
BALLAST FOR OPTIMUM TRACTIVE

PERFORMANCE

INTRODUCTION

Since the introduction of pneumatic
tires for farm tractors, the amount of
ballast to be added has been a con
cern of many farmers. They seem to
be aware that there is an optimum
amount for maximum tractive effici
ency. The question has been compli
cated somewhat in recent years by
tractor manufacturers offering a
greater number of tire options. Ex
tension personnel, who attmpt to pro
vide assistance, also have difficulty
when the soil conditions and/or tire
sizes have not fallen within their
practical experience. The predicament
is agravated by the continual intro
duction of new and larger tractors
and tires. Though the effect of ballast
and tire size on the drawbar horse
power (DBHP) is known, it is a qual
itative rather than a quantitative cog
nition. Because this is a problem in
teaching, an attempt was made to de
velop a model that would relate the
pertinent variables and provide a
means to determine the optimum
values of ballast and possibly tire size
as well. If a simple expression could
be found, it may be of interest to
farmers and extension personnel.

TRACTION LOSS MECHANICS

Reece (5) has proposed a method

Dynamic Tire Weight W

Figure 1. The relationship between the
power loss at the soil/wheel interface and
the dynamic tractive tire weight.
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for estimating tractor performance in
the field. It can be used to obtain the
optimum combination of ballast and
tire size by making a series of approx
imations through suitable substitu
tion. As a simpler method was de
sired, a different approach was
chosen. Essentially it was to develop
a mechanics for the power lost by the
tractor wheels and then to determine
the magnitude of the pertinent var
iables when the loss is minimum. The
mechanics has the following form:

HP = HPr + HP, (1),
where HP = horsepower loss - total,

HPr = horsepower loss due
to rolling resistance,

HPS — horsepower loss due
to slippage (travel re
duction).

The relationship of the horsepower
loss and dynamic tractive tire weight,
W, (ballast) would be as shown in
the unsealed graph in Figure 1. The
minimum power loss and, therefore,
the maximum power available occur
when the slope of the tangent to the
total loss curve is zero. The slope of
the tangent is, of course, given by the
derivative of this function, taken with
respect to W.

Equation 1 can be expressed as fol
lows:

HP = (rm + PdsM)/375 .... (2),
where r — rolling resistance (lb),

P , — drawbar pull in plane of
travel (lb),

s = slippage (ratio),

m = actual speed (mph),

M — speed without slippage
(mph).

The derivative required for obtaining
the optimum value of W is dHP/dW
and equating it to zero. To do this,
all variables that are a function of
W, such as r, m, and s, must be ex

pressed in terms of the variable W.
This is set out below. Except for the
slippage, s, this was relatively easy
to arrange. A similar procedure could
be followed to determine the opti
mum tire size. This was not attempt
ed, partly due to the lack of sufficient
field data and partly due to the lack
of a suitable tire dimension.

The common expression for rolling
resistance (1) is as follows:

r = CrW + C W (3),

where C r = coefficient of rolling
resistance (rear tires),

W = dynamic rear tire
weight,

C' = coefficient of rolling
resistance (front tires),

W" — dynamic front tire
weight.

It should be recognized that equa
tion 3 has limitations, particularly
with respect to the tractive tire. Ac
cording to Reece (5), slippage affects
the rolling resistance and observations
by the author suggest that it may in
crease with slippage. In view of this,
and because the front tire rolling re
sistance is usually small, accuracy
may not be seriously affected by ne
glecting it. Equation 3 then becomes:

r = CrW (4).

With regard to slippage, s, there is
no common expression and, therefore,
the following is proposed by the
author:

s - k(Pd/W)n (5),
where k and n are mainly behavior
parameters related to the soil. The
basis for this expression stems from
the observation that slippage in
creases with an increase in Pd and
decreases with an increase in W. At
this point it is useful to substitute
equation 4 and 5 into equation 2 and
discuss later the implications and the

CANADIAN AGRICULTURAL ENGINEERING, VOL. 12, No. 1, MAY 1970



values of the parameters k and n.
Equation 2 then becomes:

HP = (CrWm + kMPdnH"/'Wn)
/375 (6).

If the engine speed of the tractor re
mains constant, then m = M — sM
from the definition of slippage. Equa
tion 6 then becomes:

HP == (CrWM — CrkMPd7

Wn_ V kMPj"*• J'W")
/375 (7).

Differentiating equation 7 and equat
ing dHP/dW to zero, as previously
prescribed, results in the following:

CrWn —knPj"4" >W + (n —1)
(CrkPdn) - 0 (8).

If n is other than one, the easiest way
to solve equation 8 for W is on a trial
and error basis. On the other hand,
the second term is small and, with
some sacrifice in accuracy, it can be
omitted. Solving for W on this basis,
equation 8 becomes:

W - Pd(nk/Cr),/n-^1. (9).
If a more precise solution is warrant
ed, equation 9 can be used to deter
mine a first approximation for equa
tion 8.

where b = width of tire contact

(in),

L = length of tire contact
(in).

The approximate value of b is the
sectional width of the tire, which is
usually provided in tables of tire
specifications. Values of L are not
available, but could be estimated
from a = .78bL (2). Values of a can
be obtained from the tire manufac
turers.

The slippage behaviour parameters,
k and n, may be determined from the
relationship of slippage and the co
efficient of traction, Ct. This becomes
obvious when equation 5 is re-written
as follows:

or

s/k = (Pd/W)n - (Ct)n
k - s/(Cf)n (11).

Domier and Friesen (3) have noted
this relationship for three Manitoba
soils and equation 11 was fitted to
this data. The difference between the
coefficient of net traction and Ct is
small for a range of firm soils and
was, therefore, ignored. For the firm
clay soils reported by these authors,
n is approximtaely equal to 2 and for
the softer fine sandy loam is approx
imately 3. Greater precision in the
values of n was possible, but not war
ranted until data with more tire sizes
and soil conditions are available.
Solving equation 11, using these
values of n, the respective values of
k are 1.3 and 2.0. With these values
the general equation 9 becomes:

for "firm soil",
W = Pd (2.6/Cr)% (12),
for "soft soil",
W = Pd (6.0/Cr)v* (13).

It should be noted that k and n may
not be independent of tire size and,
therefore, equations 12 and 13 should
be used only for tractors equipped
with large tires.

EXAMPLES

In a firm soil, Cr would be approx
imately 0.1 and using this value in
equation 12,

W= Pd( 2.6/0.1)% = 3.0 Pd.
In the "firm" clay soil, Friesen and

Domier (4) obtained a drawbar pull
of 5200 lb. at a maximum DBHP with
23.1 x 30 tires using a static rear

wheel weight of 12,440 lb. The
authors did not report the amount of
weight transfer, but it would not be
large enough to make the dynamic
tractive tire weight equal to three
times the drawbar pull, as noted
above. In other words, it would ap
pear that additional ballast would in
crease the tractive efficiency. It is
interesting to note that the authors,
in another test, with the same trac
tor and tires, but with 1390 lb. less
ballast and somewhat different soil
conditions, obtained 2 or 3 less DBHP.
This small difference for such a sig
nificant change in ballast might sug
gest that the optimum dynamic trac
tive tire weight is being approached.

In the softer fine sandy loam used
by Domier and Friesen (3), Cr
would be larger that 0.1, perhaps in
the order of 0.25.

Equation 13 for this soil then be
comes:

v*W = Pd( 6.0/0.25) = 2.2Pd.
In this soil, the authors (4) obtain

ed 5100 lb. drawbar pull at maximum
DBHP with 18.4 x 3^-tires using a
static rear wheel weight of 9990 lb.
In this case, the weight transfer might
have been large enough to bring W
close to 11,000 lb., the amount sug
gested by 2.2 Pd. In other words, ad
ditional ballast in this case would not
likely increase the tractive efficiency.

LIMITATIONS OF MECHANICS

In the first place, it is important to
recognize that the examples used to
illustrate the use of the equation de
veloped are not sufficient to prove its
validity. On the other hand, the
agreement appears to be good enough
to indicate that the proposed mecha
nics is a reasonable assessment. The
several simplifications used to develop
a suitable mathematical expression
seriously affect its accuracy. In par
ticular, the dropping of the second
term from equation 8 causes the dy
namic tractive tire weight of equa
tion 9 to be increased somewhat. Ac
curacy, of course, is also affected by
the accuracy of the. dynamic para
meters Cr, k, and n.

With regard to the application of
equations 8 or 9, it should be noted
that it may, at times, result in slip
page greater than 15%, the "rule of

It can be seen from equation 9 that
the optimum value of W is directly
proportional to the drawbar pull. This
fits the experience of many agricul
tural engineers. As one would also ex
pect, the parameters Cr, k, and n in
fluence the magnitude of W too. For
example, W is reduced for large
values of Cr as would be the case in
a loose soil, assuming Pd to be con
stant. Referring to Figure 1, large
values of Cr would cause the slope
of the HPr curve to be steep, shifting
the minimum value of the total HP
curve to the left, with a resulting
smaller value of W.

DYNAMIC PARAMETERS

Values of Cr, k, and n are required
in order to numerically solve for W.
According to Friesen and Domier
(4), Cr could be less that 0.1 for firm
soils. In order to reflect the tire size,
C r could be calculated from one of
several empirical equations contain
ing some appropriate tire dimension.
For example, Reece (5) suggests the
following for firm soils:

Cr = ,15b/L (10),
continued on page 17
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Figure 8. Coefficients of friction of grain
on bin wall
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Figure 9. Variation of coefficients of friction
with normal pressure

sure; however, he concluded that the
coefficient of friction of grain on steel
was not affected by normal pressure.

CONCLUSIONS

From the results of the experiments
and discussion the following conclu
sions may be drawn.

1. The coefficient of friction of grain
on grain and on steel vary with the
depths of grain in a bin at least up
to depths of 60 inches, when the
bin is 30 inches in diameter.

2. The tangent of the angle of repose
of grain may not represent the true
coefficient of internal friction
under all circumstances since the
latter appears to vary with both
normal pressure and orientation of
kernels.
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thumb" maximum. Finally, it should
be realized that the tractor engines
torque and power also limit the draw
bar pull and maximum DBHP. This
is particularly so at the higher ground
speeds.

CONCLUSIONS

A traction loss mechanics was de
veloped resulting in a simple ex
pression for the optimum dynamic
tractive tire weight. The expression
can be used to estimate the required
ballast for maximum tractive effici
ency. In its present form it can be a
useful teaching tool. The accuracy
and limitations of the mechanics are
such that field application should be
approached with caution.
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