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MODELLING OF THE SOIL MECBANICAL PROPERTIES TO SOIL·MOISTURE 
,C()NDITIONS AND THEIR APPLICATIONS TO STUDY THE TRACTION 

DEVELOPED B~ LUGGED TIRES ~ 

TIle variations 'qf solI mechanical properties. cohesion, c, 

interna! friction angle, cil, so11-rubber adhesion, c~, soil-steel/ 

aQbesion, c~, soil-steel friction angl~, 6f', a01l-rubber friction 

angle, ôr ' the,sinkage modu11, kc, .ktjl, and n, have been stud1ed \Ulder 
1 

." fiefd conditions for different soU' dep,ths of sandy lOd and 'clay 

soUs. Models to predict these parametérs were developed in this 

study. 
. ! ~ 

lbese models were functioils of soil moisture content, s011 

'plast:'j:.-lim1t or liquid limit and two constants whiclJ. depend on the 

soil type and depth. Also, a model to est:/.mate the so11 moistu~ 

content by a simple and accurate method was developed using the data 
, J / 

of da11y precipitation and evap~ratlon° pan readlng~ (class A) in 

southem Quebec. TIle soil mechanical properties models were used io 

study th~ traction characteristics of lugged tires. 'lbe investigat16n 

shows that lug 4esign could have a signlf1cant role in improving the 

traction force for agricultural tires. 'lbe opt1.mal lug IUlglè was 

foœd for different 8011 types duriug the femug season in an aver8;se 
~ 

cl1matic yeu of southam Quebec. 
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RESUME 

f Ph.D. OMAR SOLIMAN ALI HASSAN Génie R.urale 

MODELES" DE PROPRIETES MECANIQUES DES SOLS EN FONCTION DE 

/ 
LEUR TENEUR EN HUMIDITE ET LEURS INFL~CES SUR. LA ' 1 

GEOMETRIE IDEALE ~ES ERGOTS DE PNEUS. POUR. 
FAVORISER LA TRACTION 

Les variation,s qui enstent en matiàre de mécanique des sols 

dans les paranÏ~tre~ coh~sion. c, angie de friction interne, ~ 1 

a~esion sol-caoutchouc, c~, adhesion Bol-acier, c~, angle de friction 

sol-auer, ti s ' angle de frlction sol-caoutcho:uc, ôr • les modules de 
- 1 

penetration kc, k~ et n, ont ét~ étudiées "in situ" poUr diff~rents 

types de sol et à diff4rertte$ profondeurs. Des mod~les ont ~té 
J 

développés afin de pouvoir prédire ces paramètres et sont fonction du 

degr~ d'humidité du sol, ~e sa limite plast1q~de la 11miteliqui~e/ 
1 et de deux constantes yeUées au type de sol ee à sa- profondeur. 

De plus, un mo~le a été développ~ afin d'es,timer la teneur en ~ 

bumf..dité par des méthodes simples et précises en mettant en jeu la , 
pluriométrie joumalià~ et l'evaporati6n par bac evapométrique de 

Classe "A", a'Pt environs du sud du Quebec. 

Les modètes des propriétés mécan1que~ fure~t utilisies~r 
Vl!rifier les caractéristiques de traction ~es er8o~t;s de roues de 

tracteurs. Les essais ont démontré que le design des ergots peut 

influencel'--1a force de traction des _tracteurs agricoles. L'angle 

id4al des ergots a 'té ~fini pour certains typës de 801 durant la 

période de eulture lors d'une p'riode moyenne de 1 climat au ~ud du 

Québec. 
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CHAPTER 1 

INTRODUCTION 

Soil moisture cond~t1ons change very widely dur1ng th~ farming 

season. Accordingly, the so11 mechanics! prope:rties will vary. On 

the other hand, the'performance of many farm vehicles or eqUipment 

depends mainly upon the sail mechanical propert1es to a considerable 

r extent. The farmer today 18 feced with the prbblem 'of selecting proper 
1 

, traction devices and tractor parameters for efficient field work when 

t~~o1sture content and mechanical propert1as of field s~ils are 
, 

continually changing throughout the yeer. If these properties can be 
, ) 

estimated in advance, a ,suitable machine couid ,be designed or selected 

to perform a given farming operation at the desirable time. 

Sin~e the measurement of sail moisture 1s Iess costly and sasier 

to estimate than the sail ~ech.anical propert1~st the modellin~of the 

sail mechan1~al properties to the 80il moisture content would offer a 

gaod meanS of identifying those properties. In addition, the 
" 

prediction of soil moisture conditions by using such model~ Ieads to 

the prediction ~f the 'sail mechanicsl properties. Ben~e, a simple and 
( 1 

reliable method for the prediction of soil moiature content la 

required. 

. 
Severa1 tapies ean be studied by using modela of soi1 mechanical 

propertiea. For e~le, thele properties'are required for the ., 
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calcu1ation of values of traction capacity, flotation, sl~pperine8s, 

and stickiness of the vehicl4!! running gear or soil x:esistance against 

any tillagé tool, i as well as te estimaté the amount of soil failure in 

front of these too1s (McKyes and Ali t977; Bettiaratchl and Reece 

1967. 1974; Osman 196~; Yong and Chen 1970). In ttie field, however. 

the soil mechani'cal properties are lmown to vary main!y with soiI 

moistur~ content, soi1 type, soil depth, and location. The variation 

of these properties has not been studied widely·,.!L.umb 197Ô; Bekk~r 
, ~ ~ , , 

1969). In the present study, mode111ng of these properties to the 
, ' 1 

) 

soil moisture content of different sail types at different depths in 

southern Quebec will be Investlgated. Also, a method to predict the 

Boil moisture content will be p~oposed. ' 

-. 
The effects of luga on the wheel traction force have been the 

subject of relatively few reported investigations. Ho~ever, some of 

the developed modéls of soil mechanical propert~es will be used tôstudy 
, . 

the characteristics of solI thrust developed by the luga. There is no 
1 

'theory avpilable in the literature ta calc~e the soil thrust due to 

lugs for a rubber ~ugged tire; neverthelèss, with,some modifications of 

the exist1ng theory on soil f~ilure, the thrust could be calcu1ated. ln 

this study the theory developed by,Bettlaratchi , ,) 
\ 

modified in order to predict the traction force 
) 

and Reece (1974) will be 

due to tha lugs. 

The mod1fied the~ry~or predicting the 8011 thrust as weIl as' the 
\ 

so11 mechanical properties'mpdels can he verified expertment~lly by 

measuring the so11 thrust due to the 1ugs. The meaning of the growing 

or the' farming se~son in this study was the per~od of th~Gvea~when the 

ground i8 not frozen and the field work 18 possible. ~;l 
\ 
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, Objectives 

'The present work will deal vith modell1ng the following so11 

meChan1cal properf1es to the soil mo18ture content: 

a) s01l cohesion (c) 
1 

b) soi1-steel adhesion ~c~) . P 
c) soi1-rubber adhesion (c~) 

d) soi1-soi1 friction angle (~) 

e) soil-~tee1 friction angle (i ) s 
1 

f) soil-rubber friction angle (&r> 

g) cohesion modulus of stiffness or ,deformation (kc) 
/ 

h} friction modulus of stiffness or deformat1on (k~) 

i) s!nkage factor_{n) 

The deta11ed objectives of this study can be stated. however, 

as fo11owa: 

3 

1) To measure and determine the relationships ~etween(a) 80i1 

mo1stur, cont~nt and (b) the depth and the follow1ng s,oU mechan~cal 
-' 

properties in two 8011 typel, nama1y a sandy 10am and a clay: 
i J 

(i) Ibil adbesiOn (c) 1 1 

(11) so11 adhes!ôn (ta steel and rubber, c;. c~). 

(t1i) soU-soil friction an,le (,) 

" (iv) 8ofl-steel or ttibber friction angle (6., 6r ) 

2) To meature .nd determfne the relationships berween the 80i1 

moiature'"eontent and the follow1ng parameters: 

(1) cohesion modulus (kc) 

j 

1 

, i 
1 
f 



(ii) frict~on modulus (k,) 

(iii) sinkage factor (n) 

- - ~ .. - - " ,~--

3) To determibe the variations in the above-mentioned parameters 

during the growing se88on. 
, 

4) Ta establish a simple and rel1able methad which will predict the 

soil moisture content" during the growing s~ason, taking 'iDto 

account potential evapotranspiration, rainfall" evaporation 'from a 
i 
f~e water surface and 'llç.tual evapotranspiration. 

5) Ta demonstrat'e the use of' the above-mentioned relationships by 

using variable sail strength propetties ta find the be~t lug 

angle for agricul~ura1 tires 1mder a wide range of soil conditions. 

i.e., a year-round best tire lug design, if possible. 

6) Ta Und a method to calculate the sail thrust developed by lugs 

of tires. 

The scope of this study with respect ta modele of s01l 

mechanical properties i8 restr1cted to a 80il with moisture content 

u;tder the liquid limita Tbe methad which calculates the so11 moi8ture 

content 1s also expe~ted to be app~cable ta \fl~t land with so11 

moisture conditions under the field capacity in southern Quebec during 

the srovins seaaon. In addition, 'in this thesis a modified theory of 
1 

sail failure in front of a fIat' plate will be'proposed to caleulate 

the B011 thrust for lugs of tires. 
1 

'lbe studies vere earried out on sandy ,loam Gd clay soils. 
1 

4 
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CBAPl'ER II " 

REVlEW OF LITERATURE 

A. Modelling of sail mecbanical prope.rties 
to soil mo1sture content 

/ 
The few models of sail mechanieal properties reported in the 

literature were found t~be empirica1 re1ationships (Wroth and Wood 

1978; Bekker 1969). The av-ailab1e'mode1s deal on1y with tbe 
'1 L 

parameters Ct ~t Ke, K+ .!lAd n in certain regions (Nichois 1932; Wells 

and Treesuwan 1977,>. Nevertheless t there are no models avai~ab1e for 

tbe so11s in southern Quebec. Bek,ket (1969) and Raghavan and McKyes 

( ) ~ 
1979 stated tbat it 1s desirab1e to identify. tbese parameters in 

, " 
terms'"6f weIl known phyà1cal propert1es sucb as· ,so11 water content. 

The s011 medfi~1ca1 propert1es (c, ~, e~. c~. ôs ' ô;. Kc, K~ 

and n) depend on the sail plastieity index (Nea1 1966), Four decades 

ago Cas.grande (1939, from Terzagbi and Peck 1948} related 80il 

.atrength ,ta the 8011 liquid and plastic limita. NichaIs (1932) 

presented the following empirical relationship between sail shear 
~ -

) 
8treng~h and 80il moiature content: 

T • 
(LI. - MCHO.66 PI +' q + 1.8) 

t PL • • • (1) 

where T • shear strengep 

LL·· so11 liquid 11m1t 

s ~ 
J 

" 

, ' 
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j 

() 

PL • soil plastic limit 

MC • soil moisture content 

q • average vertical contact pressure 

Pl - plasticity index - LL - PL 

The gener,al trend of the relationship between the soi1 mechanical 

properties and it~ moisture content shows that an increase in the soi1 

-moisture content resu1ted in increased values for the solI properties 

(c, ~. c', c', 6 t 6 ) up ta the plastic I1m1t. This ia followed by s r sr, 
, 

decreased values for these properties with further increase in the 

soil moisture content up to a point around the liquid 11mit (Bekker 

196Q; Payne 1956). Wells and !reesuwan (1977) found that the soil 

internaI friction angle (~) Increased with increasing soil moisture 

conterit according to the regression relationship. , 

~ - f, 2 
1~29.20 + 0.39 MC - 1127.5 Y 

where MC - solI moisture content (X by weight) 

y - sail bulk density (kg/m3) 

• • • (2) 

Lumb (1966, 1970) and Lee (1974) studied the variations of the 

90i1 mechan1cal properties c and ~ tor undiaturbed s011. The con-

f cl\u.lon was that the coefficient of variations in the t values wa9 

higher than in the c values. They found soil cohesion varied in a . 

l1near fashion wi:h the 9011 depth. '" 

'A comprehen81~e test W8B conducted 'by Youssef et al. (1965), 
1 ,. --

who used d1fferent types .of. clay to show tbat-so1l shear strength 1s a 

f~ct1on of s011 p1ast1city index. 

r -- ~ - ~ 
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Nea~ (1966) carried out inV,eStigac\ons on t~e effect-' of the so11 

moisture content on the soil-rubber adhesion and frictiona1 angle. The 

values of the two parameters increased with ~~reasing soW"mo1sture 

content up ,to the plastic limit and then decreased unt!1 the 1iquid 

1imit Iwas reached. Increaslng the so11l1loisture content b.eyond the 

liquid limit did not change the soll-rubber 

significant1y. Some characteristics of tije 

\ 

friction or·adhesion 
~~ 

friction b;tween soil and 

meta1 were determined by Nicholl (1932), Fountaine (1954), Nea.1 (1966) 

and Payne (195~). 

The repD~ted studies on the'relat10nsb1ps between the n, ~c, 

k~ values ~~r,e very few. ~vrells and ,Treesuwan, (1977) stated that n 

" values change between 0.5 and O.7,with varylng the sail molsture 

content. Smith (1964) and Stong and Buchele (1962) a1so reported that 

the n values changed by sma11 amounts with changins s011 moiature 
, , ' 

! 

content. Slmi1ar findings were reported by Bailey and Webber (1965). 
\ ! 

There is f howèver, no general re1ationship between so11 

7 

mechanica~ properties and solI molstnre content that has been estabI1shed. 

The on1y rer.tlonshlps reported are regresslôo re1ationships for a' 

particular solI '(McKyes' and Stemahorn 1977). In addition, the few 

studies whicn b~ve.been.ca~ed out ~ the re1at!onships between the 

parameters ô , ~ , Cf and c~ and the 80il moi.tura content are not 
r 8 r Il , ! 'J, -

comprehensive enougb ta establiah f~rm' relatiomlhip8. -----

The 80il medbanical propertlea (c. " c~J ,c~J ôr ' ~s) are U8ed 

mainly to deteTlDine the 8011 ah.ar strength (shawn in equation 3) or 
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() 

the abearing 
) 

(equation 4). 

R • 

H • 

where 

H • 

N • 

a • 

• 
, ' 

resistanee-~t sail and rubber or steel surface 

ae + N tan • 

ac' + N tan ô 

abearing res1stsnce 
~- ~) 

the normaP-load on' the sl1pping surface J • 

"-

the 'area of the 
~ 

slipping surface 

• (3) 

(4) . . . 

8 

---- -- -( c • so11 cohesion 

ct • the adhesion between the ~ber or the steel and the 
1 t, 

J 
. so11 

j " 

ô • the friction angle between the soil and rubber or steel 

~ • soil interna! frict10nal angle. 

Most of the known tbeorY. wbich explains soil-machine inter---u 
actions uses these parameters. Oth~r theories have been developed ta 

Ch 

predict 80il strength sucb as the cdtical state theory (Schofie1d 

and Worth 1968) and the rate process theory '(Mitchell 1916). Bowever, 
Ir ~ <) 

these two theoriea have not been used in th~ st~dy of soil~chine 

interactions. Tberefore. 1IlOdelling the aoil. parametera preaented in 
, 

equatione' (3) and (4) ia needed because of their vide use in the field 

of agricultural engineerina. 

J 
The cleta11ed developa.nt of the rate proces. th~ory 18 bu.d cm: 

statietica1 _chanies and physica1 chemBtry (Mitchell 1976) • 

. _~ /, \ 

Aceordina ta tl118 theory the soil shear atrength ean be evàluated by ----
equation (5). 

) 
/ 
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T 
,1 , ~ 

" 't.~~ C' -soil shear 'lStrength 
,. 

, - , 

2alA~ 2b kt t O 

a -+-10-
>'1 Nv À1 B-

" ù 

N - Avogadro's numher (6.02 X l02~) 
V 

; 

. ' , 

~ 
~ 

·V 

, c' 

--" p 
" " 

, \ . 
< 

, 
t, 

1 

i:1F - value of activation energy. which depends on the soil 

./' type {kcal/mo1e} , 

t a absolute te~rature 
J 

, >'1 - dis tance be tween successive equil1brium positions 

e: o - strain rate 
,-

B' a Xkt/h ---- 1 

al and b - constants 

k Bo1tzmsnn' s 
' -1 - era Ok ) 

/ 

- effective s 

- Planck's constant (6.624 x 1 27 ':'1 . 
,erg,sec ) 

- parame ter which depends on and soif strUcture. 

f ~'~: 

, , 
" 
" 

The critical state theory as presented by Schofield and Worth 
1 .. - • 

(1~) clesc.ribee the cr1t:ic~ state of ao11 under loaA.liter which the 

sail could flow as a frictional fluid. This state can be def1ned by 
'/ 

two equationa: 

Cl - HP . . ., (6) 

r - 'Y :1" À 1nP (7) 

'-
; . 

~. 

".-------0\ , 

, . 
.. ; .. " 
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M, r. and À depend on the soil properties 

y - specifie volume 

q • axial denator stress: 
1 

P • effective 
() 

spherical~pressuté '_ 

In this the ory , the pOS'ibil1tie, of degr':~ or orientation 

of the partieles were not considered in caleulating the power dis-

sipation. 

The mos t widely used equation to ealculate the sinkage (Z) of 

a ma~ine under normal load (N) i8 Bekker's equation: 

where 

N • ( !.!:. + k$ ) 'Zn (Bekker 1952) 
b 

kC t k~, and n are e1ppirieally measured so11 eonstraints 
, lj 

which are menti,oned in the objectives. and b il the width of the 
\ 
\ loaded 8,urface. 

- It'should be mentioned tbat there are many other theories 
, \ 

(8) 

availàble to c~lcu1ate the sinltage of a :maclûne under ,certain normal -
1 

load, as shawn in Ta~le 1 (WOng and Bekker ~977). These theories. 

10 

however. ,have not re,ceived the ld,de acceptance which has led to pract1~l 

applieations that Bekker'a equation has (Wong 1979). 
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TABLE 1. The relationsb1ps betweèn the load and sinkage, ~1~8bear atrengtb and aH.!> as reported 

by Wong and Bekker (1977)" 

r .. ~"J 

- - -
~
-
~
~
~
 ~ ~ ---- -~-

--~ - ...... 

Date of N_ of' the 
So:11-value 

S011 value 

origin originator ' (puameter) definition - . 
(parameters) 

{çprox.) (or uerL. _____ <._u_H__mm 

1913 

1936. 

1940 

1947 

1948 

• 1959 

1963 

1959 

1963 

R..Bernst:e1n 

H.N.Let08bnev 

I.S.VUnikov 

M.N.Troitskaya 

. S.S.KO'rclumov 

S.S.Suakyan 

V. 't._~tBygin -
~ , ~ , 

Ya S. Agei.k:Ln (user) 

V.A.Skotnikov (u.èr) , 
(table cont:l.n~d) 

p _ kt (1-3-nz) 

p • -k '1.1/2 - (a 'û' + allA) '1.1/2 ' :B 
- n 

n 
~ .. ~;.~ ''':' ,(~. + a"b)z 

" ' "p -"'k, z - yyt IlZ(Y'-y)] v 
kT~ P 'a P (e -1) C 

, _ '0(1 _ ~-kT~) 

-zlkk P • PKO(l - e 0) 
p - ksln - ks(~iD)n 

" P • pkI\tan b I~/PKA]z -t~ .... --
T - PJJ [1 + lU) tan hIkS J 1ll x· cos 11 k 

T " 
P - ,kzZl 
'f - (!; + PJ.lA 

P - kSgZ 

" 

... . 

1è 

~ . ~I' 
;t 

, ,-
" 

k' ~ n 

s',an
, ork'~; i/2 

a',a", or~; n 

Y. "ft. or k ;' n .. 1 v 
\"';; 

P 1 kT' À j c ' 
'-! 

'to' kT> À 

P~O' kko 
ks' n 

~t- Pu 

\lm, Vu 

k. n 

c. llA ..... 
kSK ' n-l 
" 

~ .. Jè'--""~~_ j "6imtttrr"ca M 

-----------------~-----------

" 

Country 

Germany 

U.S.S.R. 

U.S.S.R. 

U.S.S.R. 

U.S.S-.R. 

U.S.S.R. 

U.S.S.R. 

"' U.~.S.R. 

U.S.S.R. 

U.S.S.R. ' 
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TABLE '1 (continued) 

Date of N..-e of' the Soil-value' " Soi1 value 
origin origiDator (parame ter) definltion (parameters) 

{8Pjtrox.)- (or user) . 

1964-66 V.V.Guskov p - PUt811 h [kJc.A/PKAJ,z PU' kKA. 
et al. " 

1961 

1968-69 

1970 

1970 

1955 

1965 

f1J.1965 

1967 

1969 

(üaer) T - C + P tan. . c, • 

S.G. Volsk1.i 
(user) 

H.Z.Nafikov & 
1. S. Poliakov 

Ya S • Ageikin 

Lœar Rove'r 
tfLUDokhod" 

- H.G.Bekk.er 

A.R.Reece 

A.Soltynski 
(useT) _ 

G.Sitkei 
(us~r) 

A.Wiel1cld 
(user) 1 

Pu s ) 
T - pp [1 + ] tan h I--

k 11 8 
cos hEt-> '[ 

T 

P - kzD 

T • ,C + tan. 
• 'K 

P - [~/XNP][e.NPz - 1] 

T - C '+ P tan. 

P - l/[(l/p ) + (wm D/2k z)] s , z z 
Unknown., Ptple trome ter , the 
Itninth ~eel, Il cane-cum vanes 
torque-sll.p measuremen t 

P - [(ltc/b) + ktfllzn 
T • C +~ P tan. '" 
p - (ck'c + ~rk',)(z/b)n 

- T • C + P tah. 

p - r'c/b) + k+]zn 
T - C V- p tan, 

\ 

p - [k~~) + ~+]zD 
T - C +\p tan. 

, - Ikc~, + k,]zn 
-r ~ c + p tan, 

Pm' Pu 

k. n 

c, • 

~.1)œ 
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B. Measurement of the soil 
mechanical ptoperties 

/ 

• 

The value of soil mechanical properties can be ~btained by 

/ 
using any of the following devices, 

1. Deviees used in the laboratory 

a. Direct shear box (Freitag ~ al. 1970) ,-The direct shear 

device is shawn in Figure 1. The soil sample in this ~ce i~ 
conf1ned undér a vertical load and sheared by fixing one-half of the 

frame and translating the other to cause 'simple sheàr. The results 

of the direct shear test are ahear stress, normal stress (on the 

failure plane), and shear displacement. The values of normal stress ,. 

and maximum shear stress can be plotted direc1)y from the test 'dats;, 

and the cohesion c and the angle of interna! friction ~ can be derived. 

13 

b. Triax1a1 test.--The test usually 1a conductecl 00 a cyllndrical 

soil specimen loaded axially whilEl under hydrostst1c confinement , 

(Figure 2a). The measurements obtained in th1s device can be used to 

determine the soil properties c and ,. 

c. Shear plate.--This appara~~ provides a tangential stress 

deformation relation at the ground surface level under certain normal 

loads wh~ch can be used for estimating the c and '" values (Figure 2b). 

r .. 
.1 

) ..... 

. _---....... -... _------~----,-.. _---- - -

-] 

1 
1 

) 



. ( 
~. 

• J 

j~ 

" , 

J 

N 

'\ T_0..a.-.-.. 

(a) Direct Sheor Bo)t 

\ 

Figure 1. j Direct shear box. 
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2. Deviees used in the field 

J 
a. Sheafgraph.-,This device utllizes a small circular cup with " 

.. 
)it"adial vanes as shawn lri Figure 2e. The soil ia sheared by the 

rotation of the cup under ilÇosed normal stress. ''l11e device is 
J 

intended to measure the ulti.mate shear strength at difftt -normal 

loade. The parameters c and ~ can be estlmated. " 

b. Sbear vane.-The device consists of four vanes moun ed 

'1 ' • 
perpendicularly to each other and the torque value requil'ed to l'otate . 
the bl~des gives an indication, of soil shear strength (Figure 2d). 

Cr' Shear ring.-This devlce consiste of -a- grousered ring 
1 

imbedded in the soil. which le rotated at a ce~tain normal load N 

(Beller 1969): The torque (T) 18 plotted as a function of the normal 

load. The torque-normal load relationship ,cau be fitted by a line, 

the intercept of this line with tbe torqu~ ax:1~ ~ves Toand the 

slope of the line ia given by the 'suBIe À. The Boil parameters c and 

~ can be ~alculated by ueing equattons -(9) and (la) 'developed by Reece 

(1964) (Fiture 2e). 

whel'e 

tan cjl • 

c -

, ( 

(tan À)(2 w/3)(r! - rt> 
T/ (2 ';/3) (r! - r~) + 2 h 'F(r! ,.. r!> ,Tl 

r • outaide radius Qf the sbe.r ring 
o 

ri • inside radius of the ehear ring 

b • grouser height 

. . • (9) 

.(10) 

n • 1 (as ,long as the, shear ring do .. not s1Uk app1'ee;lably) 

',l, 

1'\ • 2 sin2 (45' + +/2) (if the shear ring dûs Jll!)re tb8ll 1'0>' 

" 

- ---~--'r--;---~"" __ Jl ... t r ___ - ____ -

~ : 

, ~ 
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d. Plate sinkage test.--This device exists iq many shapes and 

siz'ès, but the main components are two or more plates pres.ed iDto the 

grOid, and the mean coptact pr~8sure 1s recorded as a fun~tion of 

SiJ'kage. The pressure sinkage curves for each plate size are plootted 

on log-log paper and fitted by straight 11nes .of the same slope. This 

- slope ,gives n value. and from the n values at Z • 1. kc and k~ are 

o:t>tained from equation (8) (Bekker 1960). 

The values of the sOil ___ ~chanical properties may depend upon 

the œthod used to carry out the me&SuremenU (Osman 1964~. However, 

some investigations were conducted to select the best 8ppara~tua to 

measure these properties. 

Gbani (1966) detem1ned the -soi1 shear stress at several Boil 

mo1sture contents by using a torsion shear apparatua with five bead~. 

\ 
The shear stFength value did not vary-atgnlficant1y by us1ng different 

shear heads. Payne and Founta!ne (1952) introduced a torslonal shear 
c 

box for measuring the sail shear /strength in tbe field. Camp atis ons 

between the values of cohesion and soil illt~mal frictional ailgle 

using tlle apparatus and a direct shear box in the laborat<?ry resulted 

10 differences of about 5%;between the two methods. 

J 
Neal (1966) reported that the basic theory of adhesion between 

8011 and mata! la applicable for ~soll and rubber as well S1id he alao 

recommended that a hand-powered torquemeter for Mating the shesr box 
................. "' 

be ua,d to _aaure the aol1 ahear 8trength and 80il rubber friction. 

propertie.. Payne (1956) described a field method to measure the 

17 
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soil-to-imp1ement friction coefficient. The technique gave adequate 

results because there was little disturbanc.e of the soU)in the field. 

0' CaUaghan !!.!l. (1964) t Fountaine and Brown (1959) and Fountaine 

(1954) repO,\ted that the torsion...'sliear test could be ,t.ed as long as 

the normal pressure on ~h'e shear surface was 1ess than 137.9 kPa. If 
\ 
\ ' 

the normal p~ssure. exceeds this value, the triaxial test ~s more 
\ 

réliab1e as a \ la1>oratory test in producing ,the actual failure pfane 

and thus detendning the appropriate c 'and ~ values. Bekker (1969) 

and Reece (1964) reco1llllended the shear ring for measuring c ~d ~ 
1 

values in the field. t This type of shear device would give the most 

accurate values of these two parameters. On the other hand, ~he 

sheargraph can be used to measure c;, c;, 6s and 6r values, in the 

field (Payne 1956). 

J-

C. Prediction of so11 moisture content 

From the literature avai1able. lt wouUI appear that considerable 

efforts have been ~xpended on prediction of soi1 moisture-eontent 

durlng, the past decade. Most of the models which have been develo~ed 
r-

to achieve this goal use precipitation aS the tDa1n var1able along with 

many other lIIéteor010gical' data. The use of any of these models, 
". 

however, requires, a considerable amount of data and/or cOIIIP';lter, tt.. 

~ 
This ~8 the pred1ct~on 1;)f sail moi.ture eontent at 80y time of the 

• growing sebon an: e%pen.,sive and compV:-cated procedure. 

\ 

1 

.. \ 
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The water content of a soil at a particular time ,depends on the 

bal.ance between water inflow and outflow. In' flat land, most of the 

inflow is from precipitation by rain, irrigation or snow. Outflow, on 

the other hand, i8 prod"ced by one or more of the following methods: 

/ 
evaporation, subsurface ,drainage, surface drainage, or evapotranspira-

} .;--

tian. 

In order to get good trafficabi1ity conditions in a short time 

aftèr a rainstorm, water in éxcess of the field capacity must be 
1 fI, 

removed as saon as possible by use of any possible drainage methods., 
, . 

" ' When the so11 moisture content reaches the field capacity the 

decreasing sail mo1sture Will depend strongly on the climate and sail 
, lOt 

surface conditions unUl a' dry layer of about 3-5 mm thick is fo~d 

on the soil surface (penman 1941~ 1948, 1949b). After th1e limit the 
; 

moisture loss d~ereases rapidly and depends upon the soil properties 
1 

more than on extèrttal condi tions. 

The most important so11, crop, and climatic factors affecting 

sail moisture lasses (Bond and Will1s 1969, 1979; Lamon 1956) are: 

(a) relative humidity, (b) dry bulb temperature, ~ç.) winQ speed, 

(d) the latitude .of the area, (e) the 1ength of the sUDshine period 

(daylight), (f) the crop cover, (8) .transpiration as influenced by 

19 

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

and (1) 80il 'water ,lIIovement characterist1c::s. 

/ " 
The modela which could be WIed ~o predict the soil moisture 

l , 

coneent can be divided into five main groups (Lake i968): 

/ 
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(a) modela based 
.. 

on saturation deficit 

(h) modela based on temperature and sunshine 

(c) modela based on energy budget 

(d) modela based on mass transfer 

(e) coefficients applied ta evaporation data from pans. 

'!he firat four groups required a lot of meteorological data and } 

some of the procedures require computer Îmalysis. On the other hand, 

the last group of modele (~) 1s easy to hand1e and gives a reasonable 

answer (Shimsh1 !.E. al. 1975), 

1 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 Faraud and Broughton (1974). They 

app1ied their madels for different purposes but the basic equation 

'" 1 
which was used in a11 the models wu: 
.-:-

IRR + PRE - SR + lJ. SM + t:. GW + GW + ET 
o 0 

, •• (11) 

where 

IRR • irrigation 

PRE • precipitation 

SR ,. • surface runoff 
a 

h. SM • change in 8011 moisture content 

Â~QW • change in ,ground water storage 

GW • aubsurface runoff -
o 

'ET • evapotranspiration 

-----_ ........... , ....... l1l ... u ... _ ... ' .... __ .. ___ ,.....:.- .- -
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i 
Holmen and Robertson-(1963, 1964) reported that in order to 

estimate the dai1y 80il mo11ture content, records of rainfall and 

est1matel of the Patential evapotranspirat1on (PE) must be availab1e. 

The procedure 1s based on the aBsUlI!Ption that all m01sture. from the 

uppermost zone is evapotranspirated at the potential rate and the , 
aval1able moisture ta withdrawn ~rom any upper zone before extraction 

occurs from the adjacent lower zone. A general-equat1on has been 

presented for estimat1ng daily evapotransp1ration (ET): 

where 

ET -1 

n S~ (i, -1) (-
t k:! Zj PEi e -w PEi - ~E) 

l-r j SMj 
1 

ETi • actual evapotranspiration for day 1 ending at 
1 

. morning of observation of day i + 1 

j • zone number 

kj • coefficient aecounting for Boil and plant 

ebaraeteristles in the j zone 
1 • 

••• (12) 

-

SM (1-1) • j 
aveUable 80il moisture in the j th zone at the end of 

. ( , 
day i-l, tliat il, at the morn1ng of ob8e~atiOD of day i 

SM • j 
capaeity"'for aval1able 80il moisture in the jth zone 

Zj • adjustment factors for differ~t types of sail drying 

eurves 
J 

PEi • potentional evapotrenapirat1on 

w - adjuatÎAe1\t factor 

Pi • average of PE fOt: month or seaon. 

~-~ .... ~. ~ -----__ ._. _ .. ~ .... P---~ 
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< Young and Ligon U972) reported that the evapotranspiration can 

be taken as a rada from potentiona1 evapotransp1ration. This ratio 

1s dependent on the precipitation- occurring as fo11ows: 

ET • P!J2, (PRE> 0.01) .. · (13) 

-ET • PE, (PRE < 0.01, 0 < Mu < 1.00) . " · (14) 

ET (PE) (Mu/Mu ) ; (PRE < 0.01, Mu • 0) (15) • · max 

where the dei1y moisture changes (DM) vere taken as: 

DM • PRE - ET - SR • • (16) 

where 

PRE • precipi taUon for the day (mm) 

SR • surface run,off (mm) 

Mu • the quantity of moisture brough~ forward from the 

-prev1ous dayo in the lower s011 layer (mm) 

M~msx-· the maximum mo:lsture~ holding capacity 'of this layer (mm) 

1 
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SUton !! al. (1974) produced a mathematical model whieh was deve10ped 

to cOUIPute d&11y actual ET 8I1d 8011 moisture profiles from inputs of 

daily potent1al ET, crop and so11 lIOisture characteristies. Evapora-

t1~ md plant transpiration vere computed ~,parately by several 

l' 
re1at101lsh1ps; these values were then cOmbined to provide dai1y actual 

ET asti_tes. 

---- Potentia1 evapotr~apirat1cm. and evaporat10D.~ are both affected 
ta \ ..---

by aeveral 1l11Portant factor.' (Saton .!l.!!. 1974): (1) net radiation, 

(2) vapour pre.sure, (3) height" abave 1 the 80il, (4) 810pe of the 

psychr01l8tric saturation line over psychr01lletrlc constant t 1 

1 -

\, 

'- ----------''!""----------~-
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(5) horizonta1 wind movement, (6) wind profile d1splacement height, ' 

(7) wind profile rougbneés. Be alao found that there 1s a correlation 

of daily potauda1 ET vith daily pan evaporation (in mm.). This is ' 

represented by the equation: 

PE .. 0;01 + 0.83 (Eva) (17) 

where 

Eva -
1 

pan evaporation 

Generally, the evaporat1on fram the free water surface 1s 

cODs1dered as a rel1abl.e index of energy. Conseq~ntly, the 

relationship be tweèn evapotranspiration aqc1 pan evaporation h~s been 

investigated by Shimshi !! al. (1975)., '!'bey found an èmpirical 

relati~ship between the evapotranspiration and the daily ev:aporation 

from claas A pan. This relationship i8 r;;"resented by the equat,ion 

ET • a' + <!SM + cŒva • • (l8) 

where 

SM • ~oil water content 

A, c!,ct,. coefficients estimated by multiple regression from two 

years dtata for wheat land. These coeffiéients varied 

vith soil depth. 

, 

", 'Monteith (1965) repor-ted that ~e poten.tiona1 -evapotranspiration 
, ' 

of a ~n8e Ihort sreen crop was 60-80% of the pan evaporat:f..Oll. 
-', 

Cackett and Hete1ertt~ (1963) etudied the .ffect of the ground 
, -

23 
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percentage of co~r by beans on the ratio of the evapptrm8p1ratioo to .1fo' 

open pan evaporation. This ratio increas.d ..,-ith increaaing pereen~ase 

'-T- .---;-__ _ 

: 
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of crop caver. Penman {l948) found that the evapotranspiration' from 
. 

grasa in Eng1and was approximately 0.75 Eva. Baier and Robertson 

(1966) fotmd tbat."for sugar beeu, the value of the ET lEP ratio 
1 , , R" .. __ .. 

~. as the cold autUDDl decrease~ on1y a small amount before barvest 

weather began. , 

Chieng (1975) calculated the evapotranspiration value by mean,s 

. of the product of the E'J.\/PE ratio and the 'daily potenti~1 evapo-, 
transpiration value. The daily potential evapotranspiration value 

bas been calculated by Baier and RobertsOD (1966) and atored on \l.b 

magnètic tape at the McGill University Computing Centre (Chiena 1975). 

The ET/PE ratio was dev.e1oped\from data given by Van Hylekama· (1956) . 

. . 

D. l'hé raIe of the lpssed tire 
AA traction 

u 

There appeara to b~ a 1ack of knawledge abOut tbe principal 

1imiting factor W~h detemnes Fhe design or the cho:L~e of tbe best 

1ug~ on the 'Wh~e~ surface of lugged tires, This is ;equired in 

order' to obtain the 1II8XÎ1IlUIII so11 thrust fr01ll, the saJië; tir) s;ze. 

Figure 3 presents the shape of the lug ~ the tire 8urfac~-;. 

" 
Luga are n~ce88ary for th~ production of traffic forces on 

off-toad vehi~l. running geara on mos"t soila (Reece ,1964; Gill and 

VandenBerg 1967; V~.Y amd Nay10r 1958). DThe factl)re. of lug design 

affecting traction are shawn in" Pisure 3, but the 1DO.~ important 
) -

yar~able. are the lUS angle, lug length. and l:ug depth. 

f= 1 ~ -

/ 

) 
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E= END--OF-LUG Q..EARAŒ' 

S=LUG SPACING 

W;:.LUG WDTH' 

d :. LUG DEPTH . 

'e. = LUG Pn'CH 

F1sure 3. Tire 1ug and tread diagram (Yearbook of ASA! 1979). 
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Artemov and Serebryakov (1967) tested different ~neumatic 

/ 
wheels in the Moscow' area. ,,00 each wheel, niJle auxil1ary lugs were 

mounted on a special ring with the help of a locking arrangement. The 

lugged tires we~Detter than the ~smooth tire in a11 the sail , . 
conditions tested (after rain, loo~e soil, normal'moisture, and wet 

meadow) • The average increase ~f the pull due to the luga was 27%. 

Thé beneficià1 effect of lugs of pneumatic tires on traction 

càll' be explained in two ways: 

(i) The spa~e between the 1ugs is fi1led by soil and 80i1 failure may 

occur acTOSS the tips of the luge. In this case the lugs help to 

ensure that fai1ure oc cura between soi1-soi1 and not between 

rubber-s01l (Reece 1964). 
, 1 

(H) The so11 fails in front, of. each ind1vidual lug (Bekker 1952). 

lt shou1d be noted that in the firat case, the effect of the'lug ià 

mainly due ta increasing the wheel diameter by an amount equivalent to 

the lug height (~ece, 1964; Bekker '195~ second case, the 
) 1. ) 

effect of the lug i8 attributed to each individual lug in a fuhian 

eimilar to a moving blade in the soil. 

Taylor (1973, 1974, 1976) has studied the 'effect of verying 

~ 

) (a) the numbe~ of lugs on tbe wheel surface, (b) lug angle and 
, . 

(c) lug shape on the dynGic t;ra~tion ratio. The reault8 are presented 

inrFiSUx-e 4 (a,bic). Figure 4c shows that one tire might be s1ightly 
1" ..... -

superior in sandy loam, clay loam, silty clay, and clay 80il. In a 

related study, Yong!!..!l. (1977) s tudied the effect of the track 

\ ',' 
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grouser shape on the traction force ° 'lbe traction, force var1ed 

s1gnificantly with the 1ug sha~e and 8011 conditions. ' 
r' 

Bai1ey .!! al. (1976) tested the effect of the shape of the 1ug 

on a rigid weel surface. Vertical and triangu1ar grousers made of 

steel and rubber were used 1n this investigation. There was no 

difference 1~ the traction coefficient between the trlangular and 

vertical 1ugs for either materia1, steel or rubber. 

,Burt and Bai1ey (1974, fram Bailey et al. 1976) developed an 
- --

equation which was used in the- above study' to calcula te the. so11 

th'rust (Bai1ey ll.!!,. 1976): 

n-l THl - Ti 
H l , COS' ak 

(19) ~ . . 0, 

1-1' ", r 

whe;e 1 ~ 

H - so~1 'thrust 1 " 

torque on ith lug (~he ntuaber of lug8 in contact with 
\ 

the 8011 1& i) \~ 
9 • k 

angle between the wheel tangentia1 and hodzontal thrust 

force for the i th lu~ 

r • whee1 radius 

1. LuS' 8Og1e 

/ 

Very, fev investigations have beau madé on the effect of:lug, 

angle on the tract1(11l foree. Taylor (1973) te8ted coaaerc1a1 tires 

J 
of the same sbe (18.4-15/34, 6 ply) on silt 10am. loemy sand, sandy 

î 
i 

, 
, ' 
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loam"silty clay, and clay\ loam so11s with lug angles of 40°, 50°, 

70°.and 80°. The experiment indicated that lug angles of 40° t 70° 

and 80° resulted in a higher traction force than lugs at a 50° angle. 
1 

He concluded that the effect of ~ug angle on traction performance was 

very small and the lug angle effef!t may interact with other lug 
... 
des~gn v~riables. The conclusions from these invest1ga~ions were only 

partially in agreeme~t with those repbrted by ~ed and "Shields (1950). 
~ ~ 1 ~ 

However t a g~neral1zed trend cannot he established since there was no 

separation of the variables • 
• 1 

Taylor ,(1976) made co~arative tests on' three different 
;-

agricultural tires which had different luS shapes and geometry. 
• - 1 

The 
• 1 

experiment show~d that one tire 'might he slightly supedor in some 
-

conditions, hut the /Contribution of each luS 1h seometrical ~imens:l.on 

had a small effect. l' 

Panqey and IOjha (1973) also studied the effect of lug angle on 
" ~ . 

traction force usina three ~teel wheels and varying the lug 'angle 

between 15 D and 30 0. ~ The tes t 'resulu showed that the wheels wi th a 
, ~ (f 

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

loam s'oil. 

, , 
\ 1 

2. Efface- 'of 80il type and consineney 

. Flotation il 80 clo8ely rauted to traction tbat· no conclusions 

«,egarcling mobiliq" can be made without cons1dering fUlly both factors 

and tbeir ~ter-relationship .with the full tmae of so11 types _d 
j • 1 • 

conditions. Host of the rellearch york done on the effect' of lug 

\ 

• 
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design on traction characteristics of ,commercial t~tes 

soi1 types and moisture contents. ,There has been no establis 

about the effect, of soil types and consisteney on the wheel 

force undl now.« 

Randolph (1926, 1927) used sandy so11 at: different moisture 

contents to measure the effect of lug variables on traction. The 
) " 

difference in the moisture content did not change the relationships 

beeween the lug design factors (an,gle, depth, ,~d width) and the 

traction force, but the magnitude was changed. Gross and Elliott 

30 

ent 

(1946) foüri~ that the drawbar pull increased with--tnereasing moisture 

- "" content up ta the plastic limit of the sail, and after that the 

drawbar pull decreased w1th increasing moisture content of loam 8011. 

Dwyer ll.!!.' (1974) 8tudied the traction performance of driving wheel , 
l , 

t1r~s of farm tractora and they concluded that soil shear atrength 

and soU rubber frict~on were likely to pronde the pest indication 
\ 

of the coefficient of traction. _/' 

1 Artemov and $ef'bryakov (1967) found that auxil1aty tire 1ugs 

(steel gr0U8~r~ ~unted on the surface of a rubber tire) increased 

the traction by 50% on a muddy s01l surface ,c.ompared with la normal 

tire. This iocrease was 25% in normal 1IlOisture content conditions and 

20% on wet .adow grase. V.denBe1'8 and Raed (1962) used four, 
, ' 

different soil types (clay loam, sllty loam, sandy loam, and\ sand) 
\ 

with six 'luggsd tires in a field e2pertment tn wh1ch the lug8 , 
increaesè:l the ma:x:i1llUlD coefficient t1f traction within the range of 0 to -

70% travel reduction regardles8 of the sail' type. 

" 
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It i8 generally recognized that tire lugs increase the wheel 

traction force for a given wheel size and vertical load (Gee-Clough 
. , 

.!.! al. 1977). 'Ibis 4tcrease depends mainly upon the lug dimension 

(depth. angle, and length) for a given soil. It ia expected that an 

investigation of these three parameters to d~fine the optimal lug 

dimensions could define the tire. design which can develop the maximum 

traction force due to the lugs. 

1 
E. Prediction of the soil thrust 

developed by lugs of ti~s 

\ 

The theoretica1 development of the fallure of 8011 in front of s 

lug has not beeu studied. On the other hand, severa! investigations 

have been carrfed-out to explain the interaction between a vertical 

plate and soil (Reece 1964; Ikeda and Pers son 19~8; Yong and Sylvestre­

W11liams 1969) ~ The analys1s of soil 'fsilure in two 

dimensions can be exp1sined by a number of theoreticâl methods. 

Theories of mechani~ have ?een applied to the an&lysis of forces on 

the 10aded interface using spiral fsilure surfaces (Terzagbi and Peck ... 
1948; Hettiaratchi and Reece 1974) or by characteriatic solutions 

\ 

(Yong and Chen 1970). 

. 
,'Halldnov (1931, from Bekker 19~2), was the first to present a 

description of soil fsilure by l~g.. l'he lug ~ ... considered &8 a 80il 
. , 

cutter in the ver-tical po.it:1.oo, wb:1.ch produçed a atraight-l1ne .hear 

sloped to. the horizont.al at an ans!e of 45 0 
- +/2. Fiaure Sb shows 

this case w1th lugs.paced 8uch that a fully developed 8011 failure 18 ' 
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permitted between the lugs. Bekker (1956) used the assumptions of the 

80~1 failure as shawn in Figure Sb ta predict the maximum 80il thrust 

H under normal load N of vertical lugs on a rigld wheel, and presented 

the foilowing equation. 

H 

where 

Wd 

c 

d 

t 

N 

L 

2d d . -1 d 
., WdLc(l + Wd) '+~ tan ~rl + O.64(Wd) cot (wè1 

• width of the whee! 

• 80il coh~sion 

., lug depth 

• soil-soil f:riction angle 

• normal load 

• length of the contact area 

. . , 

It sHoulel be noteel that the lug 811gle, soil-rubber adhesion and 

• (20) 

friction angle were not taken iDto consieleration in this equatlion. 

The traction ~rce produceel by the luggeel tire coulel be representeel 

as the soil resi8tanCé agmlt plate movement having the shape of the 

soil-wheel eontact area. Hettiaratch1 and Reece (1974) describeel 

a fa1!urè in 'front of a wide plate (see Figure' 6). 

The llettiaratehi and Ileece (1967) squations useel to calculate 

the traction P are 1 

'where 

<;l , 

-p .' ['Y; N'Y + cdNc + qdNql L 

y - 80i1 dena:lty 

el - lug depth Cm) 

(21) 
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The Ny,'Nc, Nq 'factors can be estimated from figures presented by 
) 

Hettiaratch± and Reece (1967) at ô - 0 and ô - Ijl. Equat1àn (22) 
r r 

could be used to calculate ~he N factors at the exact value of ,6 • 
r 

N (factors at ô) 1 ~ ( N a~ ô • 0 )Àw 
N at ô • q, 

where ~' 

À • ô/q, 

w -,; 

x .. O.4(1-X) <II -eot <II (~ in radians) 
, 1 

and f ,can be estimated from Table 2. 

TABLE 2. Equations- to calculate f factors 

N factors f factors 

N l - 0.5 sech [2 (+ - O.26)}e tan ~ 
y 

N coth (1.74.5) 
c 

N tanh (90 - 1/2 ,) q. 

(22) 

,'1 , 
" ... ::,. 

Equation (22) could be uaed to calculate the soil thruat of a 

luS vith 90· ansle but fDr lugs with an angle less than 90° this 
r 

equation ~8 not .ufficient. ; For lup with an angle Iess than 90· the 
j , 

80il mavement on the, luS face will take .-nother direction rather than 

the vertical direction wh1ch. hu been considered by Bett1aratchi and 

'Beece (1967). 
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However, the necessary mod1f1cat1QD of this ~heory with respect 

to the direction of soil movement on the lug face with any lug angle 

would make the predicted so11 thrust more accurate. Also, ac1equate 
, , 

equat10ns to predict the so11 thrust due to the luge for a lugged tire 

are requited to provide \~re ~der8tand1ng of the interactlbn between 
\ -

'-'8011 and lugged t1 re wi t:h' ,any tread design. 
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CHAPTER III 

EMPUlCAL AND 'l'HEORETICAL DEVELOPMENT . } , 

A. 
l , 

Modellias of soil mechanical properties 
to sail moisture Content ' h 

On the basis of the informattono fram the literature 'and the 

suffic1ent number of data available in this 8tudy from th~ field tests 

f th '" " , " " k or e parameters c, ~, cs' cr' os' ur' c, k, and n'at different soi1 

moistùre contents, the modela Gstated ln the objectives were developed 
C " 

" 
for a 9811dy loam and clay 80il. ' AlIIong the many equations which have 

,} f 

been U8§1d for curve fitting of the measured data. the sine function -

gives the best presentation for the relationships between,: the sail 

moisture content and the B011 achan!cal propertiea.' TheBe relation-

ships ean be presented by the fo11owing equat1on: 

y' - . . . (23) 

- where 

y cau teke the values of the propert1es c, •• c', c' 
• "s r' 

68 and t'ir 

He -
'0 

8011 moi8t~re content (% by we1aht) 

PL • soil pla8tic limit (% by, we1ght) 

" ! 

conatant' depending upon the 8011 depth 

constant depending upon the a011- type 
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Also; the propert1es kc" k~, and n might he expected to have s1milar 
,~j ,)-
relationah:l,.pa vith the so11 mo1sture contents. The modela wh1ch 

; , 

resulted 1n'good agreement,with the measured data are di8cu~sed in 

Chàpter V. lt should he noticed that these modela are ~pplicable only 

to cohesive 80ile. 

B. Prediction of soil molsture content 
, . 

In flat land vi~ a subsurface and surface drainage system, the 
) q 

so11 moisture content does not increase 'DIOre tItan the field capacity. 
" 

Any excess wat~r due to reinfal! or inlg,ation 18 considered as a Cl 

surplus and could he moved fram the soil by subsurface 

drainage in a perlod of approximately 48 houra. This' fact an be 

considèred as valid vit~ the rooting depth of the growing plant. 

The water balance model which vas 88sumed to be applicable to the field 

situation 18 as follows: 

where 

SHC
1 

-, aol1l101ature ~ontent at l th clay 

SMC
i
-'l - aoi1l1Oisture content at day befora i th day 

PRE - precipit~tion 

ET - actual ·'evapotr.nspiration at ith day 

• (24) 

Note that the SHC
i 

and ~i-l are ~olumetl'ic ',oit vaUr contenta in . 

•• However, .xrolll equation (24) the 8911 moilture con,mt for t/JtJ.y 
) 

particular clay can be calculated if the loill1Oisture content, 
v 

evapotranspirati"':l8l'ld reinfall of the previOUl' clay are, known. '!'he 
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eomponents of equation (24) are a11 easy to obta1n with the exception 

of evapotranspiration, which ia d1fficult to measure or to ealcu}ate. 

Chieng .!!.!!. (1978) sueeessfully used the Van Hylckama curvil1near 

relat10nahip ~f the ratio ET/PE"'with the available water r~ma1n1ng 

in the soi1 1n the range between the ,soH field capaeity and permanent 

wilting point in southern Que~ee. ' 

For thè clay and sandy 10am so11s used ,in this study thé .avail­

able water in thé root zone (corn".crop) 1s 61 1IID and 45 mm, respectivély 

(Taylor.!!!l. 1978~. Figure 7 presents, the relatiQnsh~p between. the,' . ' 

ratio 'ET/~E and avaiiable water rœining in the èol,l fQr ~he so11s used 

in thls investigation. 1 In order to esti1Date '.t~e evapot!anspirat~on from 

39 

this graph the PF must pe known. 
, , 

The value of Pl 1s, not .asy to estaate 
" ' 

sinee its computation requ1res a lot ,of, data (c;1ay length, latitude, '\ 
~ , .... ~ 1 ~ \1.. 

geographie and elimatic reg1~, temperature .. maximum and udnilDum t:empen.-

ture, wind speed, cloud cover, ,rel~t1l\7e humidity, , and net .radiation).; 

these parameters are~ot easlly, obtained,by the maChine desl,gher,nd the 

fam manager. 
~ y \" 

Consequently" a simple method 'est1mating the PE\valuè 
~-~ ;../ 

would be very he1pful. 
~. , 

From the avaiiable literature(Ypfmg and Ligon 1972; Saxton ~.!!. 
y 

1974; ~himsM .!!!l. 1975) it could be stated that ther@ 1a a higb cor­

relation between values of the potential evapotranspiration (PE) and 
~ • .:! 

the values of'evaporati~ frem an open vater aurface '(~a). ln addition, 

the .factors whi~ affect PE are- sbdlar to tho.e which affect Eva 

value •• 
, PE' 

Saton .!!.!!. (1974) reported tbat, the ËVa ratios é~ be 
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presented by a constant value for a specific crop and region. Therefore, 

PE 
if the ratio of ËV8 values'is known ~o~ particul~r area, by measuring 

, ~ 

the Eva. fr01ll evaporation pan clus ~, the PE can be estimated accurately 

" 
enough without ~y comp1ex'caleulat1on or use of computer t1me. In 

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

PE in the region under investigation.,' 

Lake (1968) calcu1ated the PE during the growing seaàon for 

irrigated, non-irrigated, corn, wheat, oats and barley •. The class A 
,~ . ) 

, , 
evaporation panreading was reported stmultaneously in the f1ndings . 

dufing the calcula tian 9f l'E. Theae data were estimated and measured ' 

for the same reg1pn that was used in the present study. Consequently, 
., , 

the 
\ PE ~ ,-

changes i~ the iVi ratios at different t1mes of the growing 8e~son 

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

shawn in Figure 8,' Thus, the s01l BOisture content can bè esttmated 
~ 

c' by lusing Figures 7 and 8 and equ'at.ion (2t') with the pan evaporadon and 
\ ' .. 

rain gage reading at a specific time of the famng season. 1!he 

testing 'If this moeSel will be presenteeS in Chapter V ~/ /-", 

. ....------- . 
C, Ca1culation of-t-he--1iOil tbrust déveloped 

bl' a \ lus of lusged tires 1 

----­~-~ 

The/theory put forward Dy Hettiaratchi and Beeee (1974) to 

caleulate the sail res1stance to the movement of a wide piste (6 • 90·) 

will be used in tU" stud,y along with seme 1IICIdifications in order to . [ 

malee the theory applicable te, a lUI vith ~ anale· e ! 90·. In addition, 
'b 

equations to ca1culate the total soil thruat produced by a 1u8ged tire 
" ,_ ;: t . 

'.' 

J 

i 
• 
1 
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will-bl! deve1oped. '!he so11 fai1ure due 'to the -lugs on the wheel, 1s 

very s1m11ar to the failure wb1eh oecurs in front of a wide moving 

plate. 

fai1ure 

Figure 9 Sh/, the shape ot a cro8s-seet1on--;:rea of so11 

as prese~ by Hett1aratch1 and Beeee (1974). 

• 
\' 

Forees produced by the lug on a tire (R) must be classif;l.ed 
(; 

aeeording ta' the lug spac1ng. _ 'l'wo eases c$n be defined' as fo11ows: , F 
\. 

,(a) The 1ug space S 18 1es8 than the critical 1ug spàee Sc. 

In th1s case the 8011 fa11ure between two 1ugs ;iB not fûlly de'\7e1oped 
, 

(Figure Sa). 'lbe cridcal lug space eau be caleulated ua1ng the 

equation deve10ped fram Figure 9 as follows: 

" 
Sc • 

tan + T cot B ] 
1 + tan el tan, d 

• (25) 

where 

B • 4S - ,/2 
-1 sin 6r 

4S -h + 51 + sin r sin ~ ]]/2 (Hettiaratchi and 

Iieece 1967). 

d • lug depth (cm) fram .the so11 surface. 
l-.,. 

• (26) 

In th1s case the traction force (Hp> produced by a lU~ged 'tire -due to 

the lugs in eontact with' the Boil can be calculateCt \}y sUlllDation of 

a11 the forcés acting on the 1ug8. This resul ts in the following 

equation: 

'<) 

.;~ 
'0 
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Pigure 9. lbe shape of the lIoil feilure in front of vide lug in the 

vertical plane (Nettlaratchl and Reece 1967). 
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I: t (WL1j c; + Q tan ô)] \.- 2dS 

1-1 j-l 1 

1 - sin ~ 
[ c +' (q + yd) 1 + sin t tan <1>] + ( 

'" 

v 
y • sail bulk deusi ty .. , 
~ • lug \yidth 

Q - q + rd " 

S • lug space, , 

i-q-l j-m-l 
I: )I: 

1-1 j-l 

-j 

L1j - lug !~gth \P row number ,1 and Une number j (8ee 
" ~ 

Figure 10). ." .... . ~ 

" q ~ normal pressure on the 80il 

. 

(21) 

it should be notedDthat equaùon (27) containa three terme. The first . 

term ia ,the force due ta the friction hetween the lug face (~ in 

FlguTe 10) sne\. the aoi1, the second teœ la the force due to the ahear 

of the 8011 00' bath sides of the wheel. and the' th.ird term :ra the _ 
- , (} 

t' ~.., c.~ 

force Jdue to abe.ring the soi1 trapped betwiien two luga. 

~ 

" (b) The, 11ft 9pace S i8 8rea~er than the eritical ap,ace. 
\ b 

In mis case th- .oil failure between two tusi ia full)' developed, as 

sbown in Figure Sb. 

For) th1s case', the theory developed by Battiaratéhi and Reeee 
1 l "'~ JI d 

(1967) could be U8e~ in order to calculate the 80i1 thruat due to one 

D 

• ___ -- ..... -----r· r-_ ........ --"' ... -{r,.... ----:-,~~ , " , , 

45 

" t, 

\ 
\ 

_1 



1 
" .' 

l 
-} 

{ 

f 
\ 

1 
t 
~. 

i 
j 

\ 

\ 

\ 
- \ 

\ 

\ 

• • --5 • 

. .. _.1. __ . _ .. _ _ _ • i- --

J 46 

j 

1 

CA) 
, . 

\ , 

••••••••••••••••••••••• 
•• : •• rI ........... : ••• é 

. " __ e ......... !.,. ...... ... 

, ,. 

tlgurl 10. Scbematic of forces due te, the lUI. for 8 lugged tire. 

A .. Plan vi_ 
B- Vertical- vi~ • 

• r 



> ' 

, 
r' 
f 
! 

. ( 47 

lug P as shawn in Figure 11. This f;1gure shows that the total sail 

resistance P predicted by Hettiarateni and Reece (1967) (see 

equations 21 and 22) lying on a cone has an angle cS and base critical , ,- , - r 
f 

~th" ra~us equal to Pp tan cS where P can be calculated according to r _ p 

equat10n (28) t. 

• (28) 

• From Figure 11, the forcé P is perpendicular to the lug face and the 
p 

component P tan ~ 1a in the direction of the sail movement on the 
p r 

lug face which has an angle & with the horizontal. In order to def1ne 

the angle E, experiments were conducted in the laboratory ta measure 
1 

this angle using dry sand and clay at different mo1sture contents. 

Theae -experiments were, carried out by pushing a plate in the soil 

manually for a short distance (5-10 cm) with d1fferent angles e 

(Figure l2a). The angle t' w~ obtainecl at each e value by calculating 

ç,;) 
the horizontal and the vertical displacements of point on the chain 

located in front and in contact with the moVing late (F1gu"l:~ Ub). 

Figure 13 shoWs the relationships between the 0 angles e and t for 

the two 80il types, sand and clày under differ t levels of 1DOisture 

content. lbese experiments show that the angf t vas approximately 

equal to the lug angle e in all thè testl • 

. " Howewr. the cO!IPODent of the force. P tan cS Acting on the . . p ~ 

direction of travelin tpe ~orizontal pllfte, the so1.1 thrust, cart be 

. caleulated from the geometry of Figure 11 aceording ta the equation: 
:::. 

. .. 
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Figure 12-a. The sail bin which was used' to push the 
plate with an angle e ta measure the sail mavement angle e. 

y - verticai d1splacement 
x ~ horizontal d1splacement 

Final posItion of 
the chain 

Initial position of 
the chain 

· 1 -
c 

f:: 

.' . . 
'~IY FroÎlt view of 

e=tan-I.L : , :J y 

• 

ligure 12-b~ Tbe meyÜteiaent of the 8011 1IOViunt angle 
on the plate face 
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P tan 6 cos:
2 

8 
p 

• 

G 0 

(29) 

Alao, than i8 a force component wh1ch adds to the 8011 thrust due to 
, ~ 

the ao:1.1 adh",ion to the lug face as preaented in equatiop (30). 
. ,,-' 

", 2 
P • c'Ld"cos e (30) n2 r" ' 

'- . 
where 

L • lug length 

d lug depth 
1--1 

• 

e • lug angle 

HOYeVer. the total 8011 thrust in the "" dfr~~t1on of travel due 
1 

, 
'-

to a single lug can be obtained fro.: 

H • P sin e + P tan 6 cqs2 9 + c' Ld C082 8 "-.. ..". . (31) 
p p , r "-

~ 
The total wheel traction force due to the lugs (R) can be , ,p 

obtained by sUlllllling the f~~c:ea- Proail~';d by each individual lug along 

and acro •• th. wheel contact areu as p resen te d' in Figure 10 from: 

where 

• 

• Bij cos 9k 1. • • (32) 

g • the nUlllber oE lugs acro •• ' the contact area 

m • the nUllber of lugs -1oo.g the contact are. 

8k • tbè -Sle between 'the etmt;ral lin. !IXia 'of a luS ad 

the' vert:Lcal lin. p •• ma throuah the wh~d ceiltre . . 
Hij • trection foree due to oue lua perpendieu1ar CI1 the lug 

wrtica1' face. 

, . 
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1 Q FrOlb the, luS seome tr1 on the wheel Burface shawn an Figu'll'e 3, 

the lùg length on the Wheel !Îurface can be calculated as a function of 

number of'lllgs g, end-of-l'l,lg clearance E, whe~l width Wd, and lug'..r 
1 • 

angle accordtng t'o: ,< 
'. r 

, ,'" . 
c 

.L ~. 'Wd +,~ (g=l) sin e 
"", g' sin, 9 

o 0 0 (33) 

" l • 

. ~ TlÎis val~ of 1"ug 1ength L'can be used in equatiop (31) 0' Con8eq~nt1y 
, • I{j • c: ~ 1 ~ -l 

l ' 

.. ' 1" , .. J 1 ~ r <l 

the tract~on forc~~ to an individual lug alao bec0Jl!.88 'a fwctton of 
~ "... " \ ::; 

the etid~of~l~ cle~t'*,èe E 1~' add1tioU to the Dther facto*s stated 
; , ... ... !.') 1 - { 

,.0 ' previoùslY 0 ." , 

(, U l ,I]~ 

.. :;;:.' ~ " 

S2 

1',' 
" . 

1; 'So11~el contact area 
" .'~d lug 'raite v angle - ri 

.:" '-' ~"~~~ '(196~)"·~ that the pne~t1c Itire on àSricu:i'tural 
, CA "G_'-" J ~ : ' <> 

O~~l1 .~ beha~' d' s' rigld tl~; if the, llÙlation pre •• ~re 1& hlshe,r 
-" f 1:> ~ 1 <1 • .. .. • 

'" \" j .. 

'0 ~an ta,critical>vdue. b,' ,this: cu~ ~}le lug ra1te'~&l~ (th~ ~sle' 
r' 4 0 " 

[Jo " V ~ ". ,1 rJ"" l, \ 1 .,. 

'c' " ",a, between ~e'l\orl.~tJll vaud the perpen:dieular to ~ihe 'ftrtlcal luS 
(J • Pl," -' t~ ~"I '" ....... u,\ t\..) \,. .Jo ' 
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, , 
(tire size, inflation pressure, tlte~mater1al, tread shape, normal 

, 
load, geometry of the terrain surface, and the vehlcle vibration). 

AlI these factors. in addition to the soil tht'U!lt, affect t~e lug raite 

angle. Therefore, 'calculating the area and lug rake. angle is not 

possible" by rigorous methods, especially sinee seme of these factors 

have an unpredictable behavior (Bekker 1956). Thus, systematic 
-

invest1gation,s which would e1ucidate this problem have been very 

limited. On1y experimen\Bl studies in a limited number of test 

conditions hne been made 80 fa't". 

In order to estimaté tire contact area, the tire manufacturera 

have developed an approxima te metbod for calculating the contact area 

at the recommended normal load and inflation pressure on medium-soft 

agricultural sail, not including the very hard or severely muddy 

conditions. as follows (1'ire Guides Ine. 1976): 

a • (D/2)wd, ' . . . ,(34) 

where 

D • whol outside diamèter 

\ \ 
wd • wheel width " 

) 
'lhis equation can he1p ~o estimate the number of lugs in contact witb 

the 80il (g and a). 

Bek.ker (1960) reportecl that Dloat of the ground contact area 

could be ~OIUIiderec1 u a flit horizontal 8urface. '!he 8oil-wheel 

contact area of an uDl~.ded férIR tractor 1a ahown in ligure 14.· 1h1e 

photosraph, taken durfng a field test, shOWI that moat of the 1Ug8 in 

/ 
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i 
1. 

l 

\ 

contact with the sol1 are nearly vertic~t and they become even more 
, 1 

vertical with 1ncreasing pull or normal 10ad on the wheel. In the 

case of lugs w1tn a rake angle, the so11 tllrust produced by the luge 

should be different from vertical lugs. 

2. Flow chatt for prediction of the best 
lug angle and soil thrust of lugged 
tire during the farming season 

Bekker (1960) reported that the ,80il. thruet of a tire is due 

to the shearing strength between the tire carC&8s and the lug action. 

For a lugged tire wi th a lug space equal ta or higher - than the 

critical space (S > Sc) t the sail thrust cpuld be estimated as a 
1 

summaHo~ of two forces. These forces are: 
.' 

(i) 
c \ 

So11 thrust due to the lug (équation 31). 

(11) So11 thrust (He) due ta the shear strength between the tire 
l' 

carcasa and ~e soi1 contact area: 

1 1-g 
He - Wd (~- 1: S) (c' + q tan ~) 

1-1 
• • (35) 

Proce~le8 for pre4icting soU thruat forces of lusged tires 
, 

are presented in the flow chart shawn in 'Figure 15. 

" 
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CHAPTER IV 

'MATERIALS AND EXPERIMENTAL METHODS 

A. Soil properties , 

1. Grain size distribution' 

Mechanica1 analysis wu cartied out (in dupU:cate) on samp1es 
1 

o 

of each soil type by ,the hydrometer method as outlined by Lambe and 

Whitman (1969). ,Table 3 shows the mean value of the ~alyses, and 

Figures Al 'iiid A2.show the grsin size dist.ripution curves of semples 

from these sbUs (Appendix A). In these tests t the mean values tor" 

each of the soil compon811ts had a coefficient of variabllity 1n the 

range of 7 to 11%. According te these grain size distributions the 

so11s can be clasaif1ed as sandy loam and clay. The ~S.D.A. texture 

triangle system wu used for the soils classifications (Tex:zaghi and 

Peck 1948). 

• 
So11 type 

H 

Sandy 10am 

Clay 

,TABLE~anical anabais of tbe soil8 

Sand % 
> O. OS 1ID1I 

70.0 

16.8 

S7 

Silt % 
0.05-0.002 _ 

22.0 

17.2 

l' 

Clay % 
< 0.002 _ 

1 8.~ 

66.0 

'. 

/ 

" 

'1 _ 
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2. Soil consistèncy 

The Atterberg limita were obtained us1ng the method described 

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

TABLE 4. 'lbe Atterberg 11m1ts of the two soil qpes 

% of moisture content (dry weight basis) 
1 

Sail type 

Sandy loam 

Clay 

Liquid limit 

32.5 

42.0 

B. Rubber properties 

\ 

Plastic 11mit 

23.6 

32.1 

. ,Plast1city indd , 

8.8 
'-

9.9 \ 

Rubber bloCks were used to ~ the individuel lug m9dels fOr 

the various tests. 'lbe rubber material (black neoprene 60-70 sharel 

18 s1m11ar to the material used in the manufacture of tires. 

The maxhmim co~ress1on and tenslle stresses of rubber semples 

were measurecl using an Instron ,tes'ting machine (American Society for 
. " 

Testing Hater1~s, 1968). The reau1ts are .UIIIIIÙlrized below: 

Modu1us of e1ast:l.d.ty: 

"1/ CoqtreaaiOll (see F;lgure A .. 3,. Appendix A) ~. • • • 10,000 kPa 

-', 

TenaiQQ (see Figure A-4, Append1.x A) . . . . 
Haxf.mum strength 

Compression • . , .. . 
'tension • .1. • • • • 

1 
1. 

. . 4,900 kPa 

4,600 kPa 

9,500 kPa 

• 0 

" 
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C. Measurements of so11 mechanical 
p,ro~erties in the field (I! 

1. Meaauring soil cohesion (e)' 
and, friction ,~gle (+) 

\ 

A manual shear ring ap~~ratU8 was de'l.igned and built for this 

purpose; a' photograph and 'a diagram'of the a~.ratus are shawn in 

Figures 16 Zid 17. '!he apparatus was made from aluminium to malte lt 

l) lighter' and the stand was made frOID steel. 'the shear ring apparatus 

was made from bard acryli.c plastic to wbicb ... 11 steel plates were 

f1xed At 12-'l1!11l spacing.. The shasT ting earried a 6-. grouaer and ~d 

dimensions of 150 mm and 112 1ID ouuide and tnside d18111eter, ,!espeetively 
) ,,\) /' 

(l'lgure 18). The shear ring d1'lllenslons uae~ 'were reCOllllllended by ,Reece 

(1964) on' the basis of field experienee. 

From F1,gure-ie it will be noted that the shear ring 18 U,:œd 

wi~ a vertical rod at point D,. In "'addit,~on. the dise (e) which 
l ' 

cardes the normal load cm be free1y rotated !'1l the t~ of the dise 

(el) • A single ball bear1ng wa. used betweeli the dilc e and el' ln 

order ta .dure· the tO-rqU8 t'equired to rotate th~ ahear ~8. a 
, , 

'proving ring WU connected bet:Veen points A and B. By rotating the 

torque am fram, P081. tion C :and taldng a, readillg of the dial- gauge 
.' 1 

conneeted ta the proving ,ring, the torque appl1ed can be obtained by 

usina the eal1br.tiOll eune of the prO'Vins dn, (Pisure AS, Appeu41x M. 

'!'he torque ... unaientl we~ ukea. under cliff.rallt normal loada. '!'he 

'. llneàr relation8hip between the torque and' llorul pre •• ure ta plottecl 
, .' 

and then the V-.lue8 of). and To ,cari be' obta1necl, Uaphteail., (Pigure.19). 

, 1 
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Dlrnenslo\ in mm 

124 1 
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(A) SHEAR RING 

• 1 

G 
~75-.f. '_ 
. (B) SrNKAGE PLATÈS q. 

J'laure 18. 'D1a81:111l of th~ .Ibeai ring and 'tbe Sillbse platee. 
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Us1n.g these t'Wo values in equati~B (5) and (6), the cohesion. and so11 

iIltemal friction angles were obtained. 

'lbis apparatus was used to me~ure the c and ~ values at 

-different 80il depths (0 cm, 5 cm, 10 cm) and at four different loca­

tions in 'two fields of sandy' loam and cl~y soÙs., Areas of 25 x 25 cm 

64 

were ezcavated-in the field by us1ng a spatule in order not to d1sturb the 

soil at all th~ tested depthe. l'fiese measurements were taken during 

. '. 
the farming season of 19~9 at different so1l 1IIQillture conditions. 

'lbese two fields were used for growing com. '!he 80il 'moisture content 

in the tested fields ranged from 5% to the soil'a 'plastic limit. 1 

2. Meaaurement oI the c'. ~ , c'. ~ parametera . rra s 

Measurement of so11-machlne mechanical properties, adhesion to 

. the rubber (c'), adhésion to the steel (c') t frl~t1on angle between r _ s 

the soil and ruhber (~r) ~d 'steel (~8)'WU carried out by the shear­

graph appar.tus s1iown in' Figure 20 (payne 1956; o.na.-6 1964). ~ ,Rubber 

discs nre u&ed 

.. &' meDure" c., •. 

. ' , ~ ~ 

to _oure c', 6 and then replaced by a ateel dUc to , r r 
" , , l,' , 

'lbaae .... urements were earried out at thre_ soil 

depths (5, v cm, 10 CIIl, and 15 cm) and at four 10c.Hons in t'Wo s0:l.18., 

"l'bese _asurement. vere allO ta1cen cluring the farm:1ng .e .. on at , . 
different 8011 moiat;ate conditions • 

, D 

~ -
'.~ - '--_. _ .. _....:..'- ------~ -,~ -
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:MèUUffng loi! linkage parame te ri 
Oie,d'., -llI1d ,Il) . 
.~ . 

, 'J.'be ... ,,pparat .. Uled. vith the ahe.r-"'rtn" vas ua~d to 'obtain 
" , . ~ '" ' 

th-. loacl-I:f:nkage re1at:lonship.. F1SUl'l 21 .h"". the ''- apparatUi 
.. • ' ~. , \ ~' J _ ,~' c 

.hown in Fi.ure 16 vith the, exception that the sb •• r ring vas "replaeed 
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'. '" !' ',,::, .. ~~'._-----
oby • ~~ie". As"Dientioned 1n atapter ll~ 1n order to _asure" the' ke, k'. 

'. . 
and n factors t 0 the load-eillkage relation.hip 1IUIt" he obtained, for "two 

, - f .. C , 

piate., (ligure' 22"). Tvo square pi.a~. b~g di1leiUJ:lons ,of 12 _ and 
~ -

7S _ wère U88d (Figure 18). 
" .. 

t'be testa w.r&"carried out by ecmneeting a g1\1'en plate to the .. ' . 

,aÇparatul .ui:~lying diff"'nnt'n~-i'ma11oadl. Afte~ each no~.>l'o.dt 
~I • ,1 . , 

the plate 8inkage in, the ,.oo.,WaI 1aealured ~toIII • eon.tant po~t At, 
.. ~t!J ~ f \ ~ 

vhich the app'aratul "U lot.tad,., By applyin, the procedure deler1be~ 

.• J.n .Q1apter ~I. ~~ factor.,: ke, k •• ' ad ft vere obtab1e~. 

'1> j 

. 
4. He88Uf8MDtl o.f 1 the f011 1IOieture 

" content .-nd bu?Jt ~.1tY • '< 

, ,f 

, J 

PO,r each t .. t caUied out in th1. '~' the, .0:1l1lO:LItuxe " , . 

eontent and bblk den.ity va;' 'al.o -..u:e4, 1'he ~o1îbullt cle1w1ty~.. " 
.... 1,lt . ~ , 

... ure(t'by usina a con to take • specifie ,vol .. of '011 
"1 • • , ... .. 1 Il 

. \ j,~. ' , 
< , (88."8 CIl ) and .... utinS lu dry ... 1gbt. The riDa wu puahld into the 

~ t) .. ; ~ 1 , 

... il' ! "... ~ .... 1 • 4 

.~1~ _d ~en th •• ..,le. "'1'1 ,eut f1uah ,wUh ~ ~*. At, the ..... 
r' ., , # 

. ~., ·tht graV1lletriè lOi1 ~1.tut'e cwteat va,' calcu1ated after av.-, 
• p . .' 
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Variations in Boil bulk density in the Safldy loam or the clay vere 
• "0 

smal1 at the depths and locations where 'the measurements vere ta~en.· In 
• \ l ' 

the sandy loam soil, the mean value of the so11 bulk density was 1590 
• J 

kg/m3 vith a standard deviatiQn of 140 kg/m3 and, a coefficient' of varia-

tion of 8.8%. 'For ;he clay soil, the mean value vas 1325 kg/m3 witl1 a 

standard devi(ltion of 120 kg/m3 su4 coefficient of variation of 9.1%. • 

" . , 
The variatiQns of some of the measured valûes of soif*i'IlOtsture 

• /, 
contents in the clay and sandy loam soila are presented in Table Al in 

Appendix A. ;rhe variation in so11 mo1sture content with depth or 

location has a coefficient of va't'iation of about :LO%. 

D. Field exper:lmentation 

1. Single whee1 apparatus 
~!à 

A field 'test to find the effect, of the. luS variables of lugged " 
__ i , ~ , 

, 1. 

tir~s was pet'formed [tbrough tne use of a s1~gle whéel 'ap,paratur developed' 

by the auth.or specifieally ~or this study. The main component8 of the 

. appantus (Figure';.23).consiBt of a pneumatic tire'" dn ~ich luga. Vire 

c.hangeable, driven by a hydraulic IIIOtor: The 8011 thrust va. caieulated 

ac:c.ording to the equation shown in Figure" 23A\.. ,The 11 .n~ RIO are the 

reactJons on the trsu.ducer 3. RI i8 the dUferenc:e between the reaction . , . . 
~during the development of the 8011 t~U8t and _ the zero leve!. The RiO 

val~ 11 th~ d1fferènc~ betwe~e feact1~ wbile the appara.tue 1. on " 
, 1 " 

~e groUQd, ~e ~heel not rota~ing, ~d the~ .ero -level (aee Figure A6). , 
The whol' .... hly .~ lIO~t.d on a farm tractal' ('laures 24 ~d, 25). , 

, • .. _.. .. -' .,/ ' , '-. ,1 

"~ich a180.provided the hydraùlic powet", ,,' portable el.e~r:tc ieuel'_en ' 
, pr~~e~, the ~lec~ieal }po~r 'Q.eedéd.'f,~r the recor~11if,~ ~aauri, 

, ' \ l' '" 1 ~ " 

: déVieea., ' , 
, l " " -, ' 

, J. 
.' • 1 _ 
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Hp= (RI_ R\O)-..!L 

HpL-=:;>::::::::;~---lL \ • ~. ,,; r2 t r:3 

Direction of A~i1Qblti Motion 

Q 

(8) 
.-' .. 

Fiaure 23. Construction of the lingl~ wh.al apparatua (~A). 

1. hydr.ulle motor; 2 cut 3. irwducers; 
,,: frame; 5.. téUlÎd single wh.el; 
6. bitcl11ng pointa, Il 

,"_ tr 

, . 



"-
" _. 

• 1 
\ 

( 

.. 

4 
" 

g 
Il' 

) 

\ . 
, ' 

./ 

\ 

... 
- - --r-- ---- - ------

l'laure 24. 
'"l 

S1nglé ltheel test apparat us mounted on the tractor. 

Figure 25. Rear v:Lew of the single ,wheel tester. 
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l , 

J 'ftle wheel wo a pneumatic rubber tire (Good Year 6 x ~2) witlt 

inflation pressure of 100 kPa. 'Ibis wheèl wo UBed to compare 

~fferent lug designs. The wheel was ~fixed on a 2.5 cm diameter âxJ.e 

with a ball-bearing assembly on each end of that axle. The axle had . ' 

a"- sprocket gear fiad on one side of the wheel and a chain provided 

the ~onnection between the ~eel and the hydraul1c mator. .' 
1 c, 

, In order t!O use different lug designs, lugs of the desired 
1 .. ,,-

dimensions and orientation were mounted on a flex:f.ble llletai sheet 
1 -_ 

72 

wtth '8 rubber layer on the outside. ~e lugs vere f1:xed on the wheel. () . 
surface with a spaciqg <Which enBured the full development of 8011 

" .\ 

failure between two lugs. A lug sp~i::e of 16 cm wu used to serve 1;his 

-
purpose in all the ~tested Modela. The meta! and.'rubber sheets with the 

1 

lugs were mounted .md fixed tighd.y on' the pneUDlatic rubber 'tire" to 

fOrDl a éontinuous surface on the circumference. Thi~ àSseDbly 
, '1.! 

app~ox:11D8ted 'the flexibility of a pneUDlatic tj,re and a facility for 

chanstn8 the lug designs. 

The wpe~l was driven by a hydraulic motor which wa connectad _ ' 
, , " 

to 'tqe bydraulic system f'f the tractQr~ lbe torque..and spee4 of the 
" , 

hydraul1c 1Îlotor ,wa _9apendent upcm. the oil preSlure ~d 4el1very rate 

of th, tractor', 8 hydrau11c Iyst .. , ~d Itherefore J the' engine apeed 

pr~~4 ~ c~t~Ol o~ the f1D~ .p~.d .Of the vheel. . \ . " 

lb. wbul .. snh1y waa connect.a to ~ .unt1nS fr~ IUch 

, a ~;/ that' .i~owe4 f~' "t,:L~ of the wh,el iD the ver~1~ plane 
• ,~" ~ f ' , ", \ \ , 

(Figure 23). and rotati8Il ~~~ut the, eame point to avoid rollm', r.e.ietance. 
l,r "" ... ' "" l, ,t 1 ~ '-\' • 
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The horizontal forces acting on the wbeel activated 
1 1 

which sent a signal to the force recozd1ng devices. 
j 
i 

the transducar, 

1 

The aingle wheel apparatua was: attached to a far. tractor 
. 

(Maasey Ferguson 165»), through a mounting frame using ,the -3-point 

h1~ch of the traetor.. The who~e system could be lifted or lowered by 

uaing the tractorf' s bydraulic lift system. ,This arrangement proved_ to 

be versatile in,prov:ding aa efficient metbod for transporting the' 

equipment to the field site, and for dillDounting tbe assembly in tlle" 
'f 

machine s~op for maintenanèe or modific~tions. 

2. . Heàsurement 'and recordil1g 

-1 • 
. The traction force produced by the' wheel was- measured by ian 

LVDT force transduêer, which was mounted on the wheel ass.DJbly and 

connected by a cable to the signal c:onditionet (TSC-5AC) and ~ly , 
. , 

to a four-channel recorder (~tOD, Model TR-444). The electric 
1 -

power .,was supplied -t;o th. recorcler fram a portable generator (Roncfa 
r, 

1 

, -.l 

, , 

~ 350 watts). The t'r.,..ducer wu calibratecl using a clead load before 

, , 
~ ~ ~ "" ~ J' 

J 

,J ;, ~ j"-'-i- j - e ~ ~ 1 
, ' 

~ ,'~ ,-1 t-
, ~ 

, _ 7' 

_.~::...... 

., and after each .purement. , , Pigu~ A6 in AppandU: A shows a typicâl 
, .. 

recorcling' of traction force as obtained 1n a fteld test. the ;frequ.riey 

of the port;~le Benerator vas .held quite constant and the v.dation in 

voltage produced wu :t 8 V. 'Dlis vu1atl~ ~ -the -CIIOUIlt eSf the 

-'~it~le 'ci,~d ~ ~1~a~;cl.bY: the ~;'r~'r"~~~u~ im~ .'feet 'on 
,t' ~ "~,', '" ~ - : $ .. "' ~ 1 _ ~: ~ ,r t' -~ ~~:~' ~,! < [ :; 

'pert-oràan~~»' ".,': ';}," ,.' 
~ 't~ l ' 1_ J ,f .~ .. '~~.' ,r ;-~ ~ • 1 

cl" f4.. : _ ~ : ~ '" «_ ~~ , --' 

~,- ' " . , '.-': 
r ..., ~ tri 
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3. Test ~ro'ceduré , .. 
The test was run by }-owér~g' the s1Îlgle wheel apparatus using 

the linear q~drat control l~er -in thé .. tractor wtil the total load 

of the appàratus ~as transfel:red'; to, the contaçt. surface between the 

wheel ~d the soil. The system was . f1xèd in this position and the 

tractor' s engine speed was increased up té) the e..librated limit to 

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

wu recorded direct1y.' .. 
The following experimental procedures werè _ fol.lowed to ' 

standardize the deteminatian of 801.1 wheel thtust: . 11 "" . ' - - ~ , 

(i) The length of .the ê.ontact area betwa..m the -tire and- 8oi~ was 

meuured in all tests using the test wheel under a n0rlD81 10ad 
... - C> ~ 1 

of 622. 7 N. This length wu found ~o b.e nearly, equal to a ;­

constant value of 31.S cm for all luS parameters tested. - ~, 

(11), At least one 1ug wu ensured tobe in contact~ with the 80i1 over 

its full 1ength •. 
l ' 

~ . Teste. 1uAeci rubber tires 
1 

" 
." 0 

~ 

i'be' l'U11ed rubller tires t,stf!!d are shOWQ· schematically in' 
~ , 

- Hsure 26. ·'lbe.e "la were t,staël in two ~fferent fields. sandy 

loam '.4 d'ay soUt", ontbe. Hacdêmald CoU .... Parm, uahg the sinll~: 
, ~". ,. ... : ' l -

"~Whè.l ~.p'~atus. '.In each·r~p.;- fou~ ~~:t.à"Of ~1sture were·.~.if~r 
.: ~~ ~~:tl'~e~ ._~ch l'US deâ'tp- ~~ ,telted',UDder ~-no~ lO~d -~f'-' -

, ',r, \ 'J,;'~ ~', .. ..~:, "' _ ~ ~ , 1"" ~ , ~ ~ .. ~ ~ , ,) ~ 1 

, ~a~~i~~~.'"_l~ •• r,,,~cl',Qf :~'~'$,.~ .. _c. ' , 

" 'O':,' . ,.,;.: .. ~.'<,:'>'.:"" ",::.' ... , .. ' ",'~.:" · ' 

1 0 
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CHAPTER V 

RESULTS AND DISCUSSION 

~ 

The d~t~ shawn in the figures presented in this chapter were 

very difficUlt to obtain in the field at very high. or very l~w 

moisture~~ontent, except.in the surfa~ layer. The field mo;sture 

content in the sandy 10811 and clay soils was ~or most of the 'famng 

season betwe,n the wilting point and the soil liquid limit. Abave the 

801i liqu1d 'lim t, the soil parameters were not méuured in the field 
- \ ~ "" , 

because of the diff1cuity of operations in muddy fields.' Tberefore, 
, . .. 

the models developed.,in this study are applicable- only when the 80il 

mo1sture ~ontent l1es within the above-noted ranse of ~oil mo1sture. 
" . . 

In addition, the modele we~e developed to predict the soil properties 
• (l'! l 1'"' 

~. " ~r', 'c' t 6, and Ôs with1n the top 10 CIl of ào1l. These , a r 
'parametera could vary sigJ11ficantly within this soil layer as a, result 

of th~ .igDlfieant variation in 8~il moisture content for a particular 

day. Below the 10.& 8011 depth, the variation in tq,ese parameters. . .. .. 
could be less, eapecially in a homog8Qeous Boil profile (:àeki'er 1969). 
, 't ~,' ".<~ ~\; , ~-.> 

" '. l ' , ' 
In additiOn, interactioxLbetveeu the ~uggec1 tire. or tracked veh1c~e 

- . , .) 

(to develo, tl'.et1on .foree) OCCUrJ in the. fint 15 ~ of eôil (leeee' , , " 

1964) •. '1'be modela vere devëlopad for , •• 011 W1.th d~~gè ~8teu • 

" " ,,~ '. , 

• 'J 
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A. Soil propertiés 

1. S01l cohesion '(c) and intemal , 
frictional allgle (t) ~dels 

\ 
\ 

Mean values of four repl1cations at eath soi1 depth (d)' and 

• 1DOisture content (MC) for the san~ 10D. and ~lay so11s are givan in . 
. 

Table 5. 'l1te relat~onship8 between the average values of. the soi1 

properties (c, ", J MC) at diffetent 8o~1 depths are presented in 
,. <"::, -

~. . 

t 
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• Figures 27, 2~J 29 and 30. The' modela (equation 23) gave good, 
~ ( 

agreemènt bétween thé calculated and the mean ohserv.ed 'Values ,hown in 
) , 

, . \ 

" "'. -JI 

thèse figures. The const~t values (Cl ana. C2) Da\~i~eld :L]l, equa~,1on 
., 

23 are presented in Table 16.' It aliouii bè, n,oted thàt, the pred1ctèd 
\ _ '1,.. 1 l' il 1 _ 

\ , . 
values from this model presented as mean l\vafUes" of .the parameterB ,c 

" t ' t)-" .6' 

and ~, and the actual va1~s of the se parameters in the field co~ld 
1" \\ 

~ " 
;. 

Vàry ariun4 the mean value~ Table' 5 shows that ,the coefficient o~ 

~a~~1~ty :fet:we:'" 16.:0%. aDd, 3.0% fI>; the ooil friction ";.10 

and be tween 31. d% and 1 ~. el for liI~il cohesiœ. p " , 

~ .... \: ...' r~ . ; 
~umb" (l~66, 1970) fOUlld a sim:1~' type .~f\ ,variation in the cJ 

• ,t t J w w ~ 

and ", valpes in his study vith a ~omaf .d1stribud.OP aro~ t~e _an 
., # _ f' ~,' .. , 

~ ~ ", ~ 
.va1ue. ,However, the variation in the '-stimated ..cohe.ion va1uas, 1,. 
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TABLE 5. ,.' Mean value and 'Standard 'deviation of the 8011 cobedon and. 
friction_Sle .t different d • .,thB, moi.ture content, and 8011 tYJ-e { 

\ ' 
T 

,f ,. , 
• "t)ep,th M.Cp~ . , '" delne 

Mean C. v.xt S.D.· 

Cohesion c ltPa 
lit' , , 

Mean S.D.· C. V.lt . "' ~ 

il • 

------
3.68 

16'.59' 
'\ ~18.24 ' 

15.74 
" 19.6'7 
"30.05 ~, 

26.61 . 
"22.10

0
" 

22.10 
23.~6 
25'.71 
25'.34 
11~12 
22.47 

, ,19.55 

31.9'r 
40.44 
39..6,6 
22..48 " 
29.is 
34.~9 
18.49 
26.96 
25.6,8. 
37.94 ' 
38.19 
',40.33 

" 

Ô 
" 5 
10 

" 0 
5 

10 
0 
5 

1:0 
o· 
5 

la " 

, 0 
,5, 

10 

Sandy 

9.0" 
32.S .. 
33.Q '/.Q 

1.4 
4.0 
4:0 

,37~·5 
3.}'.5 
32 .. 0 
42.0 

" 35.0 
'36 .. 5" 
42.5 

v 35.0 
36r.6 • 
30.5 
32.5 
j6~0 

,3:'3 
2.6-
3.3 
2.2: 
1.2 ,:' 
'3.9' 

, ~ 1:1 
2.6 

"4.2 
1.5 
3.9 
S~8, 

10 .. 80il 

'16 
12 

.".12 
9' 

" 8 • 
10 
5' 

,,4 
,~1 
" 3 

0, 

! 

2~0 " 
14.5 
15.0 
17.0 
17.0 
13~'0 

19.5 
'18.0. 
15;5 

~. 20.0 
, , '17.6 

. 18..0, 
12~O 

. 17 ~5 

,8" 
12 
3' 

12 
16;' - '. ,15.6 

0.3 
2.1 
4.2 
3."1 
1.3 
2.4 
2.2 
3.3 
:3-.·8 

" 2.4 
2~8 
1,.9 
2.3 

o • l.l' . 
'4.1 . 

-',. \. 

0 '42'.0 
"5, j4,~0 

10 31.5 
0 37.5" 
5 ,. 31'.,3 

1rO '34.Q 
. 0 33.0 . 

• 5 34.7 
10 32.0 

, 

0 .)2.0 
S·' :. 34.0 [} 

0 38'.5, 
~ 

" .. , 

,'Giay 8011 
~ b. 

2 .. 0 , , -" S 
6.0 . 

18 , 
2.2 '> 7 
3.3' 9 
Z.8 8 
1.7 5< 
3.0 . 9 }- .. 
3.3. ' 9 ' 
4.9- "'~'16 .-
'1.2 . 4 
2.'3 7. 
1.0 j .. 

~' , 

,. , (,:'" . ; 

10.0' 
l5..2 
24.0, 
12.0 ',1 
'16.0· ," 

" , , 
, 

3-.1 
3.2 
2.2 
2.1 
3.4 

28.0' ,'7:6 
10.'0._ . ~ 2.3 
19.& . "., . 3.9 
25.0' 5.1' 
~'g.. 8 ' '2-.1 

" 1 

,15.8 2.1 
,9, 7 2~ 1 

15 
'15 
28 
18 

8 
" 19. 

.., 
1 " 

, , 

18 
25 l" 

12 
1
17 
11 
19. 
18 
26 

• 31 j 
10 

4 
1 • 2 
~2 
27 

'23 
21 " -" '2.3" " 
22, 
13 .. 
,22 ,~ , , 
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TABLE 6. Coefficient values for the soil me~a~~ca1 p'foperUes models 

at three dêpths for sandy 10am and clay so11 . 

SoU pro~eTties 

~ (degrees) 

Ô
1' 

(degrees) 

Ô (degTees) s 

r" 
c (kPa) 

c' r (kPa) 

~ 

Cl (kPa) s 

te 

'. 

Depth -
cm 

o 
5 

10 

o 
5 

10 

o 
5 

10 

o 
5 

10 

o 
5 

10 

o 
5 

10 

c 

0.52 . -8.21 

17.65 12.81 

14.62 6.82 

-5.58 6.87 

3.35 3. 75 

-1.98 

. 
Clay 8011 

37.24 
-- 34.09 

31.92 • 

16.3-8 
17.62 
17.95 

10.51 
20.60 
23.89 

2.35 
7.01 

13.60 

4.25 
9.90 

23.17 

6.79 
5.44 
4.45 

C;t 1e constant 1n a11 the depths for one 8011 property • 
• 1 

) 

) 

'J 

,.---
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In .genera!', the magnitudes of the so11 parameters (c and ,) 

,inèreas,ed with increas1ni so11 moist~re content up ta the plast:i.c 
, . 

limt and then decreased with 1ncreasing so11 moisture beyond' this 

limit. This finding is in agreement with those of Nichals (1932) anp 

Payne and Fountaine (1952). The observed rates of the increase or 

d.ecrease were greater in the sandy loam than the clay so11. In sandy 

Ipam so11 the sail friction angle d reased with increasing 8011 depth 
- 1 

84 

r but below -5 cm the' variation beco s very small (Figure '27). On the 

other hand, , conÙnued ta decreas in the clay 80il a1so 

(Figure 28). The 8011 cohelJion val lOb s~~~~ased 

wi th increasing sail depth (Figure so11 
, '--

cohesion 'increased with 'increasing so11 l'hes~ , 
o 

results are 8imi'lar to those obtained by Soltynski (1979) on 

PoUsh s011s. 

" , 
Soll-rubber and steel cohèsion and friction -
angle models (c " c!, 6 , ô) , 

"r ... r s 

, The _an values of four replieatians o;-the par~terà'c~, -C~lè\ 

2. 
J 

• 

6
r

, and 6
8 

for 8andy loc and clay 8011s are PIeaented in ,Tables 7, 8, \, 

~\. 9 and 10. Equat:l:on (23) was the bes't curv11inear relationship that 

fi~e the data points. '!he constants (Cl and C
2

) ued in tUS' UIOdel are 

rep0r-ted in Table- 6. "l'he good agre~ment between the predlcted and the 
~>--

mean measurad values fo.r c;, c;. 6r and 6. for sandy loa and clay, 

80ils at cliffet'ent depthe :i.1 shawn :i.n F~lUre8 31 ta 38. Tabl .. 7 

t~Ï'ough 10 aleo show the coefficient of variation in the me .. ured 80:11 

\ 
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TABLE 7. Tbe Ulean and standard deviation values or the soil-steel 

M.C.% 
Mean 

38.19 
37.95 

18.15 
26.25 

-27.25 

31.91 
40.44 ' 
39.66 

22.48 
29.75 
34.29 

, friction angle and soll-rubber adhesion for clay so11s 

Soil-steel friction 
Depth , angle (68 ) 

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

0 33.0. 7.4 23 
5 29.5 3.5 12 

0 21.7 1.2 .s 
5 30.0 4.5 15 

10 30.0 2.7 9 

0 35"-"0 4.9 14 
5 28.0 2.7 10 

10 37.2 10.0 27 
, 

0 33.0 S.5 17 
5' 31.0 4.5 14 

10 29.5 5.6 19 

*Note: 
f each erry ~s an average of 

\ 

" 

Soil-rubber. adhe8ion 
(kPa) 

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

9.5 1.8 19 
-11.2, 2.0 18 

,/ 

8.1 2.5 31 
9.8 1.9 19 

14·4 2.6 18 

9.6 . 1.5 16 
11.2 2.7 19 
14.0 2.2 16 

,8;4 1.8 21 
11.8,· 1.6 14 
14.7 2.0 14 

four replication,B. 

) 

1 
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TABLE 8~ The values of the mean and standard deviatièm of so:f.l-rubber 
friction angle and soil-st,el ~àdheslon for. clay sol~ 

'. 
So11-rubber friction , Soil-steèl Adhesion 

M.C.% 
, 
Depth angle '(6r ) (kPa) , 

Mean C1Il 

c~.% Mean· S.D. C. V.% Mean· S,Do 

t:. 
37.95 0 37.0 3.3 9 6.7 1.2 18 
38.19 5 35.5 4.1 13 11.2 2.8 i 25 
45.76 fO 30.0 8.8 29 

, 14.4 __ 2.5 17 
,\ 1 

'0 
, 

18.75 32.0 6.3 20 5.3· 1.0 19 
, 
1 

26.25 36.0 5.0 14 10.9 --- 1.3 '12 
27.25 34.5 3.8 11 

, 
17.5 1.9 11 

40.33 35.0 ' i 2.5 .7 6.3 1.1 \ 17 
55.53 ~3.0 5.4 23 2.8 0.1,' ,4 
31 .. 91' 38.0 /3.1 8 7.0 '1.3 19 
40.44 34.5 2.8 8 10.5 2.3 22 
39.66 '33.0 6.3 19 16.8 3.1 18 

~----2~2.48 /0 35 .. 0 2.4 7 6.3 . .; 1.1 17 
29:15-- ' 5 36.5 9.3 26 11.4 J 2.4 21 
34.29·' 10 ,35.0 3.7 10 17.9 3.1 f, 17 . 

. each entry 18 an'taveralge of four replicatiàns :\, . *Note: 
- - l , 

,1 '" 
,. 

~: 
lJ 
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I~i TABtE 9. The values of the mean and the standard devia tian of the 
'1\ 8oil-rubber friction angle and 8oil-rubbe'r Adhesion fOr sandy loam 
,~ 8011s 

" ,~ . 1 

i' 
Soil-rubber friction So11-rubber adhedon 

~' 
M.C.%' Depth angle (6r ) Ct' (kPa) 1 

Mean cm 
i 

'[ Mean*" S.D. C.l/.% Mean * S.D. C. V.% " 

! 
i' 

,' ... 

f '" 1; 11.12 0 ts.S 3.7 15 8.1 2.2 27 , 

b 22.47 5 29.7 2.5 8 13.3 3.1 23 
,-

i 19.55 10 31.38 2.1 ., 9 15.0 '", 3.4 23"'-, 

\' 
3.68 0 '2g-,~~,~8 24 41' 1.3 28 

16.59 5 26p6 5:5 21 12.3 2.1 17 . 
18.29 10 31.0 4.8 16 14.7 3.2 22 

-c" 

>. 23.36 0' 29.0 6.7 23 10.S ~.1 20 
t 25.36 5 30.0 3.9 13 '13.3 3.0 23 , ! . t 

t 25.54 10 32.0 2'.1 7 14.7 2.8 19 
l-

f 20.60 0 -
; 22.10 5 30.0 2.2 7 13.3 2.3 17 

"" , 22.10 10 32.B~ 1.3 4 ,15.1 3.9 26 ,. 
;, 

, '15.74 0 30.0, 2.2 8 9.5 1.7 18 
} , 19.67 5 30.S 2.3 8 13.7 2.1 15 
t 3O!OS 10 29.0 0.6 2 13.0 3.0 23 , f 

.. 

1 
*No~e: each entry 18 al). average of four",replications. 
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parameters at differ~nt locations. These data are s~rized in 

1able Il and indicate higher coefficients of variation iD the adheaion 
" - .., , 

1 
values' than that in the friction angles. The h:!gh variation in these 

) 

parameters (c~, c~, <Sr' <Sa) m1sht be due to the fact that th~ 

shear graph used had a relatively smali friction measurement surface 
- " 1 

area which doea not ,mske a good rep~sentation of the field situation. 

Nevertheless, lt was the anly standarq instrument available Which 
! 

could be used to measure th ... p.tameters. lt 8hould be noted that 

the coefficient of variation. presented in Table 11 includes the 

vâi"iations due to the 8oil~m'oisture contents in the field, i.e,. 

these rang~s inclupe aIl th, sources oÎ variation in the parameters 

ct c' <Sr' and <S8' r' s' 
J 

TABLE 11. The coefficient of variation in the' measured values of 
c~, c~, 6r , and Ôs 'Jor two dUferant 80il types 

So11 type 

'Sanc\y 10_ 

Clay soil 

e f 

r 

15-27 

14-31 

) 

Soil parameters 

e' <S s.. r , 

13-28 

4-25 

Per cent 

2-24 
8-29 

<S 
8 • 

1-22 
5 ... 23 

1 
'!'he re.ult~ shawn in FiSUt'88 '31 I1'ld 32 ind1..eate that botb in 

J 
SaDcty lb .. and clay .o11s the 80il-rubber friction aDS1e (<Sr) 

1 

iucreas.d slishtly vith .hereuina ao11111D:tature eonten,t up to the 

plastic limt -.d th~n c1ecre ... d vith 10creahS .011 moi.tuR, ,In 
• 
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addition, the variation of this -parametér Jdth soil depth wu tnD811-

However, "there was alsmall decre~e in the frl,ction angle (6 ) w:l.th 
, '.r 

, 0 

" .." 
depth-in sandy 10am 8011; the opposite situation -waa {ound to exist in' .---

\l ,/ ~~-o (il -/ • • ~.. ,~ 

the clay 80il. 
' .. 

'. The re1ationspips between the rubber adhesion (c;) mrd so11 
, , 

moisture content are ahown in ligures 33 and 34.. The sail adhesion 

vas maximum st around soil plastic limit for bath the sand,! loam and 
- --- --" .A 

clay 80ils; the rat~ of 1nc~ase or dec~eaa'e ~as 81II811er in the clay 
. 

801.18. In addition. for both 801.1 types the so:11 surface showed more 
f , 

'adhesion force to the rubber than did the sub-surface soil. The 
< 

variation in soil adhesion values with depth wu higher, than the 

, 'variation in the -friction angle 6 • 
'; Q \ r 

, \ 

.------ ~ 

Figures 3S and 36 indicate that maximum valuis' of ,the soi1-

~1e 1 fri.ction ang1è a~. ob~~~e~ at' the- P"1~8t~~.:lim1/t; any C~:1n " ... 

t_ so11 mois.tu~ fr~ thf. Hmit ~8~lt-:" in'a, decrea.&- in ~e. 6. ' 
• • . l, • ~ ! 4 

val.ue. The rate of increase or .d.~ct:'éaae of', cile. ô 8 ~al~S ~a8 s_~le'l 
•• ~~. ~~ - ) t. ..----:-.~ <' 

:f.ll sandY" loam, than in :clay Botls. The 'J:esult., üso inticate tbét 1 the, 
::0- _r fi" ,. 1 _ -

.. ,.. '. ~ 

frlç~1op angle (~.) ~~rwe'~811shtli'w:1th'.iP.ç,~ .. 1nS ~oil depth for 
"'.,.., ~ <f~'" ( ., • 'r.. ., 

both-aandY 108111 md ciay:so118,. .' '. ", ~ 
r~. ' ~ • ~ • ,." \ ~ • ,,' ..'" j" " , 

~}\\ "( ~ l ,1 ~ \' l' _ 

~ l '!.'he maximum valùes, of the' ~soir-Bteel Adhesion (~f) 'Vere 'alao at _ ... ' 
.~ • i~ ~ (.1 l'" • 

: 

the plutic limit 4d thelle. value~ dècre"ed' aharp1y if ,thé .~:f.l.-
../ • \ (j, 

, ç. ('J" ~ ;, ~ 

\,. lIIOisture chanaed frotà the plqt:f:c li1ll1.t (!Plaure. ,37 .d- 38).-, 'l'be ra~e . 
• • ' ~ _ ~ .. ' i .. , ~~., .... 1tJ~' " '.' !' ': .;. '! 

of 'incre .. e or decre ... in the ~. valué w .. higber' in sandy 10_ the' ., , s·· 
',_ v ) • _"" ~ 0 .1 ,,' .. 

in clay 801.ls. 80:f.1 ,adhes1.on to 8~el' deeréued aharp1y'W1th increuuii 1 
Jo : ~.. ....' l . ." .... 1 • 

,,'Oi1, dePth. ',-b,oth Ûl' .liidy 108111 and olay 8oi~8. ~ 
, . 
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3. Modelling of the: sinkage modul1 
kc. k, and n . 

Me'ans of the data ,of the modull kc. k, and n. are reported in 
, r ) 

Table 12. ' The mèans were plotted as a func:t1OlÏ of I~e ~oll mo1sture' 
~ - -1"'". 

content' for sandy loam and clay so11s (Figures 39, 4Q. and 41). 11tese 

l'esults indicate that the models f-oœd in this study are in good 
, J 

agreement with the measured values. TheBe modela are: 

For sandy 10am: -j 

kc • 26.8 + 4.15 sin (!. + l!!. ~ ) 
2 2 LL 

il' 

k~ iot -;23.4 + 2.40 sin ('i + f!- ~ ) 

n • 0.5 + (sin (i'/l' ~)] (0.11) 

Fo'r clay soil:' 

where 

kc: • 
'/1' 311' Mc 23.3 .,. 11.65 sin (r + r iI" ) 

k~ • 15.4'" 4.1 s:ln (f + ît ~ ) 

n • 0.79'" 0.1 sin (_2311' !!Q) 
PL 

LL • 8Q11 l1qidd limi t (%). 

PL • 8011 plattic ~1s:I.t' (X) 

, . ' 

MC • gravimetrtc: 80il mo:Lsture conte'At (X) 

• • • (36) 

• • • (37) 

• •• (38) 

.. 
(39) 

. . . (40) 

1 

• • • (41) 
'(; 

• œ 
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TABIi 1.2. The mean, standard deviation, and coefficient of variation 
of the kc, k" and n parameters for ,,'andy lo~ and clay 8011s 

) 

Mean value. for Standard deviat1.on Coefficient of 

H.C.% / for variation (%) tor 

n } kc kt n kc' k+ n kc kt 

SandI 10811 sail 

, 1 3.68 0.59 29.0 25.5 0.1 2.S 2.85 17.0 10.0 3.0 
, 11-;12 0.57 25 .• 55 22.10 O~,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 b.37 23.50' 21.55 0.09 2.45 2.65 24.0 10.0 - 11;0 

1 26.61 0.44 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 1Z.0' 
l' 
~ 

• 
ClaI 80il 

J 
. ,; 

12.36 0.88 24.0 It.O 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 
"'q 22.49 0.83 13.5 12.5 l, 0.11 1.2 1 .. 1- 13.0 9.0 9.0 

f 31.97 . 0.70 16.2 17.2 0.14 0.8 1.3 20.0 5.0 8.0 

1 37.95 0.66 14.5 12.0 0.19 1.2 1.1 29~0 8.0 9J)~ 

;, 40.33 0.74 25.0 16.0 0.22 1-:7 1.5 ,30.0 1~0 9.0 

Note 1 each entry in· the _litt is for four replieatian •• 
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---
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The results e:ressed 'in Figures ~9 t 40 and 41 snow that", tne 

moduli ke, k~ and n decrease vith incnaaing loil moiature content up 

to tne plastic !imit. Inereasing the so11 moiature conterit beyoud the 

plastic limit resulted in only slightly iner."ecl ke and k+ values up 
\ 

104 

ta- the maximum tested levels of so11 mouture (liquid limit). However, 
, 

it would appear that the 80il compresSibility becomes higher with 

increasing soi1 moisture content. Beyond the soil plastic' 11mit ~e 

---amomt of water in the soil could support àome ~f the-1iormal 108d 

which relults in an inerease 11'1. the sail bearing capacity. This 
( 

finding is in agreement with those of Beklt.er (1960, 1969). Similar' 

. results' were obta1ned l in the laboratory-experiments, perf.ormed by 'Wells 

and )Treesuwan ().977). lt should ~~',~~!~.~"that the sinkage of the ;farm 

vehiele in we t 80il eould be much h~8hêr'. Wan the calcul:ated static 
. 

values by using the ke, k~, and n par8lllaters. This increàSe in the ' 

sinkage at higb levels of Dloisture content due to the low strength of 
" . 

the soil results in higher slip and in turn leads to more digging in" 

• of the t:ires. 

~ . '!'he results obtainad in' this study indicate that the ke and k+ 

moduli were higher in the sandy 10a sol1 than in the clay soil. This. 

behavior could he the result of the f01lowing tw~ factors! 
- ; 

1 

(a) Ttie .. nd content in the sandy' loa 8011 (70%) wu h1gher than 
"'/ t .... 

that of tbe elay 8011 (16.8%) and th1s Iav. the sandy 108ll.so11 , 
less sinkage (Tanaghi and Pack 1948) • 
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(b) . ~ ... r .... ;bullf ·~.ity 
t~ of the clay soil. 

of th~ sandf lop so11 was higher than 
1 

Equation (8) can be wr1tten in another form as 

. lIn 
. z • ( N",) 

(~+'k~ ) l. • • • (42) 

b 

. 
From equation (42), 10creéling the n facfor results in a 

~ 
.' \) 

decreas_ 1n t~e soi1 sin~age (Z). lh.refore. the amaller siukage in 
'" . 

the sandy 1ciam soil ccnapared with the clay so11 18 due to higher , 
,/'--

values of the ft factor in clay than in sandy 'lom. soil (FigutE' 41). 

4. Modelling the Boil 'III01sturé con,tenlZ 
) 

Equation (24) vas used: to moder~ the dai1y so11 moisture content. 
. .. 

In t~~8 model, the d81ly rainfall and evaporation pan (class ~) data 
} 

vere provided by the Macdonald College Parm Station; e~apotransp1rat1on 

values were ealculated using, the resulu presented in' Figures 5 and 6 • 
1 

Volumetrie vater contents vere eànverted ta percentage by weight (dry 

we1ght buis). 

Negi .!!.!!. (1979) carded out investigations in the same 

fields uaed in thb .tuciY. The valües of the f;LeId capacity and, 

\ 

wilt:f.ng po~t, perçentage by volume, for 8011. in the.e fieU. as 
) 

1 

',' 

> dèterminad frOID the1r 8tulSy vere as folloWl: 

". 

1J 1. ' , 

, ' 

ltWI"_'lQ.ZCiltl&''''_~ ""41. 
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) 

Sand%: 10D so11 ,"laI 8011 li> : 
G ~ 

" 
33.~O 4hOO' ~ 

\. 

ne1~~.~ 
, , 

Wilting point % l~.OO 20.00. 
l 

~ 

Theréfore, th~ plant availabléwater in the root· zone w~ ~1.0 mm aQd 
... .. ~ ~ . ~ 

-'45 1IDD in c;lay and sendy 10c solls, respectivel,., for a 30;cm root zo"ne." , . 

These two values were 'used 'to plot, the curves show. in F,igur.e 5 and to 
,,r \,. .. ~ ~... .. ' ~ 1. 1 

c~lcu1ate the,soi~ 'oisture deficits and surplus8s for the sandy loem 
~ • • l , 

" 
and clay 8011s. ----

( 

l,' . 
1 -

Figures 43 show graphs of "the ca1cullate-d and thé measured • 1 
" 

) 1 

These figures' indicate tb4t the measurèd values 0 . . ' 

are, in good agreement with the predicted va1~es. 
~ . It abould be .noted t~àtr '1, 

, 7 

each of the measured data points presented in these f1gu~es ts an average , 
• • ,1...., 

.. \ ! \ .. 

of soil m~re con'te.?t 'i~ the. top 15 CIl!. of 80il a~ four diffe!-"ent ) 

locations. 
,Jo:> {" 

,-

'. .. 
B. The variation in the soil mec:hanicai 

'p;opertie. dûting the farmigl 8~a8on 

The 8e"ODa~ va~iations in ,averag~ soil moisture cont~t in both 
. . 

fiel4s t slDdy' 10D and clay 80ila., were det&\'l'IIiiAed by ueins the .thod 1, 
~ \ , . .... 

pr •• ented by ~Cb.1enl (1975) for a 22-year pedod (1945 ta 1966),' clurillg 
" , 

, .. ~. '" . 
the field preparation and growing .el18on. ' For the.e 22 yeara the data 

• \ l ,'...... 

for -the evaporation pan were llôt availalil. for the Hacdonald eoneS' 
1 ~ ~. _ -

regi011. '. Th.refore, the _th04 presaptecl in t&i~ th .. ie~ càonot 'be usecl t~ 
l ' 1 ~ • ~" ~ 

" ,. 
pred:1ct the 8o:l.1l1Oi.ture content of this period. The, vol.u1aetric

l 

soU' 
1 , . 

DOisture c~~tent8 obtained fr~,Cbieng'. '(1975) ~.1'f.or' 30 cm toot' zone . . . 
(. ",re transférted to Il ~erc:entase (dry wight bas1..) and the wilting . ::. 
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. point (dry weight )),as1s) of each sail was added in order to pre'dict 
~" 

the l daily sail 1II01sture content, for the years 1941 to 1966. Tables 
J , ' 

BI and 82 in Appendix B ~how the estimated sail moisture ~ontent~. by , 

weight for sandy 10am and clay SOilai these ,are aver~ges of 25 years 
[1 .- ." 

for. 5-day p~rlods taken during the famng séason for" sandy lôam mId 
1 •• 

clay so11a (see Figure 44). 1 Th~se variations could be used "with thè' J" 

d ,t - j , 

models developed in thia study to' ind1cate the change in th,'so,il_., 
,. , , " l, 

mechaUi.cal propeities that may occur. . . , ' 

,Figures 45 to 50 iUbst.rate the, p~edicted; change in each of the 
, . 

s01l mechanical properties (c, " c~, C~t 6rt 6s ) 4uring the farming 

season for s~dy IOBln and clay saila. In general, these figures show-____ 

that the change in. values of these properties for sandy Ioam s011 are 

higher the in clay SO~I. 
1 

) 
Figure -45 shows that the lowest values of the soil éohes1on and 

/ ' 
1 

soil frict10n angle \could be found, in the field, in the last few days 
1; - ".-' ~ 

in May, the seco~d balf of ,JUDe ànd the few days in the end of July , f " 
and. beg1nnlng O~AugU8t in the sandy loam soil. In clay' sail, however, 

the, 8011 cohesion 'ua not .change" very 1IIUch during thé growing season, 

, and the ... Uô .. v~. eoÙld be ";".et~d dariDg the .eeond bal.f of 

\ June. ~rOll ~1s *"h it would appe,ar th~t the :so11 friction angle 
"~~/' / 

\Sbould be 'at a minimum in the second balf of June, the beginn:f,ng of 

August, ene! 6ur1Ds the lIlonth of September. ll~ver, durl.ng thue 
"-

periode, which have the lowest values of c and " poor traction 
, . ' 

conditions would be expected but li.t~;e-- 80i1, C:1,Itt1n~ reaistancé, wpich -

1, 

l' 

1 
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Figure 44. The mean values of 8011 moisture content (1941-1966) at Macd9na1d College farm ' 

for sandy loam and clay 8011s to 3D-cm depth. ., 
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Figure 45. The variations in the soi1 cohesion and soi1 friction a~gle. 
during the faraing season for sandy loam 80i1 (for average year 1941-1966), 
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Yigure 46. The variations in the soil rubber and steel friction angle 
.during the faraing season for sandy 10am soi1 (for average year 1941-1966). 
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Figure. 41. the variations in Ithe s01l steel and rubber adhésion during 
. the faraing season for sandy 10am soi1 (for average year 1941-1966). ' 
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\ Fi~re 48. The vertations in~the soil cohesion and internaI friction angle 

~1n8 the faratDg seasou for clay soi1 (for average year 1941-1966). 
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Figure 49. The variations in the sail steél and rubber Adhesion during the 

faraing Sea&on for clay 8011 (for average year 1941-1966). 
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could result in 80il compaction damage (Raghavan.!!.!l. 1975). 

Figure 46 indicates tbat the soll-rubber adbeeion in sandy loam soil 

18 lowest in the second balf of June, but the variation in tlr'e soU­

steel friction angles was not very high. In addition, duririg the same 

- period of the montb of .Tune, the soil-friction angle witb rubber or 

steel was predicted ta be lowest for clay sail (Fi,gure 50). 

, 
The soil adhesion values cau givè an idea' of how nrong the 

/ 

soil friction force would be against steel or rubber 'devices. The 
, 1-

parameters c' and c' were lowest values durlng the last half of Jlme . r s -
1 

and in the beginning of August in the sandy loam and clay spi! 

(Figures 47 and 49). lt should be noticed that ,the values of soil ' 

moisture ,eontent were calculated assuming tbat the amount of water 

above the field capacity wi:11 be removed quickly fram the so11 by· 

subsurface drainage. If the sail ,bas no drainase .ystem 

- 1 

lt will take a mucb longer time ta arrive at field capacity, wbieh 

resulu in lese time available for good working conditions dur:1ng the 

farm1ng stason.' 

Figures 51 and 52 present the soil moisture content/ dur:1ng the 

farm:f.ng sesson (Àpril to October) for the driest and wetteet. years 

w1thin the period 1941 'to 1967 for .andy loam and clay s/oUs. The 

wattest y.ar dur1ng tb1s period wu found to be 19S1-, wh1ch had 124 

,., rainy. -days, whUe the drisst year, 1944. h.d 8~ rainy deys. The data 
1 • 

shawn, in· thes. two fiFes a'te calcu1atad frOll Chieng (1975). 

These data give information about two extreme years about the 

1 • 

l17 



.'1" J J $ ~~JK"~' ;..'»~~ .......... -.-...~'!...-~~.""~",,,"",-,,!-~ ... ~~-~~~--~~ ...... , .. -_ .... "'f~ ~ - - '" ---.....;-...- ;;~'- -r~.' 

'-

f) ,~-

.... --" 

Le .. 
., 

~ 't CLAY SOIL , ~ 40 ~. - 1\ ----- WET YEAR (1954) ,,- ,,_--- , • 1 ~. 
~. " \ (\ ~ 1- DRY YEAR (1944) 'V' ,~,. 
~ \ J \ \ l' 
J- \ 1.\ . ""\ 1 
z l, \~ 1 \ 1 

. ~ 3 ~. '1. \ / \ f \ \ 

.0 .' ,........, . \ t' jA 1 
(,,) 1 \ \....J' \ 1 
1&1 t' '\ \ r \ a: - \ 1 \ 

. ~ 20 . 1 ~ 1 Il 1 
0) 

i 
.-1 

\. ëi 
(1) ',01. . - \ 

"-

Apr· ·Moy Jbn \, ~ 'J~ 
~AT-

Aug 
t 

Sep Oct 

, ~is.ure 51. 'l'be rttlationsh1.ps ~etween so1.1 mo1.stu content and date for the driest and ;Z
. . 

wattest yeu in Bouthem Quebec dU1:'ing t~e interv~l 1 1-1966. • ... 
t: 
CID 

n • 
« • r .. 'H t ',Nt St'ar M ) f 1 Z n «at'x 7' g <te g t th -

~ 

1 
! 
1 .. \ 

, 
1 ~:-

~ \ 
1 III ma 



. .~" . ., • ",,-- " .• -,~,- •. , •. - 1 :. / l l -....... -.".. ,-..., li --L --- .• __ . \:., ~~""~t~~-'·~~~~~ ~::~::::::------~--------~~----~~,--~~~~~._-~. .. . 

·1 , 

.1 

., 
'., 

~;-~ -. 
Î 

--\ 

·1 \ 
i < 

i~ 

v 

\ 
( 

<l, 

~m TF # 

-at 
u la 

'@ -

. f-' 

~ 
;20 
!! 
~ 
.J 
6 JOi ., 
" 

\ 

« 

\ 

SANqY LOAN SOIL 
----·WET .' YE~) 
-DRY YEAR ('944) ,~ ,Iv'""''''-'' i\ ' 

f\ , \ . 
l ,. , , 

\ . , 

1 
1 
1 
1 

,.J
\ 1 

\

' 1 
, 1 

1 \.J 
" ,f 

r 

~ 

P 

lJJr<. 

• " 1 1 1" 
Apr Moy dun Jul '-. Aug Sop Oot y: 

DATE 1 \.// 

1'1aure S2. lb. ~.lat1Oà.hlpl betweea .011 IIOlItur. cOlitent and clate fot. th. lDO.t dry and ,and 
, .. '. --

.,8t vet ,...1' là 80utbern Quebec. 

~ 

::"'-.y 

1 
-' 

e l 
'f .); rnm 'Cf an' S' .HP 



" 

1 
1. 

, , 

______ --.... .. _,-tt-~---."'_6 ___ "'_':....__ 

\ number of wet or dry days during the farming season. The dry dàys 

~ind1cate higb values fç,r soil mechanical properUes (days of 8011 

rmoisture content J>etween ,the so11 plastic l:1m1t and the wilt~g pO:l.nt), 
- , / 
which means good working conditions. Soll_with a moisture éontent 

-', 

120 

highe~ than the plastic l1~t would be weak and ''muclciy'' in cext~re. 

which leads to poor machinert worklng conditions. Ther.elore, the best 

working, conditions are litely to'be wh4b the soil moistute content 1.. 
J 1 _ 1 -.'_ 

lesS' than the plastic limit. Sinee the s~c1y loa and' e~ay 80il. 

banns 23 •. 6: and 32.11 soil mo1.sture at th~ plastic l1m1t, respectively, 

the period betwéên 10 "May -and 20 September would be the be8t tille for -

work1:ng the 80i1 in a 'dry year and the period ,between 24 June ~~ the 

_end of August best for a we't year. AJ.so, Pigures 51 and 52 l.iui!cate 

~hat the minimum perto' for hest worJd,ng cou.dj.t:1ons :I.Ii the fie~d 1s 

between' 24 June and ~?e end of, August 1.~ any alven year. ,Normal1Y at 

this tilDe of the year :there 18 no field watt to he done for many,field 
- --.. 

crops. How,ever'. that' perlod could be used to do any .field.work for 

1 l' 

non-cult:Lvated land, such as the installation of subeurfaee drainage 

tiles or land rec1amation. 

,c. Traction chax-acter:Lstics of 
the ~u8s.4 rubber tire 

\ 

, ~et'l' &~. uny'uea' in the fielel of aad,cultural el)l:1neetina 
'. 

wbere us.: coulcl be 1IIII4e of the mode1. developed :ln th1.a 'atudy. Ont of 
" / 

these areu in which only limited know1edS- ia .-va11a1tle to tbe tire 
l 

designer is the traction charaetel'iltic8 of cl1ff.l'ent sbes and cl.~1.IPl' 

f . 

.. 

, ' 

• 1 

, 

. \ 

" .. 
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J'Of lugged tires. lbe models developed to predict the soil ,mechanical 

l,,-,, /' propert1e~ will be used in thiS section tO study t~s probl~. 
-~~ , 

Th~ lug-wh,eel ,traction e:xpe~~nt8 in the field drilonstrated the 
, , 

influence of angle,of ~ug on sail thrust for different soil types and 

consistencies. 

1. Effect of so11 type and mo:1sture 
content on the traction force 

• 

-" 

The theoretical estimation 'of soil thrust for aIl the,tests~as 

carried out according 'ta the flov chart shown in Figure 15 using the 

computer program given in Table BlS in Appendix B. Tables B3 ta BII 

(Appendix Bl and Figures 53 to 58 present the results obtained fram aIl 
•• 0 .." 

121 

tested wheel models and the estimated values of total soil thrust due ta 
l ' ) ' 

, 'the' lUS and ta the fr,"ctiqp. between the wheel careass B:Dd the sail for 
1 

the two 8011 types and different water con~ents. These tables and 
• 'v 

figure8 show that ''tIhe eeUmated and ,mèasured 80il thrust are in lood 
~"tI 

agre.m.nt\ . Therefore. the method e:xplained in Chaptel' III could be 

u.ed to pre~ct the soil thrust due ~o th~ l.qg .of a lussecl tire. , ' 
, 0 

1 
Incre.81n8~soil BOisture content increased the sail thrust up ta 

the 80il plastie, l:l.1ll:tt for Doth sandy lad and clay 80ils. after vhich 

ie decliDe~ CPigures 53 to 58). ~Soil thrust 4id not change 8ign1fiçantly 

" ". 
at very h:tgb lIObture contents in sandy 10am 80il, whe,re.s tbe clay' 8011 

, ,. 
~ ". 

had considera~le strength under wet ccmditions and • .,U thrust decreasecl 
1 1 

more Irad~lly-w1th increuing moi. tue cont.uu. 
, ) 

.. 

" .. Q 
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Figure 55. The e~timated and mea8ured effect of 8011 moisture conte~t on 
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2. Effact of lug angle' ôn . the soil thrus t 

li ------- , 

Relationa~p8 betwe~n lug angle and ~oil thrust for different 

wheel widths in sandy loam mid clay are given in 'Figures 59 and 6~. 

Fig.ures 60 and 62 present the relaUonships between the unit 80il 

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

lt was noted that increasing the lug angle tor the same wheel 

width deereased the luS length' which in turn decreased the wheel sail 

thrust. On the other hand,' deereas1ng the lug angle inereaaad the lug 
J 

..-- ' 

leng~ and thus inc~ased the ,wheel 80il t:hiust. 'l'herefore, sllla11er 

lug angles lad ta the best\ .011 weal thruat. _~a minimum lug angle 
- ~~ 

\;;or a certain wheel-soll contact area can be obtaineel 'from 

128 

e • 
-1 Wei 

tan -b . . . (43) 

where 

b • length of the contact area between wheal and so11 

f Wd • waal ridth' 

ellangee in the lUB, angle above 80' eleSree. cauaeel only a· ~l change 

in sail thrust. Anal".is al Figures 60 _el 62' ahowa that the unit 
\ 

J, 

80il thrust iocreAsad Vith a, decrea~a in lUS anala iD bO,th .. nel)' 108211 
, 

an.d clay, .oils. Bowe'!er., lt eau be etat.cl that the' trend of the 

.,·'-relatiOJls!tip. preaehted :ln 'Pi8Jl~~ ,53 to 62 did Dot chaup by..Aanging 
" J 

, 1 1 • 
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3.- Variation !n. the traction force 
during the farming season 

-; 
. From the average variation in the sail 1IIOisture content in 
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sandy lQ8ID and clay soUs (Figure 44) and tbe relationsMps pre~ented-

in Figures S6 ana 58, the soil thrust produced by a 1ugged tire with ./ 

. a w:ldth of 300 mm, during the farming season, can be obtained &8 shawn 

in Figure 63. '!bis figure indicates the variations in the so11 thrust 

for a .Jugged tire with different lug ~gle8 for an a"/erage cUmatic 

year during the faming season. Bowever, the lug angle 30° gave the 

best unit so11 thrust during the farming aeason. Nevertheles 

tire user c,n select only one lug design in ordu to give the' 

traction force durinS the entire Iseason. y Abo, the sUitable t 
, ,,( 

durinl the farming 8eaon cau be defined from Figure 63 for certain . 

requirements of trtction fOfce. (J 
• j 

4. Sugge8ted lug des~gn 

1 
One row of l:ug. on the tire surface 1s ,uneated. 'lbi. give. 

~re 80il thrust than the sp1;tt lug design' (m and Mc1Cyes 197&). 

Fisure 64 shows the shape of the 8usgelted lUS design f9r tractor ;.. .. ' : ..... . 
tirel to develop the best 8011 thruat due to the 1up. One row of 

lugs would caua. a side for.ce acting on the tire,. thua produc1hg 

additional bendi.ng ~ntlon, th. wheel and, th. ahaft. :rhe effect (of 
. , -

this s1de force on ~e ateerins atabiUty of. a traetor could be 
. "-

prevauted br mak.1ng -the lug angle direction on the 1eft tire oppol1 te 

to the lug angle direction on the rigbt j t1re (Figure 64). 

" , 
\ 
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'1Pr& 64.' EzaPle of the tr .. ci cie.:l.p· vh:l.~h. could he 
und 1ft trac.tqr ~18ht and laft dru Co .'VOid àclcl:l.C1oD&l fore .. 
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In fact. th1s kind of tread design exista on the ,market (Tire Guicles 

Ine. 1976), but Dot with the sugs.nad lug mgle. and there ant 

evident1y no· proplems rep~rted .f~o. uaing 1t~ 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

The variations of soil mechanical propet'ties (cohesion, c, 

internal friction angle, ~, soil rubber adhesion, c~, soil-ruhber 
J 

friction angle, ô , soil-steel adhesion Cl, soil-steel friction angle, , r s -
..-

6s ' the sinksge 1Il0duli, kc and k~, and >sinkfse factor n) have been 
1 

studied under field conditions in a sandy 10D and a çlay so11. 

Modela to predict these parS1ll8ters'were developed in this study. 
, ", 

These modela lIere funct10ns of sail ~isture content. 8
1
0il ,plastic -

limit . or liquid l1.m:!t and t:W'0 constants lIhich -depend on soil type and 
" - \ 

depth. These modèle could be used to predict the soil mechanica1 
• 

properties within a range of sail moisture content nat exceeding the 

liquid limit. The modele 1Iere 'applled te) d:Lfferent soil depths 

(0, S, and 10. cm). Thi,s range (l'rOll 0 to 10 cm) of 80il aepth has the 
, 1 

larle&t,jariâti01l in the pa~a:meters _otloned abave st d1fferat t1mes 
/ 

of tbe yeu. 
~ 1 

Abo, interaction betw&en 8011 and traction device. takes 
\ 

place witb1n this layer of soil • 

In order to predict the behaviar of any fam machine .or tractar 

by ua1ns __ the8e modela, the soU moiéture content du~S the farmins 

seuOD. must be eaUMtedo" '1'herefore, a 1IU?del to •• d_te the 80il 

moisture content by a simple and adequate method wu d~Yeloped in this 
, , 
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study.. Daily precipitation and evaporation from a class A pan are 

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

AlI the modela developed in this study were verified by 

1 
measured data frcrm the field Jin sandy 10D and clay soil. The 

predieted soil parameters or moisture content using these modela were 

in good agreement w1.th the 1De&Sured data. 

The traction charactedstics of lugged tires were investigated 

" by using the· developed so11 mechanieal properties models. Prototype 

modela . of lugged tires were made by changing the shape of a wheel 

surfilee using 9 diff~rent 1ug des1~8. These' des·igns had vartous lug 

angles (30, 50 and 90°) ",d wheel widths (150,250, and .300 mm.). 
, 

'!'hese 11.18 designs were tested in two fields (sandy loam and clay 
or' 1'" 

a011s) on the Macdonald College Ferin, using a single wheel tee,ting 

apparatus. The field experiments were carded out at different soil " 
" • 1 
moisture contents ·ranging fram verr dry ta., ve.ry wet sail (above the 

. 
l.;1quid l1m:Lt) ~ Modifications to the theory of lIettiaratchi and Reëce 

./ 

(1974) were uaed. The predieted value of soil thruat..___llld--ehe' 
------. ~ -~---------

.sti1llateC 80il mech~iW propert:Cea---ffoiÎ th. modela developed in th1. 

- ----------------' " 
} ,------ . 

study Vere in good a8re~t. This study shows that the deve10ped 

mo~ls of 8011 mechan1cal prepertie. could bë. used 8ucC8asfully to 

prediet . the 801l __ ch1ne ~teraction •• 

c 

Fr01ll the Ce-velop'ed modela and the field experiment., the 

follow1.ng con~usiona ca be made:-

J 

• 
_. ----,.----...,...--....----

.. 

'. 
) 
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1. The 1nyestigation confirmed that the aoil mechanical propertiea 

(c, ~, Cf, Cf, ~ ,6 ) increased Witb increas1ng s011 moist~re 
r sir 8 . , ' 

content up to the plastic l:Lmit and then decre .. ad Tl!th incre~1ug 
" 

so11 moisture for the sandy.l08JII and clay s01la. '/ 

2. The relationsb1ps between the soil moisture content and the f"'" . 
• IV l \ 

parameters (c, .", cr', c,', ~ , 6 ) àppeared ta 'show ~e ~6t trend' r 8 . _ 

at different '011 depths (0, 5. la cm) for both s011s. 
1 • 

3. The modul1 kc and k+ which" are widely used ,to pred1ct the s1nlcage' 

load relatioushipa decreased witb 1ncreasing .80il moilture content 

up to the sail l:lquid limit and' then increased sUgbtly with 
-_:> 

/~ / 

increaed sail moisture content within the range of 8011 moisture 
1 
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contents stuclied. rn addition, the factor n was re4uced with 

1ncreasing soil mo18ture up to the plastic limit and then inereased 

slightly at higher 4011 moistut'è content. 
\ 

4. Daily evaporat1on (clue A pan), together with rainfall data, 

cOuld be used in oder to estimate the sail 1IIOisture content 

during the farming s,euon accord1ng to the, 1IIOde..11l developed in 

\ th1s Itudy. 
/ .... 

S. ~e 800d agree.-nt between prec1icted..and 1II8asured wheel 8011-

th~t of lU88ed tires shows that the, dewloped model: are 

accep able for .ad'lUtins 8011 mechanicaLpropertiea. 
, ,ft 

6. Ineœas 8 8011 'mOitture content reaulted in increas1n1 aoil thruaF 

'Iip to the 
,. ' 

laatie lÛllit 1mder field condition.. F.or 8011 1II01ature 

the plastic limit, 8011' thruat bec_à -.. 11er. The 

'behav1or was f d to be ,correct for 'the sandy 10am ano "ciay 80~1I. 

~ 
. ~. 

-_._--_'...... .. _~ 
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7. Cbansing the wheel wid th cl:1d not change the trend, of' the 
4> 

re1ationships between soil thrust and moi.ture content for the two 

soil types studied • 

. 8. The 1Ilagnitude of soil thrust increased by d,creasing the lug-
, ' 

angle. The force increasecl rapiclly at angles le88 than 60 0
, 

while the 
1 
rate of inerease was smaller at higher lug ansles. 

, : 

However, the smallest practic,," lug anSle on the wheel surface 
1 ; 

which':wou!d give the best traction force can, be obtained from the 

equat:l:on : 

where ~ 1 

Wd • wheel widtb 

b • wheel length in contact nth soil 
.... 

9. The tinTof the 'l'~lat1on8b:1ps between lU8 angle and soU thrust 

ft. stmilar for th~ tWo soil types .tu41e4~ 

10. The variatiOns in so11 mec:hanica1 propart!es c1ur:l.ng the famus 
... ' " .... 
,euon .. re est.ted for an average eliDat1c y8ar in 80utbètn , 

',~ , 

l}.. TIle tracUon force ,of a lUlsacS ti'1''' C8ll he. esti1lated succe8sfully 

u1n, the degelop.ct '1IQde18 in oder to cS.iu.e the belt t1ae 4urlllg 
, 1 

the \ f.nW1, .... oa.-. to set the h11~t 1011' tfU:ust for 'a fan: 

veMde. 
, " 

li. Tbe'.t'1re-- ueer .hoUlcl .elact-. Ure wtd.ch bu the ~mu. lUl:langle. 

o 
<)0' • 

. 
Q, 

6 

() 



, , 

( 

... -- ---~. --- \ ~~ ----' , -~. --

13. The t'armer need uae only one .Ure .dur1ilg the fa~g season for . 
• • 1 

opd.mum traction force, .,1ùcè--the-trenda of ,tràetion d$p.Il~ence 
11 • 

on 1ua geometry did Ilot alter appreeiably with .oil mOi .. ture 

conten"t in the s01le t'sted.· 

14.- Thé modele preeented in thi •. etud,. eo~d be used fo'r other soU 

types as long as the c~8tant8 Cl md C2 are évaluated, for tnOSé 

so:11 types. 

... 

/' 

.. ' 
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, CHAl'TER v.l! 

CLAIMS TO ORIGINAL RESEARCll ' 

As far as the aU,~hor 19 'aware, the following aspects of the 
, ~ 

s tudy. can be claimed as original won and contribution to knowlec1se; 
v . 

1. The development of model. for, the 80il prop$rties c, ~~ 6r • c~, .. 
~ 

Cl, and 6 • a,SJ~a funetion of 8011 moi.ture content and plaet1c 
iii . 8 .. 

limit (equation·2Q and Tab1e,6) for a sandy loem and.c1ay;.oil •• 
, ' 

-2. The devel~men~~: 1II!>~18 for ~e s1nka~ moduli kc 'and ~~ and ' 

4. 

s. 

l, factor ni for twO."SQll~es as a f7 of soil ;L1quid ~r 

plastic liDdt and soil ~isture cootent (eq~tiona 36 to 41). 
\ 
b 

Q'Ûlg the ratio of potential evapotranspiration 1 to evapo-

transpifation Along vith the ratio of potent1al evapotrl1'lsp1rat:1011 

to evaporat:Lon fram an open pan to prediet sail moi!lture content 

dur1DS the farmins •• ason 4S a step to. ~.t:bllate tracUon conditi,ons. 
\'l ' , " • 

l'be uae' of a newli de~igned field ainsie wh~el apparat~ to te~t 

the effect of chasing the aurface of tlbe whee} with different luS 

designa and their effeet. on tracti~. Î 
-. 0 è\, 

6. .olhe dev .. 1opment: of. procedùre to c~~u1ate the 80il thruat due 

to the luaa of .'luased tire. 
.. ! 1 

7. propa.~à a definit10n of the luS .pace valUe -(equation 25). 
< ' 

- "" , 
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As far as the author 18 avare, the following cond:us1ous have , 
not been reported in the l1terature and are a direct reluIt of the 

present 8tUdy. 

'Ca) The amaU 1ùg anglee, aercss. the tire provide more tracUon force 

than highe r angles •. 
'1!> 

- '\: 1 \~\~l 
(b) Challging the 50il \~e and its cons15~ency does not change the 

optimal ~ug duisn. The fatmer can fèOn~e lug- angle for 

th~ entire farm:lDg 8e"011 on a wide ange of 711 èonditlons and 
" , 

expect tf,le artatest traction 'possible at a1l times. 

(C)A The variatio:n of the so11 ~chani~al parametere '(Ct ~, c~,' c5 r ' 

c~\, ~s) for ~ ave~ge cl:tmatic ye~r ':Ill aoutbe~ ~bec ia sandy 

lO~ ~d clày 801ls w~ show in P1gu~e. 45' to 50: 
(d) 

\ 

The f~lat1on8hiP8 between 80il moisture content and \8011 thrust 

for lu8ged tires w:1tb diffètent lUI angles and wbeel· w!dths were 
\ 

, " 

, 
" 
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CHAPTER VIII 

lŒCOMMBNDATIONS FOR FORTHER RESEAllCB 

In order to generalize the proposed 8011 mechanical properties 

. modela and their uae. f',IXther investigation must be carried DÛt. 

However, as a result ofr th1s inve8tuation it ean be suggested that 
'. . - \ 

the following tOP+CL~ould be valUàble projects for future relearch. 

1. Testing the s~gested models for the s01l mech~1cal proparties -
,) . 

1 - ! 
in differapt so11 types and different ragions with very dry or 

'muddy soil conditions. 
. , 

2. A eomprehen8:l-ve study about the variation in the 80il mechanical 
'. , "" . -

properties at sPecifie timee and locations for diffe:r:ent 80U 

~type. :",d re8~0D8. 
~Val1date the propoae-d model of 80il mo1ature content unde'r 

c • 

• 1 -

1 di fie relit types of vegetation and re'gions. 
..... .~, 

4. OptimizatiCll of the lug position and ~nai0118 on the wheel 
~,~ '" t)· , 

8urface for the be.t power effieincy of the fatm tract or under 

diff.rat, opèrating 'ConditioD" 
, -

s. StucJy~. iffect of lUI di.sion and di'tÛbution, on the tire 
, ' 

surfac!" 011 wheel rolling ~.i'-tmce tm~r different slip ratel. 
, 

6,_ Study the .ha.pe _of '~il faUure in tbr~. di1illDti~. ahead of a 
J 

narrcw and deep luS for differant 8011 types' and cond;l.-ticme. 
_ ,l, 
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7. 

, ' 

" l , 

" 

, \ 
" ', .. , , 

/ 

Study the'relatiouahip between the lUI ~Ile 
1 

(8) and d1r~ctiOD of 

8011 movement on th" lUI face (t) for different, 8011 
\ !., / 

types, and normal loada ou the 8011 surface. 

.. 
" ' 
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TA:BLE Al. Thé mean val.ues, standard de;v1at:l.on (S,D.) and coefficiene 
of variation ,(C.'V.%) for 8011 mo1ature couteut. -at diff~'tent depths 

and tilles during the 8t:owing season 

Dep,th Sandy 1oat1l 8011 Clay.o11 

cm 
Mean * S.D. C.V.% '-Mean· S,D, e.v.% 

-" 
.J 

0 11/,12 1.13 10.19 31~97 3.84 12.1l-

5 .22. 47 ~ 1.98 8.82 40.44 2.29 5.68 

la 19.55 2.05 10.50 39',65 4.47 12.27 
,1 

, 

0 23.36 0.64 2.70 22.48 1.62 7.25 

5 25.71 0.34 1.32 29.15 ~ 10.59 

10 25.55 2.50 9.81 /34.29 1.29 3.07 
-, 

0 22.10 0.15 0.70 37.94 / 1.52 .4.01 

5 22.08 0.20 0.91 38.19 '" 0.91 2.39 

10 26.61 0.48 1.83 45.75 0.55 1.22 

0 1 3.68 • 0.32 8.83 18.89 0'.56 2.96 

5 16.59 1.27 7.6'7 26.34 0.93 3.53 

10 18 .. 29 1.0S 5.77 27.27 0'.43 1.58 
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August Septeaber Oc1=ober Noveaber 

16.33 22.51 21.81 32.74 .. 
16.99 15.18 29.81 32.81 

12.69 23.56 33.00 33.00 . 

14.35 21.00 31.82 33.00 

13.12 29.55' 31.50- 26.94 

16.57 '30.4l - 33.00 
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,,:{t~~~:" _~ >~~::. c

4

} :':,';r:" ' ~ _ '" 
Sandy' 10_~80:Ù 1 

.. 
--,', ';:,~*600 ,," _f ~;i38~-72: ,Zé.27 

~ .. :,:t~~:,~' .. ~ __ ' , ~ ,':: 'r- :~ \..~' 
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