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Abstract

This paper describes and evaluates three methods
of measuring soil strength. The instruments which
used 1n measuring are cone index, proctor
penetromter and vane shear. These instruments
used to measure soil penetration, proctor and shear
strength, 1n the field at EI-Qassim arid area.
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The readings obtained by these instruments were
analyised and compared to investigate the
relationships between them and the readings
accuracy. The readings from these instruments
were 1nvolved 1n the prediction of the tillage tools
draught, (Part2). The results indicated that these
instruments were simple and quick to use for
measuring soil strength 1n the field and prediction
the performance of vehicles.
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However, the vane shear stress gave appreciably
different soil resistance profiles from other
instruments. In particular, spurious “treatment
effects” obtained from tillage experiment were
shown to be due to inadequate instrument
performance. However, the proctor penetrometer
gave results comparable with those obtained from
the cone penetrometer.
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Reading obtained by shear vane was 0.10 of cone
index; while the proctor gave values of strength
have 1.5 to 1.75 times of the cone index values.
All the experiments readings taken by the three
tested instruments have the same trend curves.
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1. LITERATURE CITED

Few versions of hand-held equipments are
commercially available. Furthermore, in the
literature there appears to be a lack of comparative
studies of different penetrometers, to explore the
errors that might arise from the use of any
particular instrument. In a long-term field
experiment in U.K., U.S.A. and Egypt (Elbanna
and Witney, 1987; Elbanna and Kolarick, 1990
and Elbanna 1992),
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measurements made with one of the simple hand-
held penetrometers seem to indicate significantly
higher cone resistance under zero tillage than
under ploughing, at depths well below the usual
ploughing depth. Similar anomalous results have
been obtained on occasions elsewhere (e.g.
Hodgson et al., 1977 and Pidgson, 1977).
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The main thrust in soil exploration evolved from a
need to establish the bearing capacity. The
maximum soil bearing pressure depends on the
properties of the soil (density, deformation and
shearing strength), on the water condition in the
so1l and on the physical characteristics of the
foundation 1itself (size, shape and roughness).
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The classical theories of bearing capacity are
based on the work of Prandtl (1920 and Ohde
(1938) in which the stresses generated by a punch
indentation 1in a material which deforms physically
were combined by a semi-graphical analysis with
the stresses due to the weight of an incompressible
material within a zone of incipient failure
surrounding the punch.
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This failure mechanism was related to a strip foundation
resting on the soil surface such as:

——° [rarfyetar 0 1]+q[tar9we2‘°tan2‘P]+vB%Bsmv |/ 2tampan)
tanp

- Where : = foundation width, m; ¢ = cohesive, kN/m?;
Q = soil strength, kN/m?; q = overburden pressure, kN/m?;

P = passive earth pressure due to soil weight, kN/m?:
y = soil specific weight, kN/m?;
¢ = angle of internal shearing resistance, deg.; ¢ = (45+¢/2), deg.;

D9
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® = angle subtended by the logarithmic spiral, rad.
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(o)

(o)

Fit. |, Soil failure rones for a stnp foundation: {a) resting on the soil surface with separate ruplure

geometry to account for the effect of weight (RHS) and for the effect of cohesson and a surcharpe

(LHS) (b) at shallow depth with the soal above the Toundation kevel treated as anintegral part of the
| [ailure rone
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From geometry of the soil failure zone, the angle
subtended by the logarithmic spiral was /2
radians and the overburden pressure was extra
depth of the soil resting on the top of the
horizontal failure plane on the same level as the
base of the foundation.
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The passive earth pressure due to the weight of the
soll 1s a more complex function of the size of the
logarithmic spiral and 1s proportional neither to
the exponent of the subtended angle nor to the
exponent of the square of the subtended angle but
to a value somewhere between.
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Oskoui and Witney (1982) stated that the
simplification of Kristin's equation (1973) by
using only the specific weight term as an
indication of soil strength as stated by Gee-Clough
et al. ( 1978) eliminating the effect of the cohesive
term from the cone index equation and precluded
any effect of changing soil moisture content.
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From the regression analysis of field data for three
so1l series, they proposed a cone index equation
as:

CI=45062+0.019y ... 12

- where CI = cone index, MPa;
q = soil moisture content, %;

g = soil specific weight, kN/m?>.

IEaining
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Elbanna (1986) and Elbanna and Witney (1987)
developed soil strength equation as a function of
the soil type (in terms of the clay ratio), soil
specific weight and soil moisture content, the
developed soil strength equation was:

a6y |,
1+ 2Cr

CI = [3.63.Cr.¢ BOYCCD) 0 0066

- where C_ = clay ratio; = %clay/ (%osilt +%sand).
f = soil internal shearing frictional angle, deg.
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The proctor penetrometer 1s used to determine soil
moisture penetration resistance relationship of
fine-grained soils using penetration needles. The
penetrometer 1s used to determine penetration
resistance of the mortar content concrete (road off
vehicles). The soil specimen must be penetrated at
the rate of 13-mm/ sec. (0.5 1n./sec) for a distance
of not less than 75 mm. (3 inches).
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The corrected size of needle used should have an
end area which 1s suitable for the condition e.g.

d

ryness or witness, (Sohne, 1960). He reported

that at least six penetration resistance

determinations are to be made 1n each rate of

hardening tests, the time intervals between
penetration tests shall be as such to provide
satisfactory rate of hardening curve, as indicated

by equally spaced points.
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The vane shear test has been used to measure the
strength of the soils near the surface (Evans,
1951) and at considerable depth (American
society for test-materials, ASAE (1957). The
vane usually 1s constricted so that the height of the
blades 1s from 2 to 3 times the radius.
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However, Schafer (1960) stated that the height of
the blades 1s usually 1.5 to 2 times diameter of the
vanes. The soil shear resistance was in the same of
measuring penetration resistance and at the same

depth measured according to Schafer et al.
(1968).

o
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In that measuring process, the vane is driven into
the soil to the desired depth, and then the vane i1s
rotated at a constant angular velocity and thus the
volume of soil contained within the blades 1s
sheared off.

IEaining
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Schafer et al. (1968) Showed that the soil shear
stress t, (N/m?) could be estimated from the
following form:

T
=

- where : T = torque reading by the device, N.m;
d = vane diameter, m;

h = vane length, m.

IEaining
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2. MATERIALS AND METHODS

2.1. Cone Penetrometer (cone index)

Soil strength was measured empirically in terms of
the cone index, which 1s the force that may be
applied to the handle of the cone penetrometer (Fig.
2.1a) per unit area of its cone tip 1n order to force it
into the ground.
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The right circular 1s 30-deg cone, has an end area

of %2 sq. in. (3.226 cm?). The cone is pushed
slowly downward, and readings of the dial gauge
are made at desired vertical increments which are
shown by graduations on the instrument’s shaft.

B.q
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2.2 Proctor Penetrometer

The proctor penetrometer 1s used to determine soil
moisture- penetration resistance relationship of
fine-grained soils using penetration needles. It
consists of a special spring dynamometer with a
pressure indicating scale on the stem of the

handle.
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The scale 1s calibrated from 10 to 150 1lbf., 1n 2 1bf.
increments (0.0445 to 667.23 kN 1n 8.9 N interval)
and a sliding ring indicate the applied load, which
1s read off at the top face of the sliding ring. The
sliding stem can be connected, screwed with one
of sectional circular plate of 0.01, 0.1, 0.325, 0.5,
0.75 and 1 1n2.

D9
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The proctor strength was calculated in MPa by
dividing the sliding manometer reading by plate

sectional area, (Fig. 2.1b) shows the standard
British proctor penetrometer.

i
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3.3 Vane Shear Strength

The inspection vane borer 1s used to measure the in
situ untrained shear strength in soil. It 1s primarily
intended for use 1n trenches and excavations at a
depth not influenced by drying and excavation
procedure. The range of the instrument is from 0 to
26 t/m? when three different sizes of vanes are used.

The accuracy of the instrument should be within
10% of the reading.
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The measuring part of the instrument 1s a spiral-
spring (max. torque transmitted 30 kg.cm). When
the handle 1s turned, the spring deforms and the
upper part and the lower part of the instrument get
a mutual angular displacement. When torque 1s
applied, the scale-ring follows the upper part of
the instrument, and when failure in the soil 1s
obtained, the scale ring will remain 1n 1ts position
due to the friction in the threads.
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The size of this displacement depends on the
torque, which is necessary to turn the vane. By
means of a graduated scale, the shear strength of
the soil 1s obtained.

Three sizes of four blades vanes are used: 16x32
mm (extra) multiply readings with 2, 20x40 mm
(standard-direct readings) and 25.4x50.8 mm
(extra) multiply readings with 0.5, which makes
possible to measure shear strength of 0 to 26, 0 to

13, and 0 to 6.5 t/m? (254.98, 127.49 and 63.75
kN/m?), respectively.
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The “area ratio” of the vanes 1s 14, 16.5 and 24%
(ratio of cross sectional area of vane to the area to
be sheared). The vane blades are soldered to a
vane shaft, which 1s extended by one or more 0.50
m rod (Fig. 2.1¢). Threads make the connection
between the shaft-rod and the instrument, to make
the connections as straight as possible, the rod
have to be screwed tight together and threads
cleaned for dirt.
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(a) cone penetrometer (ELE20-088 British standard)

(b) proctor penetrometer (ELE 24-651 British standard)

(c) vane shear strength; (GeoNorA/S Vane tester H-60).
Fig. (2.1) Three instruments used to measure soil strength forces

in loamy sand and sandy soils
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2.3 Soil and cover

Five soil samples were randomized taken from
each of two fields. Samples were bagged and
carried to soil and water laboratory where the
mechanical analysis test was done, Table 2.1.

IEaining
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In two soi1l types of loamy sand and sandy loam at
Al-Qassim, the mean of 10 separate measurements
was determined in each five replicates from which
so1l samples were taken for determination of soil

mechanical analysis, soil specific weight, moisture

content, cone index, proctor strength and vane
shear strength (Table 2.1).
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Additional experimental data for five soil types
were obtained from earlier investigations on sandy
loam (C =0.24), sandy clay loam (C =0.26) at
Bush Estate, Edinburgh, UK. (Oskoui and
Witney, 1982); silty clay loam, (C =0.49) and
silty clay (C =0.87) at Stirling, Scotland
(Elbanna, 1986); and heavy clay (C =1.60) at
Silsoe, Bedford, UK. Stafford (1985).
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Table 2.1 Soil mechanical analysis, clay ratio and soll types.

Sand, % Silt, Clay, Clay Soll Crop
Coarse  fine total % % ratio type cover
63.90 20.80 84.70 3.10 12.20 | 0.139 Loamy sand alfalfa
62.70 22.00 84.70 2.00 13.30 | 0.153 sandy loam follow barley
24.90 31.35 56.25 | 2450 | 19.25 0.24 Sandy loam grass
19.35 37.40 56.75 | 20.75 | 20.50 0.26 Sandy clay loam grass
2.80 3.10 6.90 60.10 | 33.00 0.49 Silty clay loam after wheat
0.50 1.00 1.50 60.80 | 35.00 0.87 Silty clay
NA NA 1290 | 26.00 | 61.10 1.60 Heavy clay after wheat
Daly
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3. RESULTS AND DISCUSSION

Soll strength equation

Identifying the most important parameters in Eqn
1.1 quantatively, the soil strength may be
presented 1n the form:

' e 2
Cs =1Lk .C;

. tan™ @
+ k¢ (vytan L [Hang )j— .............. 2.1

tan @
it
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As the dimensions of the conical base, or circular
proctor penetrometer have been standaraised and
the soil strength measurement 1s specified at the
median of tillage depth at which point the pressure
bulb can be fully developed, they can be included
in the cohesive and fricitional constants, k'c and k'’

e
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Closed inspection of the tangent ratio, tan2 ¢/

tan ¢ , also reveals that 1s magnitude remains
relatively unaffected for angles of internal
shearing resistance from 50 to 450 -the typical
range for agricultural soils-and again can be
absorbed into the cohesive and frictional

constants.
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For the tangent of frictional angle, the limiting
values of 1 and 0 bound a range which 1s related
empirically to the clay ratio. A high value of 450
is realistic from the angle of internal shearing
resistance 1n a compact dry sand for which the
clay ratio 1s zero. At the other end of the scale, a
friction angle of 50 is only found in heavy wet
clays with over 80% clay content (Table 3.1).
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This leads to adoption of the empirical clay ratio
and logarithmic spiral forms such as:

%clay

= i
%sand + %silt
1
tangp = ———.......... ......... 2 .2b
1+ 2CR
I = I e1rtan(p s I e7t/(1+2Cr) ...... 2.2C

Cioey Tyl
(T ] =B

mﬁﬁﬁ ; Relative size of the pressure bulb formed at the

base of cone penetrometer for clay and sand
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At high clay ratios and low moisture contents, the
corresponding of the two scales values Fig. 3.1.
Therefore, very high soil strength (cone index or
proctor penetrometer) results from this cohesive
component, decreasing virtually to zero above the
liquid limit, when heavy soil turn into fluid mud,
(Fig. 3.1). It was also proposed that the tangent of
internal shearing angle was related to an inverse
of the clay ratio, Eqn 2.2b.
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This incorporated 1n the equation for the
logarithmic spiral, Eqn 2.2¢, boundary which was
defined the extent of the bulb-shaped failure zone
surrouding the probe (cone, proctor circular or
vane)

In order to account for the local variability in
agricultural soils, the mechanical analysis of
particle size provides a simple, widely available
and readily understood classification method.
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As the clay ratio has cohesive properties by virtue
of 1its chemical bonds, it was proposed by
Elbanna (1986) and Elbanna and Witney (1987)
that the ratio of clay to silt and sand, Cr, could be
used as a practical monitor of soil type which
could be included in the soil strength equation.

D9
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Thus, the cohesive component of the soil strength
becomes not only an inverse exponential function
of the soil moisture content time the tangential of
internal shearing frictional angle but also directly
proportion to the clay ratio.

The friction component of the soil strength
becomes directly function of the soil specific
weight time the tangent of internal shearing
friction angle affected by the logarithmic terms,
(so1l failure). T
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Combining the two components, the complete
expersion of the soil strength at tillage depth becomes:

008200y e f  olityy o,

G =k lCre
= = 1+ 2Cr

- where :
C.= cone index, M
0 = soil moisture content, %:
g = soil specific weight, KN/m?;
C. = clay ratio;
f = so1l internal shearing frictional angle, deg.
C. = % clay/ (% silt +% sand). wit

o~
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By means of regression analysis of the
experimental data on loamy sand and sandy loam
soils at Al-Qassim, Saudi, the values of the
cohesive and frictional coefficients and the
exponent were found to be k =4.03, k,=0.0069 and
n = 0.01. While using the general coefficients
values ot k =1.281, and k,=0.01309 for all so1ls
Tables (3.2 to 3.5)
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using these values, the effect of soil moisture
content, soil specific weight and clay ratio are
shown 1n Figs 3.1 to 3.4. In purely frictional dry
sand, the soil moisture content has no greater
effect on the cone index or proctor penetrometer
but the variation 1n soil specific weight has a
considerable influence.
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While, as the clay ratio increases, the effect of soil
specific weight diminishes but the changes 1n soil
moisture become increasingly more important,
with lower soil strength at high moisture content
and very much higher cone index and proctor
penetrometer at low moisture contents compared
with the purely frictional sand.
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The relative contribution of the cohesive and
frictional components of soil strength (e.g. cone
index) was shown 1n Fig 3.1 for three levels of soil
moisture contents and specific weight. It should be
noticed that the curve for frictional component

decays quickly with the clay ratio to a modest
value Fig. (3.1a).
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However, curves for the cohesive component all
emanate from the origin and rapidly establish
different levels of direct proportionality with the
clay ratio, Fig. (3.1b). The drier soils contributing
the high cohesive strength for the tested soil with
the three instruments.
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FiG. 3. The effect of clay ratio on the frictional and cohesive components of the soil penetration
resistance at soil moisture contents of 20, 30 and 40% w./w and a soil specific weight of 14 kN/m’.
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It 1s postulated that any instrument that 1s capable
of probing the soil to various depths and shearing
it, 1n a consistent manner would have been equally
successful. As a matter of fact, in field
experiments on sand trials, three different
instruments (named the cone penetrometer,
proctor penctometer and shear vane) were used
and the quality of correlation between instrument
readings.
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It 1s pointed out that the cone penetrometer’s value
as a tool for measuring soil strength lays in the
fact between proctor penetrometer and vane shear
measurements. It has been correlated their values,
the cone index measurement value was 10 times
greater than the van shear strength value.
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While, the soil strength readings with proctor
penetrometer was 1.5 to 1.75 times the cone index
value. Measured and predicted soil strength with
the three instruments and soil properties were
shown 1n Table 3.5 Figs (3.2 to 3.6).

IEaining
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The experimental results for each soil type were
analysis individual to obtain specific values of
cohesive and friction coefficients for cone index,
proctor penetrometer and vane shear strength
(Tables 3.2 to 3.4). The optimum value of n was
found to be 0.01 from analysis of all the soil
experimental data.
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The measured and predicted soil cone index,
proctor penetrometer and vane shear strength by
means of individual equations for each soil type 1s
very accurate with over 98% explanation of the

result 1n all soils, a part from the Silsoe and
Edinburgh soils.
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For the combined measurements undertaken in this
study Table (3.2) for cone index, an equally high
explanation was obtained despite a 10-fold
increase in the range of the clay ratio, the
inclusion of more data at the low end of the soil
spectrum and the spread of the cone strength data
increasing from 3 times at the lowest value to 10
times compared with Stirling data (Figs 3.5 and
3.6).
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The overall accuracy of the general empirical
equation for cone, proctor and vane shear strength
was 90.40%, 98.87 and 99.66%, respectively,
(Tables 3.2 to 3.4). Their values were
demonstrated in a comparison of the measured and

predicted values Table 3.4 and Figs 3.5 and 3.6).
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Table 3.2 Values of the clay ratio, cone index resistance coefficients, their
standard errors and percentage of explanation

Soll Clay Coefficients Standard errors Expl., | DF.

type ratio K. k*1073 K. k*1073 %
Loamy sandy” 0.139 | 2.453 8.351 |7.3874 6.3573 08.64 | 49
Sand loamy * 0.153 | 2.929 8.129 |6.7262 7.1928 08.23 | 49
Combined I 4.030 6.939 |1.5969 1.5730 98.43 | 99
Sandy loam™* 0.24 | 3.9/3 | 10.055 |4.8562 11.203 08.65 | 23
Sandy clay loam*™ | 0.26 | 3.821 0.262 |4.2776 1.1153 98.72 | 23
Combined | 3.821 | 9.2617 |4.2776 11.153 08,71 | 47
Silty clay loam™ 049 | 1.116 | 29.670 |1.4023 17.948 98.63 | 29
Silty loam” 0.87 | 1.067 | 30.512 |1.3361 16.533 94.65 | 24
Combined I 2.524 | 45.144 |0.3892 95.815 96.28 | 54
Heavy dry clay™ 1.60 | 0.323 | 97.344 | 0.4327 [93.898 |94.06 | 39
All soils 1.281 | 13.089 |0.1128 0.7996 90.40 | 237




————

= ________,_...-—-—"‘ =

Expl. = explanation, r?;
DF. = degree of freedom,;

+, 1 = Experimental work at Al-Qassim
Agric. College Farm Station

++, II = Oskou1 and Witney, (1982) Exp. work
at Bush Estate, U.K;

* III = Elbanna, (1986) Exp. work at Bush
Estate, U.K;

** IV = Stafford (1986) data at Silsoe, Uk.
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Table 3.3 Values of the clay ratio; proctor penetrometer

coefficients, their standard errors and percentage of

explanation.
Soil Clay Coefficients Standard errors Expl., | DF.
type\ cover Ratio k. k:*10-2 k. k:*1073 %
Loamy sandy | 0.139 | 2.4008 | 1.76709 | 10.5014 | 9.31689 | 99.19 | 49
Alfalfa*
Loamy sand | 0.153 | 2.50124 | 1.80043 | 9.07511 | 9.85757 | 98.52 | 49
Barley fellow *
Combined 4.40786 | 1.59109 | 2.11553 |2.07992 | 98.87 | 98
* = Experimental work at Al-Qassim Agric. College Farm
Station (1)
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Table 3.4 Values of the clay ratio; vane shear strength
coefficientts (cohesive and friction), their standard errors and
percentage of explanation.

Soil Clay Coefficients Standard errors Expl., | DF.
type/ cover Ratio K. k*104 | Kk 102 | Kk*10* %

0.99264 1.94736 98.19 | 49
Loamy sandy” | 0.139 2.69787 0.16931 | 84.10 | 49
Alfalfa 0.55304 | 6.49658 |25.6120 |2.21865 | 99.63 | 49
LLoamy sand” 1.02684 1.80448 98.57 | 49
Barley 0.153 2.09637 0.17068 | 76.25 | 49
0.56605 | 7.04759 |22.6350 |2.42500 | 99.70 | 49

1.01150 1.32658 98.38

Combined 2.24996 0.12342 80.15

0.84082 | 4.05102 | 6.59596 |0.63516 | 99.66

* = Experimental work at Al-Qassim Agric. College Farm Station




moil moil Cone index, Proctor shear strength,
specific | moistur MPa strength, MPa kPa
Ploi weight, e Meas. Pred Meas. Pred. | Meas. Pred.
kIN/m? conte nt,
0

Alfalfa feld Lomay sand (Cr=0.139) at Al-Qassin, Saudi
1 15.04 14.02 1.221 | L4566 | 3.551 3.692 147.57 160.58
2 14.99 13.04 1359 | L1457 | 3674 3.807 159.72 161.86
3 15.64 12.50 1409 | 1500 | 3.789 3.787 164.12 165.12
4 15.44 11.50 1.469 | 1491 | 3.951 3.845 166.90 166.33
5 15.57 0.54 Lo6o6 | 1.508 | 3.802 3.015 176.23 173.36
b 15.00 8.78 L7688 | 1532 | 4.501 4.069 181.47 175.85
Mean 15.33 11.91 1479 | 1463 | 3.820 3.822 164.67 163.72

Barley field Loamysand (Cr=0.153)at Al-Qassin, Saudi
1 15.36 13.14 1.185 | 1465 | 2.197 2.618 154.03 168.11
2 15.10 12.61 1.246 | 1.448 | 2.458 2,728 156.30 169.66
3 15.41 11.60 1344 | 1473 | 2.542 2,722 170.65 177.09
4 15.64 0.06 1548 | 1.49T7 | 2.728 2.756 176.93 177.06
5 15.03 1.06 1720 | 1521 | 3.145 2.819 182.56 178.78
Mean 15.507 10.10 1.488 | 1.491 | 2.695 2.670 173.15 173.30

mandy loam, (Cr 0.24) at Edinburgh, UK.
| 1381 | 2:38 | 1497 | 1490 | | |
Sand loam, (Cr 0.26) at Edinburgh, UK.
| 13.81 | 22.88 | 1.497 | 1499 | | |
silty clay, (Cr=0.49) at Stirhing, UE.
| 12.43 | 26.54 | 2438 | 2.373 |
Clay, (Cr =0.87) at Stirling, TUE.
| 12.28 | 30.57 | 2557 | 2.660 | | |

Clay, (Cr =1.60) at Stirling, TE.

[12.65 | 60.00

| 1050 | L064 |




Table 3.5 Average values of soil strength
(measured with (cone penetrometer, proctor and
vane shear) together with their predicted values
and soil moisture content and specific weight in a
wide range of soil types
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- Where : CI = cone index, MPa;
0 = soil moisture content, %:
g = soil specific weight, kKN/m?;
Cr = clay ratio= %clay/ (%osi1lt +%sand);
f = so1l internal shearing frictional
tang = 1/(1+2Cr) angle, deg.

@ il
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TRACTOR DYNAMIC WEIGHT MODEL

Prof. Dr. E. B. Elbanna;

2.1 Mobility Number Freitasg (1965) proposed
tyre mobility number in sandy and clay soils.
Turnage (1972) extended Freitasg’s (1965) work
and produced a mobility number; Gee-Clough
(1980) and Dwyer (1984 and 1990) developed
the previous mobility number by including an
additional correction terms for the width/diameter
ratio and tyre deflection 1n 1deal soils.
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The mobility number, M_, can be represented as in

the form :
Clbd |o |
Mz e ... 2
WD \Vh\ 1+(2b/d)
- where :
M, = wheel mobility number; W = wheele load, kN.;
h = wheel section height, m; b = wheel section width, m;

d = overall wheel diameter, m; 0 = wheel deflection, m
CI = soil strength, kPa.
anlt
uﬁ
By
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From regression analysis of field data, a
significant correlation was obtained by using the
cone 1ndex value as a measure of soil stress.

The tractor tractive parameters were predicted
using the soil strength equation in stubble,
ploughed and cultivated fields, from the empirical
relationships developed by Wismer and Luth
(1973) 1n the USA or from the following derived
by Gee-Clough (1980) in the UK.
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- - where:

CRR = coefficient of rolling resistance;
W = wheel load, kN;
(TH)max = maximum driven wheel thrust, kN;
CT = coetf of traction;
(CT)max = max coefficient of traction;
Tmn = net driven wheel thrust,
R = rolling resistance force, kN;
k = rate constant;
MN = wheel mobility number;

B . anlt
s = wheel slip. H&
5 gecaiall daala de 3 Als S9SN addatl) Bang D




The previous equations may be used to calculate
rolling resistance of the wheels and the thrust
available from the driving wheels as a function of
slip. The drawbar pull, D, 1s then the difference.
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2.2 Soll Strength

Oskoul and Witney (1982) stated the

simplification of Krastins's equation by using only

the specific weight term as an indication of soil
strength as stated by Gee-Clough et al. ( 1978)
eliminating the effect of the cohesive term from
the cone index equation and precluded any effect
of changing soil moisture content.
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From the regression analysis of field data for three
soll series, they proposed a cone index equation as
in the form:

CI-450 62 0019y 2.8

- where CI = cone index, MPa;
0 = soi1l moisture content, %:

y = soil specific weight, kN/m?.

IEaining
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Elbanna (1986); Elbanna and Witney (1987)
and Elbanna (2001) developed soil strength
equation as a function of the soil type (in terms of
the clay ratio), soil specific weight and soil
moisture content, the developed soil strength
equations were :

- General form (for a wide range of soil types (sandy to
Heavy clay):

CI=[1.281Cr.e 0 010-08C01410.0131 1

1+2Cr

™+ 2.9 1

Dot
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Specific equation for sandy soil (for arid condition):

CI=[4.03.Cr.e—0.010.01+Cr)y ;. [0.00694Len(1 +C1)1..2.9.2

1+2Cr
- where :

CI = cone index, MPa;
¢ = soil internal shearing frictional angle, deg.;
0 = so1l moisture content, %;
v = soil specific weight, kN/m?;

tan ¢ =1/ (1+2Cr);
Cr = clay ratio =%clay / (% silt + % sand).

o
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The logarithmic spiral or soil zone failure term,
exp(m tang), affects both the cohesive and
frictional components of the cone index equation,
when the soil is fully formed around the cone base
bulb and can be represented the failure zone of
soll bearing capacity.

o
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2.3 Draught Forces

From field experimental (Hunt ,19/4; ASAE,
1978 and Collins, 1978) concluded that the
relation between the unit draught and speed for
moulboard ploughs tends to increase with speed,
and presented a quadratic form of plough draught.

i
D@y
lgagning|
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Morever, Summers et al ., (1984) concluded that
plough draught varies linearly with speed for
chisel ploughs, discs and sweep ploughs and 1s a
quadratic functions of speed for moulboard
ploughs, and linear with depth for all tillage.

B.q
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The draught force of a mouldboard plough 1s a
combination of the quasi-static soil shearing
resistance and the dynamic component increasing
with the square of the velocity influenced by the
lateral direction angle of the mouldboard tail
angle.

o
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Sohne (1960) adapted an equation developed by
Goryachkin (1940) to express the draught and
speed relation of tillage tools 1n the form :

Z=zo+kV%(1-cos ® P)......2.10

- where:
Z = specific plough draught, KN/m?;
V, = forward speed, m/s;
70 = quasi-static component of specific draught, kN/m?;
k = coefficient constant;
® p = lateral direction angle of the mouldboard plough, deg.

|
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Using a similar form of algebraic equation,
Voorhees and Walker (1977) 1dentified the effect
of soil moisture-content, 0, on the quasi-static
draught component as in the form :

Z=k1+k29+k3\/% ................. 2

- where:

k,, k, and k; = constant depend on soil type and 1ts
parameters.

il
D@y
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In a more extensive study using field data, Gee-
Clough et al. (1978) proposed an empirical
mouldboard plough draught equation based on the

dimensionaless groups identified by Krastin
(1973) such as in the form :

3.06 2
7 3 rya 2.12

g

o
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- where:

Z = specific draught, KN/m?;
y = soil specific weight, kN/m?

V, = forward speed, m/s;

a = cut depth, m;

g = gravitational constant, 9.807 m/s.

3)}4.'\.43‘2;.&9
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It was argued further, however, that the soil stress
paramter could be eliminated from the draught
equation to give the quasi-static component
dependent only on the specific weight, Epn 2.12.
Oskoui and Witney (1982) found that the
simplification of Krastins's equation by using only
the specific weight term as an indication of soil
strength, eliminating the cohesive term from the
equation and precluded any effect from changing
so1l moisture content.
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They proposed that because the cone index values
incorporate cohesive and frictional components of
the soil, there 1s practical validity for the
assumpation plough on that the quasi-static
component of plough draught is a function of cone
index, thus the specific plough draught equation
was:

Z=1 0.05CI+[9.66 YV (1—-cosDp] }.cccoorrirne 2

5 paiall daala de) 3 auls SO addadl) ang D



In more a comperhence of theoretical and
experimental field data, Elbanna (1989);
Elbanna (1992) and Elbanna(2002) validated the
assumption in equations 2.10 to 2.12 and showed
evidence that the quasi-static component of the
specific plough draught not either the soil specific
weight, (Eqn 2.12) nor the cone index value (Eqn
2.13).
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There 1s practical validity for the assumpation, the
quasi.-static component of the plough draught
depends on the soil cohesive which 1s a function
of the clay ratio (soil type) and it moisture content.
While, the dynamic component of the plough
draught 1s function of soil friction, tillage velocity,
and blade parameters (eg. tail or apex angle, share
width, and depth, etc).
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The frictional component 1s affected by
logarthemic or soil zone failure terms. So, the
chisel and mouldboard ploughs’; field cultivator;
disk harrow and disk plough specific draught are
given by the following equations and these

equations are considered form the basis the
present study.

D9
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7 {30.27Cr e~ V010141072 y v, /%(1 —cos @)l Je™Ane . 2. 14

0.72 vV 2
Ve g o O p)]le™ane 2.15

Zm = {35.55& e— 0.01 074

- where :
Zc; Zm = chisel and mouldboard specific ploughs
draught, kN/m?;
Cr = soil type =clay/(silt+sand);
y = soil specific weight, kKN/m?;
¢®C and M = chisel and mouldboard tail angle, deg.
V, = actual forward speed, m/s;

IEaining
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the specific chisel and mouldboard ploughs
draught (Eqns 2.14 and 2.15) time ploughing
sectional area, such as :
Bpc = Zc 2 [N, DDE O} . 2.16
PDM =Zm [a . (NpF )] s 2 17
- Where:

F,, = furrow cut width,m;
a = cut depth, m;
N, = number of plough shares or bottoms.
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2.4 dynamic weight transfer

In additional to soil-implement characteristics,
dynamic weight transfer 1s a critical issue 1n field
performance. Dwyer et al. (1975) reported in
NIAE yearbook recommmended load and
dimension of each wheel. It should be noted, “The
recommended loads on the tractor wheels include
the implement weight".
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However, under field conditions, the
recommendations are not adequate, due to the
changing implement forces acting on the rear

wheels, as a result of changing of operating depth
and soil strength.
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In order to estimate the dynamic weight on each
tractor axle, Domier and Friesen (1969) and
Bashford et al. (1985) reported that a ballast
distribution with 35%, 42% 60% for 2-WD, FWA
and 4-WD drive tractors, respectively, of total
static tractor weight on the front axle was
resonable.

D9
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These figures were used 1n the present model. For
developing a systems level of tillage performance,
suitable for equipment selection, 1s to integrate
soll and implement characteristics, so that
dynamic weight transfers could be determined.

B.q
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It 1s very important to model dynamic weight
transferred from the front wheels to the rear
wheels of the tractor, as well as weight transferred
from the implement to the rear wheels of the
tractor, to calculate the dynamic driven wheel
load. It 1s necessary also to realize the dynamic
weight transfer affects the torque required to
overcome the rolling resistance of the driving
wheels.
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Z0z (1970) used dynamic weight coefficient, D,
to represent curves, within each soil type, for three
tillage implements named: an intergral hitch
mounted (Cpy, = 0.65), a semi-integral type

(Cpw = 0.45) and towed implement (Cpy, = 0.25),

B.q
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the dynamic weight coefficient was:

h
W bas

CDW = . +£1+ jtanBanB ...... 21
W bas
- where:
Cpw = dynamic weight coetficient;
W, = wheelbase
h, v = horizontal and vertical coordinates of point of

application of mplement force resultant, m ;

B= draught angle below horizontal plane.

o
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Dwyer (1984) assumed that the recommended
wheel load included implement weight. However,
this assumpation can only be matched with a
specific mounted implement.

The net thrust from the driving wheels 1s
equivalent to the drawbar pull plus the rolling
resistance of any undriven wheels.

D9
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When the implement draught force 1s developed
by a fully mounted plough, all the forces act 1n
approximately the same horizontal plane and do
not affect weight distribution between the axles. In
addition, however, it necessary to take account ot
the weight transfer from the front axle to rear axle
due to the torque required to overcome the rolling
resistance of the driven.
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he dynamic rear wheels weight of the tractor, W_,

1s given by:
Wi=Wggt 9 20200 2.18
W bas
- Where :

Q,, = torque overcoming rolling resistance of the
driving wheels, kN.m, and

W, = static weight on the rear axle, kN;

W = static weight on the rear axle, kN

W, = tractor wheel base; m.

B.q
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- For a 2-WD tractor

WR:WRSJ{WR(CRR)R} Wrr .................... ) 2

- where (Cgg)r = coefficient of rolling resistance of
rear wheels
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-> For a four- wheel drive tractor

WR =WRS+ {WR (CRR)R+ WF (CRR)F} “;; ........... ).24
as

- where :
(Crr)r = coeftlicient of rolling resistance on front
wheel;
Wi = dynamic weight on front wheels
= W-W,, kN;
W = total weight of the tractor, kN

IEaining
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Equations 2.23 and 2.24 may be solved for W,
and Wi. If the tractor 1s two wheel drive, WR 1s
then used 1n equation 2.8 to find the slip, s.

Equations (2.21 and 2.22) represent a simple
approach to dynamic weight transfer coeefficients.

IEaining
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However, the values of 1ts parameters are not
constant, they are a functions of the actual
implement used (light, heavy, close couple, and so
forth) and thus, vary with implements weight,
coupling and vertical penetration and soil
charactersitics. The Dwyer equations (2.22 to
2.23) provide an alternative approach to dynamic
weight transfer, but fail to fully consider
implement draught, soil conditions and tractor
implement geometry.
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TILLAGE MODEL DEVELOPMENT

In order to develop the tillage-machinery
computer model, 1t 1s assumed that the rolling
resistance, the pull from driven wheels and the
implement acting force all act in the same
horizontal plane, as shown 1n Fig. 1 To add more
realistic implement and so1l characteristics to the
tractor model under dynamic conditions
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a new model 1s proposed, based on equations (2.3
to 2.9 and 2.23 & 2.24). In the new model, weight
transfer estimates consider the tractor, implement
and soil criteria (which are included in the acting
resultant force, Ry;). The vertical force Vi, 1s the
sum of the soil reaction force, V¢, and the
implement load, W,. The acting force, R, 1s the
resultant of both the horizontal, P, and vertical,
V., component of the plough draught forces.
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The draught force, actiong from the implement on
the tractor, acts to add weight to the rear of the
tractor and at the same time decrease weight from
the front axle. These forces, in ploughing
operation, are shown in Fig. 2 and modeled by
taking the moment about A and B (Fig. 1) for W,
and W, which represent the dynamic weight on
the rear and front wheels, respectively.
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Wer = (WTX3+RH€2)
Wbas
|
WF: (WTX2+RH€1) .................. 3. .1
bas
- where :

-2 W, W, = dynamic weight on the front and rear
wheels, kN;

> Ry = implement resultant force, = P2D+V2F,
kN;

IEaining
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- V. = vertical force acting on the implement due
to implement weight and soil reaction, kN;

- P, = horizontal component of draught force, kN;
=> 4 — X, sin(B);

> L= (X +W,,) sin (B)- a cos (B);

IEaining
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—> X, = distance behined rear axle to implement

point actiong force,m;

- X, = distance from rear axle to tractor centrer of

gravity, m;

- X, = Distance from front axle to tractor center of

gravity, m;

IEaining
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> W

= wheel base = X, + X;, m;

bas

- W.. = tractor static weight, kN;

- B = angle below horizontal plane = arctant
(PD/VF); Deg.

-
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Fig. 1b represents the weight transfer due to the
tiling cuased bt the two furrow-side wheels
running in the furrow bottom. The rear axle load,
Wy, will be divided into W, and Wy, on the
landside and furrow-bottom side, respectively.
The values of W, and Wy, can be determined
from Fig. 1b by taking the moment about C and D:
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4 H 1
= | — [tan D + —
Wr = Wr \(Xj ) }
1 (A
— T R e 39
Wi =Wr |3 (X] }
- where :

-2 Wy, Wy, = dynamic weight on the rear landside,
furrow-bottom wheels, kN;
En
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-2 W, Wg, =dynamic weight on the front
landside, furrow-bottom wheels, kN;

- ® = arctan (a/x);

= a = depth of cut, m;

—> H = tractor center gravity height, m;
- X = wheel track, m.
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The same procedure can be applied to obtain the
weight on each of the tractor front wheels:

((H ]
W Wﬁ(gjwnq’ i 5}

WF1=WF<5—(—jtanCD—} ............................... 3.3

- where :

-2 W;,, Wy, = dynamic weight on the rear landside,
furrow-bottom wheels, kN;
i
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-2 W, Wg, =dynamic weight on the front
landside, furrow-bottom wheels, kN;

- @ = arcsin (a/x);

= a = depth of cut, m;

—> H = tractor center gravity height, m;
- X = wheel track, m.
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Fig. (1.a) Dynamic weight distribution on the rear
and front tractor axles, weight transfer from implemt
and front axle to rear axle,

Ry

b guaiall daala ds )3l anls (A9 ASNY) anlail) Bas g



Fig. (1b) Rear wheel weight transferred due to tilling,
caused by running wheels 1n furrow and landside.
(B
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From analysis of draught forces, 1t was found that
the angle of the resultant, RH, line below the
horizontal plane, for a fully mounted moulboard
plough, was 30°, a semi-mounted plough was 25°
and a towed plough was 20°.

IEaining
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It 1s possible to calculate the amount of dynamic
weight on eachtractor wheel by defining the
necessary dimensions (Fig, 1a) from tractor and
implement manufacturer’'s specifications and
assuming the half-lengthof the implement for the

Rh point.

o
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D, =T, (driven wheels) — R (undriven wheels)
............. 2.10

- The torque, Q, required at driving wheels 1is:
Q = [(T,, (driven wheels) — R (driving wheels)].r,

- where r, = rolling radius of the driving wheels.

IEaining
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————

- and the mput power, P., required 1s:

PizQ.oo:Q—V ............................ 2
rI'

- where : o = rotational speed of driving wheels
V = theoretical forward speed without slip

- Therefore,
B CE ROV 2.14
- The corresponding output power, Po 1s:
D Vilksy = - 2.15

IEaining
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The problem therefore, is to find the maximum
value of P_ which 1s possible in each gear without
exceeding the maximum available value of P,

It 1s now necessary to distinguish between two
possible situations. In the higher gears output
power will be limited by the engine power
available, whereas in the lower gears output power
will be limited by slip.
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For each gear, therefore, the maximum output
power possible with either of these limitations
must be calculated and the lower of the two is the
actual maximum power available in that gear.

The coefficient of rolling resisitance, maximum
coeftficient of traction, coefficient of traction and
wheel slip can be determined by using equations
(2.3-2.8). Then, available thrust, T, , developed at
the driven wheels can be calculated.

A
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- The actual drawbar pulls D, can be determined

from :

B I R 3.4
- where :

D, = net drawbar pull, kN;

L = available thrust developed at driven wheels, kN;

R = rolling resistance of undriven wheels, kN.

IEaining
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- The torque required from the driven wheels can be
determined as:

QD:(Tn ERIE e 30D

- where :
Qp = torqure required at driven wheels, kN.m;
r. = rolling radius of driven wheels, m;

R, = rolling resistance of driven wheels; kN.

IEaining
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-The output and input power required at the
drawbar and driven wheels can be calculated as :

P_=D, V,(1-s) .
Pi:QD(D: QDVt :(T]T_Rr)Vt .................. 3.7
I'r
- where :

P_ = output power at drawbar, kW;

V. = non slip speed, m/s;

P. = input power at driven wheels, kW;

o = rotational speed of driven wheels, rpm. wi

oY
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At this point, the problem 1s to find available
power value of P1. Since at the gears, the output
power will be limited by slip and the maximum
output power possible, each of these limitations
must be calculated and the lower of the two 1s the
maximum power availabe 1n that gear, Dwyer
(1984). The calculation of maximum slip-limited
power 1s more complicated.
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If the tractor 1s 2-WD, front wheel assisted or 4-
WD the following equations will yield the
maximum output power. For a 2-WD tractor such

as result 1s:
(Po)max = [Wr(CT)max_Wf(CRR)r]r Vt (I-S)
......... 3.8
- And likewise for a front wheel assisted or a 4-WD
tractor the result 1s:

(Po)max = Wf[CT)max]f T Wr(CT)max]r Vt (1_8)
e

D9
IEaining
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The rolling resistance of the undriven wheels 1s
sunstracted from the available driven wheel thrust
to calculate drawbar, Dg. The rolling resistance of
the driven wheels 1s added to the available driven
wheel's thrust to calculate the required thrust. The
rolling radius of driven wheels to calculate the
driven wheel torque simplifies the thrust
developed at the driven wheels.
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This torque 1s simplified by the transsimation
efficiency and approprite gear/driven wheel ratio
to find the maximum engine torque required.
Then, torque 1s multiplied by engine spped to
calculate maximum engine power requirements.

B.q
IEaining
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The above equations were incorporated in a
tractor-implement computer model. The model
was coded in Fortrant 77 and 1s available from the
first author 1n materic and English units. A
flowchart 1s shwon 1n Fig. 2. The model 1s capable
of developing tillage machinery performance
parameters for various tractor types, fleet and
implements sizes, for a wide range of soil types
and conditions.
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The model 1s designed to provide support for
tractor — implement selection under field
conditions. It can be used to asses performance
requirements for a given set of tractor-implenemt
specifications and field conditions or it can be
used to perform sensitivty analysis with respect to
so1l conditions and fieldwork requirements. The
model also has the potential to be expanded
beyond ploughing applications to primary tillage
operations.
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4- EXAMPLE

A simple example has been developed and
modeled 1n order to demonstrate the model as well
as to compare the results the Dwyer model. A
summary of results 1s shown 1n Table 1.
Additional mput data required for the new model
1s furnished below. It should be noted that the
Dwyer model does not make use of these data.
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1-Tractor :

- wheel track :
2WD =1.62 m; FWA=1.62 m;

- distance behained rear axle acting force :
2ZWD=25m; FWA=25m;

-
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- distance from reart axle to tractor center of gravity :
2WD =0.79m; FWA =0.79m;

- distance from front axle to tractor center of gravity :
2ZWD=1.31m; FWA =1.35m;

- hieght of center of gravity :
2WD =0.88; FWA =0.88m.

IEaining
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2- Plough :

- type : mounted (seni-mounted); tail angle = 35°;
- furrow width: 0.41m;

- cut depth = 0.23 m;

- field efficiency: 80%

- pull angle below horizontal plane: 30°.

IEaining
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e

T —

3-Soil :

- bulk density : clay soil 1.00 gm/cm?’; sandy soil
1.60 gm/cm?.

- moisture content (farily cond.): clay soil = 0.27%;
sandy soil = 22%;

- soil texture: clay (50% clay, 40% silt, 10% sand),
sandy soil (60% sand, 30% silt, 10% clay).
iy
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LUSION

CONC

A model has been developed to predict tractor

performance 1n tillage o
wheel assisted and equal

perations for 2 WD, front
| 4-wheel drive tractors

undel field conditions.

The field conditions are

modeled using soil and climate 1n the form of the
so1l strength as a function of the clay ratio, soil
moisture content and specific weight.
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The chisel and mouldbaord ploughs’ equations
were used to predict the drught forces for both of
these implements as a functions of a cone index,
forward speed, soil specific weight and plough

mouldboard tail or apex angle (for molboard and
chisel ploughs).

il
D@y
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The model predicts the weight transfer from the
front axle of the tractor to the rear axle and from
the implement to the rear wheels, based on tractor
— 1mplemet manufacturers’ specifications. Model
inputs and outputs have been structured to support
practical considerations and available data in order
to support equipment decisions relative to
available options.
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The dynamic characteristics of a tractor’s driven
wheels, under field ploughing conditions, were
determined by summing the static rear wheels load
and the amount of weight transferred from the
front wheels and the acting implement resultant
force on the rear wheels, due to implement
draught forces and vertical soil force, as the
combined result of implement weight and soil
reaction forces.
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The equations used in this model include both
original equations and other equation taken from the
review of literature. The complexity of the model
requres a computer aids. The computer code 1s
available from the first author in both English and
metric units. The model was demonstrated through
an example.
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The model can be used to predict field
performance for various soil types and conditions
for farm tractors with pneumatic tyres in a
plouhing task. Minimal tractor, implement and
soll data are required to drive the model. The
model compares favorably with the Dwyer model
and extends the capability to estimate dynamic
weight transfer under field conditions, including
so1l composition and moisture content, as well as
tractor and implement geometries.
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Representation of unconfined compression test :

(&)

(a) test arrangement. (b) stresses acting on incremental clement.  (c) Test appara|
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