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MODELLING OF THE SOIL MECHANICAL PROPERTIES TO SOIL- MOISTURE

- CONDITIONS AND THEIR APPLICATIONS TO STUDY THE TRACTION
DEVELOPED BY LUGGED TIRES -

The variations ‘of so0oil mechanical propertiés, cohesion, c,

s

internal friction angle, ¢, soil-rubber adhesion, c,"., soil-steel

adhesion, cj, soil-steel friction anglé, § ,, goll-rubber friction
angle, §,., the sinkage moduli, kc, k¢, and n, have been studied wnder
field conditions for different soil depths of sandyI loam and clay
soils. Models to predict these parameters were developed in this

. , .
study. These models were functions of soil molsture content, soil

plastic limit or liquid limit and two combtants which depend on the

B

soll type and depth. Also, a model to estimate the soil xz;oisture\
content by a si}nple /and accurate melthod was develoééd» using tﬁne data
of &a'ily precipitation and evapération” pen  reading_ (élass 4) in
southern Quebea.‘ The soil mechanical properties models were used to
study the traction characteristics of lugged tires. The 1nveétigat15n
shows that lug design could have a significant role in improving the
. ) .

traction force for‘ agricultural tires. The optimal lug angle was
found for different soil ty;;ea during the farming -easo.n in an everage

/_" — .
climatic year of southern Quebec. \
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MODELES*DE PROPRIETES MECANIQUES DES SOLS EN FONCTION DE ,
LEUR TENEUR EN HUMIDITE ET LEURS INFLUENCES SUR LA [}
/ GEOMETRIE IDEALE DES ERGOTS DE PNEUS. POUR '
FAVORISER LA TRACTION
0 les variations qui existent en matidre de mécanique des sols

Vdans les paraxﬂétfeg cohésion, c, angle de friction interne, ¢,
adhesion sol~caoutchouc, c{.,
sol-acier, 85, angle de friction sol-caoutchouc, §y, les modules de

penetration kc, k¢ et n, ont €té Etudiées "in situ" pour différents

adhesion sol-acier, cg, angle de friction

tyﬁea de so.;L et & différentes profondeurs. Des mod2les ont &té

développés afin de pouvolr prédire ces paramitres et sont fonction du

degré d'humidité du so0l, Sle sa limite pl,astiqu/e/,/de 1la limite ‘1iquiée
" et de deux constantes relifes au type de sol et a sa profondeur.

De plus, m mod2le a €té développé afin d'estimer la tenenr en .
humidité par des méthodes simples et précises en mettant en jeu la
pluriométrie journalidre et 1'evaporation par bac evapométrique d;
Classe "A", aux environs du sud du Quebec.

Les modéles des propriétés mécaniqueé furent utilisées pour
vérifier les caractéristiques de traction des ergots de roues de
tracteurs. les esaais ont démontré que le design des ergoté peut
influencer-1a force de traction des _traéteurs agricoles, L'angle
1déal des ergots a été défini pour pertains typéa de Bol durant la
période de ¢ulture lors d'wme période moyenne de ‘climat au s\ud du
Québec.
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CHAPTER I

INTRODUCTION

" t

Soil moisture conditions changeyvety widely during the farming
season, Accordingly, the soii mechanical properties will vary. On
the other hand, the performance of many farm vehiclés or equipment
depends mainly upon the soil mechanical properties to a considerable

~ extent. The farmer today is faced with the prbblem ‘of :;elca'cting proper

. ttraction devices and tractor parameters for efficient field work when
i / 1

the moisture content and mechanical properties of fleld soils are

continually changing throughout t:hé year. If these properties can be

»

: J
estimated in advance, a suitable machine could be designed or selected

to perform a given farming operation at the desirable time.

Since the measurement of soll moisture is less castly and easier

' to estimate thsn the soil mechanical properties, the modelling-of the
s0il mechanical properties to the soil moisture content would offer a
good means of identifying those properties, In addition, the
prediction of soil moisture conditionsh'by using such modeld leads to
the prediction of the soil mechanical properties. ’ Hence, a simple aJ:;d

{ . Co
reliable method for the prediction of soil moisture content is

vt - |

required. J

Several topics can be studied by using models of soil mechanical

¥ 1

properr.iea. For éxmnple, these properties are required for the

L4
1

.
LI T R
\
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calcui;tion of values of trqction. capacity, flotation, slipperiness,
and stickiness of the vehicle rumning gear or s/oil resistance against
any tillage toél,iaa well as to estimaté the amount of soil failure in
front of these tools (McKyes and Ali }977; Hettiaratchi and Reece
1967, 19/74; Osman ;964; Yong and Chen 1970). In the field, however,

' the soil mechanical properties are known to .vary mainly with soil
moisture contenr:, soil type, so0il depth,y and location. The var:kation
of these properties has B,Ot been studied widely&umb 1970; Bekk;ér
1969). In the present study, modelling of these prrc'n?erties’to the
jsoil moisture content of différent soil types at different depths in
southern Quebec will be investigated. Also, a method to predict the

soil moisture content will be proposed.

The effects of lugs on the wheef traction force have been the
subject': of relatively few reported investigations. ’ Hoyrever, some of
the developed models of soil mechanical properties will be used to study
the characteristics of/soil thrust deve?loped by the lugs. There 1’5” no
"theory available in the literature to calcu].‘e F:he soil thrust due to
lugs for a rubber lugged tire; nevertheless, with.some modifications of
the existing theory on soil failure, the thrust could be calculated. In
thil.a study the theory develo;’ed by,Hettiqr}atchi and Reece (1974) will be

\

modified in ordér to predict the traction force due to the Jugs. .
. J

P

The modified theory -for predicting the soil thrust as well as’ the
so0il mechanical properties mpd\els can be verified experimentally by
measuring the aoii thrust due to the lugs. The meaning of the growing
or the farming seéson 4n’ this study was the period of the\year when the

ground is not frozen and the field work is possible. .

v e et e et S b ot - -




r

A e T

S e R

+ Objectives

/

The present work will deal with modelling the following soll

mechanical properties to the soil moisture content:

a) soil cohesion (c)(
b) soil-steel adhesion ;Ec;) )
¢) soill-rubber adhesion (cl':) .
d) soil-soil friction angle (¢)
e) soil-bteel friction anglt;_ (6-8) ' -
f) soil-rubber friction/angle (Gr) g
g) cohesion modulu/s of stiffness or deformation (kc)
h) friction modulus of stiffness or deformation (k¢)
i) sinkage factor (n)
The detalled objectives of this study can be stafed, however,
as follows: |
1) To measure and determine the relationships between (a) soil
\mcistur«;/ content and (b) the depth and the following sotl mechanical
propei'ties in two soll t}rpes, namely a sandy loam and'a clay:
(1) soil adhesion (c) ' ‘ " ’:/ .
(11) soil adhesion (to steel and rubber, cg, c). .
(111) soil-soil fricfion angle (¢)
Aw soll-steel or fubber é;ictim angle (68, Gr) B
2) To measure and determine the relationships between the soil

moisture eontent and the following parameters:

+

(1) cohesion modulus (ke) '

~
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(11) friction modulus (k¢) .
(111) sinkage factor (m) ‘

3) To determine the variations in the above-mentioned parameters
during the growing season.

4) To establish a simple and reliasble method which will 'predict: the
soll moisture content’ during/the groving aéason, taking into |
account potential evapotranspiration, rainfall, evaporation from a
ﬁfi-ee wate.r\surface and -actual evapotranspiration.

5) To demonstrate the use of' the above-mentioned relationships by
using variable soil strength properties to find the best lug
angle for agricultural tires under a wide range of soil conditioms,
i.e., a year-round best tire lug design, 1f possible.

6) To find a me‘thod to caleulate the soil thrust developed by lugs
of tires.

Scope X o

{

The scope of this study with respect to models of soil

~mechanical properties :Lé restricted to a soil with molature content

ugde; the liquid limit, The method which calculates thf soll moiéture
content is also expected to be applicable.to yfl;t '1and with soil
moisture conditions under thé field capacity in southern Quebec during
the growing season. In a;ddition,'in this thesis a moéified theory of
soil failure in front of a flat plate will be proposed to calculate
the soil thrust for lugs of tires. , !

f

/ The studies were carz/'ied out on gandy loam and clay soils.
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CHAPTER II 4
REVIEW OF LITERATURE

L

A, Modelling of soill mechanical properties
to soll moisture content ,

The few models of soil mechanical properties reported in the
) ) )

literatur; were found toc be empirical relationships (Wroth and Wood
1978; Bekker 1969). The availsble models deal only with the
parameters ¢, ¢, Kc, K¢ ahd n in certain regions (Nichols 1932; Wells
and Treesuwan 1977\).’ Nevertheless, there are no models available for
the soils in southern Quebec. Bekker (1969) and Raghavan and McKyes
(1979) stated that it is desirable toﬁident:lfy. these parameters in
terns“6f well known physical properties such as“l_aoil water conltent. '

3

The soil mechanical properties (c, ¢, e, €fs 8., 65 Ke, K

and n) depend on the soil plasticity index (Neal 1966). Four decades
ago Casagrande (1939, from Terzaghi and Peck 1948) relasted soil
styength .to the Boll liquid and plastic limits. Nichols (1932)

presented the following empirical relationship between soil shear

- &

J
strength and soil moisture content: !

S

(1L - MC)(0.66 PI +'q + 1,8)
T - . L N ¢ ))

where Tt = sghear strength
2 -

LL = soil liquid 1imit

A

P
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PL = 8611 plastic limit
MC = s80il moisture content J
q@ = average vertical contact pressure °

Pl - plasticity index = LL - PL
The general trend of the relationship between the soil mechanical
propefties and its moisture content shows that an increase in the soil
moisture content resulted in increased values for the soil ﬁroperties
(c, ¢, c;, c;_, 68, Gr).up to the plastic limit. This 1s followed by ,
decreased values for these properties with further increase in the

. .

soil moisture content up to a point around the liquid limit (Bekker

1960; Payne 1956). Wells and Treesuwan (1977) found that the soil

) [N

internal friction angle (¢) increased with increasing soil moistu/'re
contert according to the regression relationship..
\ / . -
¢ = 1129,20 + 0.39 MC - 1i27.5 y2 N ¢3)

where ﬁC = s0il moilsture content (X by weight)

y = solil bulk density (kg/m3)

o

Lumb (1966, 1970) and Lee (1974) studied the variations of the
soil mechanical properties c aﬁd ¢ for undisturbed soil. The con~
clusion was that the coefficient of variations in the ¢ values was
higher than in the c values. They fouhd soil cohesion varied in a ~

linear fashion with the soil depth. - .

A comprehensive test was conducted by Youssef et 5_].;. (1965),
who ueed different types .of clay to show that soil shear strengt'h is a

function of soil plasticity index.

4

L I - .- o Lakmeess e




. studies which hgve‘been‘carTl‘éd out on the ‘relationships between the

Y o

7

¥

!
/ \

Neal (1966) carried out investigaé ons on the effect of Ehe soll
moisture content on the aoil-rubbelr adhesion and frictional angle. The
values of the two parameters increased with ;.néreasing sokP-moisture
content up to the plastic limit and then decreased until the liciuid
limit ‘'was reached. Increasing the soil moisture content beyond the

‘ \
liquid limit did not change the soil-rubber friction or .adhesion

significantly., Some characteriétics of the frietion between soil and LA

metal were determined by Nichols (1932), Fountaine (1954), Neal (1966)

and Payne (1956). ‘ 7
The reported studies on the‘relat:lonahﬁips between the n, kc, ‘

ké values were very few. -Wells and Treesuwan. (1977) stated that n s 1

values change between 0.5 and 0.7 with varying the soil moisture

content. Smith (1964) and Stong and ﬁucheie (1962) also reported that

the n values changéd by spail amounts with changing,a_oil moisture

/
content. Similar findings were reported by Bailey and Webber (1965).
i / I

Tﬁere is, however, no general relationship between soil
mechanical properties and soil moisture content that has been established.
The only relationships reported are regression relationships for a -

particular soil (McKyes and Stemshorn 1977). In addition, the few

parameters § " 6., c; and c; and the soil molsture content are not
s / ] -

comprehensive enough to establish firm relatiomships. - .
/

The soil mechanical properties (c, ¢, c;,, 'c;, S 6“‘) are used

mainly to determine the soil shear strength (shown in equation 3) or

8
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/the shearing resistance at soil and rubber or steel surface

(equation 4).

a).c+Nt::mq>w N &)

H =
H = ac'+ N tan § ~ ! ce s (B
where /
| H = shearing resistance ’

» o

) N = the normal®load on the s8lipping surface, ’
A . ,

]
[ ]

the area of the slippuing surface

— N - —
¢ = 80ll cohesion :

ct = Fhe adhesion between the rubber or the steel and the ~
Ll o !
- soil T -

6§ = the friction angle between the soil and rubber or steel \ ‘.

¢ = s8oil internal frictional angle. - —

Most of the known Et}gc{»—r} which explains soil-machine inter~
actions uses these parameters. Other theories have been developed to
predict soil strength such as the criticni state theo?y (Schofield
and Worth 1968) and the rate process theory (Mitchell 1976). However,
these two theories have not been used in thg. study of soil-machine
interactions., Therefore, modeluling the soil paraﬁeters presented in
equations (3) and (4) is needed because of their wide use in thé field ‘
of agricultural engineering. ) .

The detailed development of the rate procjeas theory 1s based on’

-

statistical mechanics and physical chemistry (Mitchell 1976).

1

. P . .
According to this theory the soil shear strength can be evaluated by

' equation (5).
- ) ' .
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LETET IR S I




1 - ~ e o !
')‘ v S ! ! s ' -n P
* ay R . n :7 - -*y '3 ? ’ T
- .- - i 5 y " PEARN ey
v . : L ﬂ o ’(‘ ° » o ‘ [ ’
. s . - . . . . R
s « - - d (¥
- ' ’ « 3 . .‘:{:_ - f’ " PR - f
o ) 4" v ) ~ A 5
s, AP . B .': ~ &8 !
- I ¢ P4 " .
/ . 4 . "t /. N , ) i ;.‘ b
- o ' N Pg o
3 ' g“' W {? iu . ’ - :,_ B AN AKX
- s ' - o o v A SRS o ! .
P = -+ N . ' v e ’ ”‘; ° 4" LI o (§3 ® . v :
T Kl A2 cfe “ N v 3 * "f‘ ’ . " -. "t « ’ "«/*
vhere ; . k e w1
P I, _ AN T
1 =’ goil shear strength T T, : ) A &
2a;AF ° ol "L‘:“,, PR R
Al - Al +2bxkt£n§__ ' R T . y
/ 1% .4 T 4.
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. ' 23 .. o
. Nv = Avogadro's number (6.02 x 1077) ’ “ oy T
- . . Y
AF = value of activation emergy which depends on the soil oo Nl
P / type (kcal/mole) . : ‘ S,
t = absolute temperature ' o -
- . )‘1 = distance between successive equilibrium positions } L
/ . [
’ €® = sgtrain rate
B = ,éi/,hl - - - ‘ .
. \ . <
\ a; and b = constants . o
] ~16 .o -1 ‘ '
k = Boltzmamn's constant (1,38 x 10 erg °k )
- N //
§, = effective s plane . |
£ , R
hl = Planck's constant (6.624 x 1 22 erg,sec-l)" T
. 7 . . N
- X = parameter which depends on and so0ll structure. ° I
The critical state theory as presented by Schofield and Worth / L
] - . 7 )
(1968) describes the cr:lt:ica]7 state of soil under load after which the
T~ - soil could flow as a frictional fluid, This state can be defined by - -
4 -
two equations: ’
q = MP /i .« « o {6)
. I = y+2inpP / , o e (D
B LN
/ , . )
. . y
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where

*

A
M, I', and A depend on the soil properties

¥ = specific volume
q = axial deviator stress .
- Ay e
P = effective sphe1::Lcal~epress\ﬁ"éJ . .
. N
. In this theory, the possibilities of degra:asyn or orientation )

- of the particles were not considered in calculating the power dis-

~

s

sipation, . '

\ H
o

The most widely used equation to calculate the sinkage (2) of

* a machine under normal load (N) is Bekker's equatiom:
No= (E4kg) 2" (Bekker 1952) : Ce (8

whare

kc, k¢, and n are 6empirically measured 8oil constraints

., which are mentioned in the objectives, and b is the width of the

\
\ <
loaded surface. . , " oy
< R . e mg')
" It:should be mentioned that there are many other theories iﬁ
~ ) \ - ;
available to calculate the sinkage of a machine under certain normal - o

9 )
load, as shown in Tahle 1 (Wong and Bekker 1977). These theories, 4 t

however, have not received the wide acceptance vwhich has led to practical

]
i

applications that Bekker's equation has (Wong 1979). T
;o ) 7 Y : .

"y
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TABLE 3 The relationehips betwesn the lopgg and sinkage, 8011-Bhear 8trength and 81ip ag reported
. ' " by Wong ang Bekkey (1977)
Date of Name of the .
\ Soil-value Soil value
Origin or:ginator (patameter) defintefgy .- (parametera) Country
R.Bernstein P~ k'(l—3"nz) ‘ k' n Germany
' P = 15821,2 = (a'tf + a"A)zl/z ' al, g s or k‘B; 1/2
\ 1936, 'M.N.Letoshnev P "-31':5'?;1 > (a' + a"b) " a',a", o ISL; n U.S.s.R.
1940 I.5.Vefnixoy P ~kz = Y120y Ts ¥ ork ;'p oy U.8.8.R.
! . kTA - ~ « -
. . 1947 M.N.I’roitskaya P = pc(e ~-1) pc, k‘T’ A ; . F.s.8.R.
| kend - ) )
T = To(l - e T) R TO' an A : 7
"'z/kko
1948 . S.S.Kdrchunov P = pKo(l - e ) Pro» kk U.S5.5.R.
- 1959 5.5.Suakyan = kA" = k_(aypyn k., n U.5.5.R.
1?63 ‘V.Y&.thaﬁyg:\ln P = pk;; Afan h [lfo/pKA]z kiA*' Pra U.Ss:S.R.
L 2 £ -——"K~é;.1tan Al "n, ¥ra o US.s.R,
—_— cos h = T
~y k
’Q - . N
_— 1959 Ya S.Ageikiq P = kzn Jk, o C U.S.5.R.
> (uger) - T= a4 Py, Cs uy - .
1963 V-A. Skotniko, P~k kes nel U-s.s.8.-
(uger) >

-

(table continyag)

~
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TABLE 1 (continued) "

. Date of Ngme of the ~ ) N - e
origin originator (paramzzti)v;:;einition (s:ﬁ%u:i:) T Country
_ (approx.) (or_uger) par )
1964-66 , Z;:Vﬁl-:skov P = pg,tan h [ku/p“]lz pKA, FKA “U.S.S\.R.
(user) T=c+p tang e, ¢ A
FRA 8 N
- T=opu [1+ } tan h [ B,
) m cos h(:—) k‘r m uKA
T - .
1967 S.G.Volskii p = kzn ) k, n U.S.S.R.
(user) T = c + tang c, ¢ '
.- K -
1968-69 M.Z.Nafikov & P = [p/Kplle 8Pz - 1] i keps Kyp U.S.S.R.
’ 1.S.Poliakov . : - N ‘
T=c+p tany c, ¢ ,
R 1970 Ya S.Ageikin p= 1/[(1/p8) +’(1sz/2kzz)] Pgs B, kz U.S.S.R.
+ 1970 Lunar Rover Unknown.. Pinetrometer, the Unknown U.S.S.R.
"] .mokhod" “ninth wheel," cone-cum vanes
torque~slip measurement .
1955 ° H.G.Bekker p - [(kc/b) + k¢]zn kc’ k¢"n UQS.A'
) ) = c+p tany - cy ¢
1965 A.R.Reece p = (ck'c + byk'y) (z/b)" ck'c, Yk'g, n . England
: -T=c+p tang T T . .
. . a
& 1965 %‘.‘ggi;:ynski P [lic/b) + kglz k., k¢, n Poland
] 2 - T = ¢ "\!‘ P tan¢ B cy, ¢
. C- 1967 G.Sitkei p = [ké/b) + kylzn ke» kg - Hungary
(us_er) T - ¢ +\P tm¢ cs ¢
1969 A.Wislicki = [ke/b + kg)2® ke, k¢, 0 Poland
' (user) T=c+p tang c, ¢

[
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B. Measurement of the soil
mechanical properties

/
The value of soil mechanical properties can be ¢btained by

using any of ‘the following devices.

1. Devices used in the laboratory

a. Direct shear box (Freitag et al. 1970).--The\ direct shear

device is shown in Figure 1. The soil sample in this c){e,xcé is
confined undér a vertical lba;i and sheared by fixing tne~half of the
frame and translating the other to cause simple shear. The results
of the direct shear test are shear stress, normal stress (on the
failure plane), and shear displacement. The values of normal stress
and maximum shear stress can be plotted direct}y from the test ‘dats,

and the c¢cohesion ¢ and the angle of internal friction ¢ can be derived.

b. Triaxial test.-~The test usually is conducted on a cylindrical
soil specimen loaded axially while under hydrostatic confinement
(Figure 2a). The measurements obtained in this device can be uged to

determine the soil properties c and ¢.

c. Shear plate.~~This apparatus provides a tangential stress
deformation relation at the ground surface level under certain normal

loads which can be used for estimating the ¢ and ¢ values (Figure 2b),

e i WM s oA

et
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(a) Direct Shear Box
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», Pigure 1. / Direct shear box.
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Figure 2. Devices for unuﬂng s0il mechanical properties (c and §).
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2. Devices used in the field A — 3
I a

a. Sheargraph.——This device utilizes a small circular cup with -

Mradial vanes as shown irf Figure 2c. The soil is sheared by the ’ ;

rotation of the cup under 11jnposed normal stress. ‘The device 1s

intended to measure the ultimate shear strength at diffdrpnt -normal

loads. The paran;eters ¢ and ¢ can be estimated.

b. Shear vane.--The device consists of four vanes mounted . |
perpend:{cuiarly to each other and the torque value required to rotate

the blades gives an indication. of soil shear strength (Figure 2d).

/

b ’ ooed Shear ring.--This device consists of a grousered ring
imbedded in the soil, yhich is rotated at a cer}tain normal load N
(Bekker 1969). The torque (T) 1s plotted as a function of the normal
lpad. The torque-normal load relationship can be fitted by a line,

the intercept of this line with the torque axig %ives To and the

- slope of the line is given by the ‘angle A. The soil parameters c and '

a

¢ can be calculated by using equations -(9) and '(10) ‘developed by Reece

i : (1964) (Pigure 2e).

! T - o -
tan ¢ = (tan M /(D - £ e @
N ¢ = T/QUDE- D +2hAEE D L. .(0) o
where
r, = outside radius of the at;enr Ting ' .
r, = inside radius of the shear ring
. ‘ h = grouser height’ V
] . n = 1 (as long as the shear ring does not sink appreciably)
() n = 2 sin? (45 + $/2) (if the shear ring sinks more ‘than r o)'
- l - - é : .
] - - — ;
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d. Plate sinkage test,--This device exists in many shapes and

sizes, but the main components are two or more plates pressed into the

/

ground and the mean contact pressure 1s recorded as a function of
si)Zgé. The pressure sinkage curves for each plate size are plotted

on log-log paper and fitted by straight lines .of the same slope. This

“slope gives n vaiue, and from the n values at Z = 1, kc and k¢ are

obtained from equation (8) (Bekker 1960).

The values of the soil mechanical properties may depend upon
the method used to carry out the measurements (Osman 1964). However,
some investigations were conducted to select the best éppara/tua to

measure these properties,

/

Ghan/i (1966) determined the soil shear stress at several soil
moisture con::ents by using a torsicm‘ shear appara;:us wi;;h five heads.
The shear strength value did not vary»&ignificantly\by using different
shear heads. Payne and Fountaine (1952) introduced a torsional shear
box for measuring the soil shear /strength in the field. Comparisons
between the values of coﬁesion and soil 1n%.e‘rna; frictional angle
using this apparatus and a direct shear box in the laboratgry tfasuited

in differences of about 5%/ between the two methods.

Neal (1966) reported that the basic theory of adhesion bletween
80il and metal is applicable for soil and rubber as well and he also -
recomendgg;th;t: a hand-powered torquemeter for twisting the shear box
be used to measure the soil shear strength and soil rubber frictiom.

4

properties. Payne (1956) described a field method to measure the
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soil-to-implement friction coefficient. The technique gave adequate
results bepause there was little disturbance of th.e soil/in the field.

N

0/Callaghan et al. (1964), Fountaine and Brown (1959) and Founta.itne
(1954) reported that the .torsiclszﬁear test could be (fsed as }ong as
the normal Byessure on the shear surface was less than 137.9 ‘kPai If
the normal pl\;‘Fssure.exceeds this value, the triaxial test .ia more
réliable as a\\ laboratory test in producing the actual failure plane
and thus determining the sppropriate c ‘and ¢ values., Bekker (1969)
and Reece (1964) recommended the shear ring for measnri)ng c and ¢
values in the field. ,This type of shear device would give th\e inost
accurate values of these two parameters. On the other hand, the

sheargraph can be used to measure c;__, c;, §_ and 61‘ values in the

8
field (Payne 1956).

C. Prediction of soilj moisture éont:ent

From the literature available, it would appe;ar that cc;naiderable
efforts have been expended on prediction of soil moisture content
during the past decade. Most of the models which have been developed
to 801:1;VE this goal use precipitation as the inain variable along with
many other meteorolggical’ data. The use of any of tk;ese models,
-however, requires a ‘considerable amount of data and/or ccfmpt\xtei:ltime.

¥
This makes the prediction of soil moisture content at amny time of the

growing season an;expe:\aive and compii_.cated procedure.




()

The water content of a soil at a particular time depends on the
! "

#

balance between water inflow and outflow. Im Elat land, most of the
:Lnflow is from’precipitation by rain, irrigation or snow. Out!flow, on
the other hand, 1s produced by one or more of the following merihods:
evaporation, subsurface _d/rainage ," surface drainage,/or ethranspira—

tion.

In order to get good trafficability conditions in a short time
after a raingtorm, water in excess of the field capacity must be
removed a8 soon as possible by use of any ﬁossible drainage methods.

04

When the soil moisture content reaches the field capacity the
;ecreasing soil n;oisture will depend strongly on the climate and soil
surface conditions wtil a"dry layer of sbout 3-5 mm thick. is forﬁé{ﬁ_
on the soil surface (ljemnan 1941, 19;48, 1949b). After this limit the
moisture loss decreases rapidly and depends upon the soil properties

\

more than on external conditions. -

1

The most important soil, trop, and cli;natic factors affecting
soll moisture losses.(Bond and Willis 1969, 1979; Lemon 1956) are:
(a) relative hlmjtdit:y, (b) dry bulb temperature, (c) wind speed,

(d) the latitude of the area, (e) the length of the sunshine period

(daylight), (f) the crop cover, (g) transpiration as influenced by

leaf area, (h) the characteristics of the leaves as crop cover develops,

and (1) soil water movement characteristics.

]

The models which could be used to predict the soil moisture

content can be divided into five main groups (Lake i96§):

-

- v
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°which was used in all the models was:/

20
!

(a) models based on saturation deficit .
(b) models based on temperature and sunshine : . ‘ i
(c) models based on enexgy budget ”

(d)/ﬁodlels based on mass transfer

(e) coefficients applied to evaporation data from pans.

-

The first four groups required a lot of meteorological data and

some of the procedures require computer énalynis. On the other hand,
the last group of models (&) is easy to handle and gives a reasonable

answer (Shimshi et al. 1975).

; Water balance models have been studied by a number of researchers .
including Lewis and Burgy (1964), Ayers (1968), Lake (1968), Chieng
(1975), Bahattacharya (1977) and Foroud and Broughton (1974). They

applied their models for different purposes but the basic equation

-

IRR + PRE = SR+ & SN+ A GW + GW + ET ... QY

where

IRR = irrigation : .

PRE = precipitation 1
SRof = pgurface runoff

- A SM change in soll moisture content ' \

A*@W = cheange in ground water storage

GW0 = subsurface runoff -

‘ET = evapofﬁnspiration

/
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Holmen and Robertson (1963, 1964) reporte;d that in order to
estimate the daily soil moisture content, records of rainfall and
estimates of the potential evapotranspiration (PE) must be availablé.
The procedure is based on the assumption that all md;!.sture. from the
uppermost zone is evapotramspirated at /the potential rate and the
avallable moisture is withdrawn from aﬁy upper zone before extraction
occurs from the adjacent lower zone. A general ’equation has been

presented for estimating daily evaporranspiration (ET):

»

ET, = 12 ky i!fg-:;:l-)—zj PE, v(FE - I:E) ... (12)
mr e
where
ET:L - actual evapotirfmspiration for day i ending at
. morning of observation of day 1 + 1 .
3 = zone number !
kj = coef.ficient accounting for soil and plant ,
.-— characteristics in the j zone
SMj (1-1) = available 3711 l‘ulsisture in tixe jth zm; at the‘end of
day i-1, that 1s, at the mo’rnq.ng of observation of day 1
SMj = capacity for available soil moisture in the jth zone
zj = adjustment factors for different types of soil drying
curves ) B . -
PE:L = potentional evapotr/anapiution .
v = adjustment factor ) .
PE = averagé of PE for month or season.
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where

Young and Ligon (1972) reported that the evapotranspiration can }

be taken as a ratio from potentional evapotranspiration. This ratio >
is dependent on the precipitation. occurring as follows: L
ET = PE/2, (PRE > 0.01) N ¢ k) -
‘ET = PE, (PRE < 0,01, 0 < Mu < 1.00) ce e (8
ET = (PE)Qtu/My_); (PRE < 0,01, Mu = 0) L. asy

where the daily moisture changes (nHj were taken as:@

/ ‘
)

DM = PRE - ET - SR ... (18)

PRE = precipitation for the day (mm)
SR = surface runoff (mm) )
Mu = the quantity of moisture broughé forward from the
‘previ‘ous daycin the lower soil layer (mm)
Mu max“ = the maximum moisture holding capacity iaf this layer (mm)
éuton et al. /(1974) produced a mathematical model which was developed
to compute daily actual ET and soil moisture profiles f?om inputs of ‘
daily potential ET, crop and soil moisture d\aracéeﬂacics. Evapara:
tic/m u:;d plant transpiration were computed ﬁ;paratelyv by several ‘

mlntianahiﬁé; these values were then combined to provide daily actual

ET estimates,

O

—~  Potential evapotranspiration and evapoi:ation/ are both affected
&S R —
by several important factors (Saxton et al. 1974): (1) net radiatiom,

(2) vapour pressure, (5) heightm above ;the soil, (4) slope of the

psychrometric saturation line oyer psychrometric constamt, '

\ -
b / - N

—
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(5) horizontal wind movement, (6) wind profile displacement height, '
(7) wind profile roughness, He glso found that there is a correlation

of daily potential ET with dally pan evaporation (in mm). This is -

repfesented by the equation: !

PE =« 0.01 + 0.83 (Eva) c .. (1D

where ' ‘ -

/
Eva = pan evaporation

-

Generally, i:he evaporation from tl;e free wvater surfage is
considered as a reliable index of eneréy. Consequently, the .
relationship betweén evapotranspiration and pan evaporation has been
investigated by jShimshi et _g_l__ (1975) . They found an émpiricai:
relationship between the ev;spotranapiration and the daily evaporation

from class A pan. This relationship-is r;‘;“reaented by the equation

ET = &+ ¢sM + diva ’ NG
where / A /
SM = sgoil vater content / .
a2,e,d, = coefficients estimated by multiple regressin;n from two

N

years data for wheat land. These coefficients varied

with soil depth.

‘Monteith (1965) reported that the potentional -evapotramspiration

of a dense short green crop was '60-80% of the pan evaporatiom.
Cackett and Heteletl@mp (1963) studied the effect of the ground
percentage of cover by beans on the ratio of the evapotranspiration to

©

6pen pan ex;apbration. This ratio increased with increasing percentage

Y
B

£ o8
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" of crop cover. Penman (1948) found that the evapotranspiration from

grass in Pogland was approximately ‘0.75 Eva, Railer and Robertson

(1966) found that, for sugar beets, the value of the ET/EP ratio
, .

L ey
* .

decreased only a small amount before harvest as the cold autumn

weather began. . ,
:?/ 4

Chieng (1975) calculated the evapotranspiration value by means

. 0f the product of the ET/PE ratio and the daily potentiil evapo-~

. ‘ ]
transpiration value., The daily potential evapotranspiration value

has been calculated by Baler and Robertson (1966) and stored on ‘&

\

magnetic tape at the McGill University Computing Centre (Chieng 1975),
The ET/PE ratio was developed ,from data given by Van Hylckama (1956).

P

D. The role of the lugged tire
in traction

' ’ )
'

There appears to be a lack of knowledée about the ;rincipal
limiting factor which determines the design or the choice of the best
luge\\pe on the wheel surface of lugged tires, This is required in
ordet‘f.o gbtain the maximum soil thrust from\ the Same: tire) s:&ze.

Figure 3 presents the shape of the lug og the tire surface.

v

Lugs are necessary for the production of traffic forces on

. off-road vehicle running gears on inos“t solls (Reece 1964; Gill end

VandenBerg 1967; Vaqey and Naylor 1958). The factors of lug design
affecting traction are shown in° Figure 3, but the most important

vari,ables are the 1ug angle, lug length, and lug depth

2
{
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/ ©=1UG ANGLE
)\ L=LUG LENGTH
E= END~OF-LUG CLEARACE
S=LUG SPACING )
L W=LUG WOTH' !
" d=LUG DEPTH . ,
‘C=LUG PITCH ?
’ /
- N i
|

Figure 3. Tire lug and tread diagram (Yearbook of ASAE 1979).
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| Artemov and Sereb‘ryakav (1967) tested differeut; pneumatic
wheels in the Moscéwarea. On each wheel, nine auxiliary lugs were
mounted on a specliai ring with the help of a locking arrangement. The
lugged tires wef%’,'ﬁ'etter than the smooth tire in all the soil
«::onditions tested (after rain, loosje soil, normal moisture, and wet

meadow). The average increase of the pull due to the lugs was 277.

The beneficial effect of lugs of pneuma;ic tires on traction
: cén be e:'rplained in two ways:

(1) The space between the lugs is filled by soil and soil failure may
occur across the tips of the lugs. In thig case the lugs help to
ensure that failure occurs between soil—soi?. and not between
rubber-soil (Reece 1964). ‘

o
(i1) The soil fails in front of.each individual lug (Bekker 1952).

It should be noted that in the first case, the effect of the lug is
mainly due to incr\easing the wheel diameter by an amount equivalent to
the lug height (Reece 1964; Bekker 1956). \In the second case, the

i . J

J
effect of the lug is attributed to each individual lug in a fashion

similar to a moving blade in the soil.

“

Taylor (1973, 1974, 1976) has studied the 'effect of wvarying
J (;) the numbei (;f lﬁgs on the wheel surface, (b) lug angle and
(c) lug shape on the dynemic traction ratio. The results are presented
in Figure 4 (a,b,c). Figure 4c shows that one tire might be slightly -
supérior in sandy loam, clay loam, silty c']’.kay,— and célay soil. In‘a

related study, Yong et al. (1977) studied the effect of the track
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grouser shape on the traction force. The traction force varied

significantly with the lug shape and soil conditioms.

Bailey et al. (1976) tested the effect of the shape of the lug
on a rigid wheel surface. Vertical and ‘i:riangular grousers made of
steel and rubber were used in this investigation, There was no
difference id the traction coefficient between the triangular and

vertical lugs for either material, steel or rubber.

Burt and Bailey (1974, from Bailey et al. 1976) developed an

equation which was used in the above study'to calculate the soil
, ( ]

thrust (Bailey et al. 1976):

!

n-1 T

- T ‘
H = 2 i+l cos’ ek . s ., (19)

: 1=1"

H = soil ‘thrust ‘ -
T, = torque on 1th lug (t:ghe némber of lugs in contact with

the soil is 1) ' ;

) ‘angle between the wheel tangential and horizontal thrust
&° M . '

force for the ifh 1ug ] !

@
]

!

r = wheel radius v ° .

. |

1. ILug angle ;
) v A I, -
Very few investigations have been made on the effect of’lug.

angle on the traction force. Taylor (1973) tested commercial tires

of the same size (18.4-15/34, 6 ply) on silt loam, loamy sand, sandy

)

-

¢
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loam, silty clay, and clay loam soils with lug angles of 40°, 50°,

20° lug angle produced a better trative performance on sandy clay

« v 29

o

70°,and 80°. The experiment indicated that lug angleg of 40°, 70°
;md 80° resulted in s higher traction force than lugs at a 50° angle.
He concluded that ;:he effect of lu\g angle on traction performance was
very small and the lug angle effegt may interact with other ?Lug

design variables. The conclusions from these inyestigations were only

partially in agreemeﬁt with those repbrted by Reed and Shields (1950).'
However, a ggneralized trend cannot be established since there was no

seﬁaration of the variables. ‘ ,
- , .
Taylor (1976) made comparative tests on three different

e

L. -
agricultural tires which had diff(erent lug shapes and geometry. The
- ' ) . i
experiment showed that one tire might be slightly superior in some
condii:ions, but the ,;bntribut:lon of each 1lug in geometricaf dimension

"~

had a small effect.

Pandey and '0jha (1973) also studied the effect of lug angle om
i:raction force using three steel wheels and varying the lug angle

between 15° gnd 30°. The test results showed that the wheels with a

loam soil.

[

2. Effect of soil type and consistency

, Flotation 1s so closely related to traction that no conclusions
regarding mobilit:y" can be made without considering fully both factors
and their inter-relationship with the full range of soil types and

J . .
conditions. Most of the research work done on the effect of lug
. .
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70% travel rednction regardless of the soil type.

force until now.. R

Randolph (1926, 1927) used sandy soil at different moisture
contents to me;suz:e the effect of lug v)ariableso on traction. The
difference in the moisture content did not ¢hange the relationships
between the lug design factors (angle, depth, and width) and the
traction forece, but the magnitude was changed. ’Gross and Elliott
(1946) found that the drawbar pull increased with increasing moisture
contén?:ﬂup to the plastic limit of the soil, and after that the

dravbar pull decreased with increasing moisture content of loam soil.

Dwyer et al. (1974) studied the traction performance of driving wheel

\ N
tires of farm tractors and they concluded that soil shear strength
and soil rubber friction were likely to provide the best indication

i . !

1

of the coefficient of traction.

| Artemov and Setbryakov (1967) found that suxiliary tire lugs
(steel grousers mounted on the surface of a rubber tire) increased
the traction by 50% on a muddy soil surface compared with & normal
tire. This increase was 25% in normal moisture content conditions amnd
202 on wet meadow grass. VandenBerg Laad Reed (1962) used four
different is\oil types (clay loam, 8ilty loam, sa;zdy loam, and, aanci)

with six 'lugéed tires in a field experiment in which the lugs

|

increased the maximum coefficient ¥¥ traction within the range of 0 to -

-

“
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It is generally recognized that tire lugs increase ’the wheel -
traction force for a given wheel size and vertical load (Gee-Clough
et al. 1977). This i:;creasé de?et;ds mainly upon the lug dimension
(depth, angle, and length) for a given soil. It ie expected that an
investigation of these three parameters to define the optimal lug

dimensions could define the tire design which can develop the maximum

traction force due to the lugs.

i
E. Prediction of the soil thrust e e -
developed by lugs of tires

The theoretical deveiopment of the failure'of soil in fromt of a
1ug has not been studied. On the other hand, several investigations .
have been carried-out to explain the interaction between a vertical .
plat’e and soil (Reece 1964; Ikeda and Persson 196;8; Yong ;nd Sylveatre-—
. Wil1iams 1969). The analysis of soil failure in two \ |
dimensions can be explained by a number of theoretical methods. f
Thec;ries of mechanicg have been applied ‘to the analysis of fqrces on
the loaded interface using spiral failure surfaces (Terzaghi amd Peck

!

1948; Hettlaratchi and Reece 1974) or by characteristic séluticns ,
r 4 x ‘

{Yong and Chen 1970).

/Halkinov (1931, from ﬁekket 195,2‘)\ wvas the first to present a

Anr
h

descr:lpi:ion of soil f_g\ilixre by lﬁgs. The lug was considered as a soil
cutter in the vertical position, which produced a str;ight-line shear
‘ ' sloped to.the horizontal at an angie of 45° ~ $/2. Figure 5b ‘shows

this case with lugs spaced such that a fully developed soil failure is -

¢ S | |
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Figure §. Model of soil failures due to the lug.

i
(8) Lug space "S" less than the critical lug space "Sc".
) L\/;g space greater than the critical lug space.
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"where

&

permitted between the lugs. Bekker (1956) used the assumptions of the
soil failure as shown in Figure 5b to predict the maximm soil thrust
H under normal load N of vertical lugs on a rigid wheel, and presented

the foilowing equation,

" 28, 4, -1d
B = Wdle(l+ 94N tan ¢[1 + 0.64G) cot™ Gl ; . . (20)

-

where

Wd = width of the whgel .

¢ = soil cohesion

4 =~ lug depth ‘ ;

¢ = soil-soil friction angle ‘

N = normal load /

L = _length of the contact area

I‘t should be noted that the lug angle, soil-rubber adhes;.on and
friction angle were not taken into consideration in this equation.
The tractiom force produced\by the lugged tire could be represented
as the soil resistance against plate movement having the .shape of the

soil-wheel contact area. Hettiaratchi and ileece (1974) described |,

a failure in front of a wide plate (see Figure 6).

The Hettiaratchi and Reece (1967) equations used to calculate

the traction P are:

@

P = [yd® Ny + cdN, + qdf) L .. @D

y = soil density ° (kN/w3)
d = lug depth (m)

2
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Figure 6. Soil-failure ahead of flat wide lug, in-3 dimensions (Hettiaratchi and Reece 1974).
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The Ny, 'ﬁc,/‘Nq ‘factors can be estimated from ﬁigures presented by
Hettiaratchi and Reece (1967) at 6!_ = o and Br = ¢, Equation (22)

could be used to calculate the N factors at the exact value of 'Gr'

N (factors at 6), = N V¥

where
A = 6/¢ ' [ ' - o
W = _exf

x = 0.4(1-X) ¢ oot ¢ (4 in radians)
and f can be estimated from fable 2.
- /

TABLE 2. Equations to calculate £ factors

N factors £ factors

N : ’ 1-0.5 sech [2 (¢ = 0.26)]e%8 ¢
\ coth (1.745)

tanh (90 = 1/2 ¢) ' )

Equation (22) could be used to calculate the soil thrust of a
lug with 90° angle but for lugs with an angle less than 90° this
equation ;l?s not sufficient., ; For lggs ‘with an angle\ less than 90° the )

; 80il movement on the lug face will take nnotixer direction rather than

' the vertical direction which has been considered by Hettiaratchi and
‘Reece (1967).

.
- 1 A
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However, the necessary modification of this theory with respect
to the direction of ;oil movement on the lug face with any lug angle
would make the predict;‘ed soil thrust more accurate. Also, adejuate
equations to éi'edict tl;é soil thrust due to the lugs for a lugged tire

J / !
are required to provide more understanding of the interaction between

“-goil 'a.nd lugged tire wit_:h‘\any tread design.
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ships can be presented by the following equation: ’ *
. n MC . - ' ,
Y C (e::!.n(2 PL)) + €y \ _ SR (23) -
- where M - ' ! . ’
S ( / Y can take the values of the properties ¢, ¢, ¢ ', 1:r )
68 and Gr - . .
MC = s0il molsture content (X by weight) .

3
R

e e §

«

i : CHAPTER III
EMPIR.'[OCJAL AND THEORETICAL DEVELOPMENT

A, Modelliq& of soil mechanical propertiea
to soil moisture content

On t:he’baais of the information.from the liEerature ‘and the

-

sufficient number of data available in this study from the field tests

“ - ’ n
.

ke, k¢ and n at different soil

for the parameters c, ¢, é;. c;:, 8y 8ps

moisture contents, the models ‘stated in the objectives were developed
for a sandy losm and clay soil. ' Among tlfxe many equations which have
_been used for curve fitting of the measured data, the sine function -

gives the best presentation for the relationships between.the soil

moisture content and the soil mechanical bropetties. These relation-

PL = soil plastic limit (2 by weight)

C, = constant:depending upon the soil depth

2 =
cl = constant depending upon the soil type _
] . ) -
v
37
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Also, the properties k¢, k¢, and n mi“ght be expected to have similar

relationships with the soil moisture contents. The models which

£}

result}eci in ‘good agreement .with the measured data are discugsed in

o

Chapter V. It should be noticeéd that these models are applicable only

to cohesive soils.

B. Prediction of soil moisture content

. . . ) ‘
In flat land with a subsurfece and surface drainage system, the
/ , .

soll moistm:e content does not 1ncrrease ﬂoi'e than the field capa'city.
Any excess water due to rainfall or 1r'r:lg]ation is consid_ered as a°
surplus and could be ‘moved from the soil by subsurface

drainage in a period of approximately 48 hours. This fact can be
considered as valid within the rooting depth of the growing planmt.

The water balance model which was assumed to be applicable to the field

situgtion is as follows:

-

.. SMC, = SMC, .

+ PRE - ET v .. (24)
SMC, = ' soil moisture content at ith day
SMC, - = soll molsture content at day before ith day
PRE = preciﬁmtion
ET = actua\l llevapotraﬁspiration' at ith day
Note that the SMC, and SMC, , are volumetric soil water contents in . -
m, Howevet,.f;:om equation (24) the soil moisture co;ntenq for any

: J
particular day can be calculated if the soil moisture content,

. evapotranspiration and rainfall of the previ&us‘day are known. The

’
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components of equation (24) are all easy to obtain with the exception

of evapotransi)iration, which is difficult to measure or to calculate.
Chieng et al. (1978) successfully used the Van Hylckama curvilinear
relationship of th; ratio ET/PE-with the available water remaining

in the soil in the range between the.soil fieid capacity and permanent

wilting point in southern Quebec.

7

For thé clay and sandy loam éoila used in this study f:k‘xé avail-
able water in the root zone (corm crop) is 61 mm and 45 mm,. respectively
(Teylor et al. 1978). Figure 7 presents the relationship between the_'
ratio ET/PE and available water remaining in tl;e 361,1 for the soils used '
in this investigation. :In order to estimate ‘_tl,ye évapot;mspirat;on from
this graph the PF must }:e known The vgiu’e of PE is. not easy to estimate
since its computation r'equ:ll‘re‘a a l;)t 'of, data (day length, latit‘ude R V‘\
geographic and climatic region, temperature, m;x:lmm and minil_m;m tgémpeta—
ture, wind speed, cloud cover, relative l{mnidit.y,‘and net _radia’ti;m),;
these parameters are not :easily_ obtgined by the machine designer and the

p

farm manager. Consequently, a simple method ‘estimating the PE ‘«fval&é -
. ' ‘LL: o

would be very helpful. SR »

. . .
% [

From the available 11terature(Ypﬁn‘g and Ligon 15?2; Saxton et al.
1974; Shimshi et al. 1975) it could be stated that there is a high cor-
felation between values of the potential evapﬁtransi:iratio:;’ kPE) and
t?:'e values of evaporation from an open water surface '(ﬁ\ra). In addition,
the factors which affect' PE are similar to those which affect Eva ’

values. Saxton _e_l;‘ al. (1974) reported that. the %% ratios can be

- @
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presented by a constant value for a specific crop and region. Therefore,

1f the ratio of EE%E values 'is known ﬁor/g particular area, by measuring

the Eva.from evaporation pan class ‘A, the PE can be estimated accur:tely |
~

enough without any complex calculation or use of computer time, In

this study the data reported by Lake (1968) will be used to estimate the

PE in the region under investigation.® ,

Lake (1968) calculated the PE during the growing season for

irrigated, non-irrigated, corn, wheat, oats and barley. The class A
L J

evaporation pah reading was reported simultaneously in the findingé .
duting the calculation of PE. These data were estimated and measured -

for the same region that wvas used in the present study, Consequently,

the changes in the ~E-;—- ratios at different times of the growing seaaon

for a different soil surface condition can be obtained from the graphs

shown in Figure 8.° 'I'hus, the soll moisture content can be estimated

) by using Figures 7 and 8 and equ/ation 2%) with che pan evaporation and

l »
rain gage reading at a specific time of the farming season. The

testing of this model will be presented in Chapter V .//"

e
Iy

e
o

C. Calculation of-the 8pil thrust déveloped .
by a'lug of lugged tires

The' theory put forward by Bettiaratéhi and Reece ’(1974) to
caleulate the soll resistance to the movement of a wide piate (e = 90°)
will be used in thig study along with some modifications in [order to

" make the theory applicable to a lug with an angle-© < 90°. In additionm, |

#

,,’7
N ‘
equations to calculate the total soil thrust produced by a lugged tire f

* - ¥
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will be developed. The soil fallure due ‘to the lugs on the wheel is
very similar to the fallure which occurs in front of a wide moving

plate. Figure 9 ;?v the shape of a cross-section “area of soil

failure as presengéd by Hettiaratchi and Reece (1974).

-
—

-, Forces produced by the lug on a tire (H) must be classified {

&
according to the lug spacing. Two cases can be defined as follows: ~

/
/™ !

-(a) The lug space S is less than the critical lug space Sc.
In this case the soil failure between two lugs is not fully developed
(Figure 5a): The critical lug space can be calculated using the

equation developed from Figure 9 as follows: ‘\ |

[ tan § * cot B ‘ B I

7 Se = 1+tan91tan¢]d ' ‘»"(25)

where

45 ~ /2 S
-1  ®in & ,
81 = 45 -[é+ 61 + sin * | 2in § 11/2 (Hettlaratchi and

-]
¥

Keece 196i). . » (26)

, d lug depth {cm) from “thi soll surface.

In this case the traction force (Hp) produced by a lugged tire due to
th; lugs in contact with- the soil can be calculated by s@ation of
all the forces acting on the lugs. This results in the following

& .

s

equation:

———gye - - 5 . e = B W
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jug-l j=m-l
- 8in ¢
[bc +'(q +~{d) 1 T ain ¢ to0 ¢] + [ 151 jjfl
s Lij(c +Q tan §)] ... 27)
. - %
where
U ’ -
Y = s8o0il bulk density =
%
(W = lugwidth
!
Q = q+yd -
S = lug space

I‘i 1 = lug iength\i\n row nmnber 1 and line number 3 (see

Figure 10).

-
1 4

5
» q = normal pressure on the soil

o

" It should be noted.that equation (27) contains three terms. The first -

term is ‘the force due to the friction between the lug face (AB in
Figure 10) uan the soil, the aecond term is the force due to the shear
of the soil on’ both sides of the vheel, and the t:hird term is the

9
force /due to shearing the soil trapped between two 1nga.

w

(b) The m‘é gpace S :st\g;rt‘.atier‘i than the critical space.
In this case the soil failure_ between two fugé is fully developed, as
shown in Figure 5b, | :

For this case), thg ‘theaty ?:veluped by Hattiaratchi an;! Reece

(1967) could be used in order to ;:aléulate the soil thmaf due to one

45
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lug P as shown in Figure 11. This figure shows that the tot;l soil
rqsiat;pce P predicted by Hettlaratchl and Reece (1967) (see
equations 21 and 22) 1‘:ying on a cone has an ga’ng;le 61’ and base critical
,with. ra@ius equal to Pp ta{m Gr wherg Pp can be calculated ac;ording to

equation (28):

Pp-Pcosér ...§28)

!

* From Figure 11, the force Pp is perpendicular'to the lug face and t:”he
component Pp tan Gr is 1in the direction of the soil movement on the
lug face which has an angie € with the horizontal. In order to define
the a:?gle €, experimeh:s vere conducted in the laboratory to measure
th'iB angle uging dry sand’ and clay at different moisture contents.
Theserexperiments were carried out by puah!lng a plate in the a;)il
manually for a short distance (5-10 cm) with different angles 6
(Figure 12a).4 The angle ¢ was obtained at ea;h 0 value by calculating
e?:he horizontal and the vertical displacements of \a point on the chain
located in front and in contact with the ;oviring late (Figu‘rg. 12b_) .
Figure 13 shows the relationships between the o angles 8 and ¢ for
l‘the tm; soil types, sand and clay under differ¢nt levels of moistute
c@tent. These experiments show that the ans]}; a was spproximately

equal to the lug angle 6 in all the tests.
/ A N

-- However, the component of the force Pp tan § gcting on the |

direction of travel in the horizontal plane, the soll thrust, can be

‘calculated from the geometry of Figure 11 according to the equation:

a , '

. li

A
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PLATE

Figure 12-a.

L-—-——---—-— et Ul S Gnamnt

The soil bin which was used to push the

plate with an angle © to measure the soil movement angle ¢.

y = vertical displacement ‘

x = horizontal displacement

Final position of
the chain

Initial position of

, \E Y Front view of the plate

€=tan-| X
an Y

the chain

a

- Figure 12-b.
on the plate face

.y

[SN

The meggurekent of the soil movément angle

o
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Pnl - Pp tan 6 co8s 3 , * s » (29)
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Also, there is a force component which adds to the soil thrust due to

the soil adh\es\ion to the lug face as presented in equation (30).
: Ny ‘

where

to a singie lug can be obtained from:

. AN 2 .
- 1
P, crLa\c\c\:s‘ 8 <. (30)
L = lug length
d = lug depth o
6 = lug anéle

- N
However, the total soil thrust in the dirg;:tion of travel due

H

~
~

~
~.

= P stad+?P tan s cgs? O+c) Ldcos 8 .. (3D

N

The total wheel traction force due to the lugs (HP) can be

obtained by summing the forces prodiced by each individusl lug along

;lnd across Ehe wheel con\tacr. areas as presented in Figure 10 from:

where

Hij

1 -

“,

img j=m -
L] 2° Z Hij cos ek ) . R I (32)
i=1 =1 - o

= the number of 1ug§ across the contact ares

= the number of lugs along the contact area

= the angﬁ between ‘the cc:;qul line axis -of a Iu,g and
'the’vert:l.g.al line passing through the wheel centre

= traction ~force due to one lug perpendicular on the lug
vertical face:.

-
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S e o *° TFron the lug geometry on the lwheel surface shown.'in Figure 3,
' - the lug length on the wheel surface can be calculated as a function of
g . , - number of'lugs g, end-of-lug clearance E, wheel width Wd, and lug ~
. angle acéor&ngrt'o: . !
ho Fa . \
yoT . s & s . 3 &

kS . - ‘Wd + E (g-1) sin ©
} ; -~ L * g"sin,e L cee B3
h.? ) ,' L This value of lug length L can be used in equation (31).. COnsequently
; .. . the ttaction force due to an individual lug also becomes a functi;on of

Y A+ the end-of—.lug clearénce E in addition to the other factors stated
: oo , ¥ . ’

@ r . B ’ (2 . N f .
i i i Q“ - o, ! Pl’%\ﬂ-ously. . e .y . . v

v ;‘ ! 'D . n . . ’ = . ‘”L Z‘? M . « ‘.

PRy %’ u “ ) ,“j ¢ g . " s l “ ! ' v
R - %, ; 'Soil-wheel contact area ) . A ' <
.0 7. Jend lug rake: mgle ) . ] . oo e
oD T + Bekker (1960) %ﬂ that the pneumatic tire on agricu,l”ﬁural

g e ao:u cm behave a8-a rigid tive if the. inﬂat:ion pressure is h:lgher |
3 SR than acritical valve; In this’ case 5he lug rake angle (the angle’

4 f‘u . m . bemen Otha huorizmtal ‘and the petpendicuhr to ?:he vertical lug
' pa ”, " "o *he )
g . f,;ce, Bl;) depu;dv upon the lug poqitlon on the vhul s,yurhca. ’l‘his
LT - . is erue -except whcp thera 1s abending denacuon 1h the lug 1tse1£
. .o camd by the soil thrunt and the npplied noml load. Moreqver, the
v lus d.fhcuonca-" niatea to the charactetiltict of the rubber. mu
LT T I’urdcfueﬁiﬁi d-qnnn thc lug an'kh angls. However, ﬂ t:he mtlation
1 @ - . ’
S S D pmam il °1u- tlug the crit:tcal pressure, the tire wul bohm Py

% : 'i . e tn clutie, body, m& tn thia cau. ulcuhtim of thu contact ares

Y 6o ‘ R w‘ b - ‘h-( ¢ " t&

o :° tdll dupund wpots éhc soil: y‘ropaztia as vell as the t:ire constrittion

"(; AR “:e Can e e l '
. ‘."H T . ' . ta . ‘ A ! .
: n y 1‘\ oL Do d.v N ' l\’ . . N , \
« r\. ”‘ ) - :0 A 3] 8 .() ‘ . :5: ' N._ . -

‘“t: o, ’i Cg ' ¢ / \ »>l ’ s ' QW‘Q B ) .\w' - =t o';' “'u 3
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(tire size, h;f]:aticn pressure, tite material, tread shape, normal
load, geomet;ry of the terrain surface, and the vehicle vibration).
All these factors, in addition to the soil thrust, affect the lug rake
angle. Therefore, calculating the area and lug rake, angle is not
possible by rigorous methods, especially since some of these factors
have an unpredictable behavior (Bekker 1956). Thus, systematic
:anestiga_tioqs which would elucidate this pfoblem have been very
limited. Only experimengal studies in a l:llmited number of test

conditions have been made so far.

In order to estimate tire contact area, the tire manufacturers

have developed an approximate method for calculating the contact area

"at the recommended normal load and inflation pressure on medium=soft

agricultural soil, not including the very hard or severely muddy

conditions, as follows (Tire Guides Inc. 1976):

o .

a = (D/2)wd. ‘ o o e L36)

where

D = vwheel outside ;liamdter

. wd = vheel width .
J
This equation can help to estimate the number of lugs in contact with

the soil (g and m).

Bekker (1960) reported that most of the ground contact area
could be considared as a flat horizontal surface. The soil-wheel
contact area of an unloaded farm tractor is shown in Figure 14.. This

pl';otograph, taken during a field test, shows that most of the lugs in

a
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Figurel4 . Shapg of soil-wheel contact area of an
unloaded farm tractor. . . ‘
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contact with the soil are nearly vertical, and they become even more
vertical with increasing pull or normal load on the wheel. In the
case of lugs with a rake angle, the soil thrust produced by the lugs

should be different from vertical lugs.

2. TFlow chart for prediction of the best , -
lug angle and soil thrust of lugged
tire during the farming season

Bekker (1966) reported that the soil thrust of a tire 1s due
to the shearing strength between the tire caréass end the lug action.
For a lugged tire with a lug space equal to or highér.than the | ;
critical space (S > Sc), the soil thrust could be estimated as a
sunmation of two forces. These forces are:
(4) Soil thrust due to the lﬁg (equation 31).
(11) %Soil thrust (Hc) due to the shear strength between the tire

& - ’
carcass and the soil contact area: .

A 1=8 ,
Hc = Wd (S¢~ L 8) (¢' + q tan ) .+« (35)
i=]
K

Processes for predicting soil thrust forces of lugged tires

are pregented in the flow chart shown in Figure 15.

B . !

i




Normal load
acting on
the wheel

Predictigé the soil
moisture cohtent during
the farming deason
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Lug geometry
on the
vheel surface

J

" | Estimating the soil thrust
| at different lug angles
during the faming season

stimating 80
h properties
‘ equation (23)
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Calculating Sc |\
from equatiun (25)

30

Prediction of the
soil thrust due to

one lug Ve
from equation (31)

1

-

Estimating the traction
force duve to 1ugs
for luggeds
usin

i 'quationa md (35)

Predictionlof the
%traction orce |

uitg equation $27)/

R
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anommt of soil thrust
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Figure 15. Flow chart for estimating the 2,%“ lug anglea and

S

the amount of soil- thrust dur‘lng the farming
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CHAPTER IV
"MATERTALS AND EXPERIMENTAL METHODS

A. Soil properties

1. Grain asize distribution’

A
[

Mechanical snalysis was carried out (in duplicate) on samples
of each soil type by the hgrdrometer method as outl/ined by Lambe And
Whitman (1969).  Table 3 shows the mean value of the analyses, and
Figures Al #hd A2 show the grain size distribution curves of samples
from these soils (Appendix A'). In these tests, the mean values for,
each of the soil components had a coefficient of variability in the
range of 7 to 11X. According to these grain size distributions the

soils can be classified as sandy loam and clay. The T.5.D.A. texture

triangle system was used for the soils classificatioms (Terzaghi and

Peck 1948). -
"TABLE 3. “Machanical analysis of the soils

Sand % s11t % Clay %
Soil type > 0,05 mm 0.05-0.002 m < 0.002 mm
Sandy loam . 70.0 22,0 R
Clay . * % 16.8 17.2 66.0
y
'Y
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2. Soil consistency

The Atterberg limits were obtained wusing the method described

by Lambe and Whitman (1969). The results are shown in Table 4.

@

TABLE 4, The Atterberg limits of the two soil types

% of moisture content (dr§ weight basis)

" Soil type -
Liquid limit Plastic limit -Plasticity index .
Sandy loam 32,5 23.6 , 8.8
Clay 42,0 32.1 9,9

B, Rubber properties

1
\
Rubber blocks were used to make the individual lug models for
the various tests. The rubber material (black neoprene 60-70 share)

is similar to the material used in the manufacture of rires.
N

The maximim compression and tensile stresses of rubber samples
were measured using an Instron \tes;t':in'g machine (American Soc{.ety for

Testing Materials, 1968). The results are a‘mhrii\ed below:

¢

Modulus of elasticity: | | .
‘Conpreaaion (sae F,igure A-3, Appendix A) . . . . 10,000 kPas
Tension (sée F:I.gure A-4, Appendix D .., .. ." 9,500 kPa
Maximum strength

Compression . . . . » . 4,900 kPa

@ 3
'rension..,.......loGOOkPn C o,

The specific unit weight of. thia material was 1440 kg/m . |
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C. Measurements of soil mechanical
properties in the field %

1. Measuring soil cohesion (c)

and friction angle (¢)
/
A manual shear ring app[i\ratua was de%igned and built for this

purpose; a photograph and a diagram of the apghra'tus are shown in
Figures 16 and 17. The apparatus was made from aluminium to make it

lighter ' and the stand was made from steel. The shear ring apparatus

was made from hard acrylic plastic to which small steel plates were /
fixed at 12-mm spacings. The shear ring carried a 6~mm g\rouser and had
dimensions of 130 mm and 112 mm outside and inside diameter, gespectively
{Figure 18). The shear ring dimensions use'd*wgre i'ecamended\)by ,Reege

t1964) on the basis of field experience.

From Figure”1€ 1t will be noted that the shear ring ;s fixed
with a verticall rod g-t point D, In‘addition, the disc (e) which
carries the normal load can be freely rotated on the top of the disc
(e;). A single ball bearing was used between the disc e and e, In

order to measure the torque required to rotate the shear ring, a

‘proving ring was connected between points A and B. By rotating the ]

torque arm from position C and taking a reading of the dial.gauge

o N !
counected to the proving ring, the torque applied can be obtained by
using the calibration curve of the proving ring (Figure AS, Appendix A).

The torque measurements were taken under different normal loads. The

" linear relationship between the torque and‘nom; pressure is plotted

ad tﬁen the values of A and T, canl be obtained graphically (¥igure,19).

L)
.

'
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( | 1 Dimension\s in mm
17 :
Hi ] e o
N ] -1 ‘\
é / ‘/:‘ '
150 Diam.
. 0 ,
; - . 12 mm
| o
’ ’ o
,é "" - : (A) SHEAR RING
{ ® ~ ' o -
3 . .
: o O L
; 2 §
’ 12, .
f R b-75—4 C
(B ) SINKAGE PLATES o
Figure 18. magum"of the shear ring and ‘the sinkage plates.
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Using these two values in equations (5) and (6), the cohesion. and soil

internal friction angles were obtained.

"
]

’ This apparatus was used to.megmre the ¢ and ¢ values at

-different soil depths (.0 e, 5 cm, 10cm) and at four different loca-
tions in two fields of ’sandyvloam and clﬁy soils. Areas of 25 x 25 em
were excavated in the field by using a spatula in order not to disturb the
'soil at all the tested depths. ‘I‘Eese. measurements weré taken during
the faming season of lé?? at different soil moisture conditicons.
These two fields were used for growing corn. The goil moisture content

in the tested fields ranged from 5% to the soil's plastic limit, '

6s parameters

2. Measurement of the c;_, 6r, cs,

Measurement of soil-machine mechanical properﬁes, adhesion to

the soil and rubber (§.) and steel (8.) was carried out by the shear-

graph apparatus shown in Figure 20 (Payne 1956; Osman 1964)." Rubber

discs were uséd to measure c s 6 and then replaced by a s:eel digc to

- ', 6‘ 'l‘heu measurements were carried out at three soil

deptfla (5. cm, 10 cm, and 15 cm) and at four locatioms in two soils.

These maaaui-enents were also taken during the farming season at

measure.

different s0il moistute con;iitions‘
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EEEES [ “
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N ,.Q):‘uﬂm" . K Tao ! 5
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Figure 21. Apparatus to measure
‘ the load-sinkage relationship.
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Variations in soil bulk density in the sandy loam or the clay were

small at the depths and locatioms where the measur;.menta were teken.” In
the sandy 16371\1 soill, the mean 'value of the soil bulk density was 1590 . '
kg/m3 with a standard deviation of 1401 kg/n® and a coefficient of varia-
tion of 8.87, \For éhe clay soil, the mean value was 1325 kg/m3 with a

v

standard deviation of 120 kg/m3 and coefficient of variation of 9.1%.
o A

The variations of some of the measured values _of soii“*mofsture

‘

contents in the clay and sandy loam soils ar'érpresented in Table Al in

Appendix A. The variation in soil moisture content with depth or

location has a coefficient of va¥iation of about 10%.

D. Field experimentation "

1. Single wheel apparatus .

A field test to find the effect of the Iug variables of 1ugged ,

tires was performed through the use of a single wheel apparatu]s developed’

by the author specifically for this study. The main components of the

happaratus (Figure. 23).consist of a pneumatic tire on ;vhich lugs,ée’i'e

changeable, driven by a hydrfaulic motor. The soil thrust was calculated
according to the equation shown in Figure ZSA(' The Ry an;l\ Rjp are the

reactions on the transducer 3. R} is the difference between the Teaction

Aduring the development of the soil thrust and the zefo level. The R10

value 1: the difference betweg)he reaction vhile the apparatus is on _,

the ground, the vheel not rotating, 4nd the. vero level (see Figure A6).

The whold uambly wis mounted on & farm tractor (Figures 24 and 25),

[

~which alao pruvided the hydraulic power. - A portable el‘ctric geuerat:or ’
pravided the elec.triul power needed £or the recordmg and measuring

*
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Figure 25,

Rear view of the single wheel tester.
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i

, The wheel was a pneumatic rubber tire (Good Year 6 x 12) with
inflation pressure of 100 kPa. This whe¢l was used to compare
different lug designs. The vheel vas fixed on a8 2.5 cm dismeter axle
with a ball-bearing assembly on each end of that axle. The axle had

a’sprocket gear fixed on ome side of the wheel and a chain provided »

e g

the connection between the wheel and the hydraulic motor. N

'S

LTy

, [
T . In order to use different lug dasi'gns, lugs of the desired

dimension;\a-nd orientation were mounted on a flexible metal sheet

v

*~ with a rubber layer on the outé:lde. The -luga were fixed on the wheel, s
surface with a spacing which ensured the f\u‘ll development of soil ) .ot

1 . failure between two lugs. A lug spgi:e of 16 cm was used to serve ghis

e TR P g e ey

purpose in all the ~tested models. The metal and, rubber sheets with the
‘ -

lugs were mounted and fixed t‘ightly;un' the pneumatic rubber ‘tire'to

 form a c’:ontiﬁpous surface on the circumference. This assex;:bly

app‘:roximated ‘the flexibility of a pneumatic tire and a facility for

ot UG e

' cﬁanging the lug designs.

; . - g
The wheel was driven by a hydraulic motor which was connected . i
_ to ‘the hydraulic system of the tractor. The torque.and speed of the

hydraulic motor was ‘gepem‘knt upon the oil pressure and delivery rate

of the tractor's hydraulic system, and therefore, the engine speed

* |

¢ provlihd the control of the final spesd of the vheel, l o
r&n such

T , 'nxe wheel assenbly was cunnuctud to the nmmting £
- "a wgy that allmd fres mot:ion of the whael in the vartical plane

(I'isure 23), and rotatigxl about: the same point to avoid rolling reaistance.




i 3

| The horizontal forces acting on the wh}ee'l activated the transducer,
3 ' ! .
which sent a signal to the force reconlding devices. K ‘

‘ i . '
i

The single wheel spparatus was attached to a fafm tractor

. (Massey Ferguson léSD), thfough a mounting frame using ,'the 3-point

¢ hitch of the tractor. The whole system could be 1ifted or lowered by ‘

Yy I

R using the tractorfs hydraulic 1lift system, This arrangement proved to

be versatile in providing an' efficient method for transporting the' "

5t

Ea e T

equipment to the field site , and for dimnountini the assembly in thef

R -

machine shop for maintenance or modifications.

[

-

2. -Measurement and recording o ‘ v

v

] ’ |
"The traction force produced by the wheel was measured by jan

. LVDT force transducer, which was mounted on the wheel assembly and

SR A i e st e

connected by a cable to the signal conditionet (TSC-54C) and finally ,
y 7 to a four-channel recorder (Gulton, Model TR-444). The electg:l,c o
¢ ) pover was supplied to rt:h(e recorder from a portable generator (Honda

350 watts). The transducer was calibrgg:ed ﬁsing a dead logd before .

-+ andafter each megsurement. Pigure AS ’in Appendix A' shows a typical

| recording of traction force as obtained in a field test. The frequency .. |

' { ' X » \

of the portalile éem:ator was .held quite constant and the variation in
voltage produced was £ 8V, This vu::l.attun if.l 4:he ‘amount Gf the A
vol:age could be s:ole\uud by tha :ccorder w:l.thom: any effect on its

T4 - -
L. R 0o~
. , R .

r _— o pexformce. o B - . N o .




AR

5 7 8P R IR T SRRSO T et i Senp % a5
N

. 3. Test procedure | ! kx,

oy
| ' :

The test was rum by ;ovrér;ngwthe single vheel apparatus using

the linear quadrat control lever in the tractor until the total load

-

of the apparatus w:as transferred;to‘ the contact surface between the
wheel and the soil. The system was.fixed in this position and the
tractor's engine speed was increased up to the calibrated limit to

. éive a wheel speed of 3 r.p.m. At the same time the traction force

@

was recorded dﬁ-ectly.‘ .

. The following experimental procedures were followed to -

_ standardize the determination of soil wheel thtust: S

¢ (1) The length of the contact area between the .tire and- soil was

measured in all tests using the test wheel under a normal load

of 622.7 N. This length was found to be nearly equal to a

&

. constant value of 31.5 em for all lug parameters tested.

T4 (i1) At least one lug was ensured to be in contact: with the soil over

its full length. oo _ ' n

. . | - |

—E. Tested lugged rubber tires - - ‘

The lugged rubher tires tested are shown -‘schematically in: M“ ’

- Fisure \26. These vheels were tested in two different flelds R aimdy

loan and clay noil, on the Macdunald Cullcg: Farm, uling the aingle

whael nppnum In uch ranga, four 1m1: of mia:ure vere uud for

L %&h soil type. Eaeh lus deﬁgn was . tuted under one- no;mal load of
P -

s 622.7‘1‘! and a .unur spud ci 8.5 un/ue.

74
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CHAPTER V
RESULTS AND DISCUSSION

| '
' . e .
The data shown in the figures presented in this chapter were

very difficult to obtain in the field at very high or very low

moisture .content, except .in the surface layer. The field moisture

content in the sandy loam and clay soils was for most of the farming _ |
season between the wilting point and the soil liquid i.imit. Above the
soil 1liquid limit, the soil parameters were not measured in the field
becauae of the difficulty of operations in nmddy fields.’ Therefore,
the models developed in this study are applicablé-only when the soil -

moisture content lies within the above-noted range of soil moiature.

In addition, the models we:;e developed to predict ‘the soil properties

ety &

¢, ¢, r’ g? Sps and 6 within the top 10 em of soil. These

‘pérameters could vary significantly within this soil layer as a result -

-

of the gignificant variation in soil molsture content for a particular
day. Below the iO.ém soll depth, the variation in th;se _parameters.
could be less, especially 1n a homgeneoua solil pmfile (Bekk‘er 1969)
In additionm, internction betveen the 1ugged tires or tracked veh:l.cle

(to develop traction force) occurs in thq, fiut 15 tm of aoil (Raece

1964) . '.l‘ha models were dcvelopad for a soil with drqinagé uystm




.

’

" FPigures 27, 28, 29 and 30,

 value.

. capalxle.*uf operatmg at a kpmm ranga ofs values of ¢ nnd . -

- ry
¢ ' v v
, A

s o
i

A. Soil properties

1. Soil cohesion (¢) and internal .
frictional angle (¢) models

\ L4

Mean values of four replicationa at each soil depth (d) and

" moisture content (MC) for the sandwy loam and ¢lay soils are given in . .

~

Table 5. The relationships between the average values of.the soil

properties (c, ¢, MC) at different soil depths are presented in
The models ‘(equation 23) gave good.

agreement between the calculated and the mean observed values shown in

A}

these figures. The constant values (c]: and C,) ment;‘ignefd* in equation

23 are presented in Table'6. It should be- noted thlt‘ghe predicted

values from this model ixmsengéd gs mean'values”of the parameters ,c
and ¢, and the actual values of these parameters in the field could

2

vary ax:’&lmd the mean valne. Table 5 shows thaé the coefficlent of ‘.

variability range between,] 16 yO! and 3.0% f,ér the soil friction angle

A
A

and between 31.02 and 4.0% for soil coheaion. o, ‘

- ﬂ
3 ' ’ &

Lumb, (1966 1970) found a aimtlar typa of variation in the ¢’

‘
AN
vy vy R

and ¢ valpes in hia atudy with a norml distribution around the mean

-, Y

»Howevpr, the variation :I_.n the &s t:imted cohesion yaluas- is

highér than the estima&ed intemal friction mgle (). = _" - )

f N ! L4

'rhe machine designer shonld tnke into consideration. the A\
mgnitude of the _above variationn :I.n ordur to make the machine T

o

L
. -
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TABLE 5. . Mean value and standard deviation of the soil Eohesion and . \
f:ictibﬁJEngle at different depths, moistqre content, and soil type Joo
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Figure 28. The relatidnships between soil moisture content and soil 1nfemal friction

- ‘ -
’ \ angle at different depths for clay soil.
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TABLE 6. Coefficient values for the‘soil mechanical ;;ropertd.es models .
at three dépths for sandy loam and clay soil .

- o Sandy loam sofl . Clay soil
Soil properties Depth -
o et Cy .ooar .. .
$ (degrees) 0 0.52 43,50 _ -8.23 37.24
; L 5 1 34,76 _ 34,09
. ‘ 10 35.91 31.92 "
. - (
6, (degrees) 0+ 17.65 12.20 12.81 16.38
L 5 _ 12,22 17.62
- 10 ‘15,42 ' 17.95
5, (degrees) 0 16.62 5.35 6.82  10.51
/ 5 6.55 N 20&50
’;‘ ' 10 ! 1‘0012 \ 23.89
¢ (kPa) .0 ~5.58 33.69 6.87 2.35
) 5 30,45 7.01 N
’ 10 23,37 - 13.60
c! (kPa) 0 3.35 6.56 3.75 4,25
ro 5 . 551" 9,90
- 10 - 5.51 23,77
’ . ¢! (kPa) 0 -1.98 10,15 -0.21 6.79
&8 . 5 10.75 ) 5.44
10 12,29 4,45

7 3
/
*
Cy; 18 constant in all the depths for one soil property.

. /
/
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In .general, the magnitudes of the soil p;lrameters (c and ¢)
‘:anreasled with increasin/g soil moiatfsre content up to the plastic
limit and then decreased with increasing soil moisture beyond this
limit. This finding is in agreement with those of Nichols (1932) and
Payne and Foumtaine (1952). The observed rar:es of the increase or
decrease were greater in the sandy loam than the clay soil. In sandy
loam soi_11 ;he soiJ/. frictic;n angle decreased with Elncre,asing soil depth

" but below 5 cm the variation becomks very small (Figure 27). On the

other hand, ¢ continued to decrease with depth in the clay soil also

!

(Figure 28). The soil cohegion val

\

O.
results are similar to those obtained by Soltynski (1979) om

<

Polish soils.

. Y

2. Soil-rubber and steel cohesion and friction
1] 1
angle models D(o::r, Ca» ér’ Ga) , f

T ¥
The mean values of four replications of the parameteréﬁc;. "cé,l&

61,, and 63 for sandy loam and clay soils are pgeoented in Tables 7, 8, \ |

A

9 and 10. Equation (23) was the best curvilinear relationship that

fite the data points. The constants (C, and C,) used in this model are

reported in Table 6. The good agreement between the predicted and the )

. cT, Gr and 6 . for sandy loam and clay

mean measured values for c, c

soils at different depths is shown in Figures 31 to 38. Tables 7

through 10 also show the coefficient of variation in the measured soil

1

[P
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- TABLE 7. The mean and standard deviation values of the soil-éteel'
: friction angle and soil-rubber adhesion for clay soils

.

. Soil-steel friction . Soil-rubber adhesion

- M.C.Z Depth angle (8g ) (kPa)
Mean cm ~

Mean*  S.D.*  C.V.% Mean*  S.D.*  C.V.%

38.19 ) 33.0. 7.4 - 23 9.5 1.8 19
37.95 5 29.5 . 3.5 12 11.2- 2.0 18
18.75 ) 27.7 1.2 5 "8.1 2.5 31
26,25 5 30.0 4.5 15 9.8 1.9 19
27,25 10 30.0 2,7 7 9 14.4 2.6 18 -
31.97 ] 35.0 6.9 . 14 9.6 . 1.5 16
40,44 5 28.0 2,7 . 10 1.2 . 2.7 19
39.66 10 37.2 10.0 27 14.0 2,2 16
22.48 0 33.0' 5.5 17 84 1.8 21 .
29,75 5 31.0 4,5 14 11.8- 1.6 14
34.29 10 29.5 5.6 19 14.7 2.0 14

*Note: each entry is an average of four rei:lication,s.

/ ‘ SN
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TABLE 8) The values of the mean and standard deviation of sbil-rubber
friction angle and soil-atfel ‘adhesion for clay soils

S&il-rubbet friction

. Soil~steél adhesion

M.C.%  ‘Depth angle (8, ) (kPa) .
Mean cn p €on
Mean* SCD‘ C.V.z mm* stDn Ct.v.z
& v
37.95 0 37.0 3.3 9 6.7 1.2 . 18
38.19 5 35.5 4.7 13 11.2 2.8 ' 25
45.76 10 30.0 8.8 29 " 144 2.5 17
. , \\ * ‘)
" 18.75 0 32,0 6.3 20 5.3- 1.0 19 !
26.25 3.0 5.0 14 10.9 1.3 12
27.25 1 34,5 3.8 11 - 17.5 . 1.9 11
40.33 5.0 '2.5 7 6.3 1.1, 17
55.53 : 23,0 5.4 23 2.8 0.1 4
31.97 0 38.0 3.1 8 1.0 1.3 19
40.44 5 3.5 . 2.8 8 10.5 2.3 22
., 39.66 & 10 33.0 6.3 19 16.8 3.1 ‘\i 18
T~ 2208 - 0 3.0 2.4 7 6.3. © 1.1 17
2975 - 5 36.5 9.3 26 11.4 | 2.4 21
34.29 10 .35.0 3.7 10 17.9 3.1 7 17"
. . H
‘*Note: each entry is anXaverage of four replications. \ |
N
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. TABLE 9. The values of the mean and the standard deviation of the
| soil-rubber friction angle and soll-rubber adhesion for sandy loam
i - : solls
\& -
: Soil-rubber frictiom Soil~rubber adhesion
M.C.% Depth angle (8;) c} (kPa)
Mean cm
1 Mean*, S.D. c.Vv.% Mean * S.D. c.V.2
112, 0 25.5 3.7 15 "1 2.2 27
22,47 5 29,7 2.5 8 13.3 3.1 23
19.55 10 3138 2.7 . 9 15.0 -, 3.4 23
3.68 0 20,0 %8 24 b 1.3 28
16.59 5 26ﬂ36 5.5 21 12.3 2.1 17
18.29 10 31.0 4.8 16 ) 3.2 22
23.36 0 29.0 6.7 23 10.5 2.1 20
25.36 5 30.0 3.9 13 -13.3 3.0 23
25.54 10 32.0 2.1 7 14.7 2.8 19
. -
20.60 0 - - - - - =
22.10 5 3.0 4.2 7 13.3 2.3 17
22.10 10 32.8]7 1.3 4 15.1 3.9 26
15.74 0 3a.0 2,2 8 9.5 1.7 18
19.67 5 30.5 2.3 8 13.7 C 2.1 15
30.05 10 29.0 0.6 2 13.0 3.0 23
*Note: each entry is éq average of four,replications.
; .
— r
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TABLE 10. The values of the mean and standard deviation of tﬂe soil~

steel friction ang

le and soil-steel adhesion for sandy loam soils\

Soil-steel friction - Soil~steel adhesi - /

M.C.% Depth angle (54 ) (cq kPa) -
© Meam cm = -
‘4 Mean*  S.D. c.V.2 Mean*  S.D. c.v,.\‘x3

25,75 5 19.5 1.5 8 8.4 1.1 13,\ o~

25.54 10 22.5° 2.8 13 9.8 "1.9 19
- 26,61 0 17.0 - 2.5 17 7.4 1.2 16

22.10 5 19‘0 108‘ 9 8.4 2-3 27

22,10 10° 22.0 1.7 8 10.0 2.3 23

15.74 0 16.3 - 1.5 1, . 6.5 0.9 14

19.67 5 20.2 1.0 5 8.4 1.3 15

’30105 '10 1 20.0 2.1 11 8.6. 1.8 21

11.12 0. 17.0 3.6 21 5.6 1.5— 27

22.47 5 19.5 2.3 8.8 1.8 20

19.55 10 22.5 3.8 - 9,8 1.7 17

3.68 0 13.0 2.8 22 1.1 0,2 18

6.59 5 19.0 1.5 8 7.0 1.3 19

18.29 10 ’ 22.0 2.0 .9 9.6 2.7 28

23.369. 0 17.0 1.0 6 8.1 2.3 28

- /
/‘ *
v - /
*Note: each entry is an average of four replications.
- B i ,
-
f ’, & i
— —
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parameters at different locations, These data are sumjrrized in

L ¢
'_I'ab]:e 11 and indicate higher coefficients of variation in the7adhesion
values than that in the friction angles. The high variﬁtian in these

/

paraneters (c":, c;, 61:’ 68) might be due to the fact that the

-

shear graph used had a relatively small friction measurement surface

¢ /

area which does not make a good representation of the field situation.

Nevertheless, it was the only standarci instrument available which
’
could be used to measure these parameters. It should be noted that

*

the coefficlent of vai:iatioq presented in Table 11 includes the
variations due to the soil moisture contents in the fileld, i.e.,

these ranges include all the sources of variation in the parameters

| ] t 6 . i - /
‘ T Cgr 6:" and s \

TABLE 11, The coefficient of variation in the ' measured values of

cl':, c;, 61_, and § for two different soil types

: ‘
: \ Soil parameters
Soil type - .
¥ '
Cy %s. Sy . Sy

Per cent
Sandy loam S 1527 . 1328 . 2-24 1-22
Clay soil 14-31 425 8-29 5-23

o ‘ . 3 .
« The results shown in Figures 31 and 32 indicate that both 1in

J
; sandy loam and clay soils the soil-rubber friction angle (61:) !

—

increased slightly with increasing nuﬂ moisture co'ntan; up to the

plastic limit and then decreased with increasing soil moisture, .In

5
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addition, the variation of this.palrame:er with soil depth was small.

However," there was a small decre;se in the fri.ction angle (6 ) with "‘ !
depth in sandy loam soil, the opposite situation was found to exist in- — -~

the clay soll. ' ’ ' ) . )

= o a i Lo
. C
The relationships between the rubber adhesion (c') and soil

1

moisture contentwhm_in_ugutes 33 and 34,. The soil adhesion ) I

T R G ey = -

-

", variation in the friction angle Gr. o o

soil. dopth. hoth in sandy loam and olay soils, - oLt .

was maximum at around soll plastic limit for both the sandy loam and et

clay soils; the rate of increase or decgease was smaller in the clay

soils. In addition, for both soil types the soil surface showed mon;
§

'

‘adhesion force to the rubber than did the sub-surface soil. The Lo T

variation in soil adhesion values with depth vas higher. than the

W ¢

N *
.

v . 9

— ] R .

Figures 35 and 36 indicate that maxtmm valués of the soil-

stekl friction angle are obtained at' the plas:ic 1imit, any clunrge dn -

the soil moisxure from thfs limit resulted in° a decreas& in the 6, ..
" L L : .
valne ‘I'he rate of increase or decréase of° the 6 values was smllet/

P

ig dandy loam than 1n ‘clay aoils. The ‘results-also 1ndicate that 'the. A

fr:l.ctiop angle (B ) decrmes slightly with: iné;euing soil dcpth for o
S8 . .

botl»-sandy loam and clay so:l.ls. ' . S )

- -~ i v

. . . ' . B * R '
- - v 3 s
K\ ' ’

S e The maxlmum valuas, of the 'soif-steel adhesim (v. ) %ere alno at oL :

the plutic limit ahd these_ values décreued nharply if - the so:l.l

misture changed “from the plagttc limit (!‘1sures 37 amd 38). , The xate T ’

I - . 0

of increaae or decreue in the ¢} value was higher in mdy loam than
./ L L]

in clay soils. Soil .adhesion to stgel decreued sharply with :anteuing ‘.
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‘-~ Figure 37,

The relationahips between soil moisture eontent and soil-steel adhesion at

different depths for sandy loam soil.
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3. Modelling of the sinkage moduli
ke, k¢ and n /

Means of the data.of the modulil kc, k¢ and n, are reported in
. R o T - J

Table 12. The mé/ans were plotted as a function of the soil moisture

content for sandy loam and clay solls (F:Lgures 39, 40 and 41). These .
* results :Lnd:lcate that the models found in this study are in good : '

agreement with the measured values. These models are: -

For sandy loam: ~
“ . 1’.’ 3mMe ., . >
/ ke 26.8 + 4.15 sin (2 + 7 IL ) . . o o (36)
B ’ ; ¥ ‘
k$ = 23.4+ 2,40 sin (-F+ 32 I ) RSP ¢ N
' )
‘ 3r M o o ‘
. n -05+[in(2 PL)](Oll) ..._(38)
f For clay soil: ‘ '
ke = 233+116551n(2 hi, ¢ ")
kp = 15.ls+4.lsin_(§-+-i—-~ﬁ‘-) N 1))
, } '
a -o.79+ols1n(3" ) | L D
vhere ’ . Ly .

LL = soil liquid limit (%) .
PL = soil plastic limit (X)

MC = gravimetric soil moisture content (%)

, -
e s seamts o i n e e, - e PRV
e g e O S AR T w
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- TABLE 12. The mean, standard deviation, and coefficlent of variation
of the kc, k¢, and n parameters for sandy loam and clay soils .
, T

Standard deviation
for

Coefficient of

Mean values for variation (%) for

M.clz !

n \ ke k¢ n ke- k¢ n ke ke

Sandy loam soil

/
\ 3.68 0.59 29.0 25,5

0.1 2.5 2.8 17.0 10.0 3.0
11712 - 0.57 25.55 22.10 0.16 3.60 3.90+ 28,0 14.0 18.0
15.74 0.50_ 24.00 21,00 ~0.13 2.50 3.05 26,0 10.0 15.0
19.38  0.41 22.50 20.50 0.08 2.15 2.00 20.0 10.0 10.0
23.63 0.37 23.50° 21.55 0.09 2,45 2.65 24.0 10.0 120
'26.61 0.4k 25,50 20,55 0.10 1.95 2,00 23.0 8.0 10.0
33.42 0.49 27.50 23.75 0.13 °"2.55 2.90 -27.0 9.0 12.0
élaz goll
/ /
12.36 0.88 24,0 17.0  0.22 2.8 2.2  25.0 12.0 13.0
19.28 0.88 17.4 16.3  0.14 1.7 1.3 18.0 10.0 8.0
22.49 0.83 13.5 12,5, 0.11 1.2 1,1- 130 9.0 9.0
31.97° 0.70 16.2 17.2 0.14 0.8 1.3 20,0 5.0 8.0
37.95 0.66 14.5 12.0 0.19 1.2 1.1 29,0 8.0 9.0«
40,33 0.74 25.0 16.0  0.22 137 1.5 .30.0 1.0 9.0
Note! each entry in the mean is for four replications. }

*
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The results expressed in Figures ::9, 40 and 41 show that the
moduli kc, k¢ and n :ecrease with increasing soil moisture\ cont;ent up
to the plastic limit. Increasing the soil moisture content beyond the
plastic limit resulted in only slightl§ 1ncr?haed kc and k¢ values up
to the maximum tested levels of soll moisture (liguid limit). However
it would appear that the soil compressibil:l:ty becomes higher with .

increasing soil moisture content. Beyond the goil plastic limit the

“amount of water in the soil could support dome 6f the fiormal load

which results in an increase in the soil bearing capacity. This

)
finding is in agreement with those of Bekker (1960, 1969). Similar

. results‘were obtained in the 1aboratory'expetimants performed by Wells

and 'l‘reesuwan (1977). It should be, %oted that the sinkage of the farm
vehicle in wet soil could be much h:&gﬁét than the calculated static
values by using the kc, k¢, and n parameters. This incresdse :Ln the
sinkage at high’ leve/ls of moisture content due to the low strength of

the soil results in higher slip and in turn leads tc more digging m

. of the tires.

I

? "The results obtained in this study indicate that the ke and k¢

104

]

moduli were l;ighe_r in the sandy loam soil than in the clay soil. This.

behavior could be the result of the following twd factors:'

Y

(a) 'l‘ha sand content in the sandy 1om soil (70%) was higher than

l

that of the clay soll (16, 8%7) and this gm the sandy loam soil

less sinkage (Terzaghi and Peck 1948).
— - ) ?
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. 4. Modelling the soil molsturé content ~ -
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‘ Volumetric water contents vere donverted to percentage by weight (dry

o s LT
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(b) averagé ‘bull¥ density of the sandy loam soil was higher than
: ’ |
thatl of the clay soil. .
{'
Equation (8) can be written in another form as
]
| N . e |
Z = ( kc A ) k . LI I (42)
(T +ke) | . . '

Y
Prom equation (42), increasing the n factor result's in a
decrease in the soil sinkage (Z). Therefore, the smaller sinkage in

tP/i sandy loam soil compared with the clay soil is due to higher .

values of the n factor in clay than in sandy loam soil (Figure 41).

s

/

Bquation (24) was used:to model the daily soil moisture content.
. o= -
In this model, the daily rainfall and evaporation pan (class A) data
were provided byj the Macdonald College Farm Station: evapotranspiration

values were calculated using the results presented in‘Figurea 5 and 6,
¥ - R

weight basis), ) ' .

Negi et al. (1979) carried out investigations in the same ’ '

fields used in this study. The valiee of the field capacity and,

wilting point, percentage by volume, for soils in these fields as
J

-

détarmined from their study were as follows:




ey )

s ey, o qn

(‘ﬁ

o | - T DR
: - , 1Q6
\ A N
| / !
! . Sandy loem soil EPlay soil * |
Pleld capacity % 33.00 41.00 -
Wilting point % 19.00 20.00 " p

Theréfore, the piant available water in the root: zone was 61.0 mm and

[
. 4

bS mm in clay and sandy loam solls, respectively, for a 30,cm root zone.’

'I'hes? two values were ‘used to plot the curves shown in Figure 5 and to

° v

-

céiculate the soll moisture deficits and surpluses for the sandy loam

4 - .,

and clay soils. - -

/
¢

¢ -

’ ’ b e Y
43 show graphs of ‘the calculated and the measured

v

Figures 42

/
s0oil moisture content. These figures' indicate that the meaatlxred values .

.
.
>

are. in good agreement with the predicted valpes. It should be moted that
% . : . . ,

’ Y J
each of the measured data points presented in these figures i{s an average
° o/

- of soil mo@x're content "ig the top IS\cm of soil aé four diffe}'en't; J

locations.
- , , .y —
B. The variation in the soil mechanical . -

" properties during the farming season

The seasonal variations in ,averagé_soil noisture content in both

flelds, aanﬁy" loam and ola§ soils, were ¢etqminevi by using the uf:hod '
pr;rsented by Chieng (1975) for a 22-year period (1945 to 1966) during

»

the field pi«‘apar'ntion and growing seuon."' For these 22 years the ;igtg
for “the evaporation pan were not availadle for the Hacc!c;nald College

region, x'l'htu-ef.cvre,. the method presented in this thesis cannot ‘be used to

L ey

predict the soil moisture content of this period. The volimetric soil -
/ . N

moisture contents obtained from Chieng's (1975) model for 30 cm root’ zone

o
’ ’

( were transferred to a percentage (dry weight ‘basis) and the wilg;ing

o

far
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. point (dry weight basis) of each soil was addéd in order to predict

the'daily soil moisture content for the years 1941 to 1966. Tables
. ) . ) . .
Bl and B2 in Appendix B ghow the estimated soil moisture contents. by .

veight for sandy loam and clay soils; these .are averages of 25 years

for 5-day periods taken during t:he farming season for sandy ldam and ;

clay soils (see Figure 44) ,These variations could be used wit:h thé ;-

v

nodels developed in thia study to Indicate the change in the soil.m

mechanical properties that may oceur., “ e

Figures 45 to 50 illustrate the predicted’ change in each of the

soll mechanical properties (c:, b, c;_, g:;, Gr’ 65) during the farming

season for sandy loam and clay soils. In general, these figures show.___

that the change in, values of these propefties for sandy Ioam soil are

i

'

higher than in clay so#l.

Figure 45 shoyfi/ that the lowest .values of the soil cohesion and
soll friction angle \‘.coulél be found, in the field, in the last few days
in May, the aecoqd ,h;lf of Jtme and the few days in the end of July
and. beginning ol{\August in the sandy loam soil, In clay soil, hwev;r,
the soil cohesim\aid not change’ very much during the growing season,

and the smallest va ues could be expected during the second half of

\\:Tme. From this graph it would appe,ar.th‘u the soil friction angle
. / R

d

T T S N ° '
ishould be 'at a minimum in the second half of June, the beginning of

August, and during the nionth of Septembér. However, during these

periods, which have the lowest values of c and ¢, poor traction

: conditions would be‘expected but 1ittle-soll cutting resistance, w‘hich

<
3
‘ -~

Rt
e . ;
. .
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. . Figure.47. The variations in the soil steel and rubber adhésion during.

the farming season for sandy loam soil (for average year 1961—1966)
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'\ Fig;:re 48. The variations in.the soil cohesion and internal friction angle
during the farming season for clay soil (for average year 1941-1966).

'
B ~

g

8
!

¥ &5 B8

’:__ . V‘“‘mN_V\.»——\—./

/
Soil internal friction angle ® §* (degress)

5 B

»

71t

R TR I =,
. “y . . - - N
O . 2 VL ot L S e RTINS 4% b S wh Ry el w7 A
! , e
N - - . -



-

o E__ &

Soil-steel adhesion "Ch* &w:

-3

Figure 49.

-

The variations in the soil steel and rubber
farming season for clay soil (for
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could result in soil compaction damage (Raghavan et al. 1975).

Figure 46 indicates that the soil~rubber adhesion_in sandy loam soil
18 lowest in the second half of Jume, but the variation in the soil-
steel f;iction angles was not very high. In addition, during the same

- period of the month of June, the soil-friction angle with rubber or

- steel was predicted to be lowest for clay soil (Figure 50).

fhe soil adhesion values can give an idea’ of how strong the
soll friction force would be_ against steel or rubber "devices. The
parameters c\; and c; were/ ;lowest values during the last half of Jume
and in the beginning of August in the sardy loam and clay soil
(Figures 47 and 49). It should be noticed that the values of soil
moisture content were calculated assuming that the amount of water |
above the field capacity w:l:11 be removed quickly from the soil by-
subsurface drainage. If the soll has no drainage system
it will tike a much longef time to arrive at field capacity, which ‘

results in less time available for good working conditions during the

farming season.’

J Figures 51 and 52 present the a/oil mistﬁre content during the

farming season (April to October) for the driest m;d wetteat*years\

within the period 1941 to 1967 for sandy loam and clay spils. The

weti:?st year during this period was found to be 1954, v/rhich had 124

rainy. days, wl';:lle the driest year, 1944, had 82 /ruiny days. The data

shown, in-these two figﬁ‘;:es were calculated from Chi_ang‘ (1975).
Il

These data give information about two extreme years about the

!

>
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v | ' {
number of wet or dry days during the farming season. The dry days .
\J,indicate high values for soil mechnn:lcal properties (days of soil -

moisture content between the soil plastic limit and the wilting point),

Y. —~

”{vhich means good working conditions. Soil with a moisture &ontent
highei than the plasti; limit would bg weaic and "wuddy" yin cextt;re;

J “which leads to poor machinery working conditions. 'rberp‘f;':re, the be;lt

« working conditions are likely to'be whe% the soil moisturg content i§ .
less than the plastic 1limit. Sit/me the sgndy loam and' clay soils .
having 23.6% and 32,17 soil moisture at the plastic 1imit, respectively,

v ' the pertiod between 10 May -and 20 September would be the beat time for )

{ working the soil in a'dry year and the period.between 24 June ax;d the .

‘ end of August best for a wet year. Also, Figures 51 and 52 indicate ‘

that the minimum perio% for best working conditions in the field is

between 24 June and r?he end of August in any given year. Normally at

-

g
1

this time of the year there is no field work to be done for many f field

a

.

crops. However;, that period could be used to do nny field work for N

non-cultivated land, such as the installation of subsurface drainage

A W TR
B

e

tiles or land reclamatiom.

- C. Traction characteristics of )
the lugged rubber tire *

- 'I‘here are many: areas in the field of agricultural egg:tneeting
, where use’ could be made of the modela developed in this study. Omof ’,
these areas in which only limited knowladga is avnilab‘la to the tire .

designer is t\xe traction characteriltica of different sizes nnd degigns

3

( b ' . ’ ’ . /

. ) , E (

'
r
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n J /} of lugged tires. The models developed to predict the soil mechanical

“

b /’J propertieé will be used in this section to study this problem.

The lug-wheel ,tra'ct:lon experiments dn the field demonstrated the

influence of angle of lug on soil thrust’fopr different soil types and

- . ‘ q:;u L
consistencies. < .

as

1. Effect of soll type and moisture
content on the traction force
' -

The theoretical estimation of soil thrust for all the)testst“%as
carried out according to the flow chart shown in Pigure 15 using the
comput‘er program given in Table B15 in Appendix B. Tables B3 to Bll oo
(Appendix B) and Pigures 53 to 58 presént the results obtained from all

. . [} s .
tested wheel models and the estimated values of total soil thrust due to
\ /
‘the’lug and to the friction between the wheel carcass and the soil for
: ! ‘ .
- b " the two soil types and different water contents, These tables and

: figures show that ‘the estimated and -méasured 80il thrust are in good
-_g =

agreement: - Therefore, the method explained in Chapter III could be
used to precﬁct the soil thrust dune to the lug of a lugged tire.
I + J »

Increasing "soil molsture content increased the soil thrust up to
the aoll plasti‘cL 1imit for both sandy loam and clay soils, after which
it declii;eq (Figures 53 to 58). <Soil thrust did not change significantly

at very h:l.gh no:t-ture contents in gandy loam soil whereas the clay’ soil
!

had consideraBle strength under wet ccmditiano and soil thrust decreased
Al . / /
more gradually-with increasing moisture contents. o

too -
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The estimated and measured effect of soil moisture content on
the gsoil thrust at-different 1ug angles of 300 mm wide wheel for sandy loam soil.
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2, Effect of lug angle on the soill thrust

Relationghips between 1ug°angie/fa:ci soil thrust for different
wheel widths in sandy loam and clay are given in Figures 59 and 61.
Figures 60 and 62 present the relationships between the unit soil

thrust (total soil thrust/wheel width) and lug angle.

It was noted that increasing the iug angle for the same wheel
width decreased the lug length which in turn decreased the wheel soil
thrust. On the other hand, decreasing the lug angle increased the lug
1eng/t;ix and thus mc;?aaaed the ,whéel soll thrust. Therefore, mllér
lug anéles led to the best.soll wheel thrust. V'-I’he minimum lug angle

-3 /
‘for a certain wheel-soil contact area can be obtained ‘from

!
..J_Ed-

6 = tan b + . : (103)
where —
b = Jlength of the contact area between wheel and soil

‘WA = wheel width ,

Changes in the lug >angle sbove 80 degrees caused only a.small change

in ‘so:l.l thrust. An'alyaia of ﬂgures 60 and 62 shows that the \gnit ‘
soil thrust increased with a decrease in lug angle in both sandy J.c:am
and clay sotls. However, it can be stated that the trend of the |
reIacignsl}%ps presented in.Figp;:éé 53 to 62 did not change by changing :

wheel gi‘agh‘ or soil type and consistency.
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3.- Variation In the traction force
during the farming season . .
- r ‘

, From the average variation in the soil moisture content in

sandy loam and clay soils (Figure 44) and the relationships presented’

in Figures 56 and 58, the soil thrust produced by a lugged tire with ~

- a width of 300 mm, during the farming season, can be obca:l.ned as shown

in Figure 63. This figure indicates the variations in the soil thrust

for a Jugged tire with different lug angles for an average climatic

tire user can select only one lug design in order to give the
traction force during the entire ’season. Also, the suitable t
during the farming season can be defined from Figure 63 for certain .

requirements of trgction force. )
/
v

4. Suggested lug design

One row of lugs on the tire su:/‘face is ‘auggeated. 'ﬁlia gives
more soil thrust tham the split lug design (Atli and McKyes ‘19783).
Figure 64 shows the shape of the suggested lug design for tractor S
tires to develop the i:est, so:i]. thrust due to the lugs. One r'ow of
lugs would cause a side force acting on the tire, thus producing
additional bending moment on. the wheel and the shaft, The effect of

th:l.s ai.de forcz on ;he :teering stability of a tractor could be

prevented by making the lug ungle direct:lon on the léft tire oppocite

to the lug angle direction on the r:lght/tire (Figure 64)
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In fact, this kind of tread design exists on the market (Tire Guides
{

Ine. 1976), but not with the suggested lug mmgle, and there n;e

{

evidently no problems reported from using it.

[}
-~ - -
’
i
E! Fsiw
.
I
4
o
\
~
- | (2
£
L
o s
. Y
+
, -
' 4
X
Y]
o - h,
. - é
he £y
)
.
;
PN

+
/ i
\
.
.
I
A Y
2
/
!
-
{
’ Y
vy
oo
- LN
‘ y
- J
IR}
4
.
.
)
; -
-
I *
"(
R
,
. ,, ’
> hd '
,
,.

136

-~

{




[, -

CHAPTER VI
SUMMARY AND CONCLUSIONS

L]

!
i

The variatiqns of soil mechanical properties (cohesiom, c,
internal friction angle, 4),‘ 80il rubber adhesion, C;." soil~-rubber
friction angIe/, Gr, soil-steel adhesion c;, soil-steel friction angle,

/58, the sinkage moduli, kc and k¢, aynddsink_gge factor n) have been
studied under field conditions in a sandy loam an/d a glﬁy soil,

Models to predict these paramete/rs’/were devéloped in this study;

These models were fumctions of ;oil 3noisture content, soil plastic ~
limit or liquid limit and two constants which depend on soil type and
depth.\ These models could‘ be used to predict tt}’e’ soil mechanical
properties within a range of soil moisture content unot: exceeding the
liquid limit. The models were'applied to different soil depths

(0, 5, and 10 c;n). This r;nge (from 0 to 10 cm) of soil depth has the
largest ﬁariffion in the patrameters mentioned above at differant times
of tile yur/. Al-::, interaction between sofl and traction devices takes
- place within this layer of soil. \‘

1
In order to predict the behavior of any farm machine or tractor

by using these models, the soil moisture content during the farming
season must be estimated. Therefore, a model to estimate the soll

moisture content by a simple and adequate method was developed in this

t
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study. Dally precipitation and evaporation from a class A pan are

required by this model’to predict the soil moisture content.

All the models developed in this study were verified by
measured data from the field 4n sandy loam and élay soll. The
predicted soil parsmeters or moist\;re content using these models were

in good agreement with the measured d;ata.

-~

The traction characteristics of lugged tires were investigated

+ by using the- developed soil mechanical properties models. Prototype

models of lugged tires were made by changing' the shape of a wheel

surface using 9 different lug designs. These designs had various lug

. angles (30, 50 and 90°) and wheel widths (150, ‘2_50, and 300 mm.).

These lug designs were tested in two fields (sandy loam and \clay
soils) on the Macdopald College Farm, using a single wheel testing

apparatus, The field eﬁ:periments were carried out st different soil -
) ) .t

: ;misture contenl:a‘vranging from very dry to, very wet soil (above the

1iquid limit). Modifications to the theory of Hettisratchi and Reece
(1974) were used. The predictea value of soil th/rus/t )nnd’/éf{;‘
estimated soil mechanical pmpertﬁg&ftfn:g;/modela developed in this
atudy wer./'e :l.n good ag’?’e;e/m{:/’rhis study shows that the developed }
models of solil mechanica.i. properties could bée used successfully to

predict the soil-machine :lrnterac'tion-.
From the developed models and the field experimenta, the

following conclusions can be made:-

a ~
\

L
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The inyestigation confirmed that the soil mechanical properties

(c, ¢, c;, c;, 6:' 65) increased with increasing soil moisture
\ i

content up to the plastic limit amd then decregsed with increasing

soil moisture for the sandy loam and clay soils. K

4
) 4

The relationships between the soil moisture content and the/f\“ 1

parameters (c, ¢, ¢, G

at different soil depths (0, 5, 10 cm) for both soils.
K ’

8.0 8,) appeared to show the sdhe trend

The moduli kc and k¢ which' are widely used to predict the sinkage’
load relationships decreased with increasing soil moisture content
up to the soil liquid limit and' then increased slightly with

—

increased sél moisture content within the range of soil moi{s ture
contents studied. In addition, the factor n was reduced with
increasing soil moisture up to the ‘plastic limit and then increaseﬁ
slightly at higher soil moisture content;. ' .

Daily evap&oration (class A pan), together with rain‘fall data,

could be used in order to estimate the soil moisture content

during the farming season according to the modela developed in

_this study.

y ‘*rl\xe good agreeun/t betweenfpredicted .and measured t;heel goil~-

thryst of lugged tires shows that the developed models are
acceptable for estimating soil mechanical properties. E
. [

Increasing soil moisture content resulted in increasing soil thi'up

up to the plastic limit ‘under field conditions. For soil moisture

content ab the pl_utic limit, soil thrust becomes smaller. The

‘behavior was found to be correct for the sandy loam and -clay soils.
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7. Changiug the wheel width did not change the trend of’ the
relationships between soil :hrust and molsture content for the two
soil types studied, , -

. "8. The magnitude of soil thrust increased by decreasing the lug

angle. The force increased rapidly at angles less than 60°,

. “
while the' rafe of increase was smaller at h:lsher lug angles. . \/é

However, the smallest practical lug angle on the wbeel surface
which' would give the best traction force can be obtained from the

equation:

-1 Wd J

&
]

wvheel width

|

vheel length in contact with sodl .

-4
L}

o ey :
9. The treia*of the relationships between lug angle and soil thrust

vas similar for the tvo soil types studied.

li

10. The variations in soil mechanical properties during the faming

Beason were estmated for an average cltbutic year in gouthern

Quebec. ;
11. The tracéion force ,Bf a lugged tire ca:a be estimated successfully

i

" using the developed models in ordef to define the best time during
the farming season’ to get the highest soil thrust for a farm ’

vehicle.

H The.tire user sho&ld select-a tire which has the ninimm lug, angh.
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The farmer need use only ome tire during the farmiﬂh‘g season for -

~

. o
optimum traction force; since-the trends of traction dependence
v » . . . a

on lug geometry did not aiter appreciably with soil "mo‘iqtm\
content in the soils tested. -
The models presented in this«studs; codld be used for other soil

4

types as long as the constants C, and C, are évaluated for those

1
. \
soil types.
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- CHAPTER VII
CLAIMS TO ORIGINAL RESEARCH '

4
&

As far as the author is ‘aware, the following aspects of the

3

study can be claimed as ofiginal work and contribution to knowledge:
1. The developmegt ‘;f models for, the soil prop’ertiu c, ¢ 61:’ c;,
c;, anfi 8 a® as‘i:a function of soll moisture conteat and plastic

'11m:lt (equation -20 and Table ~6) for a sandy loan and .clay soils.

2. The development of models for the sinkagd modull ke and k¢ and
- !

‘P

* factor n for two soil&typea as a functi of soil liquid &;r

plastic limit and soilhisture cofitent (equations 36 to 41).
= : i

4, Using the ratic of potential déwalz'cn:ranspirat::hm‘m evapo-

transpiiutation along with the ratio of potential evapotranspiration
o ' . . .
to evaporation from an open pan to predict soil moisture content

during the farming season as a step to. estimate traction conditions.

) . . . B [ & o M
5. The use of a newly designed field single wheel apparatus to test
the effect of changing the surface of the whee;l with différent lug

'

designs and their effects on tractiom., s

6. .The devclopnmt: of a procbdu;te to calculate the soll thrust due

3

tothelngsofmluggedtiu. S S
7. Propouing a dafinitim of the lug space value (equatian 25).

/
- © *

)
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As far as the author is aware, the follor;ing conclusions have
not been reported in the literature and are a direct result of the
preaent—study. - - <

+ (a) The small lug angles acroa;,the tire provide more traction force k )
than higher angle\as.; /
(b) Changing the aoﬂ‘ﬁ:‘*ﬁ&e and its Fcone’isvt:lency does not change the
‘ optimal lug design. The farmer can € only o e lug- angle for
tﬁb entire farming season on a wide jange of spil conditions and
expect the greatest traction possible ‘at all times.
(c),. The variation of the soil pechanic%al parameters (c, ¢ c;,}er,
c:\, §,) for an average climatic year in southeiﬁn‘ Quebec in sandy
lq%.m and cldy soils vas shown in Figures 45 to 0.
(d) The\ relationships between soil moisture content and 'soil thrust
for i\{.\gged tires with different lug angles and wheel widths were -

®

demonstrated in sandy loam and clay soils, -
' R “ 8

)
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" CHAPTER VIILI
RECOMMENDATIONS FOR FURTHER RESEARCH

In order to generalize the proposed soil mechanical properties
- models and their use, f\_xr-thet investigation must be carried out.
ngeve'r, as a result of7 this' investigation it c.an be suggested that
the following top%caﬁvgould be valuable projects for futurg research.
1. Teaf.ing the s&ggested models for the soil mechanical properties -
) in differept 86;.1 types and diff.erent’: regions with/very dry or
-mddy soil conditions. |
2. A compi-ehens:‘l‘&e study about the variation in the soil mechanical

N . ,
properties at specific times and locations for different soil

!

types and regions.

wWalidate the #ropose‘d model of s0il moisture content under

’difﬁg\re;:t/types of veget;tion and ragions. 3

4. Optimization of the\ lug position and dimensions on the wheel
surface for the best power effiéiéticy t;f the farm tractor under
different. operating ‘conditions.’ ‘

5. Study the sffect ofxlug d,iuﬂsion’ and distribution, on the tire

surface, on wheel rolling rglil‘tince under different slip rates.

Bl
)

Study the shape of soil failure in three dimensions shead of a

] P
narrow and deep lug for c_tiffarent soil types and conditions,

/ o . 'é
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7. Study the relationship bem;n the lug angle (8) and directien of
]

+

[P & - vty - (PR RV

/

soil movement on the lug face (¢) for different soil conditioms,

4
types, and normal loads on the soil surface.
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TABLE Al.” The mean values, standard deviation (S.D.) and coefficient
! ¢+ of variation (C.V.Z) for soil moisture contents - at different depths
! and times during the growing seasom / )
: o
e Depth " Sandy loam soil Clay soil
cm Mean* S.D. C.V.x  ‘Mean* $.D. C.V.X
& I
) @ - -
0 11.12 1.13 10.19 3197 . 3.8 12,1k
5 22.47.  1.98 8.82 .44 2,29 5.68
10 19.55 2.05 10.50 39.65 4.47 12,27
- . . ‘)
- ’ .0 23.36 0.64 2,70 ,  22.48 1.62 7.25
5 S 25.m 0.34 1.32 29.75 345 10.59
10 25.55 2,50 9.81 _ 3429  1.29 3.07 .
y 0 22.10 0.15 0.70 37,94 | 1.52 .4.01
¢ ‘ 5 22'08 0020 0.91 38.19 ’0191 2.39
10 - 26.61 0.48 1.83 45.75 - 0.55 1.22 .
£ - - .
; ) /- 3,68 '0.32 8.83 . 18.89 0.56 2.96
5 16.59 1.27 7.67 . 26.34 0.93 _  3.53
10 T 18.29 1.05 5.77 27.27 0.43 1.58
. *Mean of four measurements.
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T TABLE Bl. Soil moisture content (percentage by weight) as average of 22-ye§r period (1945 ;
to 1966) from April to November for- Macdonald College Farm for sandy ‘loam s0il for 30 nm
- . ‘ T root zone
- - Date April « May June . July August September October November ;
. 5 © 32,95 26,87  14.84 " 9.00 1633 22.51  21.81  32.74 '
* . " e ® i
: . 10 "~ 31.00. ©  25.39 . J32.15 . 21,00 16.99 15.18 29.81 32.81
- . , : = ;
s * 15 24.45 25.24 . 23.29 21,00 12.69 23.56 33.00 33.00°
s ) 20 J 22.00 27.03 18.59 19.55 14.35 21.00 31.82 33.00
R : £ 4 - o, . i
-25 29.65 19.17 19.98 12.90 13.12 29.55 31.50 26.94 .
- -30 1 26.94 21.00 9.00 18.34 16.57 30.41 - 33.00 .
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3096
. . 28,5k

- 35.16 .

36,51 5 g 3199/

31.75~

-

33.54,

i‘
3w

25.68

-
~

21.35 -
29.80 °
¢+ 25.10

© 16.49.

?

38.66° . 27.51

27.51

2606 ' 20.86. 2.5

18.60

. 23,50 °
* " 20.20°

S

S 7719063

21,695 96,32
31.07 - 39.51

38.33

36.06 . -.38.01.

»
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33.45
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lugged tire

At at 150 mm wheel width with normal pressure 13,1 kPa and two soil types:
L e / - : —- ) : .
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] rr;“’3'3' Pi ‘dicftég soil/mechanical properties .and g?s:ll wheel thrust aﬁd the neasu;-ed soil wheel thrust -

.

! v
‘Sofl !

oil Soil- . o 44 . Soil- Soil thrust- Total . o asured

oo

A ks rubber rubber estimated
A IEE oy 1 ti . . .
- Woisturels: Jemsity 3 friction ~SU%I  ahegion due to' due to  soll ot
s ﬁ.Colf’Wﬁw-g liegree - - & kPa " eg " the © the thrust )
S o = egree - degree ; kPa = lug friction _H (N)
e . - Sandy loim soil ‘

1400 - | . 41.64 - 29.08  27.81. . 6.62 w1 1o - 30 332
1300 I 42.03° 2919 2812 . 6.59 263 109 373 320
S 12000/ k35270 29.61.  29.30 - 6.36 227 7 106 333 325

|
-

o451 29032 - 28,50 5,02 192 9 288 289
) - 31.6% . 26.29 - 19.81 2,23 B4 15 159 157

W e

- “

:
N . i K - . -

R - Clay soil - ot ~

V27,29 2879 9.3 _—8.03 - 116 - 131 - 247 247
28.13 29,17 . 941 8.13 133 131 264 258

. 2739 - 28.84 9.3 - 8.04 126 © 131 255 258

25,92 . 28,18 ° 9,27 7.87 263 270

, 173 264

25.66- 28.09 " 9.25 . 7.84

f

-

_ S L\” . - - ,’
Lug leagth = 150 mm -
Lug angle = 90° . '
o I
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T bt s o 1 g T S T T g e o e

o1 sor1 - " sot1 - Sofl- ' Soil thrust Total

sei - Measured
e gl Y rubber rubber - estimated
U m:?t’ *fﬂc:i on frietion cchgs:lon adhesion due to due to soil t::in:'t
. R - T
R X ¥ . Sy cr the the thrust
kgfﬁ? Segree degree ' kpa kPa lug friction. H (W) (N)
AT . Sang loam soil -
L 63,98 29,72 29.64 . 5.82 « 189 101 290 360
. 4371 29.66 29.46 5.61 258 100 358 337
 39.67° 28,54 26.24 - 4.12 191 90 . 289 292
" i ! ' X " ' ‘ 0
31.57 . 2628 19.77 - 2.22 122 75 197 -180
13.28 © 21.20 5,181 " 1.05 . 49 .7 38 1 gy 76
| ' ' Clay soii ° - s T -
S271.62 28.94. 9,38 807 © 169 10 299 309
- 27.80 29,03 9.39° . 8.09 179 130 309 326
 26.88 28,61  9.33 ' 7.98 167, 129 296 281"
126,52 28.45 . 9.31 7.95 161 129 290 301
26.07"  .28.24 9.28 7.88 146 | 129 275 305
= 472.5 cmd ) i.ug length = 200 mm _ . N
= 0.305 kam/hr ' Jug angle = 50° ‘
' ‘i&‘«a\ . ’ . s i’é
R T R ) ; - N
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W ﬁ; Btedictad soil’ mechan:lcal
foz a Iuggad tire at 150 mm

properties and soil wheel
wheel width with normal pressure 13.

thrust and the measured scoil wheel thruat
1 kPa and two soil types

§: ERavwr s

£y

. Soil 8011 ' So:ll usx:::r Soil ':lg::'. : Soil thrust . T:::': 4 Measured
“demtlty friction . cohesion L , est e soil
mtﬁte ‘ ’ friction e adhesion due to due to soil thrust
J!“' 6.2 ) c! the the thrust
+ 9
kg,‘a : d?gzee dggree kPa, . kPa lug friection H (N H (N?
*
Sandy loam soil
42.93° . 29.44  28.83 6.49° 387 87 454 476 \
. 43,76 29.67 29,50 6.27 © 411, ' 85 496 472
CA2.48- 29031 28,47 5.01 366 78 464 404
38.57 28.?6 25.44 3.85 ° 276 74 350 360
¢ Clay soil ) ’ ~
22.28 26.54 9.03 7.43 183 110 293 - 310
24.63 27.59 9.18 7.71 209 111 320 326
v 28,15 - 29,18 9.41 8,13 257 7 111 368 345 ﬁ
26,23 28.31 9.29 °  7.90 226 11 337 342
* 12;09 121,95 '8.36 .6.23 136 100 236 231
;‘ B cmtthma - a12.5 w2 = Lug length = 300 mm
SRR mel speedw 1- -0.305 km/hr Lug angle = ~%30°

991

e e o o A ke e k. ot . 4 e e
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i Predicted ao:ll mechanical properties and soil wheel thrust and the measured soil wheel thrust
«for a 1ugged tire at 250 mm wheel width with normal pressure 7.94 kPa and two soil types
' A o : So:l.l- : Soil ) Soii tI;rust‘ - Total
; So:il 2 So:l.l < Soil Measured
¥ 1 ‘ . “rubber < rubber - . eatimated y
ity frictipn, friction cohesion adhesion due to due to 'soll soll
AR ’dej - 8 kga - ep the the thrust ;hruz;)
BX®® | degree ' kPa lug  friction H (W)
M;,’ o - - Sandy loam soil = - .
15007 . 23,12 ' 23,93 13.03 5.62 100 137 237 225 -
7. 1500 27,93 25.27°  16.87. 6.06 127 145 272 288
3,08 <1400 . 41.01-. 28,91  27.30 6.65 266 147 413 427
T 140070 43.35 29.56 29.17 6.41 308 140 448 426
St 43,32 " 29,55 - 29.15 T 6.4 308 140 448 426
. C goil o
o 22,19 26.50 9.02 7.42 134 171 305 270
0" 26.3% 28,3 ° 9.29 7.92 169" 177 346 325
- 27,97 29.10 ~  9.40 8.11 188 178 366 314
27,72 28.98 9:38 8.08 178 178 356 392
o -13.68. 22.67 ,  8.46 6,41 94 154 248 225
R = 7
* Contact ntear‘- 787.5 cw? _Lug length = 250 mm \ &
Wheel: sgaea = 0.305 km/hr Lug angle =
- i ‘ e L ) b )
148 \
3 !

Ped

19T
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o j
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1 ‘1 N ’
‘8011 mechanical properties and soil wheel thrust and the measured soil wheel thrust
tire at 250 mm wheel width with normai pressure 7.94 kPa and two soil types
So1l- Soil thrust “Total ‘
rubber - estimated Me:;;;ed i
adhesion ‘due to due to soil thrust i
-y the the thrust " rnsm) _
'kPa Jug = friction B N)
) a y t}an séil § |
27.61 . 6.60 264 143 407 438-
T AL.74 29.11 27.89 6.61 352 136 . 488 512 . : . .
42,57 29,34 28.55  6.5& 360 134 494 512
42,93 29.44 ° 28.8..__  5.19 -327 117 444 - 500 ,
D 4L8L 29.13 27.94 477 357 . 113 470 413 .
. - Clay soil . , , -
- 12.13 21.97 © 8.3 6.23 121 146 267 60 .
.- 26.88 . 28.61 9.33 798 209 . 169 " 367 369
27,79 29.02. 9739 8.00 232 169" 401 373 T
25,24 27.87° 9.22 .79 191 167 - 358 373
20.23  25.62.°  8.89 7.19  :7154 - o161 N335 - 31k I
& = 787.5 col = . Lug length = 32.6 fm , o o )
= 0.305 kp/hr lug angle =°50° - ° o -
‘ : J 3‘ i o0 R et {
. _ N
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rties and soil wheel thrust and the
width vith normal pressure 7.94 kPa and ‘two soil types

+

A,

v

L3

meagure'd 8o0il wheel thrust

2 o
P O
ﬂ,;,sm" "

Tt 4
& -

o

* friction

%

Soil

flcbbesion '

SOiI?
rubber ’

. Soil thrust

‘

due to -

f

Total

soil

estimatedl

g

Measured
8

oll -

733,21
ot 39.40

ORI E

R
(s

7

%E
Kty

26.20

29.43

-

N

19.54

332617&%;'~~ 21.08. -
128,46 26,02

28.80

6.3,

| 6.44 7
6.67
6.50' '

'293.
£ 231
389
556

o adhesion _due to
$ 8 : vt . .. thrust
i degrai o Qg &P Cy the the thrust g
bl AT e gree 5 degree a ‘kPa |- lug friction. H' (N) Bo®
RIS e L S e Lt
e A Y M — .
iLs el g . SV _ . . * Sandy loam soil ‘ .
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¢"K26;41
25,34

5 :;5. 19,50
) - e

'

B

27.49

22,92
23,07 - - 26.89

' 725‘29

23.58 ' 27.12

9.1

| .

9,17

9.23
9.08
8.84

Clay soil
- .7.59
7.69 ¢

77,80 .
“7.53‘ ~

7,10
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b

i i R ,
LSt drea =’ 787.5 cw? .
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11 mechanical properties and soil wheel thrust and the messured soil wheel thrust
te at:300"mm wheel width with nofmal pressure 6:5% kPa and two soil types

E

-
«

setr S

-, eohesion

kPa. . r
kPa " kPa

‘Soil thrust -

adhesion |
’ c'*

the
lug

#r1

.due to “due to

the

‘estimated .

ction °H- (W) °

Total

soil ‘
thrust . H

Measured
gsoil
thrust

(N}

?@E—g 3 R ; . -
[N : 'L‘ . ( / o saildy' 10&&1‘801:1 ] * ’ \. ‘q .
bt e s 72 . 28.27 .- 25.48  6.67 . 263 169 Az Wy

R 3
]

i
gk
sl

g 19 %
it
Lok

T G e

ey
aE AT
e B -

2% 28,97 -
" - 29.58

N

[27.49- 6.67
129,23 0 6.39 -

331 .

396

165

157

et 29057 7 29.02 . 5.41 360 141 502 - 505 -
o for - N 1 . oo
o8 ) - 29.1? " '%7 «95 4.771 312 134 446 ° 450

e

i S o : ‘_4 i i 4 ‘ q,‘
27.3. - 28.81 9.3 8.04 - 200 201 401 - .393
©, .28.54 - 9.32  7.96°  19L. 200 391 " 382
28,03, 9.25° 7,83 176. 196 366 82 -
: . 2365 8.60-"  -6.67 -116 180 296 | 264
7Y 19.09° - 7.94 . 5.4 . 142 .152 294 - - 229
r;‘;:{&ﬁ;,iww; e L 2 . - N v ,\:; ~ T "“ " - _
S, A 0 ¢.2 ; c L \i\Lagwlength, = 300 mm . . o
ST .T . ./ Iug angle = 90° : :
& . . o / T - \ -
Pt ' - - . N . - ]
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the measured soil wheel thrust

properties and soil wheel thrust
a and two soil types .

300 mm vheel width with normal pressure 6.

8

3,

X
&
oo
1
:{L‘E
Yy

o s - T . .:
’ Soil / Soil Soil-~

Total

estimated
soil

, Soil thrust @ .
) - rubber  ——— ‘
cohesion adhesion . due to due to
s d

Measured
soil

.’ rubber

%%ﬂfﬂ%@: e ot kP ez . ' the . ‘the -  thrusg - thrust )
' S ST 8 kKPa 1 © frieti H : LR
et - L ug ction - W) .
LB oo S S SR S - . : ' )
é ﬁ%& ;}%?’ TN R . Smgz‘ -loam soil. . ) . -
@:rﬁﬁ;’ R :;,,;133 z,A;"%,:w;y_ e o T pa—— 3 | -,
Tt g g i o O . ’~ Y ’ ]
iAol 18007, - 8,33 ‘19.82 - 1.23 3.97 60 - . 121 181 - - 185
i L S N R S . - : o .
GO o 5 v - 14,72 - 21.60 6.33 . “4.73 . 9 136 1227 213

\kkﬁp;gﬂa

‘
o s
g

2876 6.66 84 156

26.89 550

N ¥ - ‘ N - N 4 j- A = * N
Zgav h3.83 . 29.69 |, 129.55 . 6.23 A9 -143 192. 629
4700 AL.26 . 28.98 ° . 27.51 4591 373 - 126 497 . 517 .

)
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