DESCRIPTION ALL COKDITIOIS CONDITION VALUE
Al Friction Reduction Parameter on Front
Tires 0.0055%
FA2 Priction Reduction Parameter on Front
Tanderm Tires 0.0055
FAL Fricticn Reduction Parameter on Rear
tandem Tires 6.0055
IXxX Sprung 'lass Roll Moment of Inertia
{in-lp-sec®** ) 51746.00
1YY $prung lass pitch Moment of Inertis
{in-lb-sec®®2) 103492.00
122 Yaw Moment of Inertia (in-lb~sec®*2) 155238. 40
X2 Pitch Plane Cross Moment
{in-lb~sec®®2)} 0.0
JAl Roll Monment of Front Axle
{in-lb~sac**2) 3000.00
JA2 Roll Moment of Front Tandem
Axle {in-1lb-sec**2} 4000.00
Js1 polar Moment of Front Wheels
{in-1b-sec®®2) 326.00
352 polar Moment of Front Tandem
Wheels {(in-lb-sec*®2) 410.00
J&3 Polar Moment of Rear Tandem Wheels
{in-1lb-sec**2) 410.00
K1 Spring Rate, Front Suspension (lb/in) 2800.00
%2 Spring Rate, Rear Suspension (ib/in} 15000.00
KT1 $pring Rate, Front Tires (lb/im 4700.00
KT2 $pring Rate, Front Tandem Tires (1lb/in) 4700.00
KT3 Spring Rate, Rear Tandem Tires (ib/in} £700.00
MUZERO1 Coefficient of Friection, Front Wheels Dry Road 0.85
Wet Road 0.55
MUZERO2? Coefficient of Friction, Front Tandem
Wheels Dry Road 0.8%
Wet Road 0.65
MUZERD3 Coefficient of Friction, Rear Tandem
Wheels Dry Road 0.85
Wet Road 0.65
PERCNT Percent Effectiveness of Torque Rods loce.00
PW Weight of Pavload {lbs)* 7390.00
PJl Roll Moment of Inertia of Payload Empty 34%%0.00
{in~lb~sec**2}* Loaded 39800.00
P32 Pitch Moment of Iner:ia of Payload Empty 112051.00
(in~1lb-sec**2)* Loaded 170000.00
PJ3 Yaw Moment of Inertia of Payload Empty 12%120.00
{in~lbwsec®*2)* Loaded 203000.00
PX Horizontsal Distance From Midpoint of
Rear Suspension to Mass Center {(in)* 22.00
PL Vertical Distsnce From Cround to Paylaod
Center of Mass {in)* 72.00
RCH1 Roll Center Height, Front Suspension
{in) 33,00
RCH2 Ro«l Center Height, Rear Suspension
{in} 25.00
RSl Compliance Steer {(deg/in} 8.0
RSC1 Roll Steer Coefficient, Front Axle 0.26
RSC2 Roll Steer Coefficient, Rear Suspension 0,26
sY1 Horizontal Distance from Body X-Axis
to Front Suspension (in} 16.40
5Y2 Horizontal Distance from Body Y-Axis
to Rear Suspension (in) 17.00
TIMP Max. Real Time for Simulation e
TRAL Half Track of Front Axle (in) 40.000
TRAZ Half Track of ¥ront Tandem Axle {in} 36,00
VEL Initial Vvelocity {(fps} se
L Sprung Weight of Truck (lbs}¥ 8150.00

*Poy empty vehicle, body was considered as payload. For loaded vehicles, body was considered

part of truck,
féyaries with expected duration of stop.
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SYMBOL

TABLE F-1 {(Continued)

DESCRIPTION

W51
W52
Ws3

TO(1,1,1)
TQ{1,1,2}
TO(1,2,1)
TR(1,2,2)
TQ{2,1,}1)
™{2,1,2)
™(2,2,1)
T0{2,2,2)
T0(3,1,1}
TO(3,1,2}
TQ{3,2,1)
T0(3,2,2)
FRAY

IBRT
AC
EM
PO
RD
ULH
ULL
AB

ALPHO
ALPHW
BETA
c2

OH

IBRT
AC
EM
PO

ULH
ULL

ALPHO
ALPHW
BETA
c2

OH

IBRT
AC
E®
PO

ULH
ULL

ALPHO
ALPHW

Weight of Front Suspension {1bs)
Weight of Tandem Front (lbs)
Weight of Rear Tandem (lbs)

eX*R*Braking Parameterstvess

Brake Fade Coefficient

Axle 1, Left Side

Brake Type

Brake Chamber Area {sg.in)

Mechanical Efficiency

Pushout Pressure {PSI)

Drum Radius (in)

Mu Lining, High

Mu Lining, Low

Distance From Horizontal Centerline of
Drum to Parallel Line Through Shoe
Contact Point (in)

Lining Centact Angie (deq)

Wedge Angle (deg)

Lining Offset Angle (deg)

Distance from Horizontal Centerline of
Drum Parallel Line Through Point of
Actuating Force (in)

Distance From Vertical Centerline of
Drum to Parallel Line Through Shoe
Contact Point (in)

Axle 2, Left Side

Brake Type

Brake Chamber Area (sq in)

Mechanical Efficiency

Pushout Pressure [PSI)

Drum Radius {in)

Mu Lining, High

Mu Lining, lLow

Distance From Horizontal Centerline of
Drum to Parallel Line Through Shoe
Contact Point {in)

Lining Contact Angle {dey)

Wedve Angle {dey)

Lining Offset Angle ({(deg)

bistance From Horizontal Centerline of
Drum Parallel Line Through Point of
Actuating Force (in)

Distance From Vertical Centerline of
Drum to Parallel Line Through Shoe
Contact Point (in)

Axle 3, Left Side

Brake Type

Brake Chamber Area (sg. in)

Mechanical Efficiency

Pushout Pressure (PSI)

Drum Radius (in)

My Lining, High

Mu Lining, Low

Distance From Horizontal Centerline of
Drum to Parallel Line Through Shoe
Contact Point (in)

Lining Contact Angle {deg)

Wedge Angle {dey)
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VALUE FOR
ALL CONDITIONS

SPECIAL
CORDITaQE

1742. 00
2078.00
1872.00

0.032
0.296
0.032
G.296
0.070
0.181
0.070
0.181
0.073
0.276
6.073
0.276
6.0120

2~-Yedge
%.000
0.880
8.000
7.500
4.500
0.356

5.560
137.187
12.548
0.573

5.310

3.160

2-Wedge
12,000
0.8B0
7.500
7.500
0.540
0.37¢

5,310
126.051
12,548
0.573

5.440

3.050

2-Wedge
12.000
0.880
7.500
7.500
0.540
6.370

5.31¢
126.051
32.548

SPECIAL

VALUE



SPECIAL SPECIAL

VALUE FOR
SYMBOL DESCRIPTINY ALL CONDITIONS CONDITION VALDE
BETA Lining Offset Angle (deg) 0.571)
c2 Distance From Horizontal Centerline of
Drum Parallel Line Through Peint of
5.440

hotuating Force (ih)
pistance From Vertical Centerline of

OH
Drum tc Parallel Line Through Shoe
Contact Point (in)} 3.050



TABLE F~2
INPUT PARAMETERS, TRACTCR TRAILER

VALUE FOR SPECIAL SPECIAL
SYMBOL DESCRIPTION ALL CONDITIONS CONRDITION VALUE
TaertUohicle Paramegtorstrawt
KEY (1) Tractor Axic ¥Fey: 0 for Single Axle
1 for Walking Beam
2 for 4 Elliptic Leaf 2

KEY(2) Traller hxle Fey 2
AAL Horizontal Distance From Tractor Front

Leaf-Frame Contact to Axle Center (in) 21.60
AN2 Horizontal Distance From Tractor Rear ‘

Leaf-Frame Contact to Axle Center (in) 19,25
And Horizontal Distance From Tractor Front

Leaf-Frame Contact to Load Leveler

Pin (in) 6.75
ANS Horizontal Distance From Tractor Rear

Leaf-Frame Contact to Load Leveler

Pin {in) §.75
AMG Vertical Pistance From Axle Down to

Tractor Torque Rod (in) 7.00
ART Angle Between Tractor Torgue Rod and

Horizontal {deg) 13.00
AAB Horizontal Distance From Axle Center

Forward to Tractor Torgue Rod {in) -1.00
AAD Horizontal Distance From Trailer

Front Leaf-Frame Contact to Axle

Center {in) lg.50
ARLO Horizontal Distance From Trailer Rear

Leaf-Frame Contact to Axle Center {(in) 18.50
An12 Horizontal pPistance From Trailer Front

Leaf-Frame Countact £o Load Leveler

Pin (in) 6.00
AA13 Horizontal Distance From Traller Rear

Leaf<~Frame Contact to Load Leveler

Pin “{in) 6.25
Ahl4 Vertical Distance From Axle Down to

Trailer Torgue Rod {in} 7.00
AALS Angle Between Trailer Torgue Rod and

Horizontal (deqg) ’ 15.01
AR16E Horizontal Distance From Axle Center

Forward to Trailer Torgue Rod (in) 5.50
Al Horizontal Distance From Tractor CG Lo

Center of Tractor Front Suspension {in} 35.90
A2 Horizontal Distance From Tractor CG to

Center of Tractor Rear Suspension (in) 106.10
A3 Horizontal Distance From Trailer CG to

5th Wheel (in} 222.00
Ad Horizontal Distance From Trailer CG to

Center of Trailer Suspension {(in} 144.00
ALPHAL Static Distance, Tractor Front Axie to

Ground {in} 18.20
ALPHAZ Static Distance, Tractor Rear Axlels)

te Ground (in} 19.50
ALPHA3 Statis Distance, Trailer Axleis} to

Ground (in} 28,50
BB Horizontal Distance From 5th Wheel to

Midpoint of Tractor Rear Suspension {in} - 0.0
ci Viseous Damping: Jounce on Tractor Front

Syspension {lb-sec/in} 4.16
c2 Viscous Damping: Rebound on Tractor Front

Suspension {lb-sec/in) B.33
c3 Viscous Damping: Jounce on Tractpr Rear

Suspension {(lb-~sec/in) 0.0
c4 Viscous Damping: Rebound on Tractor Rear

Suspension {lb-sec/in) 0.0
c5 Viscous Damping: Jounce on Trailer

Suspension (lb~sec/in) ) 0.0
Cé Viscous Damping: Rebound on Trailer

Suspension (lb-sec/in) 0.0
CALF1 Lateral Stiffness, Tractor Front Tires

{lbs/deg) -1.00*%
CALF2 Lateral Stiffness, Tractor Front Tandem

Tires {lbs/deg) -1.00*

*Table look up.
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SYMBOL
CALF3
CALT 4
CALFS
CFl
Cr2
CF3
CFP1l
CFPi2
CFP13
CFP14
CFPL5
CcFrp2l
crp22
CFP23
Crpzd
CFP25
csl
cs2
cs3
Ccs4
€ss

D
DELTAL
DELTA3
DT2
DT3

FAl
FAZ
FA3
Fh4
FAS

IXX

Iyy

TABLE F-2 {(Comtinued)

DESCPIPTIN

Lateral Stiffness, Tractor Rear Tandem
Tires (lbs/deq)

Lateral Stiffness, Trailer Front Tandem
Tires (lbs/deq)

Lateral S$tiffness, Trailer Rear Tandem
Tires (lbs/deg)

Maxirwns Coulomt Friction, Tracter Front
Suspension (1h)

Maxirum Coulomb Frictien, Tractor Rear
Suspension (1h}

Maximum Coulomb Friction, Trailer
Suspension (1b)

Curve fit Parameter No. }, Tractor Front
Axle

Curve Fit Parameter No. 1, Tractor Frent
Tandem Axle

Curve Fit Parameter No. 1, Tractor Resr
Tandem Axle

Curve Fit Parameter No. 1, Trailer Front
Tandem Axle

Curve Fit Parameter No. 1, Trailer Rear
Tandem Axle

Curve Fit Parameter ¥o. 2, Tractor Frent
Axle {(deg)

Curve Fit Parameter No. 2, Tractor Front
Tandem Axle {deg)

rfurve Fit Parameter No. 2, Tractor Rear
Tandem Axlie {deg)

Curve Fit Parameter No. 2, Trailer Front
Tandem Axle (deg)

Curve Fit Parameter No. 2, Traller Rear
Tandem Axle {(deqg}

Longitudinal Stiffness, Tractor Front
Tires (lbs)

tongitudinal Stiffness, Tractor Front
Tandem Tires (lbs)

Longitudinal Stiffness, Tractor Rear
Tandem Tires (lbs;

Longitudinal Stiffness, Trailer Front
Tandem Tires {lbs}

Longitudinal Stiffness, Trailer Rear
Tandem Tires [(lbs)

Vertical Distance From 5th Wheel
Connection to Tractor CG (in)

Static Vertical Distance, Tractor CG to
Tractor Front Axle {in}

static Vertical Distance, Trailer CG to
frailer Axle{s}) (in)

pistance Between Dual Tires, Tractor
Rear Suspension (in}

pDistance Between Dual Tires, Trailer
Suspension (in)

Friction Reduction Parameters for Tractor
Pront Tires

Friction Reduction Parameter for Tractor
Front Tandem Tires

Friction Reduction Parameter for Tractor
Rear Tandem Tires

Friction Reduction Parameter for Trailer
Front Tandem Tires

Friction Reduction Parameters for Trailer
Rear Tandem Tires

Tractor Sprunc Mass Roll Moment of
Inertia {in-lb-sec**2)

Tractor Sprung Mass Pitch Moment of
Inertia (in-lb-sec®**2}

* Table look up.
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VALUE POR
ALL CONDITIONE

SPECIAL
COMBITION

-1.00%
-1.00*
-1.00%
%00.00
4400.00
3600.00
1.70
4,00
£.00
1.70
1.70
9.00
2.00
2.00
2.00
$.00
=-1.00%
~1.00%
=1.00®
=1.00%
-1.00%
~4.50
33.30
49,50
13.00
13.00

1350¢.00
53374,00

Dry
Het

Dry
Wet

bry
HWet

pry
Wet

Dry
Wet

Road
Road

rRoad

Road .

Road
Road

Road
Road

read
Road

SPECIAL
VALUE

0.005
0.010

6.005
¢.010

0.005
0.0i0

0,005
0.010

0.005
0.0610



5v L
Iz -
Ixz
ITHX
ITYY
ITZZ
ITXZ
Jal

JA2

JA3

JE1

Jez

Js3

JSé

J&5

Kl

K2

K3

KTl

KT2

KT3

K74

KT5

MCS
MUZERO1
MUZEROZ
MUZERO3
MUZERO4

MUZERQOS

PW
PJ1
P32

PI3

PX

PZ

TABLE F-2 (Continued)
VALUE FOR SPECIAL
DESCPIPTION ALL CONDITIONS CONDITION
Tractor Yaw MOment of Inertia
(in-lb-sec**2} 119000.00
Tractor Pitch Plane Cross Moment
(in-lb-sec**2} 0.0
Trailer $prung Mass Roll Moment
of Inertia {in-lb-sec**2) 51000.00
Traileyr Sprung Mass Pitch Moment
of Inertia (in-lb-sec®**2) 607200, 00
Trailer Yaw Moment of Inertia
{in~lb~sec**2) 605000, 00
Trailer Pitch Plane Cross Moment
(in-lb-sec®*2) 0.0
Roil Moment of Tractor Front Axle
(in-lb~sec**2) 371%.00
Roll Moment of Tractor Front Tandem
Axle (in~lb-~sec**2} 4458.00
Roll Moment of Trailer Front Tandem
Axle (in~lb~sec**2) ’ 4100.00
Polar Moment of Tractor Front Wheels
{in-lb-sec**2) 206.00
Polar Moment of Tractor Front Tandem
Wheels (in-lb-sec%*2) 462.00
Polar Moment of Tractor Rear Tandem Wheels
{in-ib-sec**2) 462.00
Poliar Moment of Trailer FPront Tandem
Wheels (in-lb-sec**2) . 462.00
Polar Moment of Treller Rear Tandem
Wheels {in-lb-sps**2) 452.80
Spring Rate, Tractor Front Suspension
{ib/in} 2600.00
Spring Rate, Tractor Rear Suspension
{1b/in) 20B00.00C
Spring Rate, Trailer Suspension (1lb/in) 28000.00
Spring Rate, Tractor Front Tires (1b/in) $400.00
Spring Rate, Tractor Front Tandem Tires
(lb/in) 1B000.00
Spring Rate, Tractor Rear Tandem Tires
(1b/in) 180006.00
Spring Rate, Trailer Front Tandem Tires
(lb/in) 18000, 00
Spring Rate, Trailer Rear Tandem Tires
(Ib/in) 18000,00
Moment Across the Fifth Wheel (in-1lbs/deg) 103000.00
Coefficient of Friction, Tractor Front
Tires Dry Road
Wet Road
Coefficient of Friction, Tractor Front
Tandem Tires Dry Road
Wet Road
Coefficient of Friction, Tractor Rear
Tandem Tires Dry Road
Wet Road
Coefficient of Friction, Trajler Front
Tandem Tires Dry Road
Wet Road
Coefficient of Friction, Treiler Rear
Tandem Tires bry Road
Wet Road
Weight of Payload (lbs) Empty
Loaded
Poll Moment of Inertia of Payload Empty
(in=lbwsec**2) Loaded
Pitch Moment of Inertia of Payload Empty
(in~1lb~sec**2) Loaded
Yaw Moment of Inertia of Payload Empty
(in-lb-sec**2) Loaded
Horizontal Distence From Midpoint of
Rear Suspension to Payload Mass Center
{in) Empty
Loaded
Vertical Distance From Ground tec Payload
Mass Center ({in) Empty
Loaded
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SPECIAL
VALUE

0.85
0.5%

¢.85
8.75

0.85
0.75

0.85
6.75

0.85

0.65

0.0

46800.00
not entered

5420000.00
not entered

5340000.00
not entered

3000000.00

not entered
183,00

nat entered
68.25



SYMEOL

TABLE F-2 (Continued)

DESCPIFTINN

W
RCH1

RCH2

RCH3
RS1
RSC1L

RSC2

RSC3
SY1l

sY2
sY3

TIMF
TRAL
TRAZ
TRA3

VEL

Wl
L. F]
Ws1
Ws2

WER
w54

WSS

Te(1,1,1)
T™((1,1,2}
™(1,2,1}
™1,2,2)
T{2,1,1}
T™Q4{2,1,2)
T0(2,2,1)
™0i2,2,2)
T™H{3,1,1)
™0(3,1,2)
™(3,2.1)
TO(3,2,2)
T0(4,1,1)
To(4,1,2)
TQ{4,2,1}
TC(4,2,2;
TQ{5,1,1)
TQ{5,1,2)
™I(5,2,1)
TQ{5,2,2)

IBRT
AC
EM
FRAY

PO
RD
ULE
ULL
AB

Weight ¢f Payload (1ibs)

Roll Center Height, Tractor Front
Suspension {in}

Roll Center Height, Tractor Rear

Suspension {in)

Roll Center Height, Tralfler Suspension {in)

Compliance Steer {deg.in)

Rell Steer Coefficient, Tractor Front
Suspension

Roll Steer Coefficient, Tractor Rear
Suspensicon

Roll Steer Coefficient, Trailer Suspension

Horizomtal Distance from Tractor Body
X-Axis to Tractor Front Suspension (in)

Hor:zontal Distance from Tractor Body
X-Axis to Tractor Rear Suspension (in)

Horizontal Distance from Trailer Body
X-Axis to Trailer Suspension (in}

Maximum Real Time for Simulation (sec)

Half Track, Tractor Front Axle (in}

Half Track, Tractor Rear Axle(s) {in}

Half Track, Trailer Axle{s} (in)

Initial Velocity (ft/sec)

Sprung Weight of Tractor {lbs)

Sprung Weight of Trailer {lbs}

Welght of Tractor Front Suspension [lbs)

Weight of Tractor Front Tandem
Suspenszion {lbs)

Weight of Tractor Rear Tandem
Suspension (lbs)

Weight of Traiier Front Tandem

uspension (lbs)

Weight of Trailer Rear Tandem
Suspension [(lbs)

*etttprake Parameters®t®sw
Brake Timing Parameter

Axle 1, Left Side
Brake Type
Brake Chamber Area {sg. in)
Mechanical Efficiency

Brake Fade Coefficient

Pushout Pressure (PSI}

Drum Radius {in}

Mu Lining, High

Mu Lining, Low

Distance From Horizontal Centerline of
Drum to Parallel Line Through Shoe
Contact Point (in)

*Varies with expected duration of run.

Varies.
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VALUE FOR
ALL COWNDITIONS

SPECIAL
COUDITION

0.0
37.70

30.30
25,60
6.¢

0.27

0.14
0.12

16.30
18,50
19.06

*

40.00
36.00
36.00,

$245.00
8120.00
1321.00

2330.00
2074.00
1520, 00
1520.00

0.050
0.270
6.050
4.270
0.075
0.245
0.075
0.245%
0.07%
0.245
¢.075
0.245}
0.175
0.303
0.175
0.303
0.17%
0.303
0.175
6.303

2~-Wedge
12.000
G.800

7.500
7.500
0.400
0.25¢

5.400

30 MPH Tests
60 MPH Tests

30 MPH Tests
60 MPH Tests

SPECIAL
VALUE

44.00
88.0¢C

0.0045
0.0G80



TABLE F-2 {Continued)

VALUE FOR
SYMBOL DESCRIPTION ALL CONDITIONS
ALPHO Lining Contact Angle {deg) 125,000
ALPHW Wedge Angle {(deg) 12.000
BETA Lining Offset Angle {dey) 0.0
c2 pistance From Horizontal Centerline of
Drum Parallel Line Through Point of
Actuating Force {in} 5.400
OH Distance From Vertical Centerline of
Drum to Parallel Line Through Shoe
Contact Point (in) 3.000
Axle 2, Left Side
IBRT Brake Type 2=Hedge
AC Brake Chamber Area {sg. in) 12,000
EM Mechanical Efficienty 0.800
FRAY Brake Fade Coefficient
PO Pushout Pressure (P5I} 7.500
RD Drum Radius (in} 7.500
ULH Mu Lining, High 0.400
ULL Mu Lining, Low 0,300
AB Distance From Horizontal Centerline of
Drum to Parallel Line Through Shoe
Contact Point {in) 5.400
RLPHO Lining Contact Angle (deg) 125,000
ALPHW Wedge Angle (deg) 12.000
BETA Lining Dffset Angle (deqg) 0.0
c2 Distance From Horizontal Centerline of
Drum Parallel Line Through Point of
Actuating Force (in) 5.400
OH Distance From Vertical Centerline of
Drum tc Parallel Line Through Shce
Contact Point (in) 3.000
Axle 3, Left Side
IBRT Brake Type 2-Wedge
AC Brake Chamber Area {(sg. in) 12,000
EM Mechanical Efficiency 6.800
FRAY Brake Fade Coefficient
PO Pushout Pressure (PSI) 7.500
RD Drum Radius (in) 7.500
ULH Mu Lining, High 0.420
ULL Mu Lining, Low 0.300
AB Distance Prom Horizontal Centerline of
Drum to Parallel Line Through Shoe
Contact Point (in) 5,400
ALPHG Lining Contact Angle {(deq) 125,000
ALPHW Wedge Angle {deg) 12.000
BETA Lining Offset Angle {(deg} ¢.0
c2 Distance From Horizontal Centerline of
brum Parallel Line Throuwgh Point of
Actuating Force (in) 5.400
OH Distance From Vertical Centerline of Drum
to Parallel Line Through Shoe Contact
Point {in) 3.000
Axle 4, Left Side
IBRT Brake Type S5~Cam
AC Brake Chamber Area {(sqg. in} 30.000
EM Mechanical Efficiency 6.700
FRAY Brake Fade Coefficient
PO Pushout Pressure (PSI) 2.500
RD Dyrum Radius (in) B.250
ULH Mu Lining, High 0.280
ULL Mu Lining, Low 0.1590
ALPHO Lining Contact Angle (deg) 111,600
ALPH3 ALPHO (4 + 2*ALPHL{4) {deg} 207.4000
APRIM Radial Distance From Center of Drum to
Shoe Pin (in)- 6.900

SPECIAL
CONDITION
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30 MPH Tests
60 MPH Tests

30 MrH Tests
50 MPH Tests

30 MPH Tests
60 MPH Tests

SPECIAL
VALUE

0.0045
0.0080

0.0045
G.0080

0.0045
0.0080



VALUE FOR SPECIAL SPECIAL

syMa0l  DESCRIPTION ALL CONDITIONS  CONDITION VALUE
HB Distance From Horizontsl Centerline Through

Shoe Pin to Parallel Line Through Cohnector

Contact Point (in) 12.600
RC Cam Radius (in) 6.500
SAL Slack Adjuster Length (in} 6.000

Axle 5, Left Side
1BRT Brake Tyre S5-Cam
AC Brake Chamber Area (sg. in} 3o.000
EM Mechanical Efficiency 0.700
FRAY Brake Fade Coefficient 30 MPH Tests 0.0048
60 MPH Tests 0.,0080

PO Pushout Pressure (PSI) 2.500
rD Drum Radius (in) B8.250
ULH Mu Lining, High 0.280
ULL Mu Lining, Low 0.150
ALPHO Lining Contact Angle (deg) 111,000
ALPHI ALPHO{S) + 2%ALPHLI(S) {deg) 207.000
APRIM Radial Distance From Center of Drum teo

Shoe Pin {in} 6.900
HB pistance Prom Horizontal Centerline Through

Shoe Pin to Parallel Line Through Connector

Contact Point {in) 12.600
RC Camr Radius (in) 0.500
SAL Slack Adjuster Length (in} 2.000
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APPENDIX G
Tire Data

The data presernted in this appendix was measured on the HERI flat bed tire
test mechine. For the 10.00-20 tires, lateral force end alirning torgue are pre-
sented each as & function of normal load and inflastion pressure, their longitudi-
nal stiffness snd vertical spring rate are given at selected leoads and inflation
Dressures. '

Pollowing the 10.0C-2C tires, certain other tires are presented. This data
is not as extensive as the 1(C.0C0-20 deta, since the tests were run at only one in-
flation pressure, Date for particular tires may be located through the use of the
following table.

10.00-20/F Highway Trefd «oeererenrcrcrenereosssnenes 185
10.00-26/G HighWway TPead «vueeeerororonanarnsan. coee. 187
10.00-20/F LUE TYDE vrenvrerrnnnenmunsocsnonasennonne 189
10.00-20/F Competetive Highway Tread «...c.ovvveivnass 151
10,00-20/F Half Worn Highway Tread «.-veeeeesnonaarne 193
10,00~20/F Fully Worn Highway Tread ««oeeevnveaceenas 1G4
8.25-20/E Highway Tread «eeeeeeeeeennn. e L1985
$.00-20/E Highway Tresd «.vee-os feeaveens A 196
9. 00-20/F Highway Tread svevserereacrosasos e . 1g7
11.00-22/F HighWay TTE8E +ovvnvernnssonnerorenss ee... 198
11.00-22/G Highway Tread seovsevns: N @ o
11.00-22.5/F Highway Tread «ervrevooos Cerreeneeaas cee. 200
12, 00-20/6 Highwey Tread «reeoveeevsonnsnes e .. 201
12,00-22,5/F Highway Tread «....o.. Cheaaranan e . 202
12.5-22.5/G Highway TPead «oseereeevorecares Creeaeenn . 203
15.00-22.5/H Higiway Tread «..-. e baaea e 204
8.00-22.5/D (Single) Highway TreBd «e-seevrrsarrencroncansones . 205
8.00-22.5/D (Dual) Highway Tread s creeeens e e 206
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LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
{1bs.)
100
2800
L2060
S430
6700

8100

9200

Tire:

Inflation
Pressure

{psi)
50
85

100

50
85
100

50
85
100

50
85
100

50
85
100

50
85
100

50
85
100

Highway Tread 10.20/F (New)

lateral Force at

Rim:

20x7.50

Indicated Siip Angle (degs.)

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
{1bs.)
1400
2800

L2oo

S350

Infiation
Pressure

(psi)

50
85
100

50
85
100

50
85
100

50
85
100

¥ _indicates loads beyond the capacity of the load celils

185

1 2 L 8 12 16
2hs R 758 1068 1195 1160
21k 399 £B8 971 1050 1118
190 360 681 1088 1218 1309
26l €87 1209 1865 2211 2347
364 €9% 1227 1829 205 2213
333 £39 12%2 2051 2377 2568
288 il 137h 2289 2832 3163
LéT 897 1612 2u50 2881 %187
Lzy gkl 1639 2745 3298 3626
372 720 1365 2421 312 3649
s0% 1009 1830 2917 3438 3954
501 975 1888 3201 3937 L399
350 €77 1307 2kol 3286 3965
550 1066 1962 3237 5oGh  LEOL
she 1059 2045 3518 LLsS 5076
Z3D €32 1215 227k 3253 LOT9
558 1086 20kh  3kké 4328 5181
565 1109 2116 37hh LB59 5468
313 5ok 1129 2106 3060 3836
557 1079 204k 3517 hhk59 - ¥
563 1112 2113 3791 5050 -

Aligning Torque at Indicated Slip Angle {degs.)
1 2 L 8 12 16
23 26 41 21 5 o]
18 30 36 20 7 h
15 26 38 %3 16 5
58 39 136 113 3 30
L7 8o 108 51 L7 oh
Lo 69 112 116 76 e
91 163 248 283 180 98
7 136 194 170 115 &7
66 117 201 228 165 109

120 220  3%1 36k 313 198
101 182 27h 263 197 132
89 159 281 355 262 180



ALIGNING TORGUE ve SLIP ANGLE AND VERTICAL LOAD (Continued)

Vertical Inflation Aligning Torque at Indicated Slip Angle {degs. )
Load Pressure
(1bs.) (psi) 1 2 i g 12 16
50 147 27% L&y B =00 348
6700 85 126 229 el 372 313 205
100 111 201 270 L78 384 278
=0 176 329 BET TEL T15 501
8100 85 15% 281 558 =0k Lzg %16
100 155 250 L8k E3E 1) 376
50 164 368 gl BgE 900 800
9200 B5 173 32% 533 618 561 --
100 15k 288 580 768 £85 -

CIRCUMFERENTIAL STIFFNESS vs SLIFP ANGLE AND NORMAL LCAD

Vertical Inflation Vertical
Load Pressure Cg Spring Rate
{1ibs.) {(psi) (1bs.) {1bs./in.)
50
2500 85 28,000
100
50 36,000 2943
U350 &s L2, 000 4700
100 L 0,000 4309
50
8100 85 Lz 000
100
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LATFRAL SOURCE vs SLID ANGLE AND VERTICAL LOAD

Vertical
Load
{1bs.)

1400

2800

L200

230

6700

8100

3200

Tire: Highway Tread 10-20/G (New)

Inflation
Pressure

(psi)

50
85
100
50

85
100

50
85
100

50
83
100

50
85
100
50
85
100

50
85
100

Lateral Force at

Rim:

20x7.50

Tndicated Siip Angle (degs.)

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
(1bs.)
1400
2800

L200

SH30

Inflation
Pressure

(psi}
50
8%

100
50
85

100
50

85
100

50
85
100

187

1 2 L 8 12 16
261, L72 795 1099 1210 130k
252 LiLg 706 1027 1159 13k2
210 L16 759 1120 1195 1152
Los 757 1323 1991 2291 25u8
Lhhk 771 1282 19k5 2253 2613
266 727 1356 2083 2204k 22k2
Ls1 859 1562 2510 3033 3459
536 991 1708 2666 3171 3725
479 958 1809 2859 32L7  327%
WL 861 1630 2768 3hTL LOb#
589 1117 1966 3147 3833 k520
552 1102 2068 337k 3932 Lo3b

- ket 833  i572 2848 3733 Ll
605 1171 2136 3533 k37T 5197
60% 1182 2257 37T Lhoh LT710
Lk 806 1507 2806 3825 L609
611 1193 223% 3813 4838 5785
631 12kk  2%25  LO0O  WOET 9353
505 790  1k33 2672 3803 4500
611 1189 2217 3927 - -
6h0 1258 2229 4083 5070 —

Aligning Torque at Indicated Slip Angle (degs.)

1 2 L 8 12 16

21 26 L1 18 3 2

21 22 35 21 7 1
17 29 Lo 30 8 o}
58 100 13k 101 5 27
56 89 104 8z Ly 25

L2 79 119 97 45 11
g2 166 2hé 22% e 9%
31 150 196 1.7k 113 78
72 137 217 207 112 Lg

12k 223 320 350 258 183

118 200 278 272 186 131
57 188 302 313 191 as



ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD (Continued)

Vertical Inflation Aligning Torgue st Indicated Slip Angle (degs.)

Load Pregsure

{1bs.) {psi) 1 b 8 12 1€

=0 1£€1 e =y 522 L Q7 310

&700 8= 148 2z 365 283 278 208

100 120 234 LOR iz 28g 143

0 183 3Lp 21 ~15 £06 LOf

8100 85 8o 311 Lex =15 kOE . 211

100 14€ 29% 571 =95 L16 2z

5 209 365 £Ly 668 768 --

G200 85 205 333 £Z €32 -- .-

100 168 3EE 5ok 727 Le8 --

CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical Infletion Vertical
Load Pressure CS Spring Rate
(1bs.) (psi) {1vs.) (1bs./in.)
50 2857
5420 85 5G, 000 L3637
100 5532
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TATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load

{lbs.)

100

2800

4200

=430

6700

8100

9200

Tire: Lug Type 10-20/F (New)

Inflation
Pressure

(psi)

50
85
100

50
83
100

50
85
100

50
85
100

=0
s

85
100

50
85
100

50

85
100

Rim: 20x7.50

lateral Force at Indicated Slip Angle (degs.)

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
{1bs.)
1400
2800

L200

B30

Inflation

Pressure

(psi)

50
85
100

50
&5
100

50
85
100

50
85
100

189

1 2 L 8 12 1€
2k LEL 710 1103 708 1559
195 3713 625 o6 1149 1380
198 373 664 1067 1205 1213
Los 771 1262 2017 1294 2862
342 660 11k 1772 2168 2634
3h9 663 1202 1980 2277 232k
Lh 858 1869 1869 1705 3859
kg 873 1561 2ukk 3021 3677
Lés 895 1643 2738 3181 3296
468 ook 1696 2211 1958  LuisB
516 g97 1811 2919 3636 Lhog
538 104 1928 3257  AB4E Lo48
W7 873 1711 2311 2095  boe3
5h6 1062 1958 329k 4138 5049
58 1150 21k1 3660 bh1s k726
L35 837 1662 3038 2055 4oTh
she 1079 2038 3584 L60o 5626
609 1217 2302 3966 k921 5373
413 783 1576 218k 1947 k752
556 107h 2063 3751 4865 --
623 1238 23kl Lkiks  Log2 -

Aligning Torque at Indicated Slip Angle {degs.)
1 2 b 8 12 16
2z 33 38 %0 10 1
15 30 27 35 23 8
16 26 Lo 27 oz 8
60 105 126 116 5 37
L3 76 104 100 69 k3
i T3 109 116 5 %2
g7 17k 228 169 108 112
73 130 190 189 146 96
70 12k 19% 022 153 73

128 233 327 277 187 2l
g7 178 266 278 219 16k
O 169 272 30% 231 117



ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD (Continued)

Vertical Infiation Aligning Torque at Indizated Slip Angle (degs.)
Load Pressure
{1bs.} (psi) 1 2 4 8 12 1€
50 155 295 Lzl 598 289 371
£T700 85 121 226 3L3 577 313 253
100 116 215 55 Lzl 326 172
50 188 353 A £86 L3= €05
8100 85 140 270 Lpg Los 418 359
100 13G 271 L=z 567 Lho 248
50 213 hol £22 £3G hgg 784
G200 85 165 310 Lot 596 226 -
100 161 310 52k 80 L7l -

CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical Inflation Vertical
Load Pressure Cs Spring Rate
{1bs.) (psi) (1bs.) (1bs./in.)
50
2800 8= 20,000
100
50 3600
5k30 85 28,000 4500
100 5000
50
8100 85 Lo, 000
100
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Tire: Competitive Highway Tread 10-20/F (New) Rim: 20x7.50

LATERAL FORCE vs SLIF ANGLE AND VERTICAL LOAD

Vertical Inflation lateral Force at Indicated Slip Angle (degs.)
Load Pressure

(1bs.) {psi) 1 2 4 B 12 16

50 273 L7y g12 1308 166 1382

1400 85 203 378 657 1002 1148 1197

100 260 384 £5% 1082 1257 1157

50 o3 751 1%89 2139 2512 2827

2800 85 3L €655 1170 1B3s 2162 2300

100 354 66Lh 1178 2031 2341 2218

50 443 B%1 1573 2601 3195 3351

L200 85 Lio Bsz 1541 2482 2971 2189

100 Lsg 876 1578 2762 3233 3101

50 Ly BLg 1600 2761 3531 3752

5430 85 508 968 1773 2935 3569 3868

100 seb 10k 18k 3235 3887 3790

50 L3G 849 1519 2643 3508  bL1T3

6700 85 551 1063  1GW6 3300  LoB7 L4523

100 575 1120 2055 3650  Lh7h ub39

50 L3p B30 1357 228% 3208 k165

8100 85 595 1131 2084 3608 4570 5149

100 61k 1205 2250 3967 4996 5089

' 50 %99 TSk 1126 1906 2797 3800

9200 8s 619 1163 2147 3761 L8EB 5507
100 635 1253 3292  h1ll 5281 -

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Aligning Torque at Indicated Slip Angle (degs.)

Load Pressure

{1bs.) {psi) 1 2 4 8 12 16

50 29 Lo &3 Lo 18 2

1400 85 17 a7 3L 28 13 3

100 12 28 33 33 15 1

50 65 106 183 154 92 36

2800 85 L3 75 108 g7 57 28

100 4% 70 100 116 &7 2

50 10k 170 313 %16 225 102

L4200 85 70 123 187 184 120 £%

100 69 119 178 220 139 ah

50 134 225 L35 500 395 19C

5430 85 92 165 259 277 192 106

100 Q0 161 248 301 225 93
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ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD (Continued)

Vertical Inflation Aligning Torque at Indicated Siip Angle (degs.)

Load FPressure

(1bs.) {psi) 1 2 ‘ 8 12 16
50 167 285 31 711 £39 =78

£700 as 11k 208 3L 38k 28% 171
100 112 20 220 LLz 33D 144
50 204 249 €8s o6k 956 £53

8100 85 1ho 253 k16 508 hos 255
1.00 135 L8 Lkeo 588 LB1 281
50 232 397 T7TE 117y 1216 500

G200 8% 157 285 L83 618 515 336
100 15k 283 Le8 77T 598 -

CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical Inflation Vertieal
Loead Fressure Cq Spring Rate
(1bs.) (psi) (1bs.) (1bs./in.)
50
2800 85 %%, 000
100
50 70, 000 2680
5430 85 L6, 000 5052
100 L6, 000 Sh16
50
8100 85 53, 000
100
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Tire: Half Worn Highway Tread 10-20/F Rim: 20x7.%0

LATERAL FORCE vs. SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Lateral Force at Indicated Slip Angle (degs. }

Load Pressure

{1bs.) (psi) ! 2 4 8 12 16
1400 8s %63 620 g65 1278 1633 1835
2800 85 556 1018 1675 2357 300k 3352
L2o0 8 662 12%0 2130 3179 ks k5%
5430 85 691 1%21 2368 3728 k833 5hoB
6700 85 680 1343 2bge k105 S408 6163
8100 85 657 1311 2530 L43k2 5766 6750
9200 85 628 1266 2hgg  Lu3o 5892 -

ALIGNING TORQUE vs. SLIP ANGLE AND VERTICAL 1OAD

Vertical Inflation Aligning Torque at Indicated Slip Angle { degs. )

Load Pressure

(1bs.) {psi) 1 2 L 8 12 16
1400 85 32 L3 Ly 18 15 6
2800 85 81 126 132 85 70 51
4200 85 126 201 251 182 163 101
5430 85 162 269 30 307 269 171
6700 85 197 336 473 48 k19 2%3
8100 85 235  Lo8 599 62k 602 3Tk
9200 85 262 L63 695 782 768 -

CIRCUMFERENTIAL STIFFNESS vs. SLIP ANGLE AND FORMAL LOAD

Vertical Inflation Verticeal
Load Pressure Cg Spring Rate
{1bs.) (psi) {1bs.) {1bs./in.)
5h350 85 52,000 3939
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{1ibs.)

{ibs.)

LATERAL FORCE vs, SLIP ANGLE AND VERTICAL LOAD

Vertical
Load

1hoo
2800
4200
5430
6700
8100
9200

Tire: Fully Worn Highway Tread 10-20/F

Inflation
Pressure

(psi)

85
85
85
85
85
85
85

Tatersl Porce at

Rim:

20%7.50

Indicated Slip Angle {degs.)

ALIGVING TORQUE vs. SLIP ANGLE AND VERTICAL LOAD

Vertical
Load

(1bs.)

1400
2800
L2oo
5430
6700
8100
9200

Infiation
Pressure
(psi})

85
85
85
85
85
85
85

1 2 L 8 12 16
391 769 1169 1bkp6 152G 16h9
598 1205 2027 2681 288 182
Ti2  1k13 2517 3635 k20T hse2
772 16k 2681 Lige  S0kg sh88
759 1436 2713 Lh73 5687 -
729 1360 2628 L4537 -- -
699 1280 2505 -- -- --

Aligning Torque st Indicated S1lip Angle {degs.)
1 2 H 8 12 16
32 52 L5 1k 5 2
80 148 161 ith 37 20
126 2hg 324 123 119 66
166 331 k79 25% 231 12
198 Log 635 LLz 378 -
23%  Lbgo 799 686 -~ --
260 6 920 -- - -~

CIRCUMFERENTIAL STIFFNESS ve. SLIP ANGLE AND NORMAL LOAD

Vertical
Load

5430

Inflation
Pregsure s
{psi) {1bs.}
85 60,000

194

Vertical
Spring Rate

(1bs,/in.)

L6oo



LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
(1bs. )}

1300
2700
4030
5400
6500

Tire: Highway Tread 8.25-20/E

Infletion
Pressure

{psi)

85
85
83
85
85

Rim: 20x7.00

Lateral Force at Indicated Slip Angle (dess.)

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
{ibs.)

1300
2700
5050
5400
6500

Inflation
Pressure
(psi)

85
85
85
85
85

1 2 b 8 12 10
188 268 636 969 1137 1001
518 6%1 1137 1814 2185 207t
369 770 1hOh 2340 2934 2865
398 807 1550 2662 355 3550
393 807 1546 2765 3719 3951

Aligring Torque at Indicated Slip Angle (degs.)
1 2 L 8 12 16
16 %0 Lo 32 17 I
42 77T 116 116 81 3k
69 124 196 220 172 87
92 175 288 351 266 164
112 219 369  hes k22 2u2

CTRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical
Load

(1bs.)

1300
hoso
6500

Inflation
Pressure

(psi)

85
85
85

Cg

{1bs.)

1k, 000
22,000
36,000

195

Vertical
Spring Rate

(1bs./in.)

3900



Tire: Higiway Tread 9-20/E Rim: 20x7.00

LATERAL FORCE wvs BLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Lateral Force at Indicated Slip Angle (degs.)
Load Presszure ’

{1bs.) {psi) 1 2 H B 12 1€
1300 80O 216 88 £3e G11 1026 1048
2700 20 367 6687 1187 1791 208r 2181
4160 8o LEs 868 1835 2LLl 29%7 3162
=00 80 79 926 1696 2812 3L78 3828
E500 80 LED g2k 1771 3026 3807 b3k

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Aligning Torque at Indicated Slip Angle (degs.)

Load Pressure

(1bs.) (psi) 1 2 le 8 12 16
1300 8o 19 29 32 19 8 0
2700 80 52 8l 108 88 Lg 21
4160 80 &7 146 202 198 136 70
shO0 80 112 196 288 zZoh 203 134
6500 80 134 2ko 365 kio 212 206

CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical Inflation Vertical
Load Pressure Cg Spring Rate
{1ibs.) (psi) (1bs.) (1bs./in.)
1300 Bo lh,OOO
L16¢ 80 41,000 3824
6500 80 6,500
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Tiyre: Highway Tread 9-20/F Rim: 20x7.00

TATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Latersl Force at Indicated Slip Angle (degs.)
Load Pressure

(1bs.) (psi} 1 2 L 8 12 16
1L GO 853 238 Lo 718 1001 1263 1232
2800 25 391 Thh 1286 1898 2500 2431
L250 - 85 L79 920 1631 2538 3082 3Ls9
5600 85 509 987 1805 29k% 3650 k227
£500 85 506 1005 1856 3115 3990 4628

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Aligning Torque at Indicated Slip Angle

Load Pressure

(1bs.) (psi) 1 2 in 8 12 16
1400 B85 20 %35 28 20 £ -%
2800 85 52 8o 118 87 L9 19
4250 85 B 18 213 187 118 h
8GO0 85 11k 202 306 295 208 139
£500 85 135 250 %82 385 279 191

CTIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical Inflation Vertical
Load Pressure Cq Spring Rate
(1bs.) (psi) {1bs.) {1bs. /in.}
1400 85 16,000
4250 85 41,000 h122
6800 85 50, 000
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Tire: Highway Tread 11-22/F Rim: 22x8.00

LATERAL FORCE ve SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Lateral Force &t Indicated Siip Angle (degs.)
Load Pregsure

{1bs.) (psi) 1 2 b 8 12 16
2100 85 268 S08 903 1428 2003 2269
L2oo 85 L3l Bz2  1%35 258k FsE LO2C
£250 85 sh3 0 103k 1916 3310 Lb7h o 5308
8200 85 571 1122 2091 3718 5073 6158
900 83 573 1140 2162 3932 5351 6706

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflaiion Aligning Torque at Indicsted Slip Angle {degs.)
Load Pressure

{1bs.) . {psi) 1 2 4 8 12 16
2100 85 31 51 6 T3 Sk 22
k200 8s 76 133 205 230 20 131
6290 85 120 215 345 Lop koo 27k
8200 85 156 290 478 £07 £1% LL8
9900 85 183 356 =08 78k 838 €39

CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical Inflation Vertical
Load Pressure Cg Spring Rate
(1bs.) (psi) (1bs.) {1bs./in.)
2100 85 21,000
6290 85 h"{, 000 5578
9800 85 48,000
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Tire: Highway Tread 11-22/G Rim: 22x8.50

1ATERAL FORCE vs SLIP ANGLE AND VERTICAL LCAD

Verticel Inflation Lateral Force at Indicated Siip Angle (deps.)
Load Pressure

(1bs.) {psi) 1 2 L 8 12 1€
2100 S0 265 kg7 973 1636 2017 1627
4200 50 L= 828 1550 2807 3510 AETY
6140 90 537  10%6 1979 3517 Lhoy - Le69
8200 90 587 118 218  Loe8  s2bs 5372
10000 90 601 1183 223¢  L163  s633 €137

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LGCAD

Vertical Infletion Aligning Torque at Indiceted Slip Angle {Gegs.)
Load Pressure
{1bs.) (psi) 1 2 L 8 12 16
2100 90 28 L€ 771 75 L6 -5
5200 90 @3 12k 210 243 183 80
6140 a0 112 199 350 428 32 174
8200 a0 152 280 509 [T 551 271
10000 90 185 345 £52 8% 766 L2g

CTIRCUMFERENTIAL STIFFNESS we SLIP ANGLE AND NORMAL LOAD

Vertical Inflation Vertical
Load Pressure Ce Spring Rate
{1bs.) {psi) {1bs.) {1bs./in.)
2100 90 2%,000
6150 90 51,000 5852
10000 g0 ' 60,000
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LATERLL FORCE

Vertical
Load
{1bs.)

1800
3600
5430
7200
8700

Tire: Highway Tread 11-22.5/F

V.

SLIP ANGLE AND VERTICAL LOAD

Inflation
Pressure

(psi)

85
85
85
89
85

et

ALIGNING TORQUE ve, SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
(1bs.)

18c0
3600
5430
7200
8700

Inflaticon.
Pressure
{psi)

85
85
85
85
85

CIRCUMFERENTIAL STIFFNESS vs. SLIP ANGLE AND NORMAL LOAD

Vertical
Load
{1bs,)

1800
5430
8700

Inflation
Pressure

{psi)
85
85
85

Lateral Force at Indicated Siip Angle {degs.)
1 2 L 8 12 16
197 k27 752 1250 1587 1605
395 T8 1332 2300 2876 3086
50k 973 1773 3065 3867 LAT
570 1102 2023 3591 L605  9310
625 1159 2166 3883 5047 5930
Aiigning Torque at Indicated Slip Angle {degs.)
k3 o h 8 12 16
18 26 L8 hs 27 10
59 101 146 157 125 Th
96 171 261 310 269 178
130 235  Z7h L& Lhp 315
159 263 Lo 6ho 623 Lsp
Vertical
Cq Spring Rate
{1bs.) {1bs./in.)
18,000
56,000 5700
6,000
%
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Tire: Highway Tread 12-20/G

LATERAL PORCE vs. SLIP ANGLE AND VERTICAL LOAD

Vertical
Load

{1bs.)

2100
L2oo
6140
8200
9900

Inflation
Pressure

fpsi)

e eees

Rim:

20x8. 50

lateral Force at Indicated Slip Angle !degs.)

1 2 b 8 12 16
391 7h1 1245 1Tk6 207 2189
590  11kbk 2041 3063 3681 hooelt)
701 13k3 2438 3846 k763 S2%2
721 1k17 2671 LL1k 5675 6uT2
729 1kbo 2672 4695 6195  T197

ALIGNING TORQUE vs. SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
(1bs.)

2100
Lzoo
6140
8200

19900

Inflation
Pressure
{psi)

&8 e&ee

Aligning Torque st Indicated Slip Angle (degs.)

1 2 b 8 12 16
L8 82 1ok 76 Lo 16
11k 203 292 261 177 101
170 309 71 LeT 338 20k
a2k k22 659 713 559 369
272 512 9% 930 770 528

CIRCUMFERENTIAL STIFFNESS ve, SLIF ANGLE AND NORMAL LOAD

Vertical
Load

{1bs.)

2100
6140
G900

Inflation
Pressure

{psi)

&
&
8

¢

2%,000
60,000
4,000

8
{1bs.)

201

Vertical
Spring Rate

(lbs.{in.)

i

Boo



TATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Toad
(1bs.)

2000

5000
5920
8000
10000

Tire:

Inflation
Presgsure

{psi)

Highway Tread 12-22.5/F

85
85
85
85
85

Rim: 22.5x8.50

Latersl Force at Indicated !

n Angle (degs.)

1 2 L B 12 1€
213 581 1001 1k72 1758 1796
s ohh 1718 2693 3262 3614(9)
€21 1132 2090(2)3436(1)k295  Le2
606 1186 2241 3915 sokh 5770
0% 1168 2243 LoB® 5381 6367

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
(1bs.)

2000
LOCO
5920
8000

10000

Inflation

Aligning Torque at

Indicated Slip Angle (degs.)

1 2 b 8 12 16
zs 55 o7 Lo 1h -1
89 153 212 180 117 31
136 241 362 366 275 151
179 331 530 605 520(?) 327(?)
220 k21 688 858 817 539

CTRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical
Load

{1bs.)

2000

5920
10000

Infilation
Pressure

(psi

85
85
85

)

Vertical
Cg Spring Rate
(1bs.) (1os./in.)
20,000
58, C00 b530L
57,000
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Tire: Highway Tread 12.%-22.5/G Rim: ©22.5x8.25

TATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation lateral Force at Indicated Slip Angle {degs.)

Load Pressure

(1bs.) {psi) 1 2 L 8 12 16
1560 90 284 sL0 95¢ 134k 1623 1770
3925 90 ' K70 911 1653 269 3042 3352
5890 g0 59% 1157 2117 3261 4121 L4629
7850 Q0 6Lig 1261 2370 384k 4GLS 5658
9800 90 666 1310 2L20 4234 5558 6569

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Aligning Torque at Indicated Slip Angle (degs.)
Load Pressure

(1bs.) {psi) 1 2 b 8 12 16
1960 90 31 s 77 58 3l 13
3925 90 78 140 211 188 130 68
5890 %0 126 230 363 353 263 157
7850 g0 171 318 530 540 430 270
9800 90 219 k17 697 760 €36 429

CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical Inflation Vertical
Load Pressure Cqy Spring Rete
(1bs.) (psi) {1bs.) {1vs./in.)
1960 a0 21,000
5890 90 62,000 4785
9800 G0 50, 000
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Tire: Highwey Tread 15-22.%/4 Rim: 22.5x11.75

TATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD

vertical Inflation Lateral Force at Indicated Slip Angle (degs.)
Load Fressure
{1bs.) {psi) 1 2 i 8 12 16
2600 90 ket 850  1hee  2R7 0 23Tc 2772
=800 g0 7oe  1L88 2831 B791  LL79 5256
8640 90 1015 1915 238 5190 €198 7301
10000 90 10kt 2012 %585 s6eR 6860 8119(7)

ALTGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Aligning Torque at Indicated Slip Angle (degs.)
Load Pressure
(1bs.) (psi) 1 2 Y 8 12 16
2900 90 Lk 71 86 63 2g 10
=800 g0 124 208 276 22% 131 78
86Lo 90 21k 375 %15 Lhg 273 161
10000 Q0 251 Lhg 6%2 571 347 215

CTRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAL

Vertical Inflation Vertieal
Load Presgure Cq Spring Rate
{1bs.) {psi) {1bs.) {(1bs./in.)
2900 g0 47,000
8640 90 85,000 5420
10000 50 76,000
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Tire: Highway Tread 8-22.5/D: Single Rim: 22.5x5.25

LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation lLateral Force at Indicated Slip Angle (degs.)
Load Pressure
(1bs.) (psi) 1 2 I & 12 16

500 65 15% 292 Ll7 643 712 748
1800 €5 259 L6 809 1235 143§ 1827
2750 €5 \ %11 588 1018 1684 2002 2210
3600 ' é5 265 577 1053  180L{7)2%3L 2635
4500 65 27% sk8  1039(?)1926 2330 2936

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical Inflation Aligning Torque et Indicated Slip Angle {degs.)

Load Pressure

(1bs.) {psi) 1 2 b 8 12 16

Q00 65 13 2z 25 10 3 1

1800 65 35 61 69 52 30 17

2750 65 57 102 141 126 87 55

- 3600 €5 T 1hh 200 214 163 10k

L4500 €5 100 186 278 322 272 151

CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD

Vertical Inflation Vertical
Load Pressure Cs Spring Rate
(1bs.) (psi) {1vs.) (1bs./in.)
2750 65 31,000 2690
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LATERAL FORCE vws SLIP ANGLE AND VERTICAL LOAD

Vertical
Load
{1bs.)

1800

2600
5500
7200
9800

Tire:

Inflation
Pressure

(psi)

Highway Tread 8-22.5/D: Dual

Rim:

22.5%5.25

Lateral Force at Indicated Slip Angle {degs.)

ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD

Vertical
Load

{1bs.)

1800
3600
550C
7200
9800

Inflation
Pressure

(psi)

€5
65
65
65
65

CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL TOAD

Vertical Inflation
Load Pressure
(1vs.) (psi)
5500 65

s
{1bs.)
5k, 000

206

Vertical

1>

Spring Rate
{1bs./in.)

=56

1 2 b 8 12 16
agk 5h3 911 12kg  139L  1ks2
=08 056 1654 Bh31 2827 3000
56 1137 2020 3182 3905  L290
570 1127 2096 3485 hs21 %151
sLho 1072 2052 %617 4980 6071

Aligning Torque at Indicated Slip Angle (degs.)
1 2 b 8 12 16
27 L2 L 21 6 -0(7)
69 118 152 105 59 51
110 197 283 252 172 op
141 262 Lok k23 %12 178
189 353 580 70k 60k k29
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APPENDIX H

A Short Algorithm To Assist In
The Choice Of Tire Parameters

The purpose of this program is to give the user facility to find out what
snear forces the tire model will predict, given any combination of kinematic var-
izbles and tire parameters. Thus it is envisioned that this algerithm may be
used for "curve fitting" carpet plots, as in Section 3.2.2, or for examining the
predicted intersction of longitudinal slip and sideslip to produce shear forces
at the tire road interface.

The following examples are given below:

‘1. Using the rated load of 5430 1lbs. for the tire considered in deiail in
Section 3.2.2, ag well as the measured values Ca and CS, and with FA set to zero
{to match tire test machine data) and My set to .85, lateral force vs, sideslip
angle are computed, Note the correspondence te Figure 3-3c.

2, With the suggested curve fit parameters KF = 1.7, & = 9, lateral force
vs. sideslip angle is again computed, Note the correspondece to Figure 3-3d.

3, Tire parasmeters from /2) are again used with one exception; FA is set
to .00%., Longitudinal slip is set to 0.1. Note the correspondence with Figure
3=5a.

4, A pslip curve is calculated with the tire parameters from (%} and with
the sideslip angle set to 16°, Note the correspondence with Figure 3-%5b,

ENTER PARAMETERS IN F=-FORMAT
Uw= bb.

€S = 42000,
CALPHA = 523,

MUZERQ = .85

FA = 0,
FZ = 5430,
KF = 0.

ALPHABAR = 0.
1 UW= by.00000
2 C5= 4L2000.00000

3 CA= 523.00000

4 MUO= 0.85000

5 FA= 0.0

6 Fi= 5430,000060

7 KF = 0.0

8 ALPHABAR = 0.0

YT 22X 2X2252 4 20
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USER OPTIONS-

FOR FYW CURVE
ALPHA

0.0

1.00
2.00
4.00
8.00

130

20.00

FRGT A REBRTRTR

U GANGE VARIABL

2

ENTER A 1 FOR FYW V5. ALPHA
ENTER A 2 FOR FXW VS, SLIP
ENTER A 3 FOR BOTH OPTIONS
ENTER A ZERO TJ RESTART INPUT

LENTER SLIP VALUE: ©.

FYW

0.0

=523.05
-1046.42
=2085.40
=-3350.90
=3778.36
-3985.69
-4127.19

-

ES: ENTER A 1 TO CHANGE ALL
ENTER A 2 TO CHANGE ONLY A FEW INPUT VARIABLES
ENTER A 3 TO RETAIN VARIABLE VALUES FOR A FYW

VS. ALPHA GRAPH

ENTER A & TO RETAIN VARIABLE VALUES FOR A FXW
VS. SLIP GRAPH

ENTER A ZERO TO TERMINATE PROGRAM

ENTER NO, OF PARAMETERS TO BE CHANGED

2

ENTER THE IVARIABLE NUMBERS IN 12 FORMAT
SEPARATE BY COMMAS

07,08

ENTER CORRECTIONS:

KF = 1.7
ALPHABAR = 9.

T2 33 R -3 % 24 %)

USER OPTIONS-

L.

ENTER A 1 FOR FYW VS. ALPHA
ENTER A 2 FOR FXW VS. SLIP
ENTER A 3 FOR BOTH OPTIONS
ENTER A ZERO TO RESTART INPUT

FOR FYW CURVE,ENTER SLIP VALUE: O.
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ALPHA FYW

0.0 0.0
1.00 -507.53
2.00 -984.33
4.00 -1846,73
8.00 -2957.35
12.00 ~3472.45
16.00 -3768.19
20.00 -3947.66

I'YTETE XL S R A SR

D CHANGE VARIABLES: ENTER A 1 TO CHANGE ALL
ENTER A 2 TO CHANGE ONLY A FEW INPUT VARIABLES
ENTER A 3 TO RETAIN VAR!ABLE VALUES FOR A FYW
VS. ALPHA GRAPH
ENTER A L TO RETAIN VARTABLE VALUES FOR A FXW
V3. SLIP GRAPH
ENTER A ZERO TO TERMINATE PROGRAM

2

ENTER NO. OF PARAMETERS TO BE CHANGED
1

ENTER THE IVARIABLE NUMBERS IN 12 FORMAT
SEPARATE BY COMMAS
05

ENTER CORRECTIONS:
FA= 0.005

L2 X R A2 R RN R LR

USER OPTIONS-ENTER A 1 FOR FYW VS. ALPHA
ENTER A 2 FOR FXW VS. SLIP
ENTER A 3 FOR BOTH QPTIONS
ENTER A ZERO TO RESTART INPUT

3.

FOR FYW CURVE,ENTER SLIP VALUE: .1

ALPHA FYW
0.0 -0.0
1.00 “411.43
2.00 -786.77
4,00 -1409.68
8.00 -2187.65

12.00 =2740,.65

16.00 =3122.11

20.00 =3343.47

2 A RS R R KSR RN SR
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FOR FXW CURVE,ENTER ALPHA VALUE: 16.

SLIP FXW
0.05 ~1157.00
0.10 -2086.24
0.15 ~2724.16
0.30 ~3557.44
0.35 -3659.98
0.40 -3722.13
0.45 ~3756.83
0.50 -3772.27
6.55 -3773.83
0.60 ~3765.13
0.65 -3748.68
0.70 =3726.26
0.75 ~3699,17
0.80 -3668.34
0.85 -3634,52
0.90 ~-3598.24
0.95 -3559,95
1.00 ~3519.98

ERRTSR RO RGPS

TO CHANGE VARIABLES: ENTER A 1 TO CHANGE ALL
ENTER A 2 TO CHANGE ONLY A FEW INPUT VARIABLES
ENTER A 3 TO RETAIN VARIABLE VALUES FOR A FYW
VS. ALPHA GRAPH
ENTER A 4 TO RETAIN VARIABLE VALUES FOR A FXW
VS. SLIP GRAPH
ENTER A ZERO TO TERMINATE PROGRAM

s

21






l.

2'

50

99

1C,

1l.

13

1k,

15.

16.

REFERENCES

R. W. Murphy, J. E. Bernard, and C. B Winkler, A Computer Based Methematical
Method for Predicting the Braking Performence of Trucks and Tractor-Trailers.

Phase I Report, Highway Safety Research Institute, The University of Michigan,
September 15, 1972,

P. S. Fancher, C. B Winkler, and J. E., Berrard, Simulation of the Fraking
and Handling of Trucks and Tractor-Trallers. (To be published by HSRL. )

H Dugoff, P. S. Fancher, and L. Segel, Tire Performance Characteristics Af-
fecting Vehicle Response to Steering and Braking Control Inputs. Final Report
for Period May 1968-August 1969 for Contract CST-L60, Office of Vehicle Sys-
tems Research, National Bureau of Standards, August 1969.

#. Dugoff and B J. Brown, "Measurement of Tire Shear Forces." SAE Paper
#700092, January 1970.

J. E. Bernard, "A Digital Computer Method for the Prediction of Braking Per-
formance of Trucks and Tractor-Trailers.” SAE Paper #730181, January 19735

P. M Leucht, "The Directional Dynemics of the Commercial Tractor-Semitrailer
Vehicle During Braking.” SAE Transactions, Vol. 79 (1970), Paper #700371.

E, C. Mikulcik, The Dynamics of Tractor-Semitrailer Vehicles: The Jackknifing
Problem. Ph.D. Thesis, Cornell University, June 1968,

R. L. Eshleman snd S. D, Desal, Articulated Vehicle Handling. Final Report,
Tilinois Institute of Technology, Research Institute, April 1972.

A. I. Krauter end R. K. Wilson, "Simulation of Tractor-Semitrailer Handling. "
SAE Paper #720922, October 1972.

V. T. Nicholas and T. R. Comstock, "Prediecting Directional Behavior of Tractor-
Semitrailers when Anti-Skid Brake Systems are Used." Presented at ASME Winter
Annual Meeting, New York, New York, November 1972,

R. R. McHenry and K. J. Deleys, Vehicle Dynamics in Single Vehicle Accidents.
CAL No. VJ-2251-~V-3, December 1968,

i Dugoff, "On the Influence of Aerodynamic Forces and Moments on the Lateral
Stability of Articulated Highway Vehicles.' Stevens Institute of Technology,
Davidson lLaboratory, Hoboken, New Jersey.

C. B Winkler, "The Measurement of Inertial Properties and Suspension Param-
eters of Heavy Highwey Vehicles," SAE Paper #730182 presented at SAE Inter-
national Automotive Engineering Congress, Detroit, January 1973

P. 8. Fancher, et al., Limit Handling Performance 8s Influenced by Degrada-
tion of Steering and Suspension Systems. Final Report, Highway Safety Re~
search Institute, The University of Michigan, November 1972,

R, D. Ervin, et al., Vehicle Handling Performance. Final Report, Highway
Safety Research Institute, The University of Michigan, November 1972.

J. T. Tielking, P. S. Fancher, and R. E. Wild, "Mechanical Properties of
Truck Tires." Paper #73018% presented at SAE Internationsl Automotive Engi-
neering Congress, Detroit, January 1973.

213

Preceding page blank



17.

13.

REFERENCES ¢ Concluded)

?. Jindra, "Tractor and Semi-Trailer Handling." Automobile Engineer,

163
H Goldstein, Classical Mechanics, Addison-Wesley Publishing Company,

Reading, bacs., June 1969,

21k

o

2
ct

Inc.

sher



NTIS does not permit return of items for credi
der, if the item was received

ing your or

in filli
damaged cond

or refund. A replacement will be provided if an error
ade

IS M

ive.,

, or if the item is defect

Ion

i

Reproduced by NTIS

National Technical Information Service
Springfield, VA 22161

This report was printed specifically for your order
from nearly 3 million titles available in our collection.

For economy and efficiency, NTIS does not maintain stock of its vast
collection of technical reports. Rather, most documents are printed for
each order. Documents that are not in electronic format are reproduced
from master archival copies and are the best possible reproductions
available. If you have any questions concerning this document or any
order you have placed with NTIS, please call our Customer Service
Department at (703) 605-6050.

About NTIS

NTIS collects scientific, technical, engineering, and business related
information — then organizes, maintains, and disseminates that
information in a variety of formats — from microfiche {o online services.
The NTI!S collection of nearly 3 million titles includes reports describing
research conducted or sponsored by federal agencies and their
contractors, statistical and business information; U.S. military,
publications; multimediaftraining products; computer software and
electronic databases developed by federal agencies; training tools; and
technical reports prepared by research organizations worldwide.
Approximately 100,000 new titles are added and indexed into the NTIS
collection annually.

For more information about NTIS products and services, call NTIS
at 1-800-553-NTIS (6847) or (703) 605-6000 and request the free
NTIS Products Catalog, PR-827LPG, or visit the NTIS Web site
hitp:/fwww.ntis.gov.

NTIS

Your indispensable resource for government-sponsored
information—U.S. and worldwide



£
%00 4

areg F°
{15, DEPARTMENT OF COMMERCE
Technology Administration
Nutiono Technical Information Service
Springfield, VA 22161 (703) 6056000

ii

LR

*pR221B63e* _ .

*RAR

BIN: Mi4@ Q5-26-88
INVOICE: Ba778E

SHIPFTC: 1%268427

PAYMENT : CEH*ADRNG






