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INTRODUCTION

There is an interest on the part of
research workers, practicing engineers and
machinery managers to obtain observa
tions, or predictions of the hours
available each year for various field
machine operations. The amount of time
in which the field conditions are suitable

for plowing, cultivating, planting, raking,
baling, combining, etc. is an important
input for decisions on sizes of machines
or systems of machines needed for crop
production. The extent to which drainage
improvements can increase the time avail
able for field operations is an important
item in attempting to assess the benefits
of drainage works.

Some progress has been made in using
water balance models to predict available
workdays from weather data. This paper
is an attempt to clarify points which have
been subjected to inaccuracy and con
fusion in tractability research because of
insufficient care with terminology in
some published papers. Some field
measurements are also included in this
paper, from which workday criteria for
tillage and planting for the soils under
investigation were deduced.

DEFINITIONS

To provide a basis for a clear
understanding of later discussion, per
tinent terms are defined below, either as
given by the Canadian Society of Soil
Science (6) or as needed for additional
items in this paper.

Tractability A soil is considered tractable
if a tractor or other farm machine can
move on that soil to satisfactorily
perform the function of the machine,
without causing significant damage to the
soil.
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Soil moisture is water contained in the

soil (6).
Soil saturation is the condition of soil in
which interspaces or other voids are filled
with water or liquid.
Degree of saturation is used to indicate
the relative volumes of void spaces and
water.

Field capacity (field moisture capacity) is
the percentage of water remaining in a
soil 2 days after having been saturated
and after free drainage has practically
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ceased (the percentage may be expressed
on the basis of weight or volume) (6).
Wilting point is the same as "permanent
wilting percentage" as defined in standard
plant physiology texts (6). It is defined as
the dry end of the range of soil-moisture
values that will permit the growth of
plants.
Available water is the portion of water in
a soil that can be readily absorbed by
plant roots. It is considered by most
workers to be that water held in the soil
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Figure 1. Soil moisture variations with time for the five zones of the Clay Soil, Macdonald
Farm.
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data was daily soil moisture measure
ments performed on a silty clay soil for 2
yr and the other source was daily
observations to determine whether field
work was possible on two fields, one
having clay soil and the other having
sandy soil. Two soil moisture parameters
were involved, field maximum and field
minimum^. A day was classified as a
workday if the soil moisture in the
surface 6-inch layer was 80% of field
maximum for tillage operations and 85%
for nontillage operations for silty clay
and sandy soils. On the other hand, for
clay soils the moisture must be at or
below 78% of field maximum for all field
operations.

Morey et al. (10) adopted the
tractability criteria (12) to characterize
workday conditions for corn harvesting in
central Indiana. Morey stated those
criteria (page 789): "Any day in which
the soil moisture of the upper 6 inches of
the simulated profile was less than 95% of
the available capacity (amount of water
held between field capacity and wilting
point), and less than 0.1 inch of rainfall
occurred, was classified as a day suitable
for work in the field." The soil moisture
defined by Morey et al. (10) implies the
portion of available water capacity at the
specified time for testing soil tractability
conditions (i.e. soil moisture content -
PWP), and hence it is not the absolute soil
moisture content.

Baier (3) assumed the same Rutledge
and McHardy criterion of a 95% level for
establishing workday probabilities. The
95% was considered by Baier as a
percentage of field capacity. Baier's two
soil moisture models had the workday
conditions of 97.5% of field capacity for
all three zones and 90% of field capacity
for the first zone and 95% of field

capacity for the other two zones for his
SM 97.5 and SM 90/95 models, res
pectively. A reader of Baier's paper might
expect that those percentages are of
available water capacity and not of field
capacity as reported, since they were
based on Rutledge and McHardy's criteria
(12). Baier should have also realized that
Rutledge and McHardy's zoning techni
que was based on the "versatile soil
moisture budget" (4) that he and
Robertson developed and which basically
considers only available water capacity

Field maximum and field minimum were

introduced by Broadfoot, W.M. and H.D.
Burke, Soil Moisture Constants and their
Variation, occasional paper 166, Southern
Forest Experiment Station, F.S., U.S.
Department of Agriculture, 1958. Complete
definitions of these terms were not available

in Bolton's paper.
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and not field capacity. Also, the com
puter program for the tfafficability model
reported in Rutledge's thesis (11) (the
original work for the Rutledge and
McHardy (12) publication) was exa
mined, and it was evident that the
computer calculations for obtaining
workdays were based on a limiting
criterion of 95% of available water
capacity and not of "field capacity" as
was written on page 54 of Rutledge's
thesis text (11) and on page 7 of the
Research Bulletin (13).

Van Die (15) based his trafficability
on the criteria of Rutledge and McHardy
(12) and interpreted the 95% capacity as
95% of field capacity rather than 95% of
available water capacity for the limita
tions of workday conditions. The limiting
soil moisture value was examined in Van
Die's computer model (15), and was
found to be 95% of field capacity.

The concept of the percent available
moisture contents was introduced by
Holtman et al. (9), in their simulation

study of corn production systems, and
was based merely on the criteria of
Rutledge and McHardy (12). The work
suitability criteria are quoted from page
20 (9): "For trafficability on light soils, a
criterion of available moisture contents
below 95% in the top two layers (the top
1.2 inches and the next 1.8 inches) was
used. For heavier well-drained soils, the
moisture content of the 3-inch layer must
be below 98 or 99% also." The 95%
available moisture contents could be
rephrased as 95% of available water
capacity and should not be confused with
the absolute moisture contents of soils
defined above. There were no field soil
moisture measurements to support Holt-
man's hypotheses and considered limits.

From the above review of previous
work, it is evident that confusion has
resulted from different interpretations of
soil moisture terms, and for the rest of
this paper we will be confined to the
terms as were defined at the outset or
given in the Canadian Society of Soil
Science glossary of terms (6).
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Soil moisture variations with time for the five zones of the Fine Sandy Loam Soil,
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FIELD CONDITION OBSERVATIONS

AND MEASUREMENTS

Field Condition Observations

The suitability of field conditions for
machine operations was observed at
Macdonald College Farm, in the St.
Lawrence Lowlands during the 1973
season, in an attempt to relate soil
moisture condition to tractability. How
ever, field operations that included spring
and fall plowing, seed bed preparations,
planting, mowing, raking, windrowing,
baling, combining, corn silage harvesting,
and direct corn combining were also
observed. More of these observations are

needed for the 1974 and later seasons to

provide the data for direct statistical
analysis.

Field Measurements

The soil moisture measurements re

ported here were conducted in the spring
of 1973 at the Macdonald Farm. Three

different soil textures were considered —

fine sandy loam, clay loam and clay. The
clay field was deep-tilled in 1971, plowed
at a 7-inch depth in the 1972 autumn and
was seeded in spring wheat in May 1973.

The upper part of the soil profile was
divided into five zones based on fixed

depths of soil, viz. 0-2.54, 2.54-7.62,
7.62-15.24, 15.24-22.86, and 22.86-
30.48 cm (0-1, 1-3, 3-6, 6-9, and
9-12 inches). All three sites were sampled
every 3 days in May for soil moisture
determinations. The interval between

samplings was too long to develop a soil
moisture depletion model, which is the
basis for relating the soil water state to
tractability. Hence it was decided that
daily measurements should be taken for
the three soils from June 7 to June 15,
1973. The measured soil moisture con

tents were the average of six samples for
the top zone (0 to 2.54 cm) and four
samples for each of the other four zones.
The daily soil sampling was confined to
an area of 1.5 m2 in each field to
minimize field variations.

The field capacity values at these
locations were measured after a rainstorm
of 92.5 mm (1.16 inches) which fell over
a period of 30 h on May 28 and 29, 1973.
After this rain the upper part of the soil
profile was at or near saturation. Field
capacities were obtained by covering 2.0
m of soil surface at each site for 48 h
with two layers of plastic sheet, to
prevent evaporation and drying of the top
soil layer and allow free subsurface
drainage. The soil permanent wilting
percentage values v<exe obtained by
growing indicator plants in pots in the
greenhouse. The plants were irrigated as

required for 3 mo, after which it was
stopped and the plants continued to grow
until they wilted. The corresponding soil
moisture contents were then determined

and represented the required permanent
wilting percentage values.

The bulk densities of the soils were

required to convert soil moisture weight
percentages to soil moisture volume
percentages. Bulk densities for all zones
were determined by using bulk density
cores of 5.387 cm outside diameter. The

bulk density was found to vary with the
soil moisture content, soil type, and time
of year. However, only the average of all
measured values for each zone was used

for the short sampling period of the 1973
season.

RESULTS AND DISCUSSION

Relationship Between Soil Limiting
Condition Concepts

From the above literature review, it is
obvious that two basic concepts for soil
conditions limiting tractability are in
volved. One is based on percent of
available water capacity and the other on
percent of field capacity. Since the two

concepts include the same soil moisture
parameters, it is pertinent to examine
them and relate them to each other. Let

A be the percent of available water
capacity and B the corresponding percent
of field capacity for the same soil, i.e.

SMj - PWP

FC - PWP
A =AWC% = X 100 (3)

B = FC% ••

where

SMi =

FC =

PWP =

FC
X 100 (4)

the measured soil moisture per

centage at time i;
field capacity;
permanent wilting percentage.

All terms in equations (3) and (4) should
be either percent by weight or percent by
volume.

Let

D =
PWP

FC
(5)

D is a constant for one soil. However,
it may change a little from spring to
autumn for some clay soils. Substituting
(5) into equation (3), and using the

TABLE I SUMMARY OF SOIL PARAMETERS - MACDONUlLD FARM TRAC TABILITY

PLOTS

Available soil zone

water capacity

Bulk density

Soil Moisture

(% Wt basis)
(FC-PWP)

Wt basis Vol basisSoil type
and zone (gm/cc) FC PWP (%) (%) mm/zone

Fine sandy loam
Zone 1 1.12 22.6 2.42 20.2 22.6 5.7

2 1.22 24.0 2.42 21.6 26.4 13.4

3 1.24 24.6 2.42 22.2 27.5 21.0

4 1.24 24.9 2.62 22.3 27.6 21.1

5 1.29 25.0 2.62 22.4 28.9 22.0

83.2

Clay loam
Zone 1 1.22 25.9 5.0 20.9 25.5 6.5

2 1.22 27.4 5.0 22.4 27.3 13.9

3 1.30 28.3 5.0 23.3 30.3 23.1

4 1.30 28.7 5.0 23.7 30.8 23.5

51 1.32 25.8 5.0 20.8 27.5 20.9

87.9

Clay
Zone 1 1.0 41.8 26.3 15.5 15.5 3.9

2 1.10 44.6 26.38 18.2 20.0 10.2

3 1.11 45.3 26.38 18.9 21.0 6.0

4 1.10 43.2 24.85 18.4 20.2 15.4

5 1.10 42.2 24.85 17.4 19.1 14.5

60.0

t The soil varies abruptly in this zone from clay to pure sand and hence thefield capacity was
approximated.
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definition of B of equation (4), the
following relations are obtained:

B=A(l -D) + 100£>

_B- 100 D
A =-

1 -D

(6)

(7)

Assuming the limiting work condition A
for a certain soil with known parameters
(FC and PWP), B can be deduced from
equation (6) or vice versa.

For example, for the clay soil on
Macdonald Farm D s 0.5, if B = 95%, the
corresponding value of A is obtained
from equation (7):

A=i^mD=90%

Results of Field Measurements

The soil parameters FC, PWP, and bulk
density are listed in Table I for each soil
zone of the three soils. The available soil

zone water capacity values ASZWC = (FC
- PWP) are calculated on weight and
volume bases. ASZWC is also represented
as mm of water/zone. The low bulk
density values of the clay soil (Table I)
are believed to be due to the deep tillage

of 1971. Also the clay field was not
cultivated in the past 30 yr and hence the
soil surface profile has not been subjected
to machine compaction.

Figures 1, 2, and 3 represent the
measured absolute moisture content (wt
basis) during the month of June 1973 for
the clay, clay loam, and fine sandy loam
soils respectively.

Workday Criteria

From previous studies (5, 9, 10) and
our field observations, the factors affect
ing workday criteria are: (i) soil tract-
ability and (ii) type and nature of field
operations. The second factor will include
several variables such as human, crop,
season, availability of farm equipment
and machinery, and weather factors. Each
of these variables is in itself a limiting
factor that can stop a field operation and
the day would be classified as a
non-workday. However, it is beyond the
scope of this presentation to discuss them
in detail.

The soil tractability is affected by the
size of farm tractor and equipment, soil
moisture state (12) and depletion rates.

Soil moisture contents and depletion
rates are in turn affected by soil texture,
field surface profile (i.e. presence of ruts
or depressions), field drainage conditions
(well drained, poorly drained or sub
surface drained), weather conditions
affecting addition or withdrawal of
moisture and plant consumptive use.

The soil moisture state appears to be
the most effective variable in determining
the work suitability criteria. Table II
represents the percent soil moisture state
on the two bases of equations (3) and (4)
and the observed work condition at the

time of soil moisture measurements (the
work condition was limited only to
seedbed preparations that were going on
during the sampling period). The tract-
ability of the three soils appears to be
affected by the moisture state in the top
two zones regardless of the water
contents of the zones below. The

workday criteria for seedbed preparation
on the two bases, percent of field
capacity and percent of available water
capacity, can be summarized from Table
II directly as follows in Table III.

To explain these criteria, consider for
example the clay soil. If the soil moisture

TABLE II SUMMARY OF SOIL MOISTURE MEASUREMENTS AND TRACTABILITY CONDITIONS, JUNE 1973 - MACDONALD FARM

Percent soil moisture state on two bases

(B) = (SM( Vfo x ioo (A)=[(SMi - PWP)/(FC - PWP) ] X 100
Work

Zone (cm): 0-2.54 2.54-7.62 7.62-15.24 15.24-22.86 22.86-30.48 conditions

at time of
Date Criterion: B A B A B A B A B A measurement

(Clay soil
June 7 58.1 0* 107.7 118.9 108.8 121.5 103.4 107.7 112.1 128.6 Unsuitable

8 47.7 0 98.6 96.7 107.4 118.0 99.8 99.5 100.3 100.2 Suitable
9 66.3 9.16 102.0 105.0 100.4 101.3 97.0 92.8 98.3 95.1 "

10 59.9 0.0 105.5 113.6 113.2 131.9 96.5 91.5 104.2 108.3 "

11 61.7 0.0 96. 91.6 111.7 128.4 103.4 107.7 99.8 98.8 "

13 119.2 151.6 110.6 123.6 105.7 113.9 107.5 117.5 107.1 116.5 Unsuitable
15 60.5 0.0 98.9 97.2 101.9 104.8 99.9 99.5 107.5 117.5 Suitable

Clay loam soils
June 7 54.2 43.16 83.3 79.6 96.5 95.75 89.7 87.5 95.1 93.9 Suitable

8 45.7 32.68 91.1 89.1 94.5 93.4 90.9 88.9 91.4 89.4 "

9 46.7 34.0 93.3 91.8 94.1 92.8 90.0 87.9 71.4 89.3 "

10 38.7 24.0 91.0 89.0 95.6 94.6 86.0 83.0 90.5 88.3 "

11 56.0 45.5 94.0 92.7 98.3 97.9 87.3 84.6 86.8 83.7 "

13 86.0 82.7 101.3 101.6 103.1 103.8 98.4 98.0 100.4 100.4 Unsuitable
15 56.7 46.4 89.3 86.4 91.4 89.6 93.9 92.8 91.1 88.9 Suitable

Fine sandy loam soil
June 7 64.0 59.6 94.9 94.3 105.5 106.0 96.1 95.5 81.3 79.0 Suitable

8 61.2 56.5 87.9 86.5 92.5 91.6 83.6 81.6 75.6 72.7 »»

9 65.4 61.1 87.2 85.7 101.1 101.1 105.4 106.0 81.3 79.0 »

10 59.8 55.0 72.7 69.6 89.1 87.8 95.9 95.3 81.3 79.0 "

11 68.8 65.1 98.4 98.1 113.4 115.0 99.7 99.5 79.4 76.9 "

13 132.7 136.4 121.3 123.6 126.0 128.7 123.7 126.4 110.4 111.5 Unsuitable
15 104.5 105.1 107.5 108.2 101.8 101.9 100.0 99.9 96.7 96.2 Suitable §

* Absolute soil zone moisture content onthe /thday obtained by the oven-dry method
When soil moisture is less than the PWP, the percent available water capacity was considered zero. The negative value is meaningless

9 Seedbed preparation proceeded, but with great difficulty. s
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TABLE III TRACTABILITY CRITERIA FOR SEEDBED PREPARATION - MACDONALD
FARM, JUNE 1973

Soil zone
Depth
(cm)

B

(FC%)
A

(AWC%)

Clay
0 - 2.54

2.54 - 7.62

Clay loam
0 - 2.54

2.54 - 7.62

Sandy loam
0 - 2.54

2.54 - 7.62

66

99

60

95

70

98.5

10

97

50

93

66

98.2

contents are at or below 66% for zone 1,
and 99% for zone 2, of the field
capacities of zones 1 and 2, respectively,
the soil will be considered tractable. For
the same clay soil the percent available
water capacity will be 10% for zone 1 and
97% for zone 2. However, it should be
noted that the moisture state of the top
zone of the clay soil (0-2.54 cm) is the
most critical criterion for tractability
conditions.

It may seem extraordinary that zone 1
of the clay soil should need to dry down
to 10% AWC for seedbed preparation to
proceed. It is well to note that the soil
below 2.5 cm could be moist (97% AWC),
but the seedbed preparation could only
proceed when the surface 2.5 cm had
dried down to 10% AWC. Drying with
this and some other clay soils proceeds by
development of a very steep moisture
gradient in the first few centimeters,
because the unsaturated hydraulic con
ductivity of the clay is very low. The
dried 2 or 3 cm at the surface provides a
kind of paving which increases tractor
mobility and when mixed with the more
moist lower soil during seedbed cultiva
tion keeps the whole cultivated layer at a
moisture content low enough to prevent
the soil from sticking to the cultivating or
planting mechanisms.

The limiting condition criteria in Table
HI for sandy loam soil suggest that
tractability for seedbed preparation is
possible even with very high soil moisture
contents. This is in agreement with
Allman and Konke (1).

CONCLUSIONS

From the above discussion it can be

concluded that the limiting soil moisture
conditions can be specified on either

basis, as percent of field capacity or
percent of available water capacity.
However, the basis of the limiting
condition should be clearly stated.

The limiting conditions of soil suit
ability for tillage and planting may be
more directly related to soil plasticity,
stickiness, slipperiness, and susceptibility
to compaction than to absolute soil
moisture content or available soil water

capacity. However, if one is to use a
water balance model with precipitation
and potential evapotranspiration as input
data to predict suitability of fields for
farm machine traffic, it is desirable to
define limiting conditions in terms of soil
moisture contents.

The tractability criteria for seedbed
preparation at Macdonald Farm appeared
to be affected by the moisture state in
the top two zones and could be stated on
either percent of field capacity or percent
available water capacity (Table III).

The results of this study demonstrated
that the moisture content of the top zone
(0-3 cm) of the clay soil was the only
limiting factor for tractability.

It is recommended that wherever

possible authors should use standard
terminology such as defined by Glossary
of soil terms in Canada (6). Where new or
existing terms are used in important
items, these terms should be defined in
the text of a paper.
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