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Gradeability of log trucks is limited by either
vehicle rimpull or ground-tire adhesion. The analysis pre-
sented shows that log trucks in current use in the Pacific
Northwest are limited by tire-slip gradeability rather than
by rimpull. Analytic techniques were used to determine
that gradeability is greatest for piggyback and least for
émpty truck configurations. Effects of horizontal curva-
ture and superelevation rates on truck "seen" grade were
analyzed as well as road design gradient limitations. Road
design criteria graphs are presented in the appendices by
log truck configuration for varying curve radii, super-

elevation rates, and centerline gradients.
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INTRODUCTION

The fundamentals of vehicular motion are well known
and documented but they have not.been applied to log trucks
in a strict sense. Many publications present the fundamen-
tals of motion for heavy transport vehicles (the common
"semi”) on flexible pavement structures in city and highway
environments. Direct application of these procedures will
not necessarily represent the motion of the on- or off-
highway log transport vehicle.

The modern log truck incorporates "state-of-the-art”
technology in vehicular engineering and designs; e.g.,
diesel engine power systems, transmissions, drive trains,
tires, and use of space-age materials of light-weight and
high strength. Because of these attributes, modern log
trucks are capable of handling gross vehicle weights (GVW's)
from 80 kipsi/ to more than 300 kips, from startup to
posted speed limits, with high reliability. The physical
capabilities of most modern log trucks far exceed the road
design limits imposed by most forest road design engineers.

This paper attempts to quantify log truck physical
capabilities and road design limitationé in a single docu-

ment. In so doing, reference is provided the forest road

/1 xip = 1000 pounds.



design engineer for analysis of critical grade situations
and the effects of road design upon truck performance.
Methodology is provided so maximization of potentials can

be better achieved in critical design situations.

Gradeability

In order for any vehicle to propel itself over a road
surface its tractive effort must be transmitted. The
transmission of this force is assumed dependent upon driven
tire loading and the ccefficient of traction between the
two surfaces (Taborek, 1957). For rubber-tired vehicles,
the coefficient of traction is greatest when the tire is
actuallyw slipping slightly over the road surface. This éo-
efficient will change as the tire is made to slip in a
given direction (forward, backward, or sideways) and, con-
sequently, an exact value is impossible to determiné
(McNally, 1975). Tire-rocad adhesion coefficients (traction
coefficients) are presented in Table 3.

To see if gradeability does depend upon this coeffi-
cient of traction and upon the weight on the driven wheels,
it will be analyzed under two different conditions:

l. Gradeability at tire spin-out.

2. Gradeability at maximum rimpull.

A comparison of grade capability under these two conditions
will be made and conclusions drawn as to what situations

warrant the application of either formulation.



TIRE-SLIP GRADEABILITY

To evaluate gradeability at spin-out, two assumptions
are required:
l. Tractive effort is limited by tire-slip and not by
drive axle torque.
2. Acceleration of the vehicle is zerc at the instant
on grade of tire-slip.
The following free body diagram (FBD) depicts this situa-
tion and will aid in the formulation of equations.

W

Rup

Figure 1. FBD of a driven wheel.

Symbols used in Figure 1:

w weight on wheel
RMP = rimpull

normal force

@ 2
[ ]

= grade in degrees
Balancing forces perpendicular to the ground,

N = Wcosf.



Balancing forces parallel to the ground,

RMP = Wgine.

At spin-out,

Ryp = WN.

Combining equations,
4 = tan @
% Grade = 100y (eg. A.1)

This result implies that for a single powered wheel,
gradeability is limited by the coefficient of traction.

One can conclude that an all-wheel-drive vehicle is limited
in its grade climbing ability only by this factor (unless
power limited).

Analysis 6f the common logging truck (with its trailer
in the piggyback configuration and rear wheels driven) al-
lows tire-slip gradeability to be formulated as shown in
Figure 2.

The result shown in Figure 2 implies that tire-slip
gradeability is, again, independent of vehicle weight but
dependent upon the coefficient of traction and the position
of center of mass. Té facilitate utilization of the re-
sulting expression and to put it in terms of more easily

measured variables, the term "traction ratio” is introduced.
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Figure 2. FBD of tractor.

Symbols used in Figure 2: W= GVW (1lbs)
L = wheelbase (ft)
Rpe = rolling resistance (1lbs)

A,h = position of c.g. (ft)

LFy = 0: Wcost = Ne + Ny
IFPx = 0: Wsing = Ryp = Rpe
Baiancing moments about pbint C,

= NcOs8 A Wsiné h
Ng 7 7

\

At spin-out,

Rvp = HNg



Rpe = 0

Nd = Wsind/u

$ Grade = 100 (L LA )

T = n (eq. A.2)

This ratio is defined as the weight on the driving axle

compared to the total weight of the vehicle, or
A/L = Nd/W = TR
The expression for tire-slip gradeability then becomes:
% Grade = 100uTR/(1 - ph/L) (eq. A;B)

If one assumes that (uh/L) is negligible, then one may
conclude that tire-slip gradeability is estimated by:

W._.
$ Grade = 100u (—9§§%§£§) = 100uTR (eq. A.4)

in the case of the all-wheel-drive vehicle, TR=1l, and the
initial result is confirmed. Typical "TR" values found by

the author for logging trucks are:

1. Piggyback TR = .60
2. Empty TR = .31
3. Loaded TR = .40 - .44

Log truck drivers have expressed their feeling that tire-
slip gradeability is at a maximum for the piggyback con-

figuration. These results seem to confirm their belief.



To formulate an expression for tire-slip gradeability
for loaded rear-wheel drive logging trucks, the free body
diagram in Figure 3 is required.

L4

02 A

d

Figure 3. FBD of a loaded log truck.

At tire-slip, static equilibrium is again assumed and the

following equations can be written:

LFx = (

RMP = Wsiné

7



Rp = WNg

Wsin®
Nd = -7?_-

IFy = 0

Wcosd = Nf + Nd + Nt

IM about the front contact point = Q

Wcosf A + Wsiné h = Nt L4 - Nd L=20

= n.2/
N, = Ng=

Weos8 A + Wsin® h - Wsin® iEi:?—El =0

Tan® = Au/(L4 + L - uh)
% Grade = 100 Ap/(L4 + L = uh) (eg. A.5)

This result implies that at the poinﬁ of spin-out, gradeabi-
lity of a loaded log truck is independent of weight, but
dependent upon the coefficient of traction and the position

of the center of mass.

Sample Calculations

To summarize tire-slip gradeability and to indicate
relative grade capability for a log truck assuming:

1. u=0.5 , 3. L =19.28 ft

2. A

12.42 £t 4. h =5.0 ft

Z/Sampled log trucks confirmed this to be true.
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the following result is obtained for the piggyback configu-

ration:

(.5)(12.42) £+ )

$ Grade = 100 (ma - (-5_)_(3)] £t (egq. A.2)
$ Grade = 37
For the loaded log truck assuming:
l. u=20.,5
2. A= 30.44 £t 4. L4 = 50.7 £t
3. L =19.28 ft S. h= 7 ft
the following result is cbtained:
$ Grade = (100) (30.44) (0.5) £t (eq. A.S)

(50.7 + 19.28 - (0.5) (7)] £t
$ Grade = 23

How do these results compare with the quick method out-

lined by equation A.47?
Piggyback

$ Grade = (100)(.5)(.60) = 30
Loaded

$ Grade = (100)(.5)(.43) = 21

The loaded vehicle compares quite favorably, but the piggy-

back configuration is in error. The assumption that the
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ratio of "CG" height to wheelbase is negligible is probably
not valid for short wheelbase vehicles and consequently
equation A.4 should be used cautiously =-- conservative
estimates result.

The results of this analysis indicate that loaded and
piggyback log trucks have differing grade climbing abili-
ties at the point of spin-out; the concept expressed by log
truck drivers. Additionally, it appears that tire-slip
gradeability is not dependent on total vehicle weight --
only upon the coefficient of traction and position of the

center of mass.
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RIMPULL GRADEABILITY

Truck Capability

Truck capability will be defined as the ability of a
tractor unit to transmit its power from the engine through
the drive train to the rims of its driven wheels. Rimpull
and tractive effort capability are common expressions for
truck capability.

Engine size, type and size of accessories, type of
main and auxiliary transmissions, type of drive axle rear-
ends, and tire size all relate to rimpuil. Once these con-
ponents are assembled into a given tractor unit, then trac-
tive effort capability becomes a property of that powered
unit alone and does not chahge when the truck or tractor
is coupled with various trailers and loading (Western High-
way Inst., 1976). To formulate an expression for rimpull
requires focllowing the -power flow from the engine to the
rim of the driven wheels. At the wheels, the forces can be
represented by the free body diagram in Figure 4.

~ The radius of a loaded tire differs from the nominal
radius due to the flexure of the tire under locad. Tire
pressure, locad, and tire constructicn all play important
roles in determining the loaded radius of the tire. Know-
ing the locaded tire radius (Ry) and multiplying it by the

rimpull yields the torgue at the driving axle. Conversely,
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Pigure 4. FBD of a driven wheel.

if the available torgque at the axle is known, rimpull can

be formulated as follows:

% = 'R; (eq. lol)

The torgque available at the drive axles is a function
of engine torgque multiplied by transmission and rear-end

gesr ratios discounting friction losses through the drive

traimn,
Ta = (Te)(RT)(RAT)(RRE)(DTE) (egq. 1.2)
(5252) (HP)
Te = mmm— (eg. 1.3)
where Te = net engine torgue at a gi#en rpm (ft. 1bs.)

= gear ratio of main transmission
= gear ratio of auxiliary transmission
= gear ratio of rear-end

= drive train efficiency expressed as a decimal

2" d
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It should be noted that horsepower is net horsepower
at the appropriate RPM of the engine. Engine manufacturers
graph horsepower-RPM curves for their res?ective products
and the necessary information for these calculations is
thus obtained.

Drive train efficiency is a discounting factor uti-
lized to describe the effects of energy losses from engine
output shaft through drive axles. Values for drive train
efficiency generally fall within the range of 0.75 to 0.95.
If unknown, or not readily measured, it can be estimated

by:

Dpp = (1 - 0.05 N) (eq. 1.4)

where N is the number of components in the drive train.
For enample, a main transmission, auxiliary transmission,
and double rear-end would yield a Dgp = 0.80 (Meyers, 1975).
It must be noted that for nonmechanical transmissions, i.e.
hydrostatic, engine torgue is not only multiplied by drive
line gear ratios in the mechanical linkage, but alsc by the
hydraulic capabilities of the specific hydrostatic trans-
mission.

Utilizing the specifications in Table 2 and applying
them to the preceding equations allows the calculation of

maximum tractive effort which this unit can produce.
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Te = 950 £t 1bs (limited by transmission)
DTE = [1 - (0.05)(3)] = 0.85
Ta = (950) (12.5)(6.21) (0.85) £t 1lbs
Ta = 62682 £t 1lbs
Ryp = (Ta/RL) = 62682 ft 1bs/1.742 £t
Ryp = 35983 1lbs force

Consequently, this typical log truck has 35983 lbs of rim-
pull which can theoretically be developed at the rims of
the driven wheels. This force is an independent measure

of the given pdwer unit and will not change regardless of
loading and/or trailer arrangement. Whenever the resistive
forces to vehicular motion exceed rimﬁull, then the truck
is power limited and without clutch disengagement, engine

stall will occur.

Motion Resisting Forces

The forces which coppose vehicular movement are rolling
resistance, air resistance, grade resistance, cornering re-
sistance, and inertia resistance. For any vehicle to move
at a constant velocity, its rimpﬁll or tractive effort
capﬁbility must equal the sum of these forces; for a
vehicle to accelerate, its rimpull must exceed the sum of
these forces; consequently, a surplus of power is regquired
to accelerate a vehicle (either from rest or for velocity

changes) or to ascend a grade.
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In order to calculate a vehicle's performance charac-
teristics (acceleration, maximum velocity, velocity up a
given gradient, gradeability), means of quantifying the re-
sistive forces must be known. Development of these equa-

tions will be based upon the free body diagram in Figure S.

Rt

Figure 5. FBD of loaded log truck.

Terms used in Figure 5 are defined as:
Rs = total resistive force

Rp = rolling resistance of steering, driving, and
trailer wheels

grade resistance

n x
1}
]

5

= air resistance

]
H
]

inertia resistance

cornering resistance (not shown)

&
0



Grade Resistance
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Grade resistance is resistance offered to movement of

a vehicle up a grade. This force is egquivalent to the
change in potential energy due to plus grade. Por each

foot of diétance traveled up the grade we have the change

in potential energy given by:
APE = mgh2 - mghl
APE = mg(h, = h;) = mgx
APE/AD = mg sinf = Wsiné

where W = GVW of the vehicle

@ = grade in degrees

mgh2

a0

mgh1
Figure 6. Change in potential energy.
Grade resistance is therefore given by:

R. = Wsiné

G

(eq.

2.1)
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Engineers generally express grade as a percent slope
which is equal to 100 times the tangent of the angle. For
small angles, the tangent = the sine so the equation can be

expressed as:

Rg =W G/100 (eq. 2.la)

Rolling Resistance

Rolling resistance is the composite of resistances of
an object rolling over a surface. It can be thought of as
the force opposing relling moticn and is comprised of
(Levesque, 1875):

l. Werk to compress and deflect the rocadway surface.

2. Work to flex the tire.

3. Work to overcome rolling friction.

4. Work to overcome air frictions, both inside and

outside of the tire.
Rolling resistance will vary with tire lcading, tire size,
wheel bearing friction, and condition of the tires (Western
Bighway Institute, 1976) .

Scme authors (Fitch, 1956; Coleman, 1961) choose to
tréat rolling resistance as a grade equivalent. Others at-
tempt to quantify the variables influencing rolling resis-
tance and develop coefficients which account for thenm.

Three formulations are offered:
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Paved surface (SAE, 1975)

Ry = W (0.0076 + 0.00009 V) (eq. 2.2)
Paved surface (Smith, 1970)

RR = W (0.0068 + 0.000074 V) s (eq. 2.3)
Gravel surface (Paterson et al., 1970)

RR =W (0.0151 + 0.000088 V) (eg. 2.4)

where W= GUW

V = velocity in mph

v

1l depending on surface

In all formulations wheel loading is by far the domi-
nant variable with vehicle velocity becoming more important

at highway speed limits.

Air Resistance

Air resistance is the force opposing vehicular motion
relative to the air mass. This can be visualized as a drag
force and, since air is a fluid, drag force is proportional
fo fluid density, viscosity, and surface area perpendicular

to movement. Drag force is given as

2
C.DpV A
FD = =5 (eg. 2.5)
where CD = drag coefficient relating vehicle shape and

fluid viscosity
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p = density of the air mass at some temperature
and pressure

A = surface area perpendicular to the direction of
motion

V = relative velocity of the object and air mass

g = gravitational acceleration

Wwith velocity expressed in miles per hour and assuming
standard temperature and pressure, drag force can be ex-

pressed as

R, = KA v? (eq. 2.6)

where K is a proportionality constant

"K" values for various trucks and trailer bodies have been
found to rance between 0.00164 and 0.0028. The particular
value utilized being a funcfion of the aerodynamic drag
characteristics of the truck and the type, number, and
placement of the trailer. No specific tests for log trucks
could be found, but skin drag on a loaded log truck will be
greater than on a metal semi~van body so the higher "X"

values are probably in order.

Cornering Resistance

When a rolling tire is made to change directions as in
cornering, a drag force is produced. This cornering drag
force results from centripetal acceleration and is an added

component opposing forward motion. Cormering drag force was



Direction of motion 20

Plane of rotation

[0 4
Figure 7. FBD of turning wheel.

initially studied by Smith (1963) empirically by means of
drawbar tests. His preliminary findings indicated corner-
ing drag force was of a magnitud; generally greater than
air and rolling resistance combined. Analytical results by
Smith (1970) gave extremely high correlations with his
original empirical findings. His formulation for cornering

drag force as applied to the entire vehicle follows:

W 2

= udl L1 1 2
R. fe[(_ZR ) + (——n cl) (m) ] (eg. 2.7)
where fe = (1 - lﬁ;%%rg_i) = 1 on flat surfaces

R = radius of curve (ft)
V = speed (mph)
Wl = weight on tandem axles (lbs)

L1 = tandem axle spacing (ft)
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= pnumber of tires

superelevation rate (ft/ft)

E MM
]

GVW (1bs)

coefficient of traction

=
8

Cl = tire cornering force = 504 1lb/deg loaded
= 189 1b/deg empty

The accompanying graphs demonstrate the effect upon
cornering drag force due to curve radius and four super-
elevation rates. Smith (1970) also evaluated the effects
of lateral wind loading on trucks by this same procedure,
but concluded that drag force resulting from the lateral

wind component is negligible.

Inertia Resistance

The final resistive force is due to inertia resis-
tance. 1In accordance with Newton's first law of motion, a
body at rest will tend to remain at rest, and a body in
uniform motion will tend to remain in uniform motion unless
influenced by an outside force. This tendency to maintain
its original state can be thought of as the inertia of a
body. Whenever a vehicle is accelerated, its inertia must
be changed from one state to the next. The inertia of the
vehicle is comprised of two components; one associated with

translational acceleration of the vehicle and one
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associated with rotational acceleration of the vehicle's
revolving components.

The translational force is easily formulated by appli-
cation of Newton's second law of motion which says that

force is proportional to mass and rate of velocity change.
F=m=ma

The weight of a body is given as mass times the accelera-
tion of gravity so the resisting force due to translational

acceleration is given by

Rop = (W/g)Aq (eg. 2.8)

where W = GVW of the vehicle

Ap = translational acceleration

g = the standard acceleration of gravity; 32.2

£ft/sec?

The force required to overcome the rotational ineitia is
more difficult to derive. The following analytic develop-
ment follows that presented by Taborek (1957). The rotat-
ing components of a vehicle start at the flywheel of the
engine and continue through the drive train to emerge at
the wheels. At the contact point betweeh the tires and the
road surface, translational acceleration must equal the
tangehtial component of rotational acceleration assuming

no‘slippage. In other words, the instantaneous vehicle
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velocity is equal to the instantaneous rotation rate of the
wheel. We will look at the contact point "B".

8
U
-UZ Pigure 8. FBD of rotating wheel.
VEUT = VAUT + (mUz) b 4 (-rUN)

since no slip VBUT = 0
v,0., = -(mUz) x (-rUN)

v 3. = -(-uﬁT)

A°T
VAUT = Qr UT
VA Velocity truck
W M e =
r Ry,
. VA(t) AT

B e

Ysheel = RL RL

Engine rotation rate is related %o tire rotation rate by

the gear ratios in the drive train. By similar analysis
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&engine = (&wheel)(gear reduction)

Furthermore, dyhamics principles relate the mcment of a
rotating mass to its rate of change of angular roation and
its polar mass moment of inertia. This can be formulated

as

) (Z,.)

= (“engine zz

Mengine engine

by the previous equation, we now have

ME = (wwheel)(GR)(Izz)
or

My = (Ay/R) (GR) (I,)

From the initial discussion of rimpull, recall that wheel
torque equalled engine torgque times gearing ratios dis-
counting drive line losses. Torgue is equivalent to

moment, so

Mheel = (Mengine)(GR)(DTE)

Combining this expression with the previous cne yields an
expression for the moment at the wheel in relation to the

engine as

2
M, = (AT/RL)(GR) (Izz)(DTE)
and solving for the inertia resistance force at the ground

contact point "B" yields
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Ay

Reg = by (eR) 3(1,,) (D) (eq. 2.9)
where RIR = resistance due to rotational engine inertia

Ay = acceleration of the vehicle

RL = loaded radius of powered wheels
GR = gear reduction

Izz = polar moment of inertia of engine
Dpgp ™ drive train efficiency.

Smith (1970) stated that rotating inertias consist pri-
marily of engine and wheel inertias and that the inertias
of propeller shafts, axle shafts, and gears are small and
can be ignored. The inertia of a four cycle diesel engine

is given by (Smith, 1970):.

1 2

| W em— —D_.. 2
I 333 [4 + 1.6(100) 1ft 1b sec (eq. 2.10)
where D = engine displacement, in3.

Tire inertia is given by graph in the appendices and when

applied to the vehicle will yield

I, = (no. tires) (Inertia/tire) (eg. 2.11)

It must he remembered that inertia resistance is due to
vehicle acceleration or deceleration and is not a factor

during constant velocity operations. Combining all
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expressions for the total resistive forces due to inertia

yields

Rp = Rpp * Rrg

Way Br

Rp = — + [—2=] [(GR) (1) (Dyp) + I,n] (eq. 2.12)
g (R;)

It should be noted that several authors (Taborek, 1957;
Levesque, 1975) chose to express inertia resistance in
terms of an equivalent mass or "truck-felt” increased
weight. This approach may be valid, but their expressions
vield increases in gquivalent mass for high gear reductions
in excess of truck rimpull capabilities. I suspect that
the coefficients in their expressions are valid for trucks
operating in the higher gears, but not for trucks at low
speeds in low gear (at least not at modern truck ratios).

To summarize the forces resisting vehicular motion and
to calculate truck performance requires the merging of
equations in sections one and two. Combining eguations
1.1, 1.2, 2.1, 2.4, 2.6, 2.7, and 2.12, one obtains the
eqﬁation of motion governing vehicular movement. This
equation in symbolic terms is

(Te)(RT)(R%E)(RRE)(DTE) T

(eg. 2.13)




27
Under conditions of constant velocity and no curves, the
last twe terms drop out and required rimpull for steady
state conditions can be calculated. Conversely, knowing
the maximum rimpull available allows the acceleration rate
for the vehicle to be calculated for turning or non-turning
motion. It must be understood that circumstances can pre-
vail where rimpull available exceeds maximum rimpull which
can be applied due to adhesion between the driven tires and
the road (tire-slip gradeability). In using eqg. 2.13,
maximum truck limitations are imposed and traction (ground
surface adhesion capability) is assumed non-limiting.

For the sampled log truck in section one with an en-
gine displacement of 855 cu-in, a frontal area of 95 sg £t,
a GVW of 73,100 1lbs, a tire inertia of 7.7 1b £t secz, and
a velocity of 15 mph in ndn-turning motion a minimum rim-
pull of 1260 lbs is required. Maximum rimpull available
(35983 1bs) allows an acceleration rate of 4.0 £+/sec?
under these conditions. Altermatively, ignoring adhesion
capacity of the rocad surface, ‘available rimpull yields a

maximum gradeability of:
% grade = 100 tanfarc sin(é%%)] (egq. 2.14)
% grade = 56.6

This far exceeds tire-slip gradeability and it will be
found that for modern log trucks, tire-slip gradeability

is always limiting.
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HORIZONTAL CURVE EFFECTS

Sample calculations to this point have considered only
forces involved in rectilinear motion of a vehicle along a
path. All roads have curves and those that a logging truck
traverses are especially crooked (compared to highways),
éonsequently the effects of curvature must be accounted for
if all forces are to be reckoned with.

A logging truck is a "stinger" steered vehicle. 1Its
off tracking characteristics differ from the "semi" since
the "semi" trailer pivots around a fifth wheel located
slightly forward of the driving axle. The distance forward
is called the offset which affects steering forces as well
as the total weight distribution on the driving and steer-
ing axles. A similar condition is exhibited by the place-
ment of the front bunk on a log truck. It will be found to
have positive offset as does the fifth wheel. Again, its
position affects steering forces and weight distribution.
However, the log trailer is not connected at the front bunk
and does not steer about that point. The log trailer
steers about the pintel hook by means of its compensator
and consequently exhibits less off txacking than a com-
parable length "semi" or "lowboy."

Off-tracking by stinger steered vehicles can be calcu-

lated by the following (Sessions, 1975):



where
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R3 = L/sin X (egq. 3.1)
R2 = L/tan (x) - ¥/2 (egq. 3.2)
R2 cos [si.n.1 %% cos (tan-l %%)*'tan-l %%]
-1 L2
cos [tan Ef]
(egq. 3.3)

cramp angle of outside front wheel
radius to outside front wheel

radius to center of truck driving axles
radius to center of trailer axles
length of stinger

distance between bunks

wheel-base of tractor

tractor width' (out to out of tires)

Figure 9. Off-tracking of a loaded log truck.
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"Seen” Grade

Application of the off tracking characteristics of a
log truck for evaluation of curvature and superelevation of
road prisms effects on truck gradeability led to the fol-
lowing analysis. On varying radius of simple horizontal
curves and four superelevation rates, the truck was placed
upon the curve such that the inside rear dual cf the
trailer axle matched the inside shoulder of the rcad prism.
The driving axles and steering axles were positioned ac-
cording to the results of equations 3.1, 3.2, 3.3 and the
grade the * ack "sees™ as it negotiates the curve evaluated.
The grade the truck "sees" is defined as thé grade between
the cutside driving axle wheel and the cutside steering
axle wheel. I chose this definition because comparative
analysis could be performed forrall vehicle types regard-
less of configuration of trailers, etc., and because the
driving axle is the axle performing the work. This defini-
tion yields the minimum "seen” grade by the truck (maximum
"seen” grade would be from trailer axle tc steering axle).

In order to formulate an expressipn for "seen" grade,
I évaluated the effects of superelevation rate and center-
line gradient independently and then combined the results.

Superelevation effects can be found by the relative
change in elevation between the cutside drive axle tire and

outside steering axle tire. In equation form, this becomes:



Figure 10. Log truck "seen" grade.

(R3 - R2 - ¥/2)E = AELEV(S) (egq. 3.4)

The relative change in elevation between these two points
due to gradient can be found by:

ORI (R (X + X1) - (R2 + ¥/2) (X1)] = AELEV(Q)

(eq. 3.5)

Combining equations 3.4 and 3.5 and solving for "seen"

grade, the expression becomes,
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Gs(y) = ({R3-R2 - ¥/2)E + (.01G)(LI = L8), )00,
L (eq. 3.6)

where

L9 = (R3)(Igﬂ)[arc sin(%%) + arc sin(%%cos(tan’l %%))]

-1 L2

L8 = (R2 + Y/2) (T;%) {arc sin(%% cos(tan = §5))]

The accompanying graphs illustrate that a truck nego-
tiating short radius curves with positive superelevation
rates can "see" grades of three to five percent more than
the actual center line gradient designed and constructed
into the rcad. One might infer from this development th#t
"negative" superelevation could be a possible method of
aiding truck gradeability on adverse haul where steep
gradients cannot be avoided. The graphs confirm why de-
signed gradients are significantly reduced at switchback
locations and utilization of this technique for known log
trucks can result in a more optimum curve gradient rather

than a rule of thumb.

Limiting Design Gradient

In order to formulate an expression for the maximum
gradient which can be allowed on a superelevated curve, the

following method was developed:
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,l' Use equations 2.1, A.2 and/or A.5 to evalu2te the
maximum rimpull force which can be developec under
stated conditions. |
2. Reduce this maximum rimpull force by the sum of
the appropriate resistance forces; e.g., rolling
resistance, air resistance, cornering resistance,
and inertia resistance. |
3. Use equation 2.1 to evaluate the maximum "seen"
grade which can be negotiated.
4. Use equation 3.4 to evaluate the maximum design
gradient allowable based upon the maximum "seen"

grade allowed in step no. 3.

The resulting exprassion for the design limited gradient

at centerline follows:

- .01 L Gs - (R3 - R2 -~ Y/2)E
G(%) gggjgn = 100 L9 - L8 )3
limit (eg. 3.7)

Use of this method will provide the road design engi-
neer a rational approach for specifying maximum centerline
gradient for a known truck configuration, curve radius, and

superelevation rate.
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MOMENTUM GRADES

A momentum grade is encountered where the grade of the
road is greater than the traction limited grade of the
vehicle. There exists no means for the vehicle to "pull”
itself up that grade as tire slip or "spin-out" would occur.
In these situations a vehicle's kinetic energy must be con-
verted into a gain in potential energy and allow the
vehicle to "coast" up the increased gradient. This kine-
tic energy is a finite quantity and eventually will be
totally converted; if the truck has reached the top of the
momentum grade at this point, then all is well. If not,
then stall occurs and the truck is forced toc back down the
grade. For known gradients, calculations will show minimum

velocities for vehicles to attain a specified momentum

grade of finite length.

Figure 1l. Momentum grade.



where Gl = traction limited gradient

ez = gradient to be negotiated which is greater
than el

From dynamics we can formulate the conservatiun of

energy axiom that

The + X! The work done by The truck's gain
{ s cb nge] + [(the truck’s surplus] = [ in potantial ]
in kinetic energy .
_ traction energy

Mathematically we have for the system
% Mv% + mgh; + IFNC - dr = % Mv% + mgh,
and rearranging terms to match the bracketed axiom yields
[l 2 _ 1
2

2
Mvy - 3 Mv3l + [IPNC dr] = mglh, - h,]

35

If we assume that position 1 is where the truck encounters

the change in gradient and that position 2 is the top of

the hill and is defined at stz2ll, then

mgh, = potential energy at position 1

[}
o

mgh2 potential energy at position 2

mgE
vy = approach speed in ft/sec

v, = speed at stall = 0 ft/sec

the equation becomes

N

2 -
Mv] + fr-'NC dr = mgE
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rearranging yields
- dr

2o e
1l . 5m

2 mg Dsine2 - g tané, D
Vi = .5

for small angles, sin€ = tané ; therefore,

vi = 2 gD Agrade

5 2
-3 vy 2

D= m& = 0.01554 vl/Aq::ade (eg. 4.1)
where D = distance in feet to stall point

v = velocity in ft/sec at position 1

Ag = tan62 - tanel

.Use of equation 4.1 allows the calculation of the maximum
distance a momentum grade can be constructed for an initial
design velocity with truck stall the result.

Pearce (n.d.) derived a similar expression to allow
the calculation of maximum distance a vehicle can ascend a
grade before being forced to shift into the next lower

gear-step. His expression is:

.5m vg - .5m vi
D = —y - (eq. 402)
(Rg + Rp)W = Ry
where Ryp = rimpull calculated for the gear ratio in-

volved at the start of the grade
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GRADEABILITY IMPROVEMENT DEVICES

We have seen that the grade climbing ability of a
vehicle is dependent upon both the coefficient of traction
and the vehicle weight on the driving axles. Consequently,
methods to improve a vehicle's gradeability must concen-
trate in these two areas.

Improvements to the traction cocefficient are basically
methods to increase traction where it has been impaired due
to "weather"” below normal limits. Devices such as sanders,
studded tires, and chains can be placed directly on the
vehicle as well as pre-sanding of the road surface by other
equipment. Tracticn tests at Mt. Bood (Western Highway In-
stitute, 1969) found that either chains and/or sanding on
packed snow increased the coefficient of traction from .25
to 0.33 but together no significant additicnal benefit was
derived.

Internal devices available to truck purchasers which
aid a given truck in achieving an improved gradeability
are:

1. all wheel drive

2. powered trailer dollies

3. non-slip or lock-out rear ends

4. automatic transmissions
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These devices will be covered briefly to clarify their res-

pective roles in achieving a more "grade~able" tractor.

All-Wheel Drive

By far the greatest achiever which can be incorporated
into a tractor unit is all-wheel drive. Theoretically, all
weight is on the driving axles and consequently gradeabi-
lity is directly limited to the coefficient of traction
(G = 1 100%). This option has not been scught by log haul-
ing firms in the Pacific Northwest according to correspon-
dénce with major truck dealers. All-wheel drive units are
sold by these firms extensively overseas ang in the midwest
for mining operations. For a Kenworth C500, the additional
cost of all-wheel drive is approximately $6600 (Nelson,
1976) . Economic analysis for a given operation could con-
firm or deny the desirability of such a logging vehicle.

None have been requested for a logging application to date.

Powered Trailer Dollies

These devices conform to the all-wheel drive concept
and attempt to achieve more weight on driven axles. Dol-
lies can be purchased which operate froﬁ an engine built
into the axle, from an engine slung at some point along the
reach, or from the tractor's power unit itself. These dol-
lies generélly supply power by pumping hydraulic fluid to

hydraulic motors in the axle differential or in the wheel
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directly. Controls for these auxiliary engines are posi-
tioned in the cab of the tractor and mest have automatic
shut-downs or idle capabilities to prevent over-heating and
loss of oil pressure to the auxiliary engine. These units
can be controlled to supply power at the driver's con-
venience for czitical situations such as start up; grade
climbing, or increased traction on slippery rcads. They
have seen limited application -- mostly as test units for
Freightliner Corporation and its parent company, White

Motor Corporation (McNally, 1975).

Inter-Axle Differentials

Axle differentials are required to allow pcwered
wheels to travel at differing speeds in relation to one
another on the same axle and in relation to each other
from axle to axle in tandem drive. Differential wheel
velocities are required due to the different paths (con-
sequently distances) that the wheels must traverse while
.negotiating curves; they are also necessary to compensate
for differences in tire diameters. If differential wheel
velocities were not allowed, then tire scrubbing would
occur and tire life would be greatly redu&ed. Also, on
curves with tandem drive axles, one axle would drag the
other along (McNally, 1975). These facts were recognized
long ago and have been incorporated in axle designs for

many years.
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Due to the nature of differentials, a pitfall develops.
By allowing wheels and axles to maintain differing veloci-
ties, power must be divided between them. Differential
designs cali for equal torque splits (50-50) and consequent-
ly when cne driven wheel or axle encounters slippery condi-
tions, then torgque delivered to that unit limits the torgque
that can be delivered to the less slippery set, as the 50-
50 split must be maintained. In other words, the maximum
torque that can be applied (in the case of a tandem axle)
is four times the least tractive wheel or Ewice the least
tractive axle. 1If one wheel of a pair were to loose trac-
tion completely, then it would spin at twice differential
input speed while its mate were stalled. This shortcoming
of the commen differential has led to a number of designs
which try to prevent a vehicle from stalling when one
driven wheel loses tractioen.

Designs toc prevent wheel stall can be grouped into
those that utilize friction plates (induced friction 4if-
ferentials), those that incorporate over-running clutches,
and those that utilize a cam-and-plunger arrangement. Com-
pleﬁe descriptions of these designs can be found in Western
Bighway Institute (1976). In situations where limited
traction is available to all driven wheels, provisions must
be made to achieve better traction than four times that of
the least wheel. To accomplish this, most truck differen-

tials can be equipped with a lock-out feature and nearly
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all logging trucks (in the Pacific Northwest) are so
equipped. When the differential is "locked-cut" (not al-
lowed to operats), positive drive to each axle is provided
and each axle will drive up to its maximum tractive ability
without regard to the other. Utilization of the lock-ocut
feature must be dcone during low speed operation and should
be selected when poor traction is anticipated but not after
spin-out has occurred. These devices do not increase the
tractor’'s maximum gradeability, but aid traction during

poor conditions.

Automatic Transmissions

Another device achieving greater acceptance in the
trucking industry is the automatic and/or semi-automatic
transmission. With improvéd design, fabrication, and
maintenance, these non-manual transmissions are increasing
in popularity. Since power from the engine must be trans-
mitted through a transmission and capabilities must be in-
corporated for power interruption (clutch), power flow
under critical conditions must be optimized or else the
tractor cannot achieve "theoretical® performance. With
manual transmissions and dry clutches, &river skill is an
extremely important component in matching rimpull to ground
capability in a smooth and uniform manner through the gear
system. With the advent of wet clutches, torgue conver-

ters, and automatic transmissions, driver skill can be less
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than perfect and optimum power flow can still be achieved.
Consequently, the basic advantage of the automatic trans-
mission is not in improving traction or gradeability but
only ensuring that the tractor can operates at maximum capa-
bility. An example is provided by Western Highway Insti-
tute (1969) which states the commonly used rule of thumb
that at least ten percent more net gradeability is re-
quired to start a vehicle eguipped with a manual transmis-
sion from rest than to keep that vehicle moving at a con-
stant speed on that grade. However, the use of wet
clutches, hydraulic torque converters, free-shaft turbines,
or hydrostatic transmissions can reduce this percent to

about three to five.
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CONCLUSIONS

Application of the derived equations and inference
from tha preceding discussion leads to the conclusion that
present day log trucks are traction limited., This is not
a new or startling revelation; however, the interesting
point is that the limitation is imposed due to the coeffi-
cient of tractiocn and not due to lack of rimpull. Modern
engines and drive trains have resulted in truck capabili-
ties far exceeding ground-tire adhesion capacity. Conse-
quently, design of forest haul rocad gradients (in critical
situations) should concentrate on metheds to improve trac-
tive cocefficients. Incorporation of more costly surfacing
materials on "critical"” gradients may lower total costs by
reducing the amount of rocad construction and taking better
advantage of truck rimpull capacities.

Comments are in order on the ramifications of the
graphs depicting increases in "seen" grade due to super-
elevation rates on the one hand, and reduction in corner-
ing drag force on the other. It should be noted that the
benefits of positive super-elevation rates in reducing
cornering drag force exceed the negative effects of in-
creased gradient. Most forest roads of gravel surface do
not incorporate superelevation in their curves and although

beneficial in reducing "seen" grade, it costs the vehicle
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net tractive force due to the increase in cornering drag.
An optimum condition probably exists and could be calcu-
lated for a given speed and radius of curve. No attempt at
optimization is included in this paper, but methodology for
computing limiting design gradient criteria is established.

Of significant interest is the concept thét tire-glip

gradeability is independent of drive-wheel loading.- This ap-
pears contrary to the accepted laws of friction force at first
glance. However, tire-slip gradeability is not wholly in-
dependent of vehicle weight -- it is dependent on the posi-
tion of the center of mass and although the "mass" disap-
pears from the equations, its effect is included due to the
"lever~arm” digstances remaining. Thus, drive-wheel locading

is masked in the formulaticns but the effects remain.

Road design ramifications to be gleaned from the paper

include:

1. Maximum gradients should be based upon tire-slip
conditions and ultimately, upon the coefficient of
tractiocn at the assumed time of haul. |

2. Super-elevation of gravel surfaced forest roads is
of positive benefit to log trucks, even at low
speeds (5 mph).

3. Momentum grade concepts should be locked at on
tangent sections to reduce driver shift efforts

and to utilize kinetic energies efficiently.
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Turn-out gradients should differ from road
gradients to allow start-up for the returning
piggyback log truck. |
Traction improvement devices are available to the
truck purchaser and should be evaluated based
upon the economics of his particular situation,
and roads designed accordingly. |
summari, the formulations of major interest are:

Tire-slip grade for a piggyback log truck

G(3) = 100 (22— s

Tire-slip grade for loaded truck

= 100 pa
G(%) T+ T = uh)

Rimpull gradeability for any log truck

G(%) = 100 tanlarc sin(g%)]

Cornering drag force due to curvature and super-

elevation

111, _1 wvzz1

uw -
R(lbs) = fel™3g me; IR
where
fe = (1 - ;iLEZEE—E) = 1 for flat surfaces

A
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5. Truck "seen" grade due to curvature and superele-

vation

GS(3) = [{R3 = R2 - ¥/2)E + (.01 G) (LI
L

= L8); 1904

where
L8 = (R2 + Y/2) (T%ﬁ) (arc sin(% cos(tan™t -Ii—g))]

1l
L9 = (R3) (1%3) (arc sin(h%) + arc sin(-f!‘—g- cos (tan %)”

6. Limiting design gradient

G

_ (L .0l Gs - (R3 - R2 - ¥/2)E
centerline(%) ( L9 - L8 1 100%

limit
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UNIQUE FEATURES OF LOG TRUCKS

Log trucks utilized in the Pacific Northwest exhibit
three distinct features not normally found on the common
"gsemi” highway truck trailer unit. These features are:

l. Ability to carry the empty trailer piggyback.

2. Variable length compensator.

3. Variable bunk spacing or distance between the

drive and trailer axles.
When the trailer is being towed it connects to the trac-
tor's stinger by means of a pintel hook and variable length
compensator. This compensator moves in and out of the
trailer reach, allowing the trailer reach to extend and
contract as necessary for negotiation of vertical and hori-
zontal curves. This variaﬁle length reach is a major 4if-
ference between log trucks and standard semi-type vehicles.
A log truck is stinger-steered and its off-tracking charac-
teristics are therefore quite different.

Another unique feature of the log truck is allowance
for positioning the trailer duals at any point along the
reach. The reach is a box beam of steel construction and
slides through a similar box built into the trailer bogie
assembly. By loosening a turn-screw at the front of the
bogie, the reach can be slid back and forth to allow
variable bunk spacing. Consequently, variable log lengths

can be accommocdated up to the reach positioning limit.
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Sample points:
Sample size:
Sample date:

Ave,

Ave,

Ave.

Ave.

Ave.

Est.
Est.

Est.

Est.

Est.

TABLE 1. SAMPLED TRUCK DATA.

26 October, 1976
LOADED LOG TRUCXS

Steering Axle Weight:
Driving Axle Weight:
Trailer Axle Weight:
Gross Vehicle Weight:

Gross Log Scale:
EMPTY LOG TRUCKS™*

Steering Axle Weight:
Driving Axle Weight:

Trailer Axle Weight:
PIGGYBACK LOG TRUCKS*

Steering Axle Weight:

Driving Axle Weight:

45 loaded log trucks

9728
32536
32535
74805

6396

8500
9000
7000

9000
16300

Foster, Oregon and Philomath, Oregon

lbs

52

*Actual weights could not be obtained for these configura-

tions.

Renworth Truck Co., Seattle, Wash., General Trailer Co.,
Springfield, Ore., and North-side Lumber Co., Philomath,

Ore.

The weights are from personal communications with
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TABLE 2. LOG TRUCK SPECIFICATIONS*

TRACTOR 1975 KENWORTH
TRAILER 1975 PEERLESS
OWNER MEL ROUNDS AND SONS
VHEELBASE

ENGINE CUMMINS
TRANSMISSION FULLER

REAR-END EATON

DRIVE AXLE TIRES

STEERING AXLE WEIGHT

DRIVE AXLE WEIGHT

TRAILER AXLE WEIGHT

LOG SCALE (10 pieces)

MODEL W900

240 inch
MODEL NTC-350
MODEL RTO-9513
MODEL DT-380
10:00-22
10,300 1bs
30,900 1bs
31,900 1bs
6,543 fbm

SUPPLEMENTARY DATA FROM MANUFACTURER

NTC-350 MAX TORQUE 1005 ft-1bs @ 1500 rpm
RTO-9513 MAX TORQUE 950 ft-lbs
RTO-9513 LOW GEAR RATIO 12.50:1

DT-380 LOW RANGE GZAR RATIO  6.21:1

TIRES LOADED TIRE RADIUS 1.742 £t

*sampled 26 October, 1976
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SAMPLE LOG TRUCK DIMENSIONS

55.5"

86.6"

/
~
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TABLE 3. ROAD-TIRE ADHESION COEFFICIENTS.

Surface Condition Coefficient
Asphalt dry .75
Asphalt (traveled) dry .55 to .8
Asphalt wet «45 to .6
Asphalt (traveled) wet .40 to .7
Concrete ~ dry .75
Concrete wet .70
Cement (traveled) dry .60 to .8
Cement (traveled) wet .45 to .7
Gravel .55
Gravel (loose) dry .40 to .7
Gravel (loose) wet .45 to .75
Gravel (packed, oiled) dry .50 to .85
Gravel (packed, oiled) wet .40 to .80
Rock (crushed) dry .55 to .75
Rock (crushed) wet .55 to .75
Earth dry .65
Earth wet .40 to .5
Snow (packed) .15
Snow (packed) dry .30 to .55
Snow (packed) wet .30 to .6
Snow (loose) dry . .10 to .25
Snow (loose) wet .30 to .60
Snow (lightly sanded) - .29 to .31
Snow (lightly sanded) with chains .34
Ice .07

Values are a composite of Taborek (1957) and Western Eigh-
way Institute (1976).
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